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Abstract: Visual fatigue, a discomfort of the eyes resulting from a distance mismatch between
projected virtual images and surrounding real objects, is a major challenge in optically see-through
augmented reality (AR) systems. To address it, we develop a spatially distributed projection of
virtual images in an AR system by exploiting an electronic progressive liquid crystal lens (EPLC
lens), which enables spatially multifocal wavefront modulation. The lens power in the EPLC
lens is spatially dispersed and electrically adjustable. The operating principle is introduced.
By adjusting the applied electric fields, the EPLC lens functions as a positive progressive lens
and a negative progressive lens capable of adjusting projected images from 262 cm to 35 cm
even though the lens power of the EPLC lens ranges only from +2 diopters to −1 diopters. The
impacts of the proposed approach are not only in AR applications, but also in machine vision as
well as advanced driver assistance systems.

© 2026 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

The virtual reality (VR) system projects computer-generated images into a virtual space to build
an immersive virtual environment independent of the real world [1]. The augmented reality (AR)
system projects digital images into the real world to enhance human perception of the real world
[2]. I. E. Sutherland proposed the head-mounted display device or VR optical system in 1968 and
researchers are trying to make the optical systems wearable and portable [2–7]. However, many
technical challenges still need to be overcome [6–8]. One of main challenges is visual fatigue, a
discomfort of eyes resulting from distance mismatch between accommodation cue and vergence
cue. This is so-called vergence-accommodation conflict (VAC) [9]. In AR system, the distance
mismatch between projected images and surrounding objects, so-called registration problem (or
focus rivalry), results in another visual discomfort because crystalline lenses of eyes changing
focal lengths all the time [4]. Many approaches are proposed to solve the visual discomfort. For
example, computer generated holography (CGH) uses spatial light modulators (SLM) to simulate
the light wavefront of real objects and tends to generate true 3D images directly [10,11]. However,
the limitations are high computational cost as well as resolution caused by the diffraction of
SLM pixel [10]. Light field approach and 3D integral imaging technology are trying to mimic
light beams reflected from an object in order to generate quasi-3D images, but the resolution of
images is limited by pixels of detectors and complementary metal-oxide-semiconductor (CMOS)
sensors [12–15]. Reducing the difference between the accommodation cue and the vergence
cue could improve the visual fatigue [16]. Such methods can be roughly divided into two types:
varifocal and multifocal solutions [15,17–30]. We conclude that the underneath mechanisms
are: time-multiplexing by adjusting the location of image planes for varifocal solution and
creating multiple image planes at the same time for multifocal solution. This time-multiplexing
approach requires a sufficient number of image planes to ensure acceptable perceived image
quality for users [25]. These requirements result in extra-engineering challenges in component
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design, device size, the power consumption and so on [19,26–28]. Liquid crystal (LC) lenses
with tunable focal lengths are good candidates for varifocal solution in AR systems [31–35].
The optical mechanism of LC lenses is wavefront conversion as an incident polarized wave
propagates through a LC layer within distributive optic axes or orientational arrangement of
LC molecules [36,37]. Such distributive optic axes vary under applied electric fields. Several
literatures are reported to apply liquid crystal lenses in AR system [7,23,24,38]. The position of
the projected virtual image changes with different applied electric field [23,24,38]. However, we
need to constantly change applied electric fields to a LC lens in order to project virtual images
at different locations. The response speed of LC lenses is challenge. A question is then raised:
is that possible to split the virtual images and then project at different locations at once under
an applied electric field? To address this, the LC lens seems to be operated as a progressive
lens with a spatially distributed lens power. Recently, we developed a tunable LC planar optics:
electric freeform liquid crystal optics based on nematic liquid crystals capable of functioning
as tunable progressive lenses, the non-uniform lens powers are able to be harnessed across the
aperture [39]. The potential applications of such tunable progressive lenses in optical systems
are still questionable. In this paper, we propose and demonstrate spatially dispersed virtual
images in augmented reality by exploiting an electronic progressive liquid crystal (EPLC) lens.
The wavefront modulations by the EPLC lens enables the optical system to project spatially
dispersed virtual images. The operating principle of EPLC lens and how to apply a EPLC lens
in an optical see-through AR system are first introduced. To proof-of concept, we also setup a
simple demonstrate. The operating principle proposed in this paper is not only suitable for EPLC
lens, but also could be apply to other optical devices as long as the optical devices exhibit the
properties of progressive lenses.

2. Operating principle

LC optics is flat and the wavefront is modulated by the LC layer. It would be appropriate
to introduce the optical mechanism based on wave optics, not geometrical optics. Here, we
first extend the equation of the image formation based on wave optics when the wavefront is
arbitrarily modulated by a lens. Assume we have a light source which is located at point A, and
the corresponding image is formed at point B after light propagates through a lens (Fig. 1(a)).
The objective distance and image distance are so and si, respectively. Based on wave optics, the
electromagnetic waves propagate right before and after the lens are expressed as two scalar waves:
U(r) and U′(r), respectively. r equals to

√︁
x2 + y2. The relation between U(r) and U′(r), linked

by the transmittance function of the lens tlens, is:

U′(r) = tlens · U(r). (1)

Assume the lens modulates wavefront in an arbitrary way. The transmittance function of the
lens tlens equals to e−jkW(r), where k is wave vector and W(r) is wavefront function or optical path
difference (OPD). When the aperture size (2r0) of the lens is relatively small (< 20 mm), U(r)
and U′(r) reasonably and approximately fitted by paraboloidal waves:

U(r) = A · e+jk r2
2·so . (2)

U′(r) = A · e+jk r2
2·si . (3)

Thus, from Eqs. (1)–(3) and expression of tlens, we obtain generalization of image formation
of a lens based on wave optics:

1
so
+

1
si
=

2
r2 · W(r). (4)

Conventionally the transmittance function has a quadratic phase related to focal length f under
thin lens approximation, tlens approximately equals to e−jk r2

2·f for a positive thin lens. In addition,
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the lens power, an inverse of focal length, equals to 1/r · ∂W/∂r [42]. As a result, Eq. (4) turns
out the conventional equation of image formation in Geometrical Optics under the thin lens
approximation: 1/so + 1/si = 1/f .

Fig. 1. Conceptual illustration of (a)image formation of a conventional lens and (b) spatially
dispersed virtual images by a progressive lens. The focal lengths in the middle part and
outside middle part of the progressive lens are f1 and f2 (f1 <f2,), respectively. The distance
so is smaller than f1.

The wavefront function W(r) in Eq. (4) is the product of refractive index n(r) and thickness
of the lens (d(r)) (i.e.W(r) = n(r) · d(r)). Typically, W(r) is further decomposed as a linear
superposition of Zernike polynomials. The Zernike coefficients in Zernike polynomials are
related to different aberrations, such as spherical aberration, coma, astigmatism etc [42]. When
W(r) is an arbitrary function determined by designed optical elements, such as LC lenses, the LC
lens then functions as a progressive lens which means the focal length is position-dependent (i.e.,
f (r)) [39]. When so<f (r), si(r)<0 means the image is a virtual image and those virtual images
spread at different locations. We rewrite Eq. (4) as:

si(r) =
s0(r)

2·so(r)
r2 · W(r) − 1

. (5)

Equation (5) indicates that a progressive lens disperses virtual images to different image
distances, as illustrated in Fig. 1(b). Assume the focal lengths of a lens in the middle region and
other region are f1 and f2, respectively (Fig. 1(b)). When a display (e.g. micro-LED display)
with self-emitted and collimated light is placed near the lens (so<f1), three regions on a display
corresponding to the regions of lens are formed three virtual images. The images on display
split into three pieces and then spread to three locations. When the focal lengths of this lens are
electrically tunable, the locations of the dispersed virtual images change as well.

Since LC molecules are flexible to be designed and modulate wavefront of incident light,
it motivates us to propose an electronic progressive liquid crystal lens (EPLC lens) for the
optical see-through AR system which enables spatially dispersed virtual images. The concept
is illustrated in Fig. 2. In Fig. 2(a), the real images are projected at the same image plane for
conventional lens as f<so<2f . In Fig. 2(b), the EPLC lens enables to projected real images to
the different image planes when each region on the display corresponding to the lens area with
different focal lengths. In Fig. 2(c), the spatially dispersed virtual images are projected by EPLC
lens at the different image planes as s0 less than the focal length. When the focal length of EPLC
lens changes under applied electric field, the locations of virtual images changes accordingly.
This is the basic optical principle of the spatially dispersed virtual images in augmented reality by
exploiting an EPLC lens. The mechanism of the EPLC lens is based on physics of liquid crystals
[40,41]. The distribution of molecular orientations of LC in the EPLC lens under applied electric
fields is the equilibrium states by minimizing the total free energies, including Oseen-Frank
elastic energy of material deformations, electric energy of applied electric fields, and surface
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anchoring energy at the boundaries. Any perturbations induced by the external stimuli disrupt
the equilibrium and lead to another equilibrium state of the LC molecular orientations. The light
speed of a polarized wave (i.e., extraordinary wave) varies with the LC molecular orientation as
light propagates through the LC layer with a certain molecular orientation. As a result, the phase
or the wavefront of the incident polarized light is modulated by the LC layer. When the wavefront
of the incident polarized plane wave is converted to an aspherical wave, the incident plane light
beam is converged or diverged. Thus, the LC layer functions as a positive lens or negative lens.

Fig. 2. (a) Illustration of image formation of conventional lens for f < so < 2f. f is focal
length. The real images are projected at the same image plane. (b)The image formation of
the EPLC lens. The focal lengths in the middle and other regions of EPLC lens are different.
so is larger than the focal lengths. The images are still real images, but projected at the
different image planes because of the spatially distributed focal lengths of the EPLC lens. (c)
The image formation of the EPLC lens for so less than focal length. Eye sees the spreading
virtual images at the different image planes.

3. Structure and sample preparation

To demonstrate the concept, we first design and fabricate the EPLC lens. The structure of the
EPLC lens, cascaded GRIN LC lens, is depicted in Fig. 3(a). The function of the 1st LC lens
is mainly to adjust the modulated wavefront and the 2nd LC lens is to modify the wavefront
near the peripheral region. The EPLC lens consists of glass substrates, indium tin oxide (ITO),
alignment layers, LC layers, insulating layers and high resistive layers. The upper part and the
lower part of the cascaded GRIN LC lens in Fig. 3(a) are denoted as the 1st and 2nd LC lens,
respectively. For the 1st LC lens, the hole-patterned ITO layer was deposited on a glass substrate
with a thickness of 0.4 mm. A spin-coated high resistive layer (HRL) on the hole-patterned ITO
layer was made of the conductive polymer (Dongjin Semichem Conducting Polymer DJCP series,
Dongjin Semichem Co. Ltd) with a sheet resistance ∼ 3MΩ/sq and a thickness <100 nm. The
sheet ITO and hole-patterned ITO electrodes were separated with an insulating layer (NOA81,
Norland) with a thickness of 35 µm. The mechanically rubbed alignment layers (polyvinyl
alcohopolyvinyl) were coated on the opposite sides of the glass substrate with hole-patterned ITO
electrode, as well as on the other sheet ITO glass substrate in order to align the LC molecules
(nematic LC, MLC-2172, Merck, ∆n= 0.29, λ=589.3 nm). The thickness of the LC layer is
100 µm controlled by a mylar film. As to the 2nd LC lens, the sample was fabricated by Innolux
Corporation in Taiwan. The hole-patterned electrode of the 2nd LC lens was separated from the
sheet ITO layer by an insulating layer (SiNx, thickness: 5700 Å). The HRL layer, which consists
of indium oxide and silicon dioxide, was deposited via sputtering on the hole-patterned ITO layer.
The sheet resistance and the thickness of HRL layer in 2nd LC lens are about 10 MΩ/sq and
33.5 nm. Mechanical rubbed alignment layers (polyvinyl alcohol) were coated on the substrates
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to ensure a homogeneous alignment of the LC mixture (MLC-2172). The LC thickness of the 2nd

LC lens is 50 µm, controlled by the spherical spacers. The two LC lenses were tightly cascaded
together as an EPLC lens. The apertures of both LC lenses are aligned precisely, and the aperture
sizes (2r1 and 2r2) are 10 mm.

Fig. 3. (a) Illustration of the EPLC lens consisting of cascaded GRIN LC lens. We use
a cascaded GRIN LC lens as an example to demonstrate the concept. (b) and (c) are the
upper part (the 1st LC lens) and the lower part (the 2nd LC lens) in (a), respectively. The
function of the 1st LC lens is mainly to adjust the modulated wavefront and the 2nd LC lens
is to modify the wavefront near the peripheral region. (d) The outgoing wave is modulated
by both of the 1st LC lens and the 2nd LC lens.

At voltage-off state, LC molecules of both LC layers are aligned parallel to the glass substrates.
According to the modal lens theory, the electric field across the entire aperture is able to be
estimated based on the model of a resistance-capacitance circuit [32]. The distribution of electric
field is in the math form of a Bessel function depending on the applied voltages and frequencies.
The frequency-dependent electric field stems from the HRL material’s response. The electric field
is frequency dependent due to the HRL material. We adjusted the electric signals or operating
condition (|V1 − V2 | = |∆V | and frequencies) of the 1st LC lens. When the applied voltage ∆V is
positive, the electric field in the peripheral region (i.e., r = ±r1 or r = ±r2) is larger than the
central region (i.e., r = 0). The LC molecules in the peripheral region are more perpendicular to
those in the central region. The refractive index of the LC layer for incoming the extraordinary
wave (e-wave) varies gradually and remains spatially continuous across the whole aperture of
the LC lens. The LC lens thereafter functions as a positive lens, which modulates the incident
polarized plane wave to be a convergent aspherical wave, as depicted in Fig. 3(b). Similarly, the
LC lens is operated as a negative lens at ∆V<0, and the outgoing wave turns out a divergent
aspherical wave. Even though the operating principle of the 2nd LC lens is identical to the first
one, we specially operate the 2nd LC lens to modulate the incident wave at the peripheral region
only (Fig. 3(c)) by properly choosing voltages and frequencies for the purpose of modification
of the wavefront after the 1st LC lens. Neglecting the distances between the LC layers, the
wavefront modulation of the EPLC lens is approximately equivalent to the linear combination of
the wavefront modulation contributed by both LC lenses, as shown in Fig. 3(d). That means the
modulated wavefront in Fig. 3(d) is the result of adding two modulated wavefronts in Fig. 3(b)
and 3(c) together.
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4. Experimental results and discussions

To measure the wavefront modulation of the EPLC lens, we set up a wavefront measurement
system with Shack-Hartmann (SH) wavefront sensor (WFS150-7AR, Thorlabs). The light source
of the wavefront measurement system consists of a He-Ne laser (λ=543 nm), a spatial filer (the
object lens is 50x and pinhole size of 50µm), and a solid lens with a focal length of 50 mm to
collimate the light beam. The collimated plane wave propagates through the EPLC lens and is
relayed to the lens array of the SH wavefront sensor through a confocal beam expansion system
consisting of two solid lenses (f1 = 50 cm and f2 = 20 cm). The EPLC lens is placed at the front
focal plane of the first solid lens, while SH wavefront sensor is placed at the back focal plane of
the second solid lens. As a result, the wavefront modulation of the EPLC lens, measured by SH
wavefront sensor, is fitted with 66 Zernike polynomial terms [42]. The reconstructed wavefront

(W) is expressed as W =
65∑︁
i=0

ci · Zi, where Zi is Zernike polynomials and ci is Zernike coefficient.

The lens power of the wavefront (i.e., an inverse of the focal length, unit of m−1 or diopter) is
then calculated and also expressed as −c4 · 4

√
3/r2

0 under the parabolic wave assumption, where
the r0 is the radius of the aperture size. Figures 4(a) and 4(b) show the measured lens power as
a function of applied voltages for the 1st and 2nd LC lenses, respectively. The lens powers of
the 1st and the 2nd LC lens range from +2D to −2D and +1D to −1D, respectively. Both lenses
are capable of being operated as either a positive lens or a negative lens. Two times difference
in tunable range of the lens power is because of the thickness of the 2nd LC lens is only half of
the 1st LC lens. The operating voltage of the 1st LC lens is higher than the 2nd LC lens due to
the 0.4 mm thickness of the buffering layer in the 1st LC lens. From theoretical estimation, the
maximum optical path differences modulated by two LC lenses are 29µm and 13.5µm, which
quite agrees with the measurement results (27 µm and 12 µm). The slight difference might
because the alignments of LC molecules in the central and peripheral regions are not perfectly
parallel and perpendicular to the substrate.

Fig. 4. The lens power as a function of applied voltage at different AC frequencies for the
(a) 1st and (b) 2nd LC lenses. (c) The OPD v.s. y pupil coordinate contributed by the 1st

LC lens only, 2nd LC lens only, and both of 1st and 2nd LC lenses (EPLC-1). (d) presents
another set of OPD v.s. x pupil coordinate contributed by the 1st LC lens only, 2nd LC lens
only, and both of 1st and 2nd LC lenses (EPLC-2). (e) and (f) are lens powers v.s. y pupil
coordinate corresponding to (c) and (d), respectively.
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The EPLC lens is operated as either a positive progressive lens or negative progressive lens.
For the spatially multifocal purpose in our EPLC lens design, one of the sub-LC lenses is designed
to function as a progressive LC lens and the other one is designed to modify the wavefront near
peripheral region [39]. The main function of the 2nd LC lens is to shape the wavefront in the
peripheral region to be more parabolic, thereby the lens power in peripheral region of EPLC lens
is more uniform. In experiments, we selected two conditions to demonstrate the concept and we
named the EPLC lens under two conditions as EPLC-1 and EPLC-2. The applied electric signals
and corresponding Zernike coefficients for EPLC-1 and EPLC-2 are listed in Table 1. In EPLC-1
and EPLC-2, both of LC lenses are operated as either positive lenses or negative lenses. The
measured OPDs v.s. the y pupil coordinate for EPLC-1 and EPLC-2 are shown as in Figs. 4(c)
and 4(d). The red, blue and green lines in Figs. 4(c) and 4(d) stand for the OPD as only the 1st

LC lens is on, only the 2nd LC lens is on, and both of lenses are on. In red line of Fig. 4(c), lens
power of the 1st LC lens is ∼1.4D estimated from Zernike coefficient c4 and the maximum OPD
is measured around 17.5 µm. As to the 2nd LC lens (blue line in Fig. 4(c)), the curve is pretty flat
at |r | ≤ 4mm, but decreases from |r | = 4mm to |r | = 5mm. When both of lenses are on, it turns
out the EPLC-1 we design and the corresponding OPD (green line) is the summation of red and
blue lines in Fig. 4(c). One can see that the OPD goes higher at 4mm ≤ |r | ≤ 5mm compared to
the red line at 4mm ≤ |r | ≤ 5mm. Similarly, Fig. 4(d) depicted the measured OPD v.s. y pupil
coordinate for the EPLC-2 lens as a negative lens when the 1st LC lens is on (red line), the 2nd LC
lens is on (dark blue line), and both LC lenses (EPLC-2 lens) are on (light blue). The curve of
2nd LC lens is also pretty flat at the most of area, but near peripheral region (4mm ≤ |r | ≤ 5mm).

Table 1. The Zernike coefficients and operating electric signals for EPLC-1 and EPLC-2.

Zernike
coefficient,

[um]
Name

EPLC-1 (Positive lens) EPLC-2 (Negative lens)
The first LC lens
(35Vrms, 5Vrms,

4kHz)

The second LC lens
(1.5Vrms, 1Vrms,

2kHz)

The first LC lens
(2Vrms, 35Vrms,

100 Hz)

The second LC lens
(1Vrms, 3.8Vrms,

300 Hz)

C4 Defocus 5.145 0.524 −3.648 −0.636

C12 1st spherical ab. −1.078 0.377 0.34 −0.336

C24 2nd spherical ab. 0.009 0.138 0.373 −0.14

C7 1st y-coma −0.158 −0.016 −0.003 0.065

C8 1st x-coma 0.119 −0.072 0.006 −0.074

C3 1st y-astigmatism 0.033 −0.024 −0.05 −0.001

C5 1st x- astigmatism 0.005 −0.046 −0.003 −0.023

From Figs. 4(c) and 4(d), we calculated and depicted the lens power as a function of y pupil
coordinate in Figs. 4(e) and 4(f). The lens power of the 1st LC lens (red line in Fig. 4(e)) is
around 2 Diopter (D) at 1mm ≤ |r | ≤ 2mm which is higher than the theoretical calculated lens
power of 1.4D estimated from the parabolic approximation. This difference is mainly due to
large first-order spherical aberration induced the imperfect parabolic function of the OPD. The
lens power of the 1st LC lens decreases from r = ±2mm to the peripheral region (i.e., 0.3D at
r = ±5mm). Besides, the lens power diverges as the r approaches to the origin because the
lens power is inversely proportional to r. As a result, we conventionally ignore the region near
0 ≤ |r |<1mm. At 0 ≤ |r |<4mm, the lens power of the 2nd LC lens is approximately zero. The
lens power goes up and down from r = −4mm to r = −5mm, and increases from r = 4mm to
r = 5mm The local maximum of the optical power is around 0.5 D at r = −4.5 mm and 0.6 D
at r = 5 mm. The uneven lens power is because of asymmetric wavefront. When we turn on
both of lenses to be EPLC-1(green line), the lens power is ∼ 2D in average at |r |<2.5mm and ∼

1.3D in average at 4mm< |r |<5mm. The lens power decreases from 2D to 1.3 D as |r | = 2mm
to |r | = 4 mm. The more uniform the lens power distribution, the more parabolic the OPD
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profile. This means the lens satisfies parabolic approximation better and the aberration is lower
which leads better images. The steeper slope in lens power from |r | = 2mm to |r | = 4 mm, the
more non-uniform the magnification of an image. EPLC-1 has two regions for us to use in AR
applications: 2D at |r |<2.5mm and 1.3 D at 4mm< |r |<5mm. Similarly, EPLC-2 has two regions
for us to use in AR applications: −0.8D at |r |<2mm and −1D at 3mm< |r |<4mm.

The two-dimensional wavefronts (or OPD) v.s. xy-pupil coordinate for EPLC-1 and EPLC-2 are
shown in Figs. 5(a) and 5(b). The corresponding lens power v.s. xy-pupil coordinate for EPLC-1
and EPLC-2 are also depicted in Figs. 5(c) and 5(d). The singular points in the center of Figs. 5(c)
and 5(d) are the results of 1/r derivative relation of the optical power.(Plens = 1/r · ∂W/∂r) In
Fig. 5(c) and 5(d), areas with uniform lens power for EPLC-1 and EPLC-2 are: 2D at |r |<2mm
and 1.3D at 4mm< |r |<4mm, −0.8D at |r |<2mm and −1D at 3mm< |r |<4mm. In Figs. 5(a) to 5(d),
we observed that the wavefront is more rotationally-asymmetric in EPLC-1 than EPLC-2. The
rotationally-asymmetric wavefront is related to the coma aberration. From Table 1, the first-order
coma aberration in the 1st LC lens is larger than the 2nd LC lens for EPLC-1. In addition, the
1st LC lens of EPLC-1 has larger first-order coma aberration than that of EPLC-2. As a result,
the rotationally-asymmetric wavefront is mainly attributed to the contribution of the 1st LC lens.
The question is what the root cause for the rotationally-asymmetric wavefront is. In our lens
design, despite the electric field generated from the hole-patterned electrode is symmetric, the
pretilt angle of LC molecules at V= 0 leads to uneven electric torques of LC molecules under
electric fields [32,33]. This is the root cause of the phenomenon of the rotationally-asymmetric
wavefront. From the rotationally asymmetric wavefronts, we are not surprised that the lens
power distribution is also the rotationally asymmetric, as shown in Fig. 5(c) and 5(d). The
average lens powers in Fig. 5(c) at the top, bottom, right, and left peripheral regions are around
+1.1D, +1.4D, +1.2D, and +1.4D, respectively. Similarly, the lens power in Fig. 5(d) at the
top, bottom, right, and left peripheral regions are around −1.7D, −1.8D, −1.9D, and −2.1D,
respectively. In later application of augmented reality, we prefer the region with uniform lens
power, instead of the region with large variations in lens power in Fig. 5(d). Figures 5(e) and
5(f) are calculated distributions of image distance si(r, θ) for EPLC-1 and EPLC-2 according to
Eq. (5). In the calculation, the lens power of the solid lens is 20 Diopter which is used in the later
AR system. The gap (∼0.8 mm) between the two LC layers has to be considered because the
object distance is very close to the focal length of the solid lens (∼5 cm). In Fig. 5(e), the image
distances are 92.5 cm, 107.5 cm, and 269.5 cm which are corresponding to three areas marked by
the black dashed-line at the top, middle, and bottom, respectively. Similarly, in Fig. 5(f), the
image distances are 35 cm, 40 cm, and 35 cm corresponding to three areas marked by the black
dashed-line at the top, middle, and bottom, respectively. Those black dashed-line regions in
Figs. 5(e) and 5(f) are used to demonstrate the spatially dispersed virtual image projection in AR
system.

To proof-of-concept of the spatially dispersed virtual image projection with the electrically
tunable EPLC lens, we setup a birdbath type AR system consisting of a micro-LED display (JBD,
JBD5UM720PG, active area: 0.31”, resolution: 1280× 720, 5000 ppi, λ=525 nm), the EPLC
lens, a solid lens with a focal length of 50 mm, a beam splitter, and a camera (Canon, EOS 760D)
to mimic a human eye, as illustrated in Fig. 6(a). The LC birefringence is given at 589.3 nm, the
laser wavelength used for measurements is 543 nm, while the micro-LED wavelength is 525 nm.
These minor differences should not affect the results too noticeably. An iris with an aperture
size of 5 mm is placed in front of the camera in order to mimic the pupil of the eye. We aligned
the aperture center of the EPLC lens with the solid lens and seamlessly integrated them as a
projection lens set. A polarizer with the transmissive axis parallel to the rubbing direction is
attached to the EPLC lens. The object length so, the distance between the micro-LED display and
the solid lens, is set as 4.47 cm. When the EPLC lens is operated as a positive progressive lens,
the effective focal length of the projection lens set would be longer than 4.47 cm. The objective
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Fig. 5. (a) and (b) show two-dimensional OPD for EPLC-1 and EPLC-2, respectively. Color
bar represents the OPD. (c) and (d) corresponds to lens power of (a) and (b). Color bar
represents the lens power. (e) and (f) are calculated distributions of image distance si(r, θ)
for EPLC-1 and EPLC-2 according Eq. (5). The solid lens with the lens power of 20 diopter
is used to help shifting the lens power in the AR system.

distance must be less than the effective focal length of the projection lens set for the purpose
of the formation of a virtual image. Thereafter, we prepared six targets to setup a scenario as
illustrated in Fig. 6(a). Based on Figs. 5(e) and 5(f), 6 targets were placed at 35 cm, 40 cm, 50 cm,
85 cm, 100 cm, and 262 cm in front of the camera. The micro-LED display was aligned well with
the projection lens as well as EPLC in order to make sure the camera see the real objects (i.e., the
photos of “Taipei (85 cm)”, “The north lighthouse (262 cm)”, and “Sika deer (1 m)”) dispersed
corresponding to the three regions marked by the dotted-line frames in Fig. 5(e). Initially, the
lens power of the EPLC lens was zero, and the camera was set to see the object at 50 cm (i.e.,
pedestrians, the word of “50 cm” and green virtual images) at 50 cm (Fig. 6(b)). Then, when the
EPLC lens was operated as the condition of EPLC-1, the camera still saw the object at 50 cm,
but the virtual images turned out blurred because those virtual images changed the location
(Fig. 6(c)). Thereafter, we adjusted the camera in order to see the object at 85 cm (direction
sign) as well as the virtual image “Taipei (85 cm)”, but the other virtual images remained blurred
(Fig. 6(d)). It indicates that both the virtual image “Taipei (85 cm)” and the direction sign are
located at 85 cm and others are not. Then we adjusted the camera to see the photo of sika deer at
100 cm. The virtual image “Sika deer (1 m)” turned out clear at the same time. This means the
virtual image “Sika deer (1 m)” is located at 100 cm (Fig. 6(e)). The virtual image of “The south
lighthouse (262 cm)” and the photo of the lighthouse were clear when the camera was adjusted to
focus at 262 cm (Fig. 6(f)). This represents that the virtual image is located at 262 cm. From
Figs. 6(c)–6(f), the virtual images are located at different locations under the same electric signals.
This shows that the EPLC lens, operated as a positive progressive lens (EPLC-1), projects one
co-planar images at the micro-LED display into three separate virtual images at 85 cm, 100 cm,
262 cm away from the initial image plane (50 cm). Figure 6(g) and 6(h) show the magnified views
of the regions marked by the red and blue frames in Fig. 6(d) and 6(e), respectively. “Taipei
(85 cm)” is clearer in Fig. 6(g) and “Sika deer (1 m)” is clearer in Fig. 6(h). This also implies that
the EPLC lens results in spatially dispersed virtual images located at different position.

Similarly, we operated the EPLC lens as a negative progressive lens (EPLC-2) to project
images closer to the AR system. The experimental setup was the same, but different texts were
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Fig. 6. (a) The experimental setup for AR demonstration. (b) The EPLC lens was off and
the camera was set to focus at 50 cm. The projected virtual images, ‘Taipei (85 cm)’, ‘The
North Lighthouse (262 cm)’, and ‘Sika Deer (1 m)’, were in three regions aligning with the
three dotted-line frames in Fig. 3(e). The camera was used to mimic the human eye. (c)
When the EPLC lens was operated as a positive progressive lens (EPLC-1), all virtual images
turned out blurred because the virtual images were not at 50 cm. (d) When the camera was
focused at 85 cm, the virtual image of ‘Taipei (85 cm)’ and the direction sign were clear. (e)
When the camera was focused at 100 cm, the virtual image of ‘Sika deer (1 m)’ and the sika
deer were clear. (f) When the camera was focused at 262 cm, the virtual image of ‘The north
lighthouse (262 cm)’ and the lighthouse were clear. (g) and (h) are magnified images of the
areas marked in the blue and red rectangles in (d) and (e), respectively. (See Visualization 1
for the operation from (b) to (f))

shown on the micro-LED display (Fig. 7(a)). When the EPLC lens was turned on, the virtual
images were dispersed to 35 cm and 40 cm (Figs. 7(b) to 7(g)). In Figs. 8(a) to 8(e), we further
test testing spatially continuous virtual image. When the EPLC lens was off, we setup virtual
images and pedestrians at 50 cm (Figs. 8(b)). When the EPLC lens was operated as positive
progressive lens (EPLC-1), the virtual images were blurred (Fig. 8(c)). By changing the focus of
the camera at 100 cm and 262 cm, confirmed by “sika deer” and “light house”, the virtual image
was clear at the tail part and head part of the arrow with the text, respectively. This means the
virtual image of the arrow is spatially continuous dispersed ranging from 100 cm to 262 cm.

By exploiting EPLC lenses into AR systems, we are able to project the information from a
two-dimensional plane to a three-dimensional space. The method we proposed here has flexibility
to be integrated with other technologies for providing versatile functionality, such as adding
an extra polarization lens set for a speedy switch between two ranges of image distances [24].
Although the EPLC lens in our demonstration consists of two LC lenses, the pieces of LC lenses
actually are not limited. The modulated wavefronts are able to be reshaped by means of adding
extra LC lenses with different aperture sizes which leads to many segmented sub-wavefronts
within uniform lens power. Because the aberrations of EPLC lenses are controllable, it can
be used as an electrically tunable freeform optics components in optical imaging system to
project the spatially dispersed images. The EPLC lens in this paper is polarization-dependent.
The polarization-independent operation can be achieved by stacking two EPLC lenses with
orthogonal alignment layers [43]. Depending on the application requirements, various designs
configuration can be adopted to optimize the integration with specific light engine [44,45].
Conversely, chromatic aberration remains a significant challenge in AR/VR systems, especially

https://doi.org/10.6084/m9.figshare.31648264
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Fig. 7. (a) The setup of the AR imaging experiment, where the warning information ‘Speed
Limit 30 km/h (35 cm)’, ‘Be careful of pedestrians (40 cm)’, and ‘Battery 50% (35 cm)’ in
three distinct regions were displayed on the micro-LED display, corresponding to the three
black-dashed frames in Fig. 5(f). (b) Deactivating the EPLC lens and setting the camera
focus to 50 cm, the virtual images of warning information and pedestrians were positioned at
the same depth, appeared sharp and clear, while the rest of the real-world scene remained
blurred. (c) When the EPLC lens was operated as a negative progressive lens (EPLC-2), all
virtual images turned out blurred because the virtual images were not at 50 cm anymore.
(d) When the camera was focused at 40 cm, the virtual image ‘Be careful of pedestrians
(40 cm)’ and the triangle sign were clear. (e) When the camera was focused at 35 cm, both
of the virtual images: ‘Speed Limit 30 km/h (35 cm)’and ‘Battery 50% (35 cm)’, and the
dashboard were clear. (f) and (g) are magnified images marked in the blue and red rectangles
in (d) and (e), respectively. (See Visualization 2 for the operation from (b) to (e))

for those utilizing the diffractive optics [46–48]. While the chromatic aberration of EPLC lens is
inherently less than the diffractive lenses due to the spatially continuous wavefront modulation,
the GRIN LC lenses still demonstrate stronger dispersion than conventional glass lenses [43,49].
Our recent studying indicates that the chromatic aberration of GRIN LC lenses can be mitigated
by implementing an orthogonal alignment architecture [43]. The response time of the EPLC
lens in this paper is approximately 90s arising from the 100µm-thick LC layer. However, the
proposed method, which simultaneously projects virtual images onto multiple focal planes,
effectively compensates for this slow response time. When integrating the EPLC lens with
full-color displays, computational pre-compensation emerges as a more preferable strategy to
further mitigate chromatic aberration. While the glass substrate contributes most of the EPLC
lens’s weight and volume, adopting industrial LCD fabrication rather than laboratory prototyping
enables a 4 mm aperture lens to weigh less than 0.05 g and volume below 0.02c.c. The ideal
light beam from the display is collimated to avoid multiple images and image blur, therefore, the
optimal size of the display is comparable with the EPLC lenses. When the light beams from the
display are not perfectly collimated, the corresponding display area for the specific lens power
region must be shrunken. This measure prevents the stray light of imperfect collimated beam
from entering adjacent lens regions, which would otherwise result in ghost images caused by

https://doi.org/10.6084/m9.figshare.31648399
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Fig. 8. (a) illustrates the experimental setup for testing spatially continuous virtual image.
(b) When EPLC lens was off, we setup virtual image, pedestrians and triangle sign at 50 cm.
(c) When EPLC lens was operated as positive progressive lens (EPLC-1), the virtual image
was blurred. By changing the focus of the camera at (d)100 cm (“sika deer”) and (e) 262 cm
(light house), the virtual image was clear at the tail part and head part of the arrow with the
text, respectively. (See Visualization 3 for the operation from (b) to (e))

different lens powers. When utilizing a non-collimated display source, a coded mask should
be incorporated between the EPLC lenses and the observer to prevent the stray light from the
display, but the tradeoff is the transmittance. Unlike pixelated modulators (e.g., SLMs [30] or
microlens arrays [15]) that suffer from wavefront discontinuities, EPLC lenses provide continuous
wavefront modulation ensuring the seamless projection of spatially dispersed virtual images. It is
particularly important to the images requiring the reproduction of high-spatial-frequency details,
as demonstrated in Fig. 7(g). Instead of projection, we could further apply the EPLC lens to
sensing systems based on reciprocity of light or Helmholtz reciprocity: a real-time depth sensing.
By a single snap shot of the camera or image sensor, the EPLC lens enables to help to calculate
the distance of multiple objects at once. This would bring EPLC lens toward the great potential
in optical sensing systems, not just projection systems.

5. Conclusion

A spatially distributed projection of virtual images in an AR system by exploiting an EPLC lens,
which enables spatially multifocal wavefront modulation, was proposed and demonstrated. The
general image formation as well as operating principle was introduced. By providing continuous
wavefront modulation, EPLC lenses facilitate the seamless projection of two-dimensional
information into three-dimensional space, effectively circumventing the wavefront discontinuities
and digital artifacts common in pixelated modulators like SLMs. This capability is particularly
critical for rendering high-spatial-frequency details, such as sharp text and intricate patterns,
which are essential for high-fidelity information interaction. The operating principle proposed in
this paper is not only limited in EPLC lens, but also could be applied for other optical devices as
long as the optical devices exhibit the properties of tunable progressive lenses. The impact of
this study is not only in AR systems, but also the great potential toward applications in advanced
driver assistance systems (ADAS) and even machine vision.
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