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Abstract: Vergence-accommodation conflict (VAC) is a major challenge in optical-see through
augmented reality (AR) system. To resolve this conflict, many approaches are proposed, for
instance, by means of adjustment of the projected virtual image to coincide with the surroundings,
called image registration, which is more often referred to as varifocal function. In this paper,
a varifocal AR system is demonstrated by adopting electrically tunable liquid crystal (LC)
plane-parallel plates to solve VAC problem. The LC plates provide electrically tunable optical
paths when the directors of LC molecules are re-orientated with applied voltages, which leads to
a corresponding change of light speed for an extraordinary wave. To provide a sufficient tunable
optical path, three pieces of multiple-layered LC structures are used with the total thickness of
the active LC layers (∼510 µm). In experiments, the projected virtual image can be adjusted from
1.4 m to 2.1 m away from the AR system, while the thickness of LC plane-parallel plates are
only less than 3 mm without any mechanical moving part. When light propagates in the uniaxial
LC layers, the wave vector and the Poynting vector are different. The longitudinal displacement
of the image plane is determined by Poynting vectors rather than wave vectors. As a result,
the analysis of the AR system should be based on Poynting vectors during geometrical optical
analysis. Surprisingly, the tunable range of the longitudinal displacement of Poynting vectors is
2-fold larger than the tunable range of the wave vectors. Moreover, the virtual image shifts in
opposite directions with respect to the Poynting vectors and wave vectors. The proposed AR
system is not only simple but also thin, and it exhibits a large clear aperture. The investigation
here paves the way to a simple solution of the VAC problem for augmented reality systems.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Augmented reality (AR) is a set of technology that superimposes computer-generated images
on real world for viewers [1–2]. Peoples are assisted by AR with immersive information
that transforms the way we work [3–5]. Currently, most AR experiences still suffer from
vergence-accommodation conflict (VAC), which is a well-known optical challenge leading to
uncomfortably visual fatigues [6]. Vergence is simultaneous rotation of two eyes in opposite
direction in order to maintain single binocular vision and the driving mechanism is retinal
disparity [6–7]. Accommodation is a response of a crystalline lens of an eye adjusting its focal
length for seeing objects clearly by means of changing the curvature of the crystalline lens. The
driving mechanism of the accommodation is retinal blur [7]. The vergence and accommodation
of the human vision are coupled together through live experiences. The origin of the VAC in
AR optical systems is the difference of the locations between the stereoscopic distance set for
viewers and a virtual image projected from a 2-dimensional (2D) display; therefore, vergence and
accommodation mismatch [6–9]. The current solutions for VAC are either using 3D projection
technology or adopting varifocal elements that moves the location of the image plane (the virtual
image) [8–9]. Light field displays and integral imaging technologies provide multiple views
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to form 3D images; however, the image resolution is the trade-off because a display with fixed
resolution needs to be segmented for generating multiple views [10]. As for the varifocal solutions,
they can be categorized as power-based approach and distance-based approach according to
the thin-lens equation for image formation [11]. On the one hand, the power-based approach
commonly adopts tunable lenses, such as liquid lenses and liquid crystal (LC) lenses, with tunable
focal lengths [12–15]. In this category, the challenges come from the varifocal elements. For
example, liquid lenses are relatively thick for AR systems due to the necessity of volume changes
as well as a degradation in image quality from the gravity effect [16]. The main challenge of LC
lenses is the paradox of tunable range of the focal length and its aperture size when the LC lenses
are switched continuously in focal length [17]. Despite of that fact that the challenges of varifocal
elements are studied, and the downsides are mitigated, the varifocal elements are still complex
elements in terms of fabrications and designs. On the other hand, distance-based approach mainly
manipulates the objective distance (i.e., the distance between a display and a projection module)
by usage of multiple displays [18], stacked transparent displays [19], tunable scattering screens
[9], and polarization dependent optical paths [20–21]. The merits of distance-based approach are
simplicity and less limitation on aperture size. However, the current distance-based approach
requires extra space for optical elements and the space for changing the optical path. In addition,
when the light passes through the multiple transparent displays or the tunable scattering screens,
the image quality may decrease in principle [9]. Researchers are still looking for a simple solution
with compactness, effortless design, and independency of aperture size. Uniaxial plane-parallel
plates with double refractions were discussed to create different optical path lengths, which
results in multiple image planes [22–25]. Park et al. switched the polarization states of input
light using a thick uniaxial calcite plate (∼30mm) in order to extend depth-of-focus of an integral
imaging system [22]; Lee et al. adopted two thick calcite plates and a half-wave plate instead
of single calcite plate to compensate the astigmatism aberration of extraordinary wave and the
chromatic aberration [25]. However, the adoption of uniaxial plane-parallel plate in literature for
multiple image planes is not practical due to the thick calcite plates. Since the optics axis of the
calcite plate is fixed, intrinsically, it is not possible to create enough of image planes for solving
VAC problem [26].

In this paper, we propose a varifocal AR optical system using electrically tunable LC plane-
parallel plates (we call them LC plates in what follows) to solve VAC problem. The LC plates
provide tunable optical paths when the directors of LC molecules are re-orientated with applied
voltage which leads to a corresponding change in refractive index for extraordinary wave. In
principle, nematic LC material has limitations in birefringence and thickness of a LC layer
due to the chemical properties and soft matter properties which indicate the restriction of the
variation in the optical path. However, we adopt a multiple-LC-layered approach to enlarge the
total active LC layers (∼ 510 micron) to overcome such a limitation. Nevertheless, the Poynting
vector and the wave-vector splits up during light propagation in LC plate. Under consideration of
Poynting vector propagation in a LC plate, the longitudinal displacement is twice larger than the
one under consideration of wave-vector propagation. As a result, when the LC plate is inserted
between object and a thin lens of the AR system, the location of the projected virtual image could
be adjusted over 100 cm even though the optical path only changes ∼150 micron and the total
thickness of the LC plates is <3mm. Here, we investigate the longitudinal displacement of a
tunable uniaxial plane-parallel plate and then the location of the projected virtual image when
the optical system adopts a tunable uniaxial plane-parallel plate. To date, no one investigates and
demonstrates how an electrically tunable uniaxial plane-parallel plate in the AR system could
exhibit varifocal function as well as discuss the related optics. The structure of the LC plate
is simple, thin, and have large clear aperture (no limitation in theory). The LC plate could be
placed between the projection module and the display, and it does not impact the original design
of optical architecture. For further system integration, the cover glass of the microdisplay or
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physically-planar substrate of any optical elements may be replaced with the LC plate to save
even more space and make system more compact.

2. Operating principles

The proposed AR system with LC plane-parallel plates is illustrated in Fig. 1. In Fig. 1(a), a
broadband light source and a pinhole are attached onto a negative type of a resolution chart
as an object. Such a resolution chart could be replaced by a LCoS (liquid crystal on silicon)
micro-display. For a proof-of-concept, we use a resolution chart here. The light source propagates
through the pinhole, the resolution chart, a linear polarizer, a LC plate, a beam splitter, and goes
to a concave mirror. The light reflected by the concave mirror is then folded by the beam splitter
and arrives to a human eye. The concave mirror here folds the optical path and performs image
formation at the same time (e.g., Google Glasses use concave mirrors). The projected image
of the resolution chart is located in front of the eye and superimposes on surroundings or real
scenes. The main purpose of the LC plate in the AR system is to adjust the effective distance
between the resolution chart (or a micro-display) and the mirror by means of a tunable optical
path. In the beginning (see Fig. 1(a)), the virtual image is set to align well with the real object of
the tall building in Fig. 1(a) as the LC plate is at the voltage-off state. When the LC plate is at the
voltage-on state, the effective refractive index of the LC plate changes and then it results in a
change of the effective optical path between the resolution chart and the concave mirror. As a
result, it leads to a position shift of the virtual image (see Fig. 1(b)).

Fig. 1. Operating principle of the AR system with a LC plane-parallel plate. (a) Initially,
the LC plate turns off and the refractive index is na. The projected virtual image is set to
align with the further real object. (b) When the LC plate turns on, the refractive index of LC
becomes nb, and the effective optical path between resolution chart and the mirror varies.
As a result, the virtual image shifts to a location closer to the AR system, and then the virtual
image is aligned with the near real object. (c) An equivalent optics system for the proposed
optical system without plane-parallel plate. (d) An equivalent optical system after adding a
plane-parallel plate in (c).

To further prove the propose AR system, we discuss the image formation in Figs. 1(a)–1(b)
under a thin lens approximation [10–11]. The proposed AR system with a concave mirror is
equivalent to a system with a positive lens, as shown in Fig. 1(c). The concave mirror in Fig. 1(a)
could be regarded as a reflective lens in which light double passes through it. Instead of reflective
type, we redrew an equivalent optical system of Fig. 1(a) in an expression of transmissive type,
as illustrated in Fig. 1(c). We defined the focal length of the lens (or a concave mirror) as f, and
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the image formation of the optical system can be expressed as:

n1
p
+
n2
q

=
1
f
, (1)

where p is the objective distance and q is the image distance of the lens. n1 and n2 are the refractive
index of surrounding medium on the left and right side of the lens, respectively. From Eq. (1),
q is: q = (p − f )/p × f when the lens is in air (i.e., n1=n2=1). When we add a plane-parallel
plate between the object and the lens, as depicted in Fig. 1(d), the effective objective distance (p′)
turns out [27]:

p′ = p −
(
n − 1
n

)
· t, (2)

where t is the thickness and n is the refractive index of the plane-parallel plate. Here we define
A ≡ n−1

n · t and A is positive (i.e., A ≥ 0) because t ≥ 0 and n ≥ 1. No matter what value of t or
n (n>1), p′<p. That is the effective objective distance in Fig. 1(d) is always shorter than the
objective distance in Fig. 1(c). When p shifts to p′, assume the corresponding shift in q is from q
to q′ = q + ∆q, where ∆q is the shift of the image distance or so-called longitudinal displacement
of the image plane. Then Eq. (1) can be re-written as:

1
p − A

+
1

q + ∆q
=
1
f
. (3)

From Eq. (1) and Eq. (3), ∆q can be expressed as:

∆q =
A · (q − f )2

f 2 − A · (q − f )
. (4)

In Eq. (4), when the thickness of the plane-parallel plate is very small (i.e., t → 0) or the
refractive index is close to air (i.e., n→ 1), ∆q→ 0. Under the assumption of n ≥ 1 and t ≥ 0,
A · (q − f )2>0. Since we expect to project a virtual image, the object distance should be shorter
than the focal length (i.e., p − f ≤ 0) and then the image distance should be negative (i.e., q < 0).
As a result, ∆q in Eq. (4) should be positive (i.e., ∆q>0). As to the shifting direction of the image
(virtual image), we restate Eq. (3) with an absolute value of image distance shown Eq. (5).

1
|q + ∆q|

=
1

p − A
−
1
f
. (5)

In Eq. (5), 1/|q + ∆q| increase with t (t>0) or n (n>1). This means |q + ∆q| decreases after we
add a plane-parallel plate. In addition, this indicates the location of the virtual image should
be closer to the lens or AR system after inserting a plane-parallel plate. Once again, |q + ∆q|
decreases as either t or n increases.
Now, let’s consider a plane parallel plate made of uniaxial optical medium (i.e., LC). When

the materials of the plane-parallel plate is an uniaxial LC (nematic LC) and assume that the
effective refractive index of the LC plate for extraordinary wave (e-wave) changes from na
to nb (nb>na) as the applied voltage (V) changes from Va to Vb, the image distance then
changes from |q(n(Va) = na)| to |q(n(Vb) = nb)| and |q(n(Vb) = nb)|< |q(n(Va) = na)|. The shift
of the virtual image distance should vary from ∆q(n(Va) = na) to ∆q(n(Vb) = nb), where
∆q(n(Vb) = nb)>∆q(n(Va) = na). Therefore, the virtual image is electrically adjustable when we
use a LC plate in the AR system. When the refractive index increases for the e-wave, as described
above, the virtual image should be closer to the lens. Actually, this is against the experimental
results. Because the image formation in Eq. (1) is actually based on wave-vector-propagation in
optical systems, not Poynting-vector-propagation (i.e. ray-propagation or a propagation based
on energy flows). Basically, image formation through a thin lens is on a basis on Snell’s law
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at the interfaces, which alternatively means phase matching condition at the interfaces under
wave-vector-propagation. This is true when the optical medium is isotropic, but not for anisotropic
optical medium, such as liquid crystals. When light propagates in isotropic optical medium,
the wave vector of plane waves is parallel to the Poynting vector whose direction represents the
direction of rays or energy flow. Thereafter, Eqs. (1)–(5) could assist analyzing for the light
propagation in isotropic medium. However, nematic LC material is anisotropic optical medium
where the wave vector (denoted as k̂) and Poynting vector (i.e., direction of energy flux, denoted
as Ŝ) are not parallel to each other. Moreover, it often leads to so-called walk-off between ordinary
wave and extraordinary wave. When we placed a LC plate in an optical system, the ray we analyze
should be Poynting vectors, instead of wave vectors. Especially, when the thickness of LC plates
is relative thick (∼510 micron) compared to traditional LC devices (∼4 microns for LCD).

In order to calculate the longitudinal displacement or longitudinal shift (δlS) based on Poynting
vector when light passes through a LC plate, we assume LC molecules are perpendicular to the
interface (or optic axis ĉ of the uniaxial medium is perpendicular to the interface) as depicted in
Fig. 2(a). The dispersion relation of a uniaxial medium or LC for e-wave is [28]:

ktz2

no2
+
ktx2

ne2
= k20, (6)

where ne and no are extraordinary refractive index and ordinary refractive index for nematic LC,
respectively. k0 is wave number in vacuum. ktz and ktx are z-component and x-component of the
wave vector propagating in the LC plate. ktz and ktx could be expressed in terms of refractive
angle θe of the wave vector and effective refractive index neff .

ktz = k0 · neff (θe) · cos θe. (7)

ktx = k0 · neff (θe) · sin θe = k0 · ni · sin θi. (8)

In Eq. (8), ktx also satisfies phase matching condition. θi and ni are angle of incidence and
refractive index in the optical medium before light goes to LC plate (i.e. air in our case),
respectively. From Eqs. (6)–(8), we obtain a relation:

cot2θe =
no2

ni2 · sin2θi
·

[
1 −

ni2 · sin2θi
ne2

]
. (9)

Given θi, we are able to calculate θe from Eq. (9). According to Eq. (8), we further obtain neff .
Next, we calculate propagation direction of corresponding Poynting vector or direction of “ray”
in Fig. 2(a). According to dispersion relation in Eq. (6), the unit vector of the Poynting vector
can be obtained [28]:

Ŝ =
⇀

∇ω(
⇀

k )

|
⇀

∇ω(
⇀

k )|
=

no2 · x̂ + ne2 · cot θe · ẑ√
no4 + ne4 · cot2θe

. (10)

In Eq. (10), the angle of the Poynting vector θS with respect to z-axis (propagation direction) is:

θS = tan−1
(

no2

ne2 · cot θe

)
. (11)

From Eq. (9) and Eq. (11), apparently θe , θS and this means the wave vector and the Poynting
vector are not parallel to each other. According to geometrical analysis in Fig. 2(a), we then
calculate the longitudinal shift (δlS). By assuming the thickness (d) of the LC plate, the ray shift
along x-axis is ∆S = d · tanθi − d · tanθS. Then δlS could be obtained by projecting the ray shift
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Fig. 2. The longitudinal shift (δlS) of the Poynting vector and the longitudinal shift (δle) of
the wave vector for e-wave (a) when LC molecules are perpendicular to the air-LC interface
or optic axis ĉ is perpendicular to the interface, and (b) when LC molecules are parallel to
the air-LC interface or optic axis ĉ is parallel to the interface.

along x-axis to the z-axis:

δlS = ∆S · cot θi = d ·
[
1 −

no2 · cos θi · sin θe
ne2 · sin θi · cos θe

]
. (12)

After we substitute sin θe = ni · sin θi/neff (θe) into Eq. (12) we re-write Eq. (12) under paraxial
approximation:

δlS ≈ d ·
[
1 −

no2 · ni
ne2 · neff (θe)

]
. (13)

For the consideration of the wave vector, the longitudinal shift (δle) could also be obtained by
using a similar analysis:

δle = ∆e · cot θi = d ·

1 −
ni · cos θi√

neff 2(θe) − ni2 · sin2θi

 , (14)

where ∆e = d · tanθi − d · tanθe. Here we would like to underline that the longitudinal shifts
for Poynting vectors (Eq. (12)) and wave vectors (Eq. (14)) are different. When the LC plate
is inserted into the optical system, the analysis of Poynting vector should be considered in
geometrical optical approach.
Similarly, when the LC molecules are parallel to the interface (or optic axis ĉ of uniaxial

medium is parallel to the interface), as depicted in Fig. 2(b), the angle of the Poynting vector θS,
refractive angle θe of the wave vector, the longitudinal shift (δlS) of the Poynting vector, and the
longitudinal shift (δle) of the wave vector for e-wave are listed in Eqs. (17)–(18):

θS = tan−1
(

ne2

no2 · cot θe

)
. (15)

cot2θe =
ne2

ni2 · sin2θi
·

[
1 −

ni2 · sin2θi
no2

]
. (16)

δlS = d ·
[
1 −

ne2 · cos θi · sin θe
no2 · sin θi · cos θe

]
. (17)
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δle = d ·

1 −
ni · cos θi√

neff 2(θe) − ni2 · sin2θi

 . (18)

When a LC plate is combined with a thin lens shown in Fig. 1(d), Eqs. (1), (3) and (4) are
still correct, but “A” should be δlS, not δle. When θi is small, Eq. (18) and Eq. (14) become
d ·

[
1 − 1

no

]
and d ·

[
1 − 1

ne

]
, same as the conventional expression of isotropic plane-parallel plate

with a refractive index of no or ne (e.g., Eq. (2)).
According to Eqs. (9), (11), (15), and (16), we plotted θS and θe as a function of angle of

incidence, as shown in Fig. 3(a). The parameters we used based on experiments are: no=1.52,
ne=1.81 at λ=633 nm (MLC- 2172, Merck), and d=200 microns. In Fig. 3(a), both θS and θe
increase with the angle of incidence no matter LC molecules are perpendicular or parallel to the
interface. θS for LC molecules been parallel to the interface is larger than the θe, at the same
time, θS for LC molecules been perpendicular to the interface is smaller than the θe. As a result,
when LC molecules are switched from parallel to perpendicular arrangement, the difference in
θS is larger than that the difference in θe for a given angle of incidence. When LC molecules
are perpendicular to the interface, θS<θe for a given angle of incidence. However, when LC
molecules are parallel to the interface, θS>θe. The Poynting vector or direction of e-ray is
refracted more than the wave vector of e-wave when LC molecules are switched. From Eqs. (12),

Fig. 3. (a) Calculated θS and θe as a function of angle of incidence. (b) Calculated δlS and
δle as a function of angle of incidence. (c) Image formation when the objective distance is
smaller than focal length (p<f ). (d) From (c) Image formation with a LC plate when the
optic axis ĉ is parallel to the interface. (e) From (d), image formation when the optic axis ĉ
is perpendicular to interface. Compared with (d), the virtual image is closer to the lens in (e)
which is opposite to the result analyzed by wave-vector propagation.
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(14), (17), and (18), we also plotted δlS and δle as a function of angle of incidence in Fig. 3(b).
Both of δlS and δle increase with the angle of incidence. When LC molecules are perpendicular
to the interface, δlS>δle for a given angle of incidence. However, δlS<δle for a given angle of
incidence when LC molecules are parallel to the interface. This indicates longer longitudinal
shift of e-ray (Poynting vector) than that of the e-wave (wave vector) when LC molecules are
switched from parallel to perpendicular arrangement. We actually measure the e-ray (Poynting
vector), not wave-vector. We now go back to the imaging system with a thin lens. In Fig. 3(c),
the image is virtual and erected image when p<f . When we put the LC plate in front of a thin
lens in Fig. 3(c), as shown in Figs. 3(d)–3(e), the virtual image is further away from the lens
as LC is parallel to the interface; while, the virtual image is more closed to the lens as LC is
perpendicular to the interface. The virtual image is denoted red and vertical arrows of

⇀

S-vector
in Figs. 3(d)–3(e). In other words, the virtual image is more close to the lens when the refractive
index decreases for e-wave. This is totally opposite to the conclusion when we analyze the system
using Eq. (5) because Eq. (5) is based on analysis of wave-vector propagation. In Figs. 3(d)–3(e),
we also draw the blue vertical arrows of

⇀

k -vector to show the location of virtual images based
on analysis of wave-vector propagation. Here we would like to emphasize that Poynting vector
analysis should be adopted when we consider a LC plate in an optical system. In Eq. (5), q
should be the image distance based on Poynting vector analysis, not the analysis of wave-vector
propagation. It should be noted that, the analysis above under the assumption that the incident
light is in xz-plane. When the angle of incidence is in yz-plane, extra astigmatism needs to be
considered [25].

3. Experiments and discussions

For the proof-of-concept, we fabricated three LC plane-parallel plates (LC plates) based on the
multiple-layered structure [29], as depicted in Fig. 4(a). The structure of each LC plane-parallel
plate in Fig. 4(a) consists of two glass substrates, two indium-tin-oxide (ITO) layers as electrode,
two mechanically-rubbed alignment layers (polyimide, model: SE-7492, Nissan Chemical), four
LC layers (nematic liquid crystals, MLC-2172, Merck, ∆n= 0.29 at λ = 589.3 nm at 20°C) with
thickness of 35 µm, and three polymeric layers with thickness of 35 µm function as planar type
alignment layers and separators to separate the LC layers. The thickness of the bottom glass
substrates (BK7) is 0.5 mm. The thickness is 0.1mm for the top glass substrate (Willow glass,
Corning). The reason why we use Willow glass is to minimize the total thickness of each LC plate.
As for the polymeric layers, it was made by a mixture of a reactive mesogen (RM257, Merck), a
nematic LC (MLC2144, Merck) and a photoinitiator (IRG184) with a ratio of 79:20:1 wt. %. The
fabrication of the polymeric layers was reported previously, and here we briefly summarize the
process [29–30]. First, the mixture was filled at 90°C between two ITO-glass substrates coated
with mechanically buffered PVA (polyvinyl alcohol) and the gap between glass substrates was
35 µm controlled by a mylar film. Next, the cell was exposed to UV light (λ=365 nm) with an
intensity of 3 mW/cm2 at 90°C for an hour for photo-polymerization. After photo-polymerization,
we obtain a transparent and scattering-free polymeric layer (transmittance∼95%) [31]. The
surface of polymeric layer provides strong alignment capability (anchoring energy ∼10−5J/m2)
with a direction parallel to the mechanically buffered direction of PVA [31]. Next, we peeled
off the substrates and a polymeric layer with thickness of 35 µm was used to assemble the LC
plate, depicted in Fig. 4(a). In Fig. 4(a), when the applied voltage is zero (V=0), the LC directors
are aligned in x-direction. When the applied voltage (V) much exceeds threshold voltage (Vth),
the LC molecules are orientated perpendicularly to the glass substrates. We fabricated three LC
plane-parallel plates (denoted as #1, #2, and #3) for the proposed AR system.

After preparing the LC plane-parallel plates, we measured electro-optical (EO) properties and
the total thickness of each LC plate. The measurement setup for EO properties consists of a
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Fig. 4. LC plane-parallel plates and the measurement of electro-optical property. (a)
Multiple-layered structure consists of four LC layers and three polymeric layers. (b) The
voltage dependent refractive index for wave-vector as the function of applied voltage.

laser light source (λ=633 nm), a pair of crossed polarizers, a photo-detector (Model: 2031, New
Focus). Each LC plate was placed between the crossed polarizers, and the rubbing direction
of the LC plate was 45 degrees with respect to the transmissive axis of one polarizer. The
voltage-dependent transmittance of each LC plate was measured. Later on, we converted the data
of the voltage-dependent transmittance to the phase retardation as a function of the applied voltage
[28]. After that, the phase retardation is further converted into effective refractive index (neff) of
LC as a function of applied voltage, as shown in Fig. 4(b). In Fig. 4(b), neff of three LC plates
decreases with the applied voltage and is closed to the ordinary refractive index no (no ∼1.52) as
V> 100Vrms. This indicates that the LC directors (i.e., optics axis ĉ) are reoriented toward z-axis
when the applied electric field increases. The angle of optics axis of LC is closed to 0 degree with
respect to z-axis (i.e., φ(V = 100Vrms) ∼ 0) as V> 100 Vrms. φ is defined as the angle between
optics axis of LC and the z-axis. From Fig. 4(b), we calculated the total thickness of 4 LC layers
of each LC plate as listed in Table 1. We also use an outside micrometer (Series 103, Mitutoyo) to
measure total thickness of each LC plate as listed in Table 1. When we add three samples together,
the total thickness of 12 LC layers is around 510 µm (i.e., 156+ 166+ 188µm=510 µm) which is
thick enough for shifting the imaging plane as proposed. By considering the glass substrates, the
total thickness of three LC plates is ∼2.67mm (i.e., 885+ 896+ 894µm=2675 µm).

Table 1. Specifications of fabricated LC plane-parallel plates.

LC plate
Total thickness of

4 LC layers
Total thickness of

LC plate
aTunable range of δls:δls(φ =
0) − δls(φ = 90 degrees)

#1 156 µm 885 µm 49.2 µm

#2 166 µm 896 µm 52.3 µm

#3 188 µm 894 µm 59.2 µm

aFrom Eq. (12) and Eq. (17) with θi = 15 degrees.

To demonstrate the varifocal AR system shown in Figs. 1(a)–1(b), the AR system was setup.
The system consists of a broadband light source (Fiber-Lite, model: DC950), a pin-hole aperture
(< 1mm in diameter) for confining the light as a point source, a resolution chart (USAF 1951;
negative type), three LC plane-parallel plates, a beam splitter (side length=12.7mm), an Al-coated
concave mirror with the focal length of 19mm (i.e., f = 19mm) and the diameter of 25.4mm,
and a camera (EOS760D, Canon) which is used to replace the human eye as well as to record the
projected virtual image. Three LC plane-parallel plates were attached to the resolution chart.
The effective objective distance between the resolution chart and the concave mirror is around
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18.83mm at voltage-off states of three LC plates, and the projected image is a virtual image
because the effective objective distance is smaller than the focal length of the concave mirror
(f= 19mm). In order to find out the location of the virtual image, we put a real object in front
of the AR system as a reference. We moved around the real object and took pictures after we
refocused the camera to see object clearly. We then measured the distance (z) between the
real object and the beam splitter (BS). When the real object and the virtual image were at the
same location, the camera saw the real object and the image projected from the resolution chart.
Assume the BS (i.e, the viewing window of the AR system) was set as z= 0 cm. To quantify the
location of virtual image, the recorded photos are calculated in terms of contrast ratio defined
as (Imax − Imin)/(Imax + Imin), where Imax and Imin are the maximum and minimum intensity of
the recorded virtual image. As a result, the location of virtual image can be determined when
the contrast ratio of the virtual image reaches the peak value. Figure 5(a) plotted the contrast
ratio as a function of the distance z when three LC plates are operated. In Fig. 5(a), the peak
contrast ratio was ∼0.5 at z= 209 cm when all the LC plane-parallel plates were turned off. When
the LC plane-parallel plates turned on, the location of peak contrast ratio shifted to z= 192 cm
as the LC plate#1 was subject to 100 Vrms, z= 170 cm as the LC plate#1 and the LC plate#2
were subject to 100 Vrms, and z= 136 cm as three LC plates were subject to 100 Vrms. This
indicates the virtual image could be shifted from 209 cm to 136 cm by changing the orientations
of LC molecules in the LC plates. According to Eq. (10), we plotted the relationship between
the image distance (q) and the changes of the objective distance due to LC plates (i.e., second
term of Eq. (10)), as shown in the blue line in Fig. 5(b). Figure 5(b) indicates that the location
of the virtual image could be shifted from 209 cm to 136 cm even though the changes of the
objective distance by using LC plates is small ∼150 micron. When all LC plates are off, LC
plates provide zero difference of optical path (fixed δlS). After we changes the optical path via
LC plates with applied voltages, the projected virtual image shifts to the location closed to the
AR system. The experimental results are similar to the calculations as shown in Fig. 5(b). The
deviation of image distance between experiments and calculations is because the calculation
is under the assumption that that φ = 0 at V=100Vrms>>Vth and φ=90 degrees at V=0. In
practical, the initial tilt angle of LC at V=0 is measured at around 2∼3 degrees (i.e., φ(V = 0)≈87
degrees) and the orientations of LC molecules at the surfaces of alignment layers is fixed and
hard to be re-oriented due to strong anchoring energy [28,31]. Those are the reasons to cause the
deviation between experiments and calculations.

Fig. 5. (a) The contrast ratio of the virtual image as a function of the distance z. z is the
distance between the real object and the beam splitter as the camera see clearly for both of
the virtual image and the real object. (b) Converted from (a), the measured image distance
of the virtual image (q+∆q) as a function of difference of tunable δlS that is provided by LC
plates. The blue line stands for the calculation results based on Eq. (3) with with f= 19mm
and p ∼ 18.83mm.
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To demonstrate the performance of the varifocal function in AR system we proposed, two real
objects, with “NCTU logo” and “Google logo”, were used. The first real object (“NCTU logo”)
was located at z= 2.1 m while another real object (“Google logo”) is located at z= 1.4 m. The
camera of the AR system was set to focus at z= 2.1 m and no voltage was applied to the LC plates;
therefore, the camera sees the real object of “NCTU logo” and the virtual image clearly, as shown
in Fig. 6(a). Next, in order to mimic the eye accommodation, we changed the focusing properties
of the camera in order to see the real object at z= 1.4 m clearly, as shown in Fig. 6(b). In Fig. 6(b),
the virtual image is blurred because the virtual image is still located at z∼2.1 m. To align the
virtual image to coincide with the near real object of “Google logo”, we applied 100 Vrms to
three LC plates. As a result, the location of the virtual image was then shifted to the location at
z∼1.4 m. Thereafter, the camera saw both of the near real object and the virtual image clearly, as
shown in Fig. 6(c). In Fig. 6, the image quality is slightly blurred due to ghost image originated
from surface reflection of LC plates, including air-glass interface, LC-polymer interface etc. The
reflectivity of three LC plates with six air-glass interfaces is around 4%. The image quality
could be improved dramatically by anti-reflection coating technique and consideration of index
matching in multi-layered structures.

Fig. 6. Image performance of the proposed AR system with three LC plane-parallel plates.
(a) The focusing plane of the camera was set at 2.1 m away from AR system. The projected
virtual image was also set around 2.1 m away from AR system. (b) When the camera was
refocused and set to see the images at the distance of 1.4 m away from AR system, the near
object was clear while the virtual image is blurred. (c) After we applied 100 Vrms to three
LC plates, the location of the virtual image was shifted to 1.4 m. Both the near object and the
virtual image were clearly recorded by the camera. The upper-left figure is the illustration of
relative positions of the objects and virtual image in (a), (b), and (c).

Assuming a small angle of incidence and ni=1, let us go back to Eqs. (13), (14), (17), and
(18). From Eqs. (13) and (17), the difference in longitudinal displacement between high voltage
(V>>Vth) and V=0 for Poynting vectors is:

∆lS ≡ |δlS(V > > Vth) - δlS(V = 0)| =
����d · ( none2 − ne

no2

)���� , (19)

where Vth is threshold voltage of LC. From Eqs. (14) and (18), the difference in longitudinal
displacement between high voltage (V>>Vth) and V=0 for wave vectors is:

∆le ≡ |δle(V > > Vth) - δle(V = 0)| =
����d · ( 1no − 1

ne

)���� . (20)



Research Article Vol. 28, No. 15 / 20 July 2020 / Optics Express 23034

Equation (20) is the conventional relation for the variation of the longitudinal displacement when
the optical medium changes the refractive index from ne to no. Comparing Eqs. (19) and (20),
we find

∆lS
∆le
=

no
ne
+
ne
no
+ 1. (21)

When no=1.52, ne=1.81 (∆n=0.29), ∆lS/∆le=3.03. As a result, the longitudinal displacement
for Poynting vector is three time larger than the longitudinal displacement for wave vector. This
leads to double shift in the location of the virtual image (∆q) when one compares Poynting vector
with wave vector. In order to further enlarge the longitudinal displacement or ∆q, the enlarging
of the ratio of ne/no could be a way. However, the typical birefringence of nematic LC < 0.4 and
no is usually ∼1.5 which results in a limitation of tunability range of the virtual image.

Since the ratio stated in Eq. (21) is almost fixed (< 3.2 even with a birefringence of ∼0.8 [32]),
the optical path difference is still linearly proportional to the birefringence of LC material and
the total thickness of LC layers. Currently, tunable depth of image planes in proposed system is
from 1.4 m to 2.1 m while the typical varifocal AR systems are expected to have image plane
with tunable depth from 0.33 m to infinite (i.e., 3 Diopter tunable range). In order to enlarge the
tunable depth, according to the concept multiple-layered structure [30], we could increase the
total thickness by adding the numbers of LC layers without increasing the response time. Taking
into account the accommodation ability of human eyes, the response time of LC plane-parallel
plates (>10 seconds for switching on and for switching off) should be less than 500 ms [28].
To reduce response time, the thickness of each LC layer should also be reduced. However, to
sustain a sufficient distance for the purpose of the image shifting, the total thickness of LC layers
cannot be reduced. As a result, we need to divide more sub-layers in a multiple-layered structure
to maintain the same total thickness [29–30]. In this way, the response time could be reduced
while keeping the same the image shifting range. Another solution for sustaining or increasing
the distance of image shifting is to adopt LC materials with higher birefringence. However,
the current birefringence of LC materials is still limited (less than 0.8) [32]. As for the total
thickness of each LC plane-parallel plate, now we only adopt one Willow glass (Corning) with
thickness of 0.1mm as the substrate. One could further reduce the thickness of LC plates by
adopting two thin glasses and thinner polymeric layers. For reducing the driving voltage, we can
add sheet electrodes within the multi-layered structures to control the sub-LC layer individually;
For example, we can replace the polymeric layers with thin ITO-coated plastic films. Instead of
reorienting the LC directors, another approach could be pairing a polarization controller with a
LC plate, where the polarization of incident light could be switched between e-wave or o-wave
[25,33]. If we have N pairs of a polarization controller and a LC plate, the number of image
planes could be 2N, and the response time is boosted. For example, 8 image planes are achievable
for N=3, and response time could be less than 3 ms with LC-based polarization controllers
[25,33–35]. For better systematic integration and compactness, the cover glass substrate of
the microdisplay may be replaced with this LC plate. Of course, the driving scheme could
be specially for practical applications. In Fig. 6, the virtual images were projected with the
broadband light source, and no significant color breakup was observed. However, when the total
thickness of a LC layer increases, the chromatic aberration needs to be accounted for according
to Eqs. (4)–(5) for a better image quality. Regarding to the spherical aberration, well-known in
plane-parallel plate, the LC plates act as a plate with angularly dependent refractive index as
shown in Fig. 3(b). This indicates that the intrinsic spherical aberration in the plane-parallel plate
could be cancelled as we design it tailored to the system. In addition, the demonstration was
operated with voltage of 100 Vrms because we need to orientate the LC directors from the parallel
alignment to the perpendicular one to the substrate. To reduce the driving voltage, the thickness
of polymeric layer should be reduced, or one can use a material with a higher permittivity.
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4. Conclusion

We demonstrated a varifocal function for solving VAC of AR system based on electrically tunable
LC plane-parallel plates with total thickness around a few millimeters. For providing a sufficient
tunable optical path, three multiple-layered structures are used to increase the total thickness of
LC layers (∼510 µm). Compared to the system based on tradition calcite-based plane-parallel
plates with thickness∼ 30 mm, the proposed system is more compact. Since the split of the
wave vector and the Poynting vector for extraordinary wave cannot be ignored, the longitudinal
displacement of the image plane is determined by Poynting vectors rather than wave vectors within
the geometrical optical analysis. The tunable range of the longitudinal displacement of Poynting
vectors is more than twice bigger compared to the one due to by the wave vectors. Researchers
always neglect parallel-plane-plate using LC because of limited birefringence of LC material
and the thickness of a LC layer. The multiple-LC-layer sample can provide enough optical path.
In addition, the Ponyting vector analysis further extend longitudinal displacement due to the
origin of splitting between a Ponyting vector and a wave vector in an uniaxial optical medium.
Notably, for Poynting vectors and wave vectors, intuitively, the directions of their longitudinal
displacements are opposite which leads to an inverse shifting direction of the projected virtual
image in the AR system. Among all the solutions for solving vergence-accommodation conflict
(VAC), our tunable LC plate method is not only simple, but the system is also thin and exhibits
large clear aperture. The current challenges of the proposed solution are relatively high response
time (∼10 seconds) and driving voltage. To improve response time and driving voltage, reduction
of the thickness of each LC layers by adding more LC layers could be a way to go as well as
applying electric fields to each LC layer separately could lower the driving voltage. One could
also improve the response time by combining polarization-switching technique. We expect that
the investigation here paves a rather simple way to solve the VAC problem for augmented reality
systems.
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