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OPTICAL DEVICES AND HEAD-MOUNTED DISPLAYS EMPLOYING
TUNABLE CYLINDRICAL LENSES

PRIORITY CLAIM AND CROSS-REFERENCE TO RELATED
APPLICATION
[0001] The present application claims the benefit of priority of U.S. Provisional
Application No. 63/161,298, filed on March 15, 2021. The entire disclosure of this

priority document 1s incorporated by reference into the present disclosure.

FIELD OF THE DISCLOSURE
[0002] The disclosure relates to optical devices that include tunable lenses and,
more specifically, to optical devices and head-mounted displays incorporating in-plane

switching mode liquid crystal tunable lenses.

BACKGROUND
[0003] Wearable display systems for augmented reality can include one or two
eyepieces through which a user can view the world and with which the display system
can project digital imagery to the user. Eyepieces are often formed using highly refractive
materials and are typically designed to account for users with emmetropic vision, 1.e.,
with no refractive error.
[0004] For users with non-emmetropic vision, such as short sighted (myopic) or far
sighted (hyperopic) users, custom inserts can be provided in the wearable display that
correct for a user’s refractive error, e.g., according to their ophthalmic prescription (Rx).
Alternatively, the display’s form factor can be designed to accommodate eyeglasses
between the wearer and the display’s eyepiece. However, customization of the headset
can be both time-consuming and expensive and form factors that accommodate

eyeglasses can be unwieldy and aesthetically unappealing.
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SUMMARY
[0005] This disclosure features in-plane switching (IPS) mode liquid crystal (LC)
geometric phase (GP) tunable lenses that can be integrated into an eyepiece of a head-
mounted display for the correction of non-emmetropic vision, particularly in a virtual
reality, augmented reality, or mixed reality head-mounted display. The eyepiece can
include a fully integrated, field-configurable optic arranged with respect to a waveguide
used to project digital imagery to the user, the optic being capable of providing a tunable
Rx for the user including variable spherical refractive power (SPH), cylinder refractive
power (CYL), and cylinder axis (Axis) values. In certain configurations, each tunable
eyepiece includes two variable compound lenses: one on the user-side of the waveguide
with variable sphere, cylinder, and axis; and a second on the world side of the
waveguide with variable sphere. Collectively, the variable compound lenses can correct
for refractive error of the user, including astigmatism, and can position digital images at
appropriate depth planes relative to the environment and corresponding to the user
depth-of-fixation.
[0006] In some embodiments, each compound lens is composed of one or more
(e.g., two or three) variable cylindrical lenses formed from an IPS-mode LC device. An
assembly of two such variable cylindrical lenses whose cylinder axes are oriented at
right angles can be used to provide a compound lens with adjustable spherical power.
An assembly of three variable cylindrical lenses whose cylinder axes are oriented at 60°
intervals can be used to provide a compound lens with adjustable SPH, CYL, and Axis.
[0007] In general, in a first aspect, the disclosure features a system that includes a
first in-plane switching (IPS) mode liquid crystal (LC) element arranged along an optical
axis, a second IPS mode LC element arranged along the optical axis, a third IPS mode
LC element arranged along the optical axis, and an electronic controller in
communication with the first, second, and third IPS mode LC elements. The electronic

controller is configured, during operation, to provide drive signals to the first, second,
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and third IPS mode LC elements, respectively, so that the first, second, and third
elements collectively form an optical element having an overall non-zero spherical
refractive power (SPH), non-zero cylinder refractive power (CYL), and cylinder axis
(Axis) according to a prescription (Rx).

[0008] Implementations of the system can include one or more of the following
features and/or features of other aspects. For example, each IPS mode LC element can
be a geometric phase (GP) cylindrical lens during operation of the system. Each GP
cylindrical lens can have a cylinder axis aligned in a different direction.

[0009] Each IPS mode LC element can include a layer of a LC material between
two substrates. The LC material can be a nematic phase LC material. Each IPS mode
LC element can include an electrode layer supported by one of the two substrates. Each
electrode layer can include a two-dimensional array of pixel electrodes. The electronic
controller can be programmed to drive the pixel electrodes to uniformly align the LC
material along a first direction in a plane of the IPS mode LC element and to vary an
alignment of the LC material along a second direction in the plane orthogonal to the first
direction. The alignment of the LC material along the second direction can include a
plurality of 2x rotations of a nematic director of the LC material. A spatial wavelength
of the 2 rotations can vary across the IPS mode LC element in the second direction.
The spatial wavelength of the 27 rotations in the second direction can increase from a
center of the IPS mode LC element towards the edges of the IPS mode LC element. In
some embodiments, the electronic controller is programmed to drive the different
subsets of the pixel electrodes at different times and to switch back and forth between
the different subsets with a cycle shorter than a relaxation time of the LC material.
[0010] An angular separation between the first and second radial directions can be
equal to an angular separation between the second and third radial directions.

[0011] For a Cartesian coordinate system orthogonal to the optical axis, the first
radial direction can be at 30°, the second radial direction can be at 90°, and the third

radial direction can be at 150°. The first cylindrical refractive power, Cs,, the second
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cylindrical refractive power, Cyy, and the third cylindrical refractive power, C;5o, and

values for S, C, and A can be related according to the formulae:

2 2 2v/3 _
Csp = §S+ §coszA +TCOSA sinA | C

2 _ 1
Coo =§S + <51n2A —§coszA)C

2 2 2V3
Ciso =§S + <§c052A—TcosAsinA>C

[0012] The cylindrical refractive power of each of the first, second, and third
optical elements can be variable through a range from -5 D to +5 D.

[0013] The optical element can have an aperture having an area of 1 cm? or more
(e.g., 5 cm? or more, 10 cm? or more, 16 cm? or more).

[0014] Each of the refractive elements can have a thickness along the optical axis
of 10 mm or less (e.g., 6 mm or less, 4 mm or less, 3 mm or less, 2 mm or less, 1 mm or
less).

[0015] In general, in a further aspect , the disclosure features a head-mounted
display system, including: a first optical element having a variable spherical refractive
power (SPH); a second optical element having a variable SPH, a variable cylinder
refractive power (CYL), and a variable cylinder axis (Axis), the second optical element
having at least one in-plane switching (IPS) mode liquid crystal (LC) element; a see-
through display arranged between the first optical element and the second optical
element; and an electronic controller in communication with the first optical element, the
second optical element, and the see-through display. The electronic controller is
programmed to adjust the SPH of the first optical element and the SPH, CYL, and Axis
of the second optical element according to a prescription (Rx) of an individual user of the
head-mounted display.

[0016] Implementations of the head-mounted display can include one of more of

the following features and/or features of other aspects. For example, the head-mounted
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display can include a frame for mounting the first optical element, second optical
element, and see-through display relative to each other and, during use, relative to a user
of the head-mounted display. The second optical element can be arranged between the
see-through display and the user during use of the head-mounted display.

[0017] The first optical element can include two variable cylindrical lenses having
their respective cylinder axes orthogonal to each other.

[0018] The head-mounted display can include an eye-tracking module, the
electronic controller being programmed to vary the prescription of the second optical
element based on information about where a user of the head-mounted display is looking
from the eye-tracking module. In some embodiments, the electronic controller is
programmed to vary the SPH, CYL, and Axis of the second optical element from a near-
vision prescription to a distance-vision prescription depending on where the user is
looking.

[0019] The head-mounted display can include a biometric identification module,
the electronic controller being programmed to identify a user based on information from
the biometric identification module and adjust a prescription of the second optical
element based on the user’s identity. The biometric identification module can be an iris
identification module.

[0020] Among other advantages, the tunable eyepiece can correct for the unique
optical prescription, including astigmatism, of a user while minimizing electrical power
consumption and electro-mechanical overhead. The tunable eyepiece can alleviate the
need to fabricate a custom rigid eyepiece for each user and increase the availability of
mixed reality products users with non-emmetropic vision. An included biometric module
can identify a user based on their unique iris pattern and adjust the tunable eyepieces to
adjust to the prescription of multiple users in the field.

[0021] As used herein, a head-mounted display can also be described as a head-
mountable display, in that the display is configured to be worn, carried, or otherwise

mounted on a head of a user. It is noted that the embodiments described herein are not
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necessarily limited to situations in which the display is currently mounted on the head of
a user.
[0022] Other features and advantages of the present application will be apparent

from the description, the drawings, and the claims.

BRIEF DESCRIPTION OF THE DRAWINGS
[0023] FIG. 1 is a schematic diagram of a wearable headset display.
[0024] FIG. 2 1s a schematic diagram representing the placement of an eye behind

an tunable eyepiece with proximal and distal tunable optical elements.

[0025] FIG. 3A is a diagram of compound lens used to correct for non-emmetropic
vision including a spherical and a cylindrical lens.

[0026] FIG. 3B is a diagram of three cylindrical lenses representing an alternative
means to cotrect for non-emmetropic vision.

[0027] FIG. 4 1s a schematic cross-sectional diagram of an example in-plane
switching (IPS) mode liquid crystal (LC) cylindrical lens.

[0028] FIGS. 5A-5C are schematic diagrams illustrating different alignment states
in an IPS mode LC cell.

[0029] FIG. 6 1s a plan view showing an example director field in an IPS mode LC
cylindrical lens.

[0030] FIG. 7A-7E are plan views showing example electrode element driving
schemes for aligning in-plane LC material in different directions.

[0031] FIG. 8 is a plan view of sequential example electrode element driving
schemes for aligning in-plane LC material in different directions.

[0032] FIG. 9A is a schematic cross-sectional diagram of an example multi-layer
electrode array for an IPS LC cylindrical lens.

[0033] FIG. 9B-9C are plan view diagrams showing electrode geometries for
different electrode layers in of the multi-layer electrode array shown in FIG. 9A.

[0034] In the figures, like symbols indicate like elements.

6



WO 2022/197603 PCT/US2022/020181

DETAILED DESCRIPTION
[0035] FIG. 1 illustrates an example head-mounted display system 60 that includes
a see-through display 70, and various mechanical and electronic modules and systems to
support the functioning of that display 70. The display 70 is housed in a frame 80, which
1s wearable by a display system user 90 and which is configured to position the display
70 in front of the eyes of the user 90. The display 70 may be considered eyewear in some
embodiments. In some embodiments, a speaker 100 is coupled to the frame 80 and is
positioned adjacent the ear canal of the user 90. The display system may also include one
or more microphones 110 to detect sound. The microphone 110 can allow the user to
provide inputs or commands to the system 60 (e.g., the selection of voice menu
commands, natural language questions, etc.), and/or can allow audio communication with
other persons (e.g., with other users of similar display systems). The microphone 110 can
also collect audio data from the user's surroundings (e.g., sounds from the user and/or
environment). In some embodiments, the display system may also include a peripheral
sensor 120a, which may be separate from the frame 80 and attached to the body of the
user 90 (e.g., on the head, torso, an extremity, etc.). The peripheral sensor 120a may
acquire data characterizing the physiological state of the user 90 in some embodiments.
[0036] In some embodiments, the display system may also include an eye-tracking
module 125a. In some embodiments, the eye-tracking module 125a can include a
biometric identification module to acquire biometric data of the user 90. In some
embodiments, the biometric identification module can be an iris identification module.
[0037] In some embodiments, the eye-tracking module 120a may acquire depth-of-
fixation data. The eye-tracking module 120a may be operatively coupled by
communications link 125b (e.g., a wired lead or wireless connectivity) to the local
processor and data module 140. The eye-tracking module 120a may communicate the

biometric and depth-of-fixation data to the local processor and data module 140.
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[0038] The display 70 is operatively coupled by a communications link 130, such
as by a wired lead or wireless connectivity, to a local data processing module 140 which
may be mounted in a variety of configurations, such as fixedly attached to the frame 80,
fixedly attached to a helmet or hat worn by the user, embedded in headphones, or
removably attached to the user 90 (e.g., in a backpack-style configuration or in a belt-
coupling style configuration). Similarly, the sensor 120a may be operatively coupled by
communications link 120b (e.g., a wired lead or wireless connectivity) to the local
processor and data module 140. The local processing and data module 140 may include a
hardware processor, as well as digital memory, such as non-volatile memory (e.g., flash
memory or a hard disk drive), both of which may be utilized to assist in the processing,
caching, and storage of data. The data may include data 1) captured from sensors (which
may be, e.g., operatively coupled to the frame 80 or otherwise attached to the user 90),
such as image capture devices (e.g., cameras), microphones, inertial measurement units,
accelerometers, compasses, GPS units, radio devices, gyros, and/or other sensors
disclosed herein; and/or 2) acquired and/or processed using a remote processing module
150 and/or a remote data repository 160 (including data relating to virtual content),
possibly for passage to the display 70 after such processing or retrieval. The local
processing and data module 140 may be operatively coupled by communication links
170, 180, such as via a wired or wireless communication links, to the remote processing
module 150 and the remote data repository 160 such that these remote modules 150, 160
are operatively coupled to each other and available as resources to the local processing
and data module 140. In some embodiments, the local processing and data module 140
may include one or more of the image capture devices, microphones, inertial
measurement units, accelerometers, compasses, GPS units, radio devices, and/or gyros.
In some other embodiments, one or more of these sensors may be attached to the frame
80, or may be standalone devices that communicate with the local processing and data
module 140 by wired or wireless communication pathways.

[0039] The remote processing module 150 may include one or more processors to

analyze and process data, such as image and audio information. In some embodiments,
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the remote data repository 160 may be a digital data storage facility, which may be
available through the internet or other networking configuration in a “cloud” resource
configuration. In some embodiments, the remote data repository 160 may include one or
more remote servers, which provide information (e.g., information for generating
augmented reality content) to the local processing and data module 140 and/or the remote
processing module 150. In other embodiments, all data is stored and all computations are
performed in the local processing and data module, allowing fully autonomous use from a
remote module.

[0040] Variable eyepiece components included with the eyepiece of a display
adjust the refractive power of the eyepiece in order to match the depth of the fixation for
a user with the user’s vision. The refractive power of the variable components can be set
at different values across a range of possible values, performing the function of fixed
lenses with the added flexibility of controllable correction. The optical prescription (Rx)
of a user for correcting refractive error can be loaded into the headset controller and the
variable components modified to correct for the unique set of parameters within. The
headset can perform this modification for each new user, correcting for each unique Rx in
turn.

[0041] Referring to FIG. 2, an eyepiece 200 of a head-mounted display system
directs light from a projector 220 to the eye 210 of a user. The projector 220 and eyepiece
200 are positioned relative to one another and to the eye 210 of the user by a frame or
housing (not shown). In this example, the projector 220 is located beside the user’s
temple and directs light to an end of the eyepiece 200 that extends past the user’s temple.
As shown, eyepiece 200 includes a planar waveguide 240, an input coupling grating
(ICG) 230, and out-coupling element (OCE) 250, however, more complex arrangements
(e.g., composed of multiple stacked waveguides) are possible. A first variable focus
assembly 270a is located on the world side of waveguide 240 and a second variable focus
assembly 270b is located on the user side. Collectively, the refractive powers of variable
focus assemblies 270a and 270b are adjusted to concurrently correct the optical properties

of the eyepiece to account for the virtual image depth plane and the Rx of a user.
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[0042] ICG 230 1s a surface grating positioned to receive light from projector 220
and facilitates in-coupling of light from projector 220 into the eyepiece 200. The ICG
230 1s located at or close to the edge of the eyepiece 200 closest to the projector 220. The
ICG 230 directs the light from the projector 220 into guided modes in the planar
waveguide substrate 240 of eyepiece 200.

[0043] The planar waveguide substrate 240 guide the in-coupled light along the
eyepiece 200 through total internal reflection at its surfaces to the out-coupling element
(OCE) 250. The OCE 250 1s a second surface grating configured to extract the light out
of the planar waveguide substrate 240 and redirect it towards the eye 210 of the user. The
OCE 250 can include an exit pupil expander (EPE) or an orthogonal pupil expander
(OPE) or both. The OCE 250 is located in front of the user’s eye 210, delivering light
from the projector to the region in which a pupil 212 of the user can be positioned to
receive light outputted from the OCE 150. This region is termed the eyebox. The OCE
250 can further have a lateral dimension to accommodate a range of lateral positions of
the eyebox. For example, a non-limiting range of the lateral dimension 251 of the OCE
250 can be 30 mm or less (e.g., 25 mm or less, 20 mm or less, 15 mm or less).

[0044] Variable focus assembly 270b arranged on the user-facing surface of the
eyepiece 200 corrects for the non-emmetropic vision of the user, including for
astigmatism. Variable focus assembly 270b additionally places the focus of the eyepiece
200 at the correct depth plane to display virtual images. This placement of the focus also
affects the focus of real images passing through the display to the user. The variable
focus assembly 270a arranged on the world-facing surface of the eyepiece 200 corrects
the real image focus placement resulting from the correction of variable focus assembly
270b. Variable focus assembly 270a includes two optical elements, 271a and 271b, and
variable focus assembly 270b includes three optical elements, 271c, 271d, and 271e.
[0045] In some embodiments, each optical element 271a-e includes an IPS mode
LC element configured as a geometric phase cylindrical lens. A geometric phase (GP)
lens , generally, is a lens formed from an optically anisotropic material, like a liquid

crystal, which focuses a polarized (e.g., circularly polarized) wavefront by introducing a
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varying phase shift to the wavefront across an aperture. Such lenses can be formed from
a thin film of the anisotropic material, e.g., having substantially constant thickness, rather
than having a curved refractive surface like a conventional lens. The IPS mode L.C
elements are coupled to drivers 272a-e which operate to energize pixels within the LC
device, varying an in-plane electric field strength in different regions of the device and
thereby locally changing the orientation of the liquid crystal molecules in the device.
This effect is described in more detail below. The drivers 272, for example, can vary the
optical power of each GP lens, thereby causing the refractive element of the optical
element 271 to perform the function of a variable cylindrical lens.

[0046] Drivers 272a-e drive pixel electrodes responsive to control signals from the
controller 274. In certain implementations, the headset controller 274 performs the
calculations to determine the refractive power for each optical element 271a-e. The lens
profile of each optical element 271a-e combine to establish the refractive power of the
variable focus assembly 270a or 270b. The optical power for the variable focus
assemblies can vary based on a variety of considerations, including user Rx, user
environment, projected imagery, and/or a combination of these parameters.

[0047] In some embodiments, the controller 274 can receive biometric data from
an eye-tracking module and adjust the refractive power of variable focus assembly 270b
to correct for the Rx of the user based on their biometric identification. In some
embodiments, the controller 274 can receive user depth-of-fixation data from the eye-
tracking module and adjust the refractive power of variable focus assembly 270b to
correct for the near- or distance-vision Rx of a user. Similarly, the controller 274 can
receive user depth-of-fixation data from the eye-tracking module and adjust the lens
profile of variable optical element 270a to adjust the optical depth of virtual images to
match the depth of the fixation for a user.

[0048] In general, a person’s eye can have refractive errors that lead to conditions
such as myopia, hyperopia, astigmatism, or a combination thereof. Using corrective
lenses to modify the incoming light rays corrects for these refractive errors. Myopic or

hyperopic refractive errors occur when the projected image of an eye is out of focus with
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the back plane of the eye and are typically corrected through lenses with a ‘spherical’
profile placed between the eye and incoming light. Broadly, a plano-spherical lens profile
can be considered a planar section of the surface of a sphere resulting in a lens profile
with two opposing surfaces, a curved surface and a planar surface. The curved surface of
a spherical lens is radially symmetric around a central axis oriented orthogonally to the
planar surface. A lens with a spherical profile arranged along the optical axis of a user’s
eye corrects for these refractive errors.

[0049] Astigmatism refractive errors are due the eye lens having differential
curvatures along different directions. A lens having a ‘cylinder’ profile can correct this
type of error. A plano-cylindrical lens profile can be considered a planar section of a
cylinder taken parallel to the longitudinal axis of the cylinder. This results in a lens with
opposing curved and planar surfaces (e.g., convex). The longitudinal axis along the center
of the planar surface is termed the cylinder axis. The curved surface has an equal radius
of curvature along the length of the cylinder profile. A cylindrical lens will generally
focus light to a line, rather than a point.

[0050] Typically, a lens having a spherical component and a cylinder component
are used to correct refractive errors of an astigmatic non-emmetropic eye. An ophthalmic
prescription (Rx) combines a spherical component (SPH), a cylindrical component
(CYL), and a cylinder axis component (Axis) which are respectively the refractive
powers of a spherical and a cylindrical lens, and the orientation of the cylinder axis. A
Cartesian coordinate system oriented orthogonally to the optical axis with 0° directed
horizontally can be used to define a radial direction of the cylinder axis.

[0051] A spherical or cylindrical lens have respective strengths, or refractive
powers, typically measured in diopters (D). The refractive power of a lens can be zero, a
negative (e.g., divergence), or a positive (e.g., convergence) number. Without wishing to
be bound by theory, the refractive power can be equal to the reciprocal of the focal length
(f), D = 1/f. For example, a lens with a refractive power of +3 D brings parallel rays of
light from optical infinity to focus at 13 meter. For a further example, a flat or plano lens

has a refractive power of 0 D and does not cause light to converge or diverge.
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[0052] An Rx can be represented by a combination of a spherical lens and a
cylindrical lens, as shown in FIG. 3A. Depicted is an exemplary assembly of a spherical
lens 310 of refractive power S, and a cylindrical lens 312 of refractive power C. The
cylindrical axis 313 of the cylindrical lens 312 1s shown oriented at an angle A with
respect to a horizontal plane. Without wishing to be bound by theory, the phase profile at
a point (x,y) on the surface of any R, is proportional to R, (x,y) x S(x? + y?)+
C(cos Ax + sin Ay)? where S the refractive power of the spherical lens, C is the
refractive power of the cylindrical lens, and A 1s the angular orientation of the cylindrical
lens.

[0053] The correction power of a spherical lens 310 can be alternatively achieved
by a pair of cylinder lenses 312 whose cylinder axes are oriented at 90° from each other.
Accordingly, the combination of spherical 310 and cylindrical lens 312 shown in FIG. 3A
1s similarly achievable through the combination of three cylindrical lenses. FIG. 3B
depicts the arrangement of three cylindrical lenses 312a, 312b, and 312¢ with their
cylinder axes arranged at radial directions of 30°, 90°, and 150° from the horizontal plane
of the eye, with respective refractive powers of Cso, Coo, and Ci1s0. Without wishing to be
bound by theory, the refractive powers Cso, Coo, and Ciso necessary to correct for an R,

with spherical and cylindrical components can be determined using

2 2 2V3
Csp = §S + (gcoszA + TCOSA sinA) C

2 _ 1
Coo =§S + <51n2A —§coszA)C

2 2 2V3
Ciso =§S + <§c052A—TcosAsinA>C

for each respective lens.

[0054] Based on the above, the optical elements 271a-e described in FIG. 2 can
perform the function of cylindrical lenses and they can be oriented and combined in

optical elements to accomplish the desired Rx.
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[0055] While the arrangement of cylinder axes arranged at radial directions of 30°,
90°, and 150° have been described and will function for any three element Rx (e.g., SPH,
CYL, Axis), these orientations are not the only solution capable of providing correction
for astigmatic non-emmetropic vision. In general, there are many sets of angles that
would give sufficient degrees of freedom to match the three parameters of an Rx. For
example, three cylinder axes oriented at 0°, 60°, and 120° (e.g., from the horizontal plane
of the eye) may also correct for such an Rx. This arrangement maintains the 60°
separation between cylinder axes described in FIG. 3B. Though as a further example,
three cylinder lenses with cylinder axes separated by 45° (e.g., 0°, 45°, 90°) may also
provide the correction necessary for a three element Rx.

[0056] In general, the total angular separation between the three cylinder axes of a
set of cylindrical lenses can be sufficient to preclude redundancy between two or more of
the cylinder lenses. For example, the total angular separation between the three cylinder
axes can be in a range from 45° to 180°. The angular displacement of a middle axis of the
three cylinder axes can be approximately equal from the other two cylinder axes (e.g., for
a total angular separation of 90°, the middle axis can be 45° from the other two) or the
cylinder axes can be separated by unequal angles.

[0057] In general, rather than refractive cylindrical lenses, IPS mode LC GP lenses
capable of providing a variable cylindrical lens are used for the variable focus assemblies
depicted in FIG. 2. For the two compound lenses, two and three such GP lenses can be
integrated to provide compact, planar optical components that perform as a lens with
variable SPH power and a lens with variable, SPH, CYL, and AXIS, respectively.

[0058] Referring to FIG. 4, an example IPS mode LC GP cylindrical lens 400
includes a layer of a liquid crystal material 410 sandwiched between two substrate layers
420 and 422. A Cartesian coordinate system, shown in FIG. 4 and in subsequent figures,
1s provided for reference. As depicted in FIG. 4, the top surface of lens 400 faces the
world side and the bottom surface faces the user side. The bottom substrate layer 422
includes an electrode layer 430 and an alignment layer for 442 adjacent LC layer 410.

Top substrate 420 includes an alignment layer 440 on its bottom surface adjacent the top
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surface of LC layer 410. A polarizer 450 (e.g., a broadband circular polarizer) is applied
to the top surface of top substrate 420.

[0059] During operation, a plane wave normally incident on the top surface of lens
400, depicted by rays 401, 1s polarized by polarizer 450 and then focused to a line 405,
extending in the y-direction (into the page) by LC layer 410. Thus, the focused light
emerges from lens 400 as convergent rays 402. As explained in more detail below, the
optical power of the GP lens 400 can be controlled by reorienting the LC material in layer
410, thereby providing a variable cylindrical lens suitable for use in eyepiece 200
described above.

[0060] In general, IPS mode LC GP cylindrical lens 400 can be relatively thin. For
example, the thickness of the device (i.e., dimension in the z-direction) can be 1 mm or
less (e.g., 0.75 mm or less, 0.5 mm or less, 0.25 mm or less). Also, in some
embodiments, it is not necessary that each lens in the two compound lenses (e.g., as
shown in FIG. 2) have a polarizer layer. For example, in some cases, only the lens
closest to the world side in each of the compound lenses has a polarizer layer.

[0061] Before discussing the LC alignment used for an IPS mode LC GP
cylindrical lens, it is instructive to consider the operation of an IPS mode LC cell. FIGS.
5A-5C depict the alignment of liquid crystal molecules in an example IPS LC cell in
three different states of alignment. Each of these figures show a portion of an IPS L.C
cell with an LC layer (510, 510°, 5107) between a top substrate and a bottom substrate
522. A pair of line electrodes 532 and 534 are provided on the bottom substrate.
Electrodes 532 and 534 both extend along the y-direction parallel to each other and when
a potential difference is applied across the electrodes, electric field lines extend into the
LC layer between the two electrodes where the field lines are approximately parallel to
the plane of the LC layer (i.e., parallel to the x-y plane).

[0062] Typically, the LC material 1s a nematic LC material, which refers toa LC
mode that has one degree of orientation order but no translational order between
molecules. Nematic LCs are typically composed of elongate molecules which, in the

absence of an external alignment force, align along a common direction. This is often
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denoted by a nematic director, which refers to the preferred orientation direction of the
molecules. Across an LC cell, the director can be represented by a field, which can vary
locally depending on the local electric field and alignment layers, for example.

[0063] In FIGS. 5A-5C, the nematic director is depicted by cigar shaped elements,
which all align along a common direction between the electrodes. In FIG. 5A, which
depicts zero electric field strength in the cell, all the molecules in LC layer 510 align
parallel to the y-direction. Generally, the alignment of LC molecules in the zero-field
state will be determined by the alignment layers on the substrate surfaces. As depicted,
the alignment layers (not shown) align the LC molecules along the y-direction and this
alignment is adopted through the entire cell.

[0064] FIG. 5B shows alignment in an intermediate field strength. A driver
applies a voltage across electrodes 532 and 534, resulting in an electric field depicted by
field lines 535 within the LC layer. Here, the LC molecules have a positive dielectric
anisotropy, meaning they tend to align with their long axis parallel to the local electric
field lines (it 1s also possible to use LC materials with a negative dielectric anisotropy, in
which case the molecules will align perpendicular to the electric field lines). However,
viscoelastic forces between the molecules balance the rotational force from the electric
field with the preferred alignment at the boundaries imposed by the alignment layers.
The result is that the molecules in LC layer 510° realign so that they are aligned non-
parallel to the y-axis but non-parallel to the x-direction too, which is the direction of the
local electric field lines. For example, the nematic director can be aligned at an angle of
15 degrees or more (e.g., 30 degrees or more, 45 degrees or more, 60 degrees or more, 75
degrees or more) with respect to the y-direction.

[0065] Referring to FIG. 5C, at a sufficiently high electric field 536, the LC
molecules in LC layer 510” are rotated in the x-y plane sufficiently so that the nematic
director 1s parallel to the electric field lines (i.e., parallel to the x-direction).

[0066] While FIGS. 5A-5C depict just a portion of an IPS cell, the director field of
the LC layer can vary across the cell by, for example, varying the electric field strength

and/or field line orientation locally across the cell. An example of a director field suitable
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for a GP cylindrical lens is shown in FIG. 6. Here, the nematic director varies along the
x-axis but is constant along the y-direction. This means that polarized light propagating
through the LC layer will experience a phase shift that depends on the x-coordinate, but
not the y-coordinate. In order to provide a GP that provides focusing for light incident
across the aperture defined by the LC cell, the rate of angular change of the director is
smallest at the center of the cell (in the x-direction) and increases the closer to the edge of
the cell the light is incident. This is evident by looking at the relative distance for the five
27 rotations the director field exhibits across the cell in the x-direction. The (effective)
cylindrical axis of the lens is parallel to the y-axis.

[0067] In general, the optical power (or, equivalently, focal length) of a GP
cylindrical lens depends on the optical anisotropy of the LC material, the thickness of the
LC layer, and the director field of the lens. Thus, varying the director field (e.g., varying
the spatial wavelength of each 27 rotation of the director field in the x-direction) can vary
the focal length of the GP lens. For instance, for a lens of fixed size, increasing the
number of 27 rotations across the lens’s width can increase the cylindrical optical power
of the lens. In some embodiments, the LC director field can be driven to have three or
more (e.g., five or more, seven or more nine or more, 11 or more) 27 rotations across the
width of the lens in the x-direction. Nematic LC materials generally have a birefringence
in a range from 0.05 to 0.25 (e.g., 0.1 or more, 0.15 or more). The thickness of the LC
layer can be in a range from 5 pum to 100 pum (e.g., 10 um or more, 20 um or more, 30
pum or more, 40 um or more, 50 um or more, such as 90 um or less, 80 um or less, 70 um
or less, 60 um or less).

[0068] As discussed previously with respect to FIGS. 5A-5C, the local director
field in an IPS mode cell can be varied by varying the direction of the field lines and the
strength of the electric field. The electric field strength generally depends on the voltage
difference applied across adjacent electrodes. The electric field line direction depends on

the shape and relative positions of adjacent electrodes. Accordingly, IPS mode LC GP
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lenses can be provided that allow control of one or more of these parameters to vary the
LC director field and, hence, the focal length of each cylindrical lens.

[0069] The electrodes are typically formed from a transparent electrically
conductive material, such as indium tin oxide (ITO).

[0070] In general, a variety of electrode array geometries and drive schemes can be
used to generate the LC director field necessary to provide a cylindrical lens with a
desired optical power. In some embodiments, a two-dimensional electrode array can be
used to provide an electric field that can provide the director field depicted in FIG. 6. For
example, FIG. 7A-7E show drive schemes for a two-dimensional electrode array that
align an LC material with positive dielectric anisotropy along five different rotations
from O to ©/2 in the x-y plane. In each case, lines of square electrode pixels are activated
to one of two different voltages, V1 and V2, generating electric field lines between
alternating lines. Generally, the voltage difference between the adjacent electrodes is
selected to provide sufficient electric field strength to orient the LC material between the
electrodes to a desired in-plane orientation.

[0071] As shown in FIG. 7A, lines of pixel electrodes running in the y-direction
will generate electric field lines in the x-direction. Alternating lines of pixel electrodes
are activated to V1 and V2, with each activated line being separated from the adjacent
line by three lines of pixels that are not activated. For an LC material with a positive
dielectric anisotropy, the resulting electric field aligns the LC director parallel to the x-
axis, with 6 = 0 as shown in FIG. 7A.

[0072] FIG. 7E shows lines of activated pixel electrodes running in the x-direction
generate electric field lines in the y-direction. The alternating lines are also separated by
three lines of pixels that are not activated. For LC material with a positive dielectric
anisotropy, the resulting electric field aligns the LC director parallel to the y-axis, with ©
=7/2. FIGS. 7B-7D show diagonal lines of activated pixel electrodes which align the LC

material at angles 6 = n/6, n/4, and 7/3 respectively.
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[0073] In some embodiments, a time-varying drive scheme can be used. Driving
electrode pixels over time periods shorter than a relaxation time of the LC material can
allow overlapping areas of pixel electrodes to be used to generate electric field lines in
different directions. It is believed that by switching quickly between different fields it is
possible to generate director fields such as those shown in FIG. 6 while reducing out-of-
plane orientations of LC molecules associated with fringe fields close to the activated
electrodes.

[0074] An example time-varying drive scheme is shown in FIG. 8. An area of a
pixel electrode array of square pixel electrodes 1s shown at two different times, t=1 and
t=2. At the first time, t=1, four distinct areas 810, 830, 850, and 870 are activated to
generate four respectively different electric field orientations. Each area 1s separated by
an area of electrode elements that are not activated at this time. Later, t=2, three areas,
820, 840, and 860 are activated. Area 820 overlaps with areas 810 and 830. Similarly,
area 840 overlaps with areas 830 and 850, and area 860 overlaps with areas 850 and 870.
The lines of pixel electrodes activated in areas 810, 830, 850, and 870 are at 0°, -45°, 90°,
and +45° with respect to the x-axis, respectively. The lines in areas 8§20, 840, and 860 are
at approximately -22.5°, -67.5°, and +67.5° respectively. In other words, the electric field
lines generated from area-to-area result in a continuous rotation of the LC director across
the total pixel area.

[0075] As noted previously, the period of alternating from t =1 to t = 2 is less
(e.g., substantially less) than a relaxation time of the LC material. For example, the
switching period can be 20% or less (e.g., 10% or less, 5% or less, 2% or less, 1% or less,
0.5% or less, 0.1% or less) of the relaxation time of the LC layer. In some embodiments,
the switching period can be 20 ms or less (e.g., 10 ms or less, 5 ms or less, 2 ms or less, 1
ms or less). Here, the switching period refers to the cycle time from t = 1to t= 2, and
back to t =1 (i.e., the time for a full cycle). During operation, the pixel electrode array
can be continuous switched back and forth between these two states, providing a desired

constant director field that provides the desired cylindrical lens effect.
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[0076] While the example described in relation to FIG. 8 features two distinct
electrode activation states, more generally electrodes can be switched between more than
two states during operation (e.g., three or more, four or more).

[0077] Referring to FIGS. 9A-9D, a multilayer electrode structure can be used to
facilitate driving a pixel array. Here, an example multi-layer electrode structure 930
includes a top layer 932 having an array of square pixel electrodes 9320, a via layer 934
composed of transparent rectangular vias 9340, and a bottom electrode layer 936
composed of vertical (i.e., aligned in the y-direction) conducting lines 9360. The regions
between the pixel electrodes, vias, and conducting lines are formed from an electrically
insulating material (e.g., a dielectric). Vias 9340 electrically connect pixel electrodes
9320 with one of the conducting lines 9360. For the geometry shown, each conducting
line 9340 connects to every fourth overlying pixel electrode 9320. Thus, driving a
voltage to any one conducting line 9360 will drive every fourth pixel electrode in a single
column of pixels. By way of illustration, the arrangement shown in FIGS. 9A-9D can be
used to drive the pixel electrode array in horizontal lines, vertical lines, and along certain
diagonal lines depending on which conducting lines 9360 are activated.

[0078] When overlaid on each other, the rows of electrodes in the middle and
bottom electrode layers register with each other and the rectangular electrodes of middle
electrode layer 934 are spaced so that each electrode is adjacent a corresponding square
electrode in bottom electrode layer 936. For example, driving every fourth line will
activate a row of pixel electrodes. Activating four consecutive lines will activate a
vertical column of pixel electrodes. Activating every fifth line will activate a diagonal
line of pixel electrodes. Generally, this concept can be expanded to geometries with
higher resolution. For example, arrangements capable of addressing every 8, 12, 16, 24
or higher number of pixels is possible.

[0079] While the foregoing electrode geometries are provided as examples, in
general, any electrode geometry capable of providing the desired in-plane electric field
for generating an in-plane director field for a GP cylindrical lens can be used. Generally,

the size and number of pixel electrodes in the array is selected to provide a resolution
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suitable for the application. The examples presented above are for purposes of presenting
the electrode geometries and switching schemes and typically the number of pixel
electrodes in the array will be significantly higher than what is depicted. For example, in
some embodiments, the lens will have an active aperture of 1 cm? or more (e.g., 5 cm? or
more, 10 cm? or more, 16 cm? or more) and the pixel electrodes can have dimensions on
the order of 100 pwm or less (e.g., 50 um or less, 25 pm or less, 10 um or less, 5 um or
less). In other words, the electrode arrays can include hundreds, thousands, or tens of
thousands of pixel electrodes.

[0080] As noted above, in general, the cylindrical refractive power of each lens
depends on the director field, the thickness of the LC layer, and the birefringence of the
LC material. The cylindrical refractive power can be variable through a range from -5 D
to+t5D(e.g.,-4D,-3D,-2D,-1D,0D, 1D, 2D, 3D, or4 D). The cylindrical
refractive power can be varied in incremental steps of 0.1 D or more (e.g., 0.2 D or more,

such as 0.25D or 0.5D) from -5D to +5D, for example.
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What 1s claimed is:

1. An optical system, comprising:
a first in-plane switching (IPS) mode liquid crystal (LC) element arranged along
an optical axis;
a second IPS mode LC element arranged along the optical axis;
a third IPS mode LC element arranged along the optical axis; and

an electronic controller in communication with the first, second, and third IPS
mode LC elements, the electronic controller being configured, during operation, to
provide drive signals to the first, second, and third IPS mode LC elements, respectively,
so that the first, second, and third IPS mode LC elements collectively form an optical
element having an overall non-zero spherical refractive power (SPH), non-zero cylinder

refractive power (CYL), and cylinder axis (Axis) according to a prescription (Rx).

2. The system of claim 1, wherein each of the IPS mode LC elements is a

respective geometric phase (GP) cylindrical lens during operation of the system.

3. The system of claim 2, wherein each respective GP cylindrical lens has a

cylinder axis aligned in a different direction.

4, The system of any of claims 1-3, wherein each of the IPS mode LC

elements comprises a layer of a LC material between two substrates.
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5. The system of claim 4, wherein the LC material is a nematic phase LC
material.
6. The system of claim 4, wherein each of the IPS mode LC elements

comprises an electrode layer supported by one of the two substrates.

7. The system of claim 6, wherein each electrode layer comprises a two-

dimensional array of pixel electrodes.

8. The system of claim 7, wherein the electronic controller is programmed to
drive each array of pixel electrodes to uniformly align the LC material along a first
direction in a plane of the respective IPS mode LC element and to vary an alignment of

the LC material along a second direction in the plane orthogonal to the first direction.

9. The system of claim 8, wherein the alignment of the LC material along the
second direction comprises a plurality of 27 rotations of a nematic director of the LC

material.

10.  The system of claim 9, wherein a spatial wavelength of the 2x rotations

varies across the IPS mode LC element in the second direction.

11.  The system of claim 10, wherein the spatial wavelength of the 27 rotations
in the second direction increases from a center of the IPS mode LC element towards the

edges of the IPS mode LC element.
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12.  The system of claim 8, wherein the electronic controller is programmed to
drive the different subsets of the pixel electrodes at different times and to switch back and
forth between the different subsets with a cycle shorter than a relaxation time of the LC

material.

13.  The system of any of the preceding claims, wherein the first IPS mode LC
element is configured with a first cylinder axis arranged at a first radial direction, the
second IPS mode LC element is configured with a second cylinder axis arranged at a
second radial direction, and the third IPS mode LC element is configured with a third
cylinder axis arranged at a third radial direction, and wherein an angular separation
between the first and second radial directions is equal to an angular separation between

the second and third radial directions.

14.  The system of claim 13, wherein, for a Cartesian coordinate system
orthogonal to the optical axis, the first radial direction is at 30°, the second radial

direction is at 90°, and the third radial direction is at 150°.

15.  The system of claim 14, wherein a first cylindrical refractive power, Cs,, of
the first IPS mode LC element, a second cylindrical refractive power, Cqq, of the second
IPS mode LC element, and a third cylindrical refractive power, C; g, of the third IPS

mode LC element, and values for S, C, and A are related according to the formulae:
2 2 2v/3 _
Ci30==S+|=cos?A+——cosAsinA|C
3 3 3
2 _ 1
Cop = §S + <51n2 A — §cos2 A) C

2 2 2V3
Ciso =§S + <§c052A—TcosAsinA>C
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16.  The system of any of the preceding claims, wherein a cylindrical refractive
power of each of the first, second, and third IPS mode LC elements is variable through a

range from -5 D to +5 D.

17.  The system of any of the preceding claims, wherein the optical element has

an aperture having an area of at least 1 cm?, 5 cm?, 10 cm?, or 16 cm?.

18.  The system of any of the preceding claims, wherein each of the first,
second, and third IPS mode LC elements exhibits a thickness along the optical axis of at

most 10 mm, 6 mm, 4 mm, 3 mm, 2 mm, or 1 mm.

19. A head-mountable display, comprising:
a first optical element having a variable spherical refractive power (SPH);

a second optical element having a variable SPH, a variable cylinder refractive
power (CYL), and a variable cylinder axis (Axis), the second optical element comprising

at least one in-plane switching (IPS) mode liquid crystal (LC) element;

a see-through display arranged between the first optical element and the second

optical element; and

an electronic controller in communication with the first optical element, the
second optical element, and the see-through display, the electronic controller being
programmed to adjust the SPH of the first optical element and the SPH, CYL, and Axis
of the second optical element according to a prescription (Rx) of an individual user of the

head-mounted display.
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20.  The head-mountable display of claim 19, further comprising a frame to
which the first optical element, the second optical element, and the see-through display

are mounted.

21.  The head-mountable display of claim 20, wherein the second optical
element is arranged between the see-through display and the user during use of the head-

mountable display.

22.  The head-mountable display any of claims 19-21, wherein the first optical
element comprises two variable cylindrical lenses having their respective cylinder axes

orthogonal to each other.

23.  The head-mountable display of any of claims 19-22, wherein the second
optical element comprises three IPS mode LC elements arranged such that their

respective cylinder axes are in different radial directions.

24.  The head-mountable display of any of claims 19-23, further comprising an
eye-tracking module, the electronic controller being programmed to vary the prescription
of the second optical element based on information, received from the eye-tracking

module, describing where the user of the head-mountable display is looking.

25.  The head-mountable display of claim 24, wherein the electronic controller
1s programmed to vary the SPH, CYL, and Axis of the second optical element from a
near-vision prescription to a distance-vision prescription depending on where the user is

looking.
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26.  The head-mountable display of any of claims 19-25, further comprising a
biometric identification module, the electronic controller being programmed to identify
the user based on information from the biometric identification module and adjust a

prescription of the second optical element based at least partly on the identity of the user.

27.  The head-mountable display of claim 26, wherein the biometric

identification module 1s an iris identification module.
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