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(37) ABSTRACT

A head-mounted device may have a lens module with a tunable
lens. The tunable lens may include a fluid-filled chamber
interposed between first and second lens elements. The tunable
lens may include one or more actuators that control the shape of
the first lens element. To mitigate the total actuation energy
associated with the one or more actuators, the tunable lens may
include bellows structures that are in tension for some or all of
the displacement range of the lens shaping element, a pre-
detformed lens shaping element, a magnetic negative stiftness
clement, a bistable springs negative stiffness mechanism, a cam

(60) Provisional application No. 63/743,763, filed on Jan. 10, roller negative stiffness mechanism, and/or a torsion spring.
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FLUID-FILLED TUNABLE LENS WITH
ACTUATORS

CROSS REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of U.S. provi-
sional patent application No. 63/743,763, tiled January 10,
2023, which 1s hereby incorporated by reterence herein in
1ts entirety.

BACKGROUND

[0002] This relates generally to electronic devices and,
more particularly, to wearable electronic device systems.
[0003] Electronic devices are sometimes configured to be
worn by users. For example, head-mounted devices are
provided with head-mounted structures that allow the
devices to be worn on users’ heads. The head-mounted
devices may include optical systems with lenses. The
lenses allow displays in the devices to present visual con-
fent to users.

0004] Head-mounted devices typically include lenses with
fixed shapes and properties. If care 1s not taken, 1t may be
difficult to adjust these types of lenses to optimally present
content to each user of the head-mounted device.

SUMMARY

[0005] A tunable lens comprising a lens element having a
periphery, a lens shaping element attached to the periphery
of the lens element, actuators distributed around the peri-
phery, each actuator being configured to adjust a position
of the lens shaping element 1n a first direction within a dis-
placement range, and a structure that 1s attached to the lens
shaping element. The structure may include a sheet within a
plane that 1s paralle] to the first direction and the structure
may be 1n tension when the lens shaping element 1s within
at least some of the displacement range.

[0006] A tunable lens may include a first lens element hav-
ing a periphery, a lens shaping element attached to the peri-
phery of the first lens element, a second lens element, fluid
interposed between the first and second lens elements, actu-
ators distributed around the periphery, each actuator being
configured to adjust a position of the lens shaping element
1n a first direction towards the second lens element, a first
magnetic structure that 1s attached to the lens shaping ele-
ment and that moves 1n parallel with the lens shaping ele-
ment, and a second magnetic structure that 1s attracted to
the first magnetic structure and that 1s adjacent to the
second lens element.

[0007] A tunable lens may imnclude a lens element having a
periphery, a lens shaping element attached to the periphery
of the lens element, actuators distributed around the peri-
phery, each actuator being configured to adjust a position
of the lens shaping element 1n a first direction within a dis-
placement range, a bellows structure that 1s attached to the
lens shaping element, and a flmid-filled chamber with walls
that include at least the bellows structure and the lens ele-
ment. The bellows structure may be 1n tension when the
lens shaping element 1s within at least some of the displace-
ment range.

Jul. 16, 2026

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] FIG. 1 is a schematic diagram of an illustrative elec-
tronic device such as a head-mounted display device 1n
accordance with some embodiments.

[0009] FIG. 2 15 a top view of an 1llustrative head-mounted
device in accordance with some embodiments.

[0010] FIG. 3 1s a cross-sectional side view of an 1llustrat-
1ve lens module with first and second lens elements 1n
accordance with some embodiments.

[0011] FIGS. 4 and 5 are cross-sectional side views of an
illustrative fluid-filled lens element 1n accordance with
some embodiments.

[0012] FIG. 6 1s a top view of an illustrative tunable lens
with a lens shaping structure 1mn accordance with some
embodiments.

[0013] FIG. 7A 1s a sumplified force diagram showing the
forces acting upon the lens shaping element of FIGS. 4 and
5 when moved by an actuator 1in accordance with some
embodiments.

[0014] FIG. 7B 1s a graph of force as a function of dis-
placement for the tunable lens of FIGS. 4 and 5 in accord-
ance with some embodiments.

[0015] FIG. 7C is a graph of force as a function of dis-
placement for a tunable lens with a bellows structure under
tension for some of the displacement range 1n accordance
with some embodiments.

[0016] FIG. 7D 1s a cross-sectional side view of an illus-
trative tunable lens with a W-shaped bellows structure in
accordance with some embodiments.

[0017] FIG. 8A 1s a sumplified force diagram showing the
torces acting upon a lens shaping element attached to a
sheet bellows when moved by an actuator 1n accordance
with some embodiments.

[0018] FIG. 8B 1s a graph of force as a function of dis-
placement for a tunable lens with a sheet bellows 1n accord-
ance with some embodiments.

[0019] FIG. 8C 1s a cross-sectional side view of an illustrat-
1ve tunable lens with a sheet bellows structure 1n accord-
ance with some embodiments.

[0020] FIG. 9A 1s a sumplified force diagram showing the
torces acting upon a lens shaping element attached to a
magnetic structure when moved by an actuator 1n accord-
ance with some embodiments.

[0021] FIG. 9B 1s a graph of force as a function of dis-
placement for a tunable lens with magnetic structures in
accordance with some embodiments.

[0022] FIG. 9C 1s a cross-sectional side view of an illustrat-
1ve tunable lens with magnetic structures in accordance
with some embodiments.

[0023] FIG. 9D 1s a cross-sectional side view of an 1llus-
trative lens shaping element with an embedded magnetic
structure 1in accordance with some embodiments.

[0024] FIG. 9E i1s a cross-sectional side view of an 1llustrat-
1ve chassis with an embedded magnetic structure 1n accord-
ance with some embodiments.

[0025] FIG. 9F 1s a cross-sectional side view of an illustrat-
1ve tunable lens with magnetic structures and a mechanism
to apply force tfrom the magnetic structures to a lens shap-
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ing clement 1n accordance with some embodiments.

[0026] FIGS. 9G and 9H are cross-sectional side views of
illustrative lens shaping elements attached to soft magnetic
material 1n accordance with some embodiments.

[0027] FIG. 10A 1s a cross-sectional side view of an 1llus-
trative lens shaping element attached to bistable springs in
accordance with some embodiments.

[0028] FIG. 10B 1s a cross-sectional side view of an 1llus-
trative lens shaping element attached to a cam roller mech-
anism 1n accordance with some embodiments.

[0029] FIG. 11A 1s a ssmplified force diagram showing the
forces acting upon a lens shaping element attached to a tor-
sion spring when moved by an actuator in accordance with
some embodiments.

[0030] FIG. 11B 1s a graph of force as a function of dis-
placement for a tunable lens with a torsion spring in
accordance with some embodiments.

[0031] FIG. 11C 1s a cross-sectional side view of an 1llus-
trative tunable lens with a torsion spring in accordance with
some embodiments.

[0032] FIG. 11D 1s a top view of an illustrative tunable lens
with a torsion spring i1n accordance with some embodi-
ments.

[0033] FIG. 11E 1s a cross-sectional side view of an 1llus-
tfrative actuator with an integral torsion spring in accord-
ance with some embodiments.

[0034] FIG. 11F 1s a cross-sectional side view of the 1llus-
trative actuator of FIG. 11E after the actuator has been
moved 1n accordance with some embodiments.

DETAILED DESCRIPTION

[0035] Electronic devices may include displays and other
components for presenting content to users. The electronic
devices may be wearable electronic devices. A wearable
electronic device such as a head-mounted device may have
head-mounted support structures that allow the head-moun-
ted device to be worn on a user’s head.

0036] A head-mounted device may contain a display
formed from one or more display panels (displays) tor dis-
playing visual content to a user. A lens system may be used
to allow the user to focus on the display and view the visual
content. The lens system may have a left lens module that
1s aligned with a user’s left eye and a right lens module that
1s aligned with a user’s right eye.

[0037] In some cases, the user may wish to view real-world
content rather than a display. The user may require difter-
ent optical prescriptions depending on the distance to an
object, the degree to which the user’s eyes are verging
(which may be predictable based on the distance to the
object viewed), lighting conditions, and/or other tactors.
The head-mounted device may contain lenses disposed 1n
such a way as the real-world content 1s viewable through
the lens system.

0038] The lens modules 1n the head-mounted device may
include lenses that are adjustable. For example, tluid-filled
adjustable lenses may be adjusted for specific viewers.
[0039] A schematic diagram of an illustrative system hav-
ing an electronic device with a lens module 1s shown 1n
FIG. 1. As shown in FIG. 1, system 8 may include one or
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more electronic devices such as electronic device 10. The
clectronic devices of system 8 may include computers, cel-
lular telephones, head-mounted devices, wristwatch
devices, and other electronic devices. Configurations in
which electronic device 10 1s a head-mounted device are
sometimes described herein as an example.

[0040] As shown 1n FIG. 1, electronic devices such as elec-
tronic device 10 may have control circuitry 12. Control cir-
cuitry 12 may include storage and processing circuitry for
controlling the operation of device 10. Circuitry 12 may
include storage such as hard disk drive storage, nonvolatile
memory (e.g., electrically-programmable-read-only
memory configured to form a solid-state drive), volatile
memory (e.g., static or dynamic random-access-memory),
ctc. Processing circuitry in control circuitry 12 may be
based on one or more microprocessors, microcontrollers,
digital signal processors, baseband processors, power man-
agement units, audio chips, graphics processing units,
application specific integrated circuits, and other integrated
circuits. Software code may be stored on storage 1n Cir-
cuitry 12 and run on processing circuitry in circuitry 12 to
implement control operations for device 10 (e.g., data gath-
ering operations, operations mvolved 1n processing three-
dimensional facial image data, operations involving the
adjustment of components using control signals, etc.). Con-
trol circuitry 12 may include wired and wireless communic-
ations circuitry. For example, control circuitry 12 may
include radio-frequency transceiver circuitry such as cellu-
lar telephone transceiver circuitry, wireless local area net-
work (WiFi®) transceiver circuitry, millimeter wave trans-
ceiver circultry, and/or other wireless communications cir-
cultry.

[0041] During operation, the communications circuitry of
the devices 1n system 8 (e.g., the communications circuitry
of control circuitry 12 of device 10), may be used to sup-
port communication between the electronic devices. For
cxample, one electronic device may transmit video and/or
audio data to another electronic device in system 8. Elec-
tronic devices 1n system 8 may use wired and/or wireless
communications circuiltry to communicate through one or
more communications networks (e.g., the internet, local
area networks, etc.). The communications circuitry may be
used to allow data to be received by device 10 from
external equipment (e.g., a tethered computer, a portable
device such as a handheld device or laptop computer,
online computing equipment such as a remote server or
other remote computing equipment, or other electrical
cquipment) and/or to provide data to external equipment.
[0042] Device 10 may include input-output devices 22.
Input-output devices 22 may be used to allow a user to
provide device 10 with user mput. Input-output devices 22
may also be used to gather information on the environment
in which device 10 1s operating. Output components in
devices 22 may allow device 10 to provide a user with out-
put and may be used to communicate with external elec-
trical equipment.

[0043] As shown 1n FIG. 1, input-output devices 22 may
include one or more displays such as display 14. Display 14
may be used to display images for a user of head-mounted
device 10. Display 14 may be a transparent or translucent
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display so that a user may observe physical objects through
the display while computer-generated content 1s overlaid on
top of the physical objects by presenting computer-gener-
ated 1mages on the display. A transparent or translucent dis-
play may be formed from a transparent or translucent pixel
array (e.g., a transparent organic light-emitting diode dis-
play panel) or may be formed by a display device that
provides 1mages to a user through a transparent structure
such as a beam splitter, holographic coupler, or other
optical coupler (e.g., a display device such as a liquid crys-
tal on silicon display). Alternatively, display 14 may be an
opaque display that blocks light from physical objects when
a user operates head-mounted device 10. In this type of
arrangement, a pass-through camera may be used to display
physical objects to the user. The pass-through camera may
capture 1mages of the physical environment and the phys-
ical environment 1images may be displayed on the display
for viewing by the user. Additional computer-generated
content (e.g., text, game-content, other visual content, etc.)
may optionally be overlaid over the physical environment
images to provide an extended reality environment for the
user. When display 14 1s opaque, the display may also
optionally display entirely computer-generated content
(e.g., without displaying images of the physical environ-
ment).

[0044] Display 14 may include one or more optical systems
(e.g., lenses) (sometimes referred to as optical assemblies)
that allow a viewer to view 1mages on display(s) 14. A
single display 14 may produce images for both eyes or a
pair of displays 14 may be used to display images. In con-
figurations with multiple displays (e.g., left and right eye
displays), the tocal length and positions of the lenses may
be selected so that any gap present between the displays
will not be visible to a user (e.g., so that the images of the
left and right displays overlap or merge seamlessly). Dis-
play modules (sometimes referred to as display assemblies)
that generate different images for the left and right eyes of
the user may be referred to as sterecoscopic displays. The
stereoscopic displays may be capable of presenting two-
dimensional content (e.g., a user notification with text) and
three-dimensional content (e.g., a simulation of a physical
object such as a cube).

[0045] The example of device 10 including a display 1s
merely 1llustrative and display(s) 14 may be omitted from
device 10 1f desired. Device 10 may include an optical
pass-through area where real-world content 1s viewable to
the user either directly or through a tunable lens.

0046] Displays 1n device 10 such as display 14 may be
organic light-emitting diode displays or other displays
based on arrays of light-emitting diodes, liquid crystal dis-
plays, liguid-crystal-on-silicon displays, projectors or dis-
plays based on projecting light beams on a surface directly
or indirectly through specialized optics (e.g., digital
micromirror devices), electrophoretic displays, plasma dis-
plays, electrowetting displays, or any other suitable dis-
plays.

[0047] Input-output circuitry 22 may include sensors 16.
Sensors 16 may include, for example, three-dimensional
sensors (e.g., three-dimensional 1image sensors such as
structured light sensors that emit beams of light and that
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use two-dimensional digital image sensors to gather image
data for three-dimensional images from light spots that are
produced when a target 1s 1lluminated by the beams of
light, binocular three-dimensional image sensors that gather
three-dimensional 1mages using two or more cameras In a
binocular imaging arrangement, three-dimensional lidar
(light detection and ranging) sensors, three-dimensional
radio-frequency sensors, or other sensors that gather three-
dimensional 1mage data), cameras (e.g., infrared and/or vis-
ible digital 1image sensors), gaze tracking sensors (€.g., a
gaze tracking system based on an 1image sensor and, if
desired, a light source that emits one or more beams of light
that are tracked using the 1image sensor aiter reflecting from
a user’s eyes), touch sensors, buttons, force sensors, sensors
such as contact sensors based on switches, gas sensors,
pressure sensors, moisture sensors, magnetic sensors, audio
sensors (microphones), ambient light sensors, microphones
for gathering voice commands and other audio input,
sensors that are configured to gather information on
motion, position, and/or orientation (e.g., accelerometers,
gyroscopes, compasses, and/or inertial measurement units
that include all of these sensors or a subset of one or two of
these sensors), fingerprint sensors and other biometric
sensors, optical position sensors (optical encoders), and/or
other position sensors such as linear position sensors,
and/or other sensors. Sensors 16 may include proximity
sensors (€.g., capacitive proximity sensors, light-based
(optical) proximity sensors, ultrasonic proximity sensors,
and/or other proximity sensors). Proximity sensors may, for
example, be used to sense relative positions between a
user’s nose and lens modules 1n device 10.

[0048] User input and other information may be gathered
using sensors and other input devices in 1mput-output
devices 22. If desired, input-output devices 22 may include
other devices 24 such as haptic output devices (e.g., vibrat-
ing components), light-emitting diodes and other light
sources, speakers such as ear speakers for producing audio
output, and other electrical components. Device 10 may
include circuits for recerving wireless power, circuits for
transmitting power wirelessly to other devices, batteries
and other energy storage devices (e.g., capacitors), JOy-
sticks, buttons, and/or other components.

[0049] Electronic device 10 may have housing structures
(c.g., housing walls, straps, etc.), as shown by illustrative
support structures 26 of FIG. 1. In configurations in which
clectronic device 10 1s a head-mounted device (e.g., a pair
of glasses, goggles, a helmet, a hat, etc.), support structures
26 may include head-mounted support structures (e.g., a
helmet housing, head straps, temples 1n a pair of eye-
glasses, goggle housing structures, and/or other head-
mounted structures). The head-mounted support structures
may be configured to be worn on a head of a user during
operation of device 10 and may support display(s) 14,
sensors 16, other components 24, other input-output
devices 22, and control circuitry 12.

[0050] FIG. 2 1s a top view of electronic device 10 1n an
illustrative configuration in which electronic device 10 1s a
head-mounted device. As shown 1n FIG. 2, electronic
device 10 may include support structures (see, €.g., support
structures 26 of FIG. 1) that are used 1n housing the com-
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ponents of device 10 and mounting device 10 onto a user’s
head. These support structures may include, for example,
structures that form housing walls and other structures for
main unit 26-2 (e.g., exterior housing walls, lens module
structures, etc.) and straps or other supplemental support
structures such as structures 26-1 that help to hold main
unit 26-2 on a user’s face.

[0051] The electronic device may include optical modules
such as optical module 70. The electronic device may
include left and right optical modules that correspond
respectively to a user’s left eye and right eye. An optical
module corresponding to the user’s left eye 1s shown 1n
FIG. 2.

0052] Each optical module 70 includes a corresponding
lens module 72 (sometimes referred to as lens stack-up 72,
lens 72, or adjustable lens 72). Lens 72 may include one or
more lens elements arranged along a common axis. Each
lens element may have any desired shape and may be
formed from any desired material (e.g., with any desired
refractive index). The lens elements may have unique
shapes and refractive indices that, in combination, focus
light (e.g., from a display or from the physical environ-
ment) in a desired manner. Each lens element of lens mod-
ule 72 may be formed from any desired material (e.g.,
glass, a polymer material such as polycarbonate or acrylic,
a crystal such as sapphire, etc.).

0053] Modules 70 may optionally be individually posi-
tioned relative to the user’s eyes and relative to some of the
housing wall structures of main unit 26-2 using positioning
circuitry such as positioner 58. Positioner 58 may include
stepper motors, piezoelectric actuators, motors, linear elec-
tromagnetic actuators, shape memory alloys (SMASs),
and/or other electronic components for adjusting the posi-
tion of displays, the optical modules 70, and/or lens mod-
ules 72. Positioners 58 may be controlled by control cir-
cultry 12 during operation of device 10. For example, posi-
tioners 58 may be used to adjust the spacing between mod-
ules 70 (and therefore the lens-to-lens spacing between the
left and right lenses of modules 70) to match the mterpupil-
lary distance IPD of a user’s eyes. In another example, the
lens module may include an adjustable lens element. The
curvature of the adjustable lens element may be adjusted in
real time by positioner(s) 58 to compensate for a user’s eye-
sight and/or viewing conditions.

[0054] Each optical module may optionally include a dis-
play such as display 14 in FIG. 2. As previously mentioned,
the displays may be omitted from device 10 i1f desired. In
this type of arrangement, the device may still include one
or more lens modules 72 (e.g., through which the user
views the real world). In this type of arrangement, real-
world content may be selectively focused for a user.

[0055] FIG. 3 18 a cross-sectional side view of an illustrat-
ive lens module with multiple lens elements. As shown,
lens module 72 1ncludes a first lens element 72-1 and a
second lens element 72-2. Each surface of the lens elements
may have any desired curvature. For example, each surface
may be a convex surface (e.g., a spherically convex sur-
face, a cylindrically convex surface, or an aspherically con-
vex surface), a concave surface (e.g., a spherically concave
surface, a cylindrically concave surface, or an aspherically
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concave surface), or a freeform surface. A spherically
curved surface (e.g., a spherically convex or spherically
concave surface) may have a constant radius of curvature
across the surface. In contrast, an aspherically curved sur-
face (e.g., an aspheric concave surface or an aspheric con-
vex surface) may have a varying radius of curvature across
the surface. A cylindrical surface may only be curved about
one axis instead of about multiple axes as with the spherical
surface. In some cases, one of the lens surfaces may have
an aspheric surface that changes from being convex (e.g., at
the center) to concave (e.g., at the edges) at different posi-
tions on the surface. This type of surface may be referred to
as an aspheric surface, a primarily convex (e.g., the major-
ity of the surface 1s convex and/or the surface 1s convex at
1ts center) aspheric surface, a {freeform surface, and/or a
primarily convex (e.g., the majority of the surface 1s convex
and/or the surface 1s convex at its center) freeform surface.
A freeform surface may include both convex and concave
portions. Alternatively, a freeform surface may have vary-
Ing convex curvatures or varying concave curvatures (e.g.,
difterent portions with different radi of curvature, portions
with curvature in one direction and different portions with
curvature in two directions, etc.). Herein, a freeform sur-
face that 1s primarily convex (e.g., the majority of the sur-
face 1s convex and/or the surface 1s convex at i1ts center)
may sometimes still be referred to as a convex surface and
a freeform surface that 1s primarily concave (e.g., the
majority of the surface 1s concave and/or the surface 1s con-
cave at 1ts center) may sometimes still be referred to as a
concave surface. In one example, shown 1n FIG. 3, lens ele-
ment 72-1 has a convex surface that faces display 14 and an
opposing concave surface. Lens element 72-2 has a convex
surface that faces lens element 72-1 and an opposing con-
cave surface.

[0056] One or both of lens elements 72-1 and 72-2 may be
adjustable. In one example, lens element 72-1 1s a fixed
(c.g., non-adjustable) lens element whereas lens element
72-2 1s an adjustable lens element. The adjustable lens ele-
ment 72-2 may be used to accommodate a user’s eyeglass
prescription, for example. The shape of lens element 72-2
may be adjusted 1f a user’s eyeglass prescription changes
(without needing to replace any of the other components
within device 10). As another possible use case, a first user
with a first eyeglass prescription (or no eyeglass prescrip-
tion) may use device 10 with lens element 72-2 having a
first shape and a second, different user with a second eye-
glass prescription may use device 10 with lens element 72-
2 having a second shape that 1s different than the first
shape. Lens element 72-2 may have varying lens power
and/or may provide varying amount of astigmatism correc-
tion to provide prescription correction for the user.

[0057] The example of lens module 72 including two lens
clements 1s merely illustrative. In general, lens module 72
may 1nclude any desired number of lens elements (e.g.,
one, two, three, four, more than four, etc.). Any subset or
all of the lens elements may optionally be adjustable. Any
of the adjustable lens elements 1n the lens module may
optionally be fluid-filled adjustable lenses. Lens module 72
may also include any desired additional optical layers (e.g.,
partially reflective mirrors that reflect 50% of 1ncident
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light, linear polarizers, retarders such as quarter wave
plates, reflective polarizers, circular polarizers, reflective
circular polarizers, etc.) to manipulate light that passes
through lens module.

0058] As previously mentioned, one or more of the
adjustable lens elements may be a fluid-filled lens element.
An example 1s described herein where lens element 72-2
from FIG. 3 1s a fluad-filled lens element. When lens ele-
ment 72-2 1s a fluid-filled lens element, the lens element
may 1nclude one or more components that define the sur-
faces of lens element 72-2. These elements may also be
referred to a lens element. In other words, adjustable lens
clement 72-2 (sometimes referred to as adjustable lens
module 72-2) may be formed by multiple respective lens
clements.

00359] FIG. 4 1s a cross-sectional side view of adjustable
fluid-filled lens element 72-2. As shown, fluid-filled cham-
ber 82 (sometimes referred to as chamber 82 or fluid cham-
ber 82) that includes fluid 92 1s interposed between lens
clements 84 and 86. Fluid 92 may be a liquid, gel, or gas
with a pre-determined index of refraction (and may there-
fore sometimes be referred to as liquid 92, gel 92, or gas
92). The fluid may sometimes be referred to as an index-
matching oil, an optical oil, an optical fluid, an 1ndex-
matching material, an index-matching liquid, etc. Lens ele-
ments 84 and 86 may have the same index of refraction or
may have different indices of refraction. Fluid 92 that fills
chamber 82 between lens elements 84 and 86 may have an
index of refraction that 1s the same as the index of refrac-
tion of lens element 84 but different from the index of
refraction of lens element 86, may have an index of refrac-
tion that 1s the same as the index of refraction of lens ele-
ment 86 but different from the index of refraction of lens
clement 84, may have an index of refraction that is the
same as the mdex of refraction of lens element 84 and lens
clement 86, or may have an index of refraction that 1s dif-
ferent from the 1index of refraction of lens element 84 and
lens element 86. Lens elements 84 and 86 may have a cir-
cular footprint, may have an elliptical footprint, may have
or may have a footprint of any another desired shape (e.g.,
an 1rregular footprint).

[0060] The amount of fluid 92 1n chamber 82 may have a
constant volume or an adjustable volume. If the amount of
flmd 1s adjustable, the lens module may also include a tluid
reservoir and a fluid controlling component (e.g., a pump,
stepper motor, piezoelectric actuator, motor, linear electro-
magnetic actuator, and/or other electronic component that
applies a force to the fluid 1n the fluid reservoir) for select-
1vely transferring fluid between the fluid reservoir and the
chamber.

[0061] Lens elements 84 and 86 may be transparent lens
clements formed from any desired matenal (e.g., glass, a
polymer material such as polycarbonate or acrylic, a crystal
such as sapphire, etc.). Each one of lens elements 84 and 86
may be elastomeric, semi-rigid, or rigid. Elastomeric lens
clements may be formed from a natural or synthetic poly-
mer that has a low Young’s modulus for high flexibility.
For example, the elastomeric membrane may be formed
from a material having a Young’s modulus of less than 1

GPa, less than 0.5 GPa, less than 0.1 GPa, etc.

Jul. 16, 2026

[0062] Semi-rigid lens elements may be formed from a
semi-rigid material that 1s stiff and solid, but not inflexible.
A semi-rigid lens element may, for example, be formed
from a thin layer of polymer or glass. Semi-rigid lens ele-
ments may be formed from a material having a Young’s
modulus that 1s greater than 1 Gpa, greater than 2 GPa,
greater than 3 GPa, greater than 10 GPa, greater than 25
GPa, etc. Semi-rigid lens elements may be formed from
polycarbonate, polyethylene terephthalate (PET), poly-
methylmethacrylate (PMMA), acrylic, glass, or any other
desired material. The properties of semi-rigid lens elements
may result in the lens element becoming rigid along a first
ax1s when the lens element 1s curved along a second axis
perpendicular to the first axis or, more generally, for the
product of the curvature along its two principal axes of
curvature to remain roughly constant as it flexes. This 1s in
contrast to an elastomeric lens element, which remains
flexible along a first axis even when the lens element 1s
curved along a second axis perpendicular to the first axis.
The properties of semi-rigid lens elements may allow the
semi-r1gid lens elements to form a cylindrical lens with tun-
able lens power and a tunable axis.

[0063] Rigid lens elements may be formed from glass, a
polymer matenal such as polycarbonate or acrylic, a crystal
such as sapphire, etc. In general, the rigid lens elements
may not deform when pressure 1s applied to the lens ele-
ments within the lens module. In other words, the shape
and position of the rigid lens elements may be fixed. Each
surface of a rngid lens element may be planar, concave
(e.g., sphenically, aspherically, or cylindrically concave), or
convex (e.g., spherically, aspherically, or cylindrically con-
vex). Rigid lens elements may be formed from a material
having a Young’s modulus that 1s greater than greater than
25 GPa, greater than 30 GPa, greater than 40 GPa, greater
than 50 GPa, etc.

[0064] One or more structures such as bellows structure 52
(sometimes referred to as wall 52, flexible wall 52, flexible
structure 32, etc.) and/or lens housing 80 (sometimes
referred to as housing 80, lens chassis 80, chassis 80, sup-
port structure 80, etc.) may also define the fluid-filled
chamber 82 of lens element 72-2. The bellows structure 52
1s sufticiently compliant to permit adjustment to the shape
of lens element 84. However, the bellows structure main-
tains a stable boundary for the fluid 92 inside fluid-filled
chamber 82. Lens housing 80 may be a rigid housing struc-
ture and may serve as a mechanical ground for tunable lens
72-2.

[0065] In addition to lens elements 84 and 86 and fluid-
filled chamber 82, lens module 72-2 also includes a lens
shaping element 88. Lens shaping element 88 may be
coupled to one or more actuators (€.g., positioned around
the circumference of the lens module). The lens shaping
clement 88 may also be coupled to lens element 84. The
actuators may be adjusted to position lens shaping element
88 (sometimes referred to as lens shaper 88, deformable
lens shaper 88, lens shaping structure 88, lens shaping
member 88, annular member 88, ring-shaped structure 88,
ctc.). The lens shaping element 88 in turn manipulates the
positioning/shape of lens element 84. In this way, the
curvature of the lens element 84 (and accordingly, the lens



US 2026/0202589 Al

power of lens module 72-2) may be adjusted.

[0066] FIG. 5 18 a cross-sectional side view of lens element
72-2 showing an illustrative adjustment of the shape of lens
clement 72-2. As shown, during adjustments of lens ele-
ment 72-2, lens shaping element 88 (and correspondingly,
lens element 84) may be biased 1n direction 94 at multiple
points along its periphery (e.g., a point force 1s applied 1n
direction 94 at multiple points). In this way, the curvature
of the lens element 84 (and accordingly, the lens power of
lens element 72-2) may be adjusted. In the example of FIG.
5, lens element 84 has more curvature than in FIG. 4.

[0067] FIG. 6 1s a top view of an 1llustrative lens shaping
clement 88. As shown, lens shaping element 88 may have
an annular or ring shape with the lens shaping element sur-
rounding a central opening. The lens shaping element may
have any desired shape. For example, the lens shaping ele-
ment may be circular, elliptical, or have an irregular shape.
In the example of F1G. 6, the lens shaping element has an
clliptical shape (e.g., a non-uniform radius around the ring
shape). For example, a first distance 96 (¢.g., a minimum
distance) from the center of the central opening to the edge
of the lens shaping element may be smaller than a second
distance 98 (e¢.g., a maximum distance) from the center of
the central opening to the edge of the lens shaping element.
Distance 96 and 98 may be less than 100 millimeters, less
than 60 millimeters, less than 40 millimeters, less than 30
millimeters, greater than 10 millimeters, greater than 20
millimeters, between 10 and 50 millimeters, etc.

[0068] Lens shaping element 88 may have a plurality of
tabs 88L that extend from the main portion of the lens
shaping element. The tabs 88E (sometimes referred to as
extensions 88L, actuator points 88E, etc.) may each be
coupled to a respective actuator 90 (sometimes referred to
as actuation pomnt 90). Each actuator may selectively move
its respective extension 88E up and down (e.g., in the Z-
direction) to control the position of tab 88E 1n the Z-direc-
tion. In other words, actuator 90 1s a linear actuator.

0069] FIG. 6 shows how a plurality of tabs 88E (and cor-
responding actuators) may be distributed around the peri-
meter of lens shaping element 88. Tabs 88E may be distrib-
uted around lens shaping element 88 1n a uniform manner
(e.g., with equal spacing between each pair of adjacent tabs
88L) or in a non-uniform manner (e.g., with unequal spa-
cing between at least two of the adjacent tabs 88E).

[0070] Between each pair of adjacent tabs 88E, there 1s a
lens shaper segment 88S. In the example of FIG. 6, there
are 8 tabs 88F and 8 actuators 90 around the perimeter of
lens shaping element 88. This example 1s merely 1llustrat-
ive. In general, more tabs (and corresponding actuators)
allow for greater control of the shape of the lens element
(e.g., lens element 84) to which lens shaping element 88 1s
coupled. Any desired number of tabs and actuators (e.g.,
one, two, three, four, more than four, more than six, more
than eight, more than ten, more than twelve, more than
twenty, less than twenty, less than ten, between four and
twelve, etc.) may be used depending upon the specific tar-
get shapes for the lens element, the target cost/complexity
of the lens module, etc.

[0071] Lens shaping element 88 may be elastomeric (e.g.,
a natural or synthetic polymer that has a low Young’s mod-
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ulus for high flexibility, as discussed above 1n greater
detail) or semi-rigid (e.g., formed from a semi-rigid mater-
1al that 1s stiff and solid, but not inflexible, as discussed
above 1n greater detail). A semi-rigid lens shaping element
may, for example, be formed from a thin layer of polymer,
glass, metal, etc. Because lens shaping element 88 1s
formed 1n a ring around the lens module, lens shaping ele-
ment 88 does not need to be transparent (and therefore may
be formed from an opaque material such as metal). The
rigidity of lens shaping element 88 may be selected such
that the lens shaping element assumes desired target shapes
when manipulated by the actuators around its perimeter.
[0072] Actuators 90 may be positioned within lens housing
80. Lens housing 80 may optionally define a portion of the
fluid-filled chamber 82. Lens housing 80 may have a width
103. Each actuator 90 may have a width 105. In some
devices, it may be desirable for the magnitude of width 103
to be small (e.g., to achieve a thin bezel with a target aes-
thetic appearance). However, the magnitude of width 103
needs to be greater than or equal to the magnitude of width
105 (of actuators 90) to accommodate actuators 90. In other
words, the width of the actuators may be a imiting factor in
the width of the lens housing.

[0073] It may be desirable for the power consumption of
actuators 90 to be mitigated. There may be a target range of
displacement for lens shaping element 88 by each actuator
90. The magnitude of force required to displace the lens
shaping element may increase with increasing magnitude of
displacement. For example, a first amount of force is
required to displace the lens shaping element by a first dis-
tance and a second amount of force that 1s greater than the
first amount of force 1s required to displace the lens shaping
clement by a second distance that 1s greater than the first
distance. The power consumption associated with the actu-
ator displacing the lens shaping element may be propor-
tional to the amount of force required to displace the lens
shaping element. Continuing the example above, displacing
the lens shaping element by the first distance may have a
first amount of power consumption and displacing the lens
shaping element by the second distance may have a second
amount ol power consumption that 1s greater than the first
amount ol power consumption.

[0074] To allow electronic device 10 to have a small form
factor (e.g., with a small battery) and improve battery life,
1t may be desirable to mitigate the amount of power
required to use actuators 90 to displace the lens shaping
clement across a target displacement range. To mitigate the
power consumption of actuators 90, the stifiness of lens
shaping element 88, lens element 84, and/or bellows struc-
ture 52 may be mitigated. However, there may be minimum
required stifinesses for these components to ensure satis-
tactory optical performance of the tunable lens.

[0075] Additional techniques to mitigate the amount of
power required to use actuators 90 to displace the lens
shaping element across a target displacement range include
using molding bellows structures that are 1n tension for
more of the displacement range of the lens shaping ele-
ment, pre-deforming the lens shaping element to reduce the
peak forces needed by the actuators, using a highly pre-
strained membrane for the bellows structure, including a
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magnetic negative stiffness element 1n the tunable lens,
including a bistable springs negative stiffness mechanism
in the tunable lens, including a cam roller negative stifiness
mechanism 1n the tunable lens, including a torsion spring to
lower actuation force requirements, etc.

0076] FIG. 7A 1s a simplified force diagram showing the
forces acting upon lens shaping element 88 when moved by
an actuator. F1G. 7A shows how a bellows structure with a
stiffness K, 1s interposed between the lens shaping element
88 and lens element 86 (or chassis 80 1in some embodi-
ments). The bellows structure imparts a force F, upon the
lens shaping element. Lens element 84 may be pre-strained
before being attached to lens element 88, therefore causing
a force F_ to be imparted on the lens shaping element by
lens element 84. To displace lens shaping element 88 1n a
direction S (sometimes referred to as stroke), an actuation
force IF_ . 1s required.

0077] FIG. 7A shows the simplified force diagram for the
tunable lens of FIGS. 4 and 5. With the tunable lens
arrangement of FIGS. 4 and 3, the lens element 84 may be
pre-strained such that IF, 1s applied 1n the positive Z-direc-
tion. Bellows structure 52 1s compressed such that F, 1s also
applied 1n the positive Z-direction. Stroke S (and therefore
the actuation force F_ ) are applied 1n the negative Z-direc-
tiom.

0078] FIG. 7B 1s a graph of force as a function of dis-
placement (e.g., stroke S from FIG. 7A) across a displace-
ment range from O to R. In this graph, force 1n the negative
Z-direction from F1G. 7A 1s defined as positive and force in
the positive Z-direction from FIG. 7A 1s defined as negat-
ive. In the example of F1G. 7B, F, 1s approximately O when
the displacement 1s equal to O. F,then decreases with
increasing displacement. F_, meanwhile, starts at a negative
value when displacement 1s equal to O and then decreases
with increasing displacement. The actuation force F_.
therefore has a positive value when displacement 1s equal
to 0 and 1ncreases with increasing displacement. The total
actuation energy required by the actuator for the tunable
lens of FIGS. 4 and 5 may be equal to the integral of the
F__line in FIG. 7B.

0079] To mitigate the total actuation energy required, a
bellows structure may be used such that the bellows struc-
ture 1s 1n tension for more of the stroke of the actuator/lens
shaping element. The graph of force as a function of dis-
placement across the displacement range for a tunable lens
with this modification 1s shown in FIG. 7C. In FIG. 7C, F
1s the same as in FIG. 7B. However, F, has a positive value
when displacement 1s O and remains positive over some of
the displacement range. This indicates the bellows structure
1s 1n tension for some of the displacement range. F, in FIG.
7C 1s uniformly shifted 1n the positive direction compared
to FIG. 7B. FIG. 7C shows a profile for actuation force F__/
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assoclated with a tunable lens with the F, and I
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nitudes of FIG. 7C. The actuation force ¥, from FIG. 7B 1s

shown 1n FIG. 7C for comparison. As shown 1n F1G. 7C,
actuation force F_ .7 1s less than F_ . across the entire dis-
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placement range. The total actuation energy (associated
with F_.7) 1s therefore lower 1n FI1G. 7C than in FIG. 7B.
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[0080] To summarize, using a bellows structure that 1s in
tension for more of the displacement range (as in F1G. 7C)
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mitigates the total actuation energy required by the actu-
ator. The bellows structure may have a C-shape (as 1n
FIGS. 4 and 5) or a W-shape. FIG. 7D 1s a cross-sectional
side view of an 1illustrative tunable lens with a W-shaped
bellows structure 52. In contrast with the C-shaped bellows
structure (which has one bend), the W-shaped bellows
structure has three bends.

[0081] In another possible arrangement, the bellows struc-
ture may be highly pre-strained such that the bellows struc-
ture 1s 1n tension across the entire displacement range of the
lens shaping element. As shown by the simplified force dia-
gram of F1G. 8A, when the bellows structure 1s in tension
across the entire displacement range the force IF, 1s in the
negative Z-direction.

[0082] FIG. 8B 1s a graph of force as a function of dis-
placement (e.g., stroke S from FIG. 8A) across a displace-
ment range from O to R. The force F  1s the same 1n FIG.
8B as 1in FIG. 7B. However, the force I, 1s positive across
the entire range of displacement. FIG. 8B shows a profile
for actuation force I¥, .’ associated with a tunable lens with
the F, and I, magnitudes of FIG. 8B. The actuation force
F . irom FIG. 7B 1s shown 1n FIG. 8B for comparison. As
shown 1 FI1G. 8B, actuation force F_ " 1s less than F_,
across the entire displacement range. The total actuation
energy (assoclated with I, ) 1s therefore lower in FIG. 8B
than 1n FIG. 7B.

[0083] It 1s noted that, in FIG. 8B, actuation force IF__" may
not be less than F_ . across the entire displacement range.
The bellows structure of FIGS. 8A and 8B may have a
higher stiffness than the bellows structure of FIGS. 7A and
7B. This may cause I, to be greater than IF_. at the upper
end of the displacement range. However, the total actuation
energy may still be lower 1 FIG. 8B than 1in FIG. 7B even
when F_° 1s greater than F_ . at the upper end of the dis-
placement range.

[0084] FIG. 8C 15 a cross-sectional side view of a tunable
lens with the highly pre-strained bellows structure of FIGS.
SA and 8B. As shown in FIG. 8C, bellows structure 52
(sometimes referred to as structure 52, wall 52, sidewall 52,
sheet 52, etc.) may be a sheet that defines a plane that 1s
paralle]l to the Z-axis. Instead of a plane, the sheet may
have a curved cross-section (e.g., bulging 1n the negative
X-direction 1n IF1G. 8C), a conical shape tapering inwards
or outwards 1n the positive Z-direction, etc. Bellows struc-
ture 52 may extend in the negative Z-direction away from
the lens shaping element. The bellows structure of FIG. 8C
may maintain a linear or near-linear cross-section
throughout actuation (as opposed to folding like a W-shape
bellows structure) and may therefore sometimes be referred
to as a sheet bellows.

[0085] In another possible arrangement, shown in FIGS.
9A-9F, one or more magnetic structures may be used to
mitigate total actuation energy for the actuators. FIG. 9A 1s
a simplified force diagram of a tunable lens with one or
more magnetic structures. In the example of FIG. 9A, a
first magnetic structure 112 1s attached to lens shaping ele-
ment 88 and a second magnetic structure 114 1s attached to
lens element 86. The magnetic structures 112 and 114 may
be attracted to each other and therefore create a force F

mag
1in the negative Z-direction on lens shaping element 88.

act
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[0086] F1G. 9B 1s a graph of force as a function of dis-

placement (e.g., stroke S from FIG. 9A) across a displace-
ment range from O to R. The forces F_ and I, are the same
in F1G. 9B as in FIG. 7B. However, there 1s an additional
force F,,, that may lower the total actuation energy. As
shown in FIG. 9B, the magnitude of force F,  , may
increase with increasing displacement. The magnitude of
F,.. as a function of displacement may be non-linear, as
shown 1n the example of FIG. 9B. In particular, the mag-
nitude of F, . may increase exponentially. When the dis-
placement 1s low (and the magnetic structures are far apart)
the magnetic attraction between the magnetic structures 1s
relatively low. When the displacement 1s high (and the
magnetic structures are close together) the magnetic attrac-
tion between the magnetic structures 1s relatively high.

0087] FIG. 9B shows a profile for actuation force F_
assoclated with a tunable lens with the magnetic structures

of FIG. 9A. The actuation force F . from FIG. 7B 1s shown

1!

in FIG. 9B for comparison. As shown 1n FIG. 9B, actuation
force F_ .’ 1s less than F,_ . across the entire displacement

e act
range. The total actuation energy (associated with F__ ) 1s

therefore lower 1in FIG. 9B than 1in FIG. 7B.

0088] The magnetic structures 112 and 114 may comprise
permanent magnets (e.g., formed from hard magnetic
materials that retain their magnetism over time) and/or
structures with high magnetic permeability.

[0089] FIG. 9C 15 a cross-sectional side view of an 1llustrat-
1ve tunable lens with magnetic structures of the type shown
in FIG. 9A. In the example of FIG. 9C, a first permanent
magnet 112 1s attached to an upper portion of bellows
structure 52. The {first permanent magnet 1s therefore
attached to lens shaping element 88 via the bellows struc-
ture. A second permanent magnet 114 1s attached to a lower
portion of bellows structure 52. The second permanent
magnet 1s therefore attached to chassis 80 via the bellows
structure and lens element 86. The position of the second
permanent magnet 1s therefore static (since it 1s attached to
the static chassis 80) whereas the first permanent magnet 1s
displaced along the Z-direction 1n parallel with the lens
shaping element 88.

[0090] Each one of permanent magnets 112 and 114 may
have a north pole (N) and an adjacent south pole (S). The
designations of N (to represent north poles) and S (to rep-
resent south poles) in FIG. 9C and the other drawings 1s
illustrative. It will be appreciated that throughout this
description these designations can be reversed with no loss
of generality (e.g., in any given embodiment S can be
swapped for N and vice versa).

[0091] Each one of permanent magnets 112 and 114 may
have a magnetic axis (sometimes referred to as magnetic
pole axis) that 1s parallel to the Z-axis. The south pole of
magnet 112 1s adjacent to the north pole of magnet 114
such that magnets 112 and 114 are attracted together. In
other words, each one of magnets 112 and 114 has its north
pole positioned above its south pole i FIG. 9C.

[0092] If desired, one of magnetic structures 112 and 114
may be a structure (e.g., a piece of material) with high mag-
netic permeability mmstead of a permanent magnet. The
structure with high magnetic permeability may comprise
iron, steel, nickel, ferrite, zinc, etc. The structure with high
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magnetic permeability may have a relative permeability
(the ratio of the material’s permeability to the permeability
of free space) of at least 15, at least 40, at least 100, at least
1,000, at least 10,000, etc.

[0093] The positions of magnetic structures 112 and 114 in
FIG. 9C are merely illustrative. Magnetic structure 112
may be positioned at any desired location within the tun-
able lens that moves 1n parallel with lens shaping element
88. Magnetic structure 114 may be positioned at any
desired static location within the tunable lens (e.g., adjacent
to lens element 86, adjacent to chassis 80, etc.). Magnetic
structure 112 may be directly attached to lens shaping ele-
ment 88 or lens element 84 instead of bellows structure 52.
Magnetic structure 114 may be directly attached to lens ele-
ment 86 or chassis 80 instead of bellows structure 32.
[0094] The magnetic structures may be attached to com-
ponents within the tunable lens (e.g., using adhesive or
another desired matenal) or may be embedded within com-
ponents within the tunable lens. FIG. 9D shows an example
of magnetic structure 112 embedded 1n lens shaping ele-
ment 88. The magnetic structure 112 may be insert molded
into the lens shaping element such that the lens shaping ele-
ment surrounds and directly contacts the magnetic structure
on all sides (or all but one or two sides). FIG. 9E shows an
example of magnetic structure 114 embedded 1n chassis 80.
The magnetic structure 114 may be insert molded into the
chassis such that the chassis surrounds and directly contacts
the magnetic structure on all sides (or all but one or two
sides).

[0095] The example 1n FIG. 9C of magnetic structures 112
and 114 having magnetic axes parallel to the Z-axis 1s
merely 1llustrative. In another possible arrangement, shown
in FIG. 9F, magnetic structures 112 and 114 have magnetic
axes orthogonal to the Z-axis. This may provide more flex-
ibility for positioning of the magnetic structures within the
tunable lens (e.g., allowing both magnetic structures 112
and 114 to be positioned above the lens shaping element as
in FIG. 9F). The flexibility in positioning the magnetic
structures may allow for the magnetic structures to be posi-
tioned closer together than 1n the example of FIG. 9C,
which may be desirable 1n some designs.

[0096] When the magnetic structures 112 and 114 have
magnetic axes orthogonal to the Z-axis (or another arrange-
ment that does not directly cause the desired force on the
lens shaping element 1n the negative Z-direction), a mech-
anism may be included to transier the magnetic force to a
force on the lens shaping element 1n the negative Z-direc-
tion. In F1G. 9F, structures 122, 124, and 126 and bearings
128 are included 1n tunable lens 72-2 to transfer the mag-
netic force between magnets 112 and 114 to a force on the
lens shaping element in the negative Z-direction.

[0097] Magnet 114 1s attached to structure 122. Structure
122 may be a static component connected to a mechanical
ground (e.g., chassis 80) for tunable lens 72-2. Structure
124 may be attached directly to lens shaping element 88
and therefore moves 1n parallel with lens shaping element
88. Structure 124 has a tapered surface 124-T that presses
against a bearing 128. Magnetic 112 1s attached to structure
126. Structure 126 has a tapered surface 126-T that presses
against a bearing 128. A bearing 128 1s interposed between
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tapered surfaces 126-T and 124-T. There are also bearings
between magnet 112 and another static structure within the
tunable lens such as an upper surface of actuator 90.

0098] Magnets 112 and 114 in FIG. 9F have magnetic
axes parallel to the X-axis. The south pole of magnet 114 1s
adjacent to the north pole of magnet 112 such that magnets
112 and 114 are attracted together. In other words, each one
of magnets 112 and 114 has its north pole positioned to the
right of its south pole 1n FIG. 9F. As lens shaping element
88 1s displaced 1n the negative Z-direction, magnet 112 may
be displaced 1n the positive X-direction making magnets
112 and 114 closer together. The attraction between mag-
nets 112 and 114 (in the X-direction) may apply a force to
structure 124 (and lens shaping element 88) in the negative
Z-direction.

[0099] In another possible arrangement, the lens shaping
clement may be attached to a soft magnetic materal that
causes displacement of the lens shaping element along the
vertical direction when exposed to a magnetic field. FIG.
9G 1s a side view of an illustrative lens shaping element
that 1s attached to a wedge-shaped soft magnetic structure
152-1. Permanent magnets 154-1 and 154-2 have magnetic
axes orthogonal to the Z-axis. However, the presence of
soft magnetic structures 152-1, 152-2, and 152-3, may
causc the magnetic field generated by permanent magnets
154-1 and 154-2 to attract lens shaping element 88 1n the
negative Z-direction. The wedge-shaped magnetic structure
152-1 may have first and second tapered surfaces. The first
tapered surface may abut a tapered surface of soft magnetic
structure 152-2 that 1s attached to permanent magnet 154-1.
The second tapered surface may abut a tapered surface of
solt magnetic structure 152-3 that 1s attached to permanent
magnet 154-2. The geometry of the tapered surfaces of
structures 152 may be selected to adjust the force-displace-
ment characteristics of the magnetic structures.

[0100] Soft magnetic materials refer to matenals that are
casily magnetized and demagnetized. Each soft magnetic
structure 152 may comprise a soft magnetic material such
as carbonyl 1ron, 1iron oxide, soft ferrite, an iron-silicon
alloy, an iron-nickel alloy, etc.

[0101] FIG. 9H 1s a side view of an illustrative lens shaping
clement that 1s attached to a wedge-shaped soft magnetic
structure 152-1, similar to as in FIG. 9G. In FIG. 9H,
however, only one permanent magnet 154-1 1s used to cre-
ate the magnetic field that attracts lens shaping element 88
in the negative Z-direction. As shown in FI1G. 9H, soft
magnefic structure 152-2 with a tapered surface 1s attached
to a first side of magnet 154-1. Soft magnetic structure 152-
3 with a tapered surface 1s attached to a second, opposing
side of magnet 154-1. The examples 1in FIGS. 9F-9H are
merely illustrative. In general, the tunable lens may include
any desired structures to transfer force from magnetic
attraction between magnetic structures to the lens shaping
clement.

0102] The magnetic structures 1n FIGS. 9A-9H may lower
the effective system stifiness and therefore may be referred
to as mverse stiffness components (or negative stiffness
components). However, the example of using magnets as
inverse stiffness components 1s merely illustrative and
other inverse stiffness components may be used if desired.
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[0103] Magnetic structures 112 and 114 (or 154-1 and 154-
2 1 FIGS. 9G and 9H) may be ring-shaped magnetic struc-
tures that extend around the entire circumierence of the
tunable lens. Alternatively, there may be multiple discrete
magnetic structures 112 and 114. For example, each actu-
ator 90 from FIG. 6 may have a respective magnetic struc-
ture 112 and a respective magnetic structure 114. When
multiple discrete magnetic structures 112 and 114 are used,
the properties of the magnetic structures may be different at
cach actuator. For example, the permanent magnet at a first
actuator may be larger than the permanent magnet at a
second actuator, the permanent magnet at a first actuator
may comprise a different material than the permanent mag-
net at a second actuator, etc.

[0104] One addifional example of an inverse stiffness com-
ponent 1s bistable springs. FIG. 10A 1s a side view of an
1llustrative lens shaping element attached to bistable
springs. As shown, the lens shaping element may be
attached to a first spring 130-1, a second spring 130-2, and
a third spring 130-3. Each spring may be attached between
the lens shaping element and a respective anchor structure
132. Anchor structures 132-1, 132-2, and 132-3 may be
attached to mechanical ground within the tunable lens and
are therefore static. The three springs in FIG. 10A may be
arranged such that the system 1s bistable (with two stable
cquilibrium positions). The bistable springs may cause an
inverse stiffness at snap through.

[0105] The example 1n FIG. 10A of using springs to form
the bistable system 1s merely illustrative. If desired, one or
more of the springs may be replaced with another compon-
ent such as a preloaded wire. Using a preloaded wire
instead of a spring may enable a more compact actuator. In
general, any of the springs described herein may optionally
be replaced with a preloaded wire.

[0106] Another example of an inverse stiffness component
1s a cam roller mechanism. FIG. 10B 1s a side view of an
illustrative lens shaping element attached to a cam roller
mechanism. As shown, the lens shaping element may be
attached to a first cam structure 134. The cam structure 134
may have first and second opposing sides with convex
curvature. The cam structure 1s attached to an anchor struc-
ture 138-1 via spring 136-1. The cam structure 134 may be
biased by bearings 140-1 and 140-2. Bearing 140-1 1s con-
strained in the Z-direction by anchor structure 138-2. A
spring 136-2 connected between bearing 140-1 and anchor
structure 138-2 biases cam structure 134 1n the positive X-
direction. Bearing 140-2 1s constrained in the Z-direction
by anchor structure 138-3. A spring 136-3 connected
between bearing 140-2 and anchor structure 138-3 biases
cam structure 134 in the negative X-direction. Anchor
structures 138-1, 138-2, and 138-3 may be attached to
mechanical ground within the tunable lens and are therefore
static. The cam roller mechanism of FIG. 10B may cause
an mverse stifiness at snap through.

[0107] Baistable springs (preloaded wires) of the type shown
and described herein may be used with a flexure pivot, a
rolling pivot, and/or a sliding pivot if desired.

[0108] In another possible arrangement, shown 1n FIGS.
11A-11F, one or more springs may be used to mitigate total
actuation energy for an actuator. FIG. 11A 1s a simplified
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force diagram of a tunable lens with one or more springs. In
the example of FIG. 11A, a spring 142 1s attached to lens
shaping element 88. The spring may be a torsion spring
such as a helical torsion spring that applies a force IF n
lens shaping element 88 1n the negative Z-direction.

0109] FIG. 11B 1s a graph of force as a function of dis-
placement (e.g., stroke S from IF1G. 11A) across a displace-
ment range from 0 to R. The forces F_ and F, are the same
in FIG. 11B as in FIG. 7B. However, there 1s an additional
force F_,,;,. that may lower the total actuation energy. As
shown in FIG. 11B, the magnitude of force F_ . ~may
decrease with increasing displacement. However, the mag-
nitude of force F_ . 1s positive across the entire displace-
ment range from O to R.

[0110] F1G. 11B shows a profile for actuation force F .’

assoclated with a tunable lens with the spring(s) of FIG.
11A. The actuation force F__, from FIG. 7B 1s shown 1n
FIG. 11B for comparison. As shown in FIG. 11B, actuation
force F_ .’ 1s less than F__ across the entire displacement

e act
range. The total actuation energy (associated with F__7) 1s

therefore lower 1n FIG. 11B than i FI1G. 7B.

0111] FIG. 11C 1s a cross-sectional side view of an 1llus-
trative tunable lens with a spring of the type shown 1n FIG.
11A. In the example of FIG. 11C, a helical torsion spring 1s
attached to both lens shaping element 88 and chassis 80. In
particular, the helical torsion spring 142 has a first portion
142-C (sometimes referred to as coil portion 142-C) with a
plurality of coils. A second portion 142-U (sometimes
referred to as upper portion 142-U) extends from the coil
portion and 1s attached to an upper surface of lens shaping
clement 88. A third portion 142-L (sometimes referred to as
lower portion 142-L) extends from the coil portion and 1s
attached to an upper surface ot chassis 80. The upper por-
tion 142-U 1s biased towards the lower portion 142-L (e.g.,
in the negative Z-direction) by coil portion 142-C. There-
fore, lens shaping element 88 1s biased towards chassis 80
by spring 142.

0112] FIG. 11D 1s a top view of the tunable lens of FIG.
11C. FIG. 11D shows how spring 142 may extend around
the entire periphery of the tunable lens 1n order to evenly
apply the bias force on lens shaping element 88 around the
entire periphery of the tunable lens. The lens shaping ele-
ment 88 and the torsion spring 142 have an overlap portion
144 that extends around the entire circumierence of the lens
shaping element.

0113] In an alternate arrangement, a plurality of discrete
torsion springs may be distributed around the periphery of
the lens shaping element. However, this may cause local
deformation 1n the lens shaping element that may not be
desired 1n some designs.

[0114] If desired, a spring may be incorporated into actu-
ator 90 that 1s used to manipulate the lens shaping element.
FIG. 11E 1s a cross-sectional side view of an 1llustrative
actuator 90 from FI1G. 6. In the example of FIG. 11E, actu-
ator 90 1s a shape memory alloy (SMA) actuator. As shown
in FIG. 11E, the actuator may include a pivot assembly 202
and a brake assembly 204. A spring 142 may be incorpor-
ated 1nto the pivot assembly 202 to mitigate the total actu-
ation energy of actuator 90.

SPriNg O
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[0115] Pivot assembly 202 includes a structure 206 (some-
times referred to as rotating structure 206, moveable struc-
ture 206, main structure 206, etc.) that 1s configured to
rotate around pivot structure 208. Pivot structure 208 may
include a pin or other desired structure. Structure 206 may
have an opening that 1s aligned with and receives pivot
structure 208. As shown in FIG. 11E, rotating structure 206
may 1nclude a first protruding portion 206-P1, a second
protruding portion 206-P2, and a third protruding portion
206-P3. The item 1ntended to be moved by actuator 90 may
be attached to third protruding portion 206-P3. In this
example, the item intended to be moved by actuator 90 1s
extension 88LE but other components may be moved by
actuator 90 1f desired.

[0116] FF1G. 11E shows how a portion of lens shaping ele-
ment 88 such as extension 88E may be attached to third
protruding portion 206-P3. Rotation of structure 206
around pivot structure 208 therefore causes displacement of
extension 88E along the Z-direction.

[0117] A first SMA wire 214 may be connected between
anchor structures 210 and 212. Anchor structures 210 and
212 (sometimes referred to as connector structures 210 and
212, mechanical connection structures 210 and 212, elec-
trical connection structures 210 and 212, mechanical and
clectrical connection structures 210 and 212, etc.) may be
both mechanically and electrically connected to SMA wire
214. Mechanically, anchor structure 212 may be attached to
a fixed structure in tunable lens 72-2 such as chassis 80 or a
housing for the actuator whereas anchor structure 210 may
be attached to portion 206-P1 of structure 206. Anchor
structures 210 and 212 may also provide electrical connec-
tions to SMA wire 214. Control circuitry 14 may control
voltages applied to anchor structures 210 and 212 to control
a current through SMA wire 214. The current through SMA
wire 214 may be adjusted to selectively contract SMA wire
214. When a current 1s applied to SMA wire 124 to cause
the SMA wire to contract, the contraction may apply a
torce to anchor structure 210 (and therefore portion 206-P1
of structure 206) in the negative X-direction.

[0118] The atorementioned example of the anchor struc-
tures being attached to other components (e.g., chassis 80,
portion 206-P1, etc.) 1s merely illustrative. The anchor
structures may be discrete structures that are attached to
other device components. Alternatively, the anchor struc-
tures may be portions of the other device components. For
example, a portion of chassis 80 and/or structure 206 may
serve as mechanical anchor structures for SMA wire 214
(without an interveming discrete anchor structure). This 1s
true for all of the anchor structures described herein.

[0119] A second SMA wire 220 may be connected between
anchor structures 216 and 218. Anchor structures 216 and
218 (sometimes referred to as connector structures 216 and
218, mechanical connection structures 216 and 218, elec-
trical connection structures 216 and 218, mechanical and
clectrical connection structures 216 and 218, ctc.) may be
both mechanically and electrically connected to SMA wire
220. Mechanically, anchor structure 218 may be attached to
a fixed structure in tunable lens 72-2 such as chassis 80 or a
housing for the actuator whereas anchor structure 216 may
be attached to portion 206-P2 of structure 206. Anchor
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structures 216 and 218 may also provide electrical connec-
tions to SMA wire 220. Control circuitry 14 may control
voltages applied to anchor structures 216 and 218 to control
a current through SMA wire 220. The current through SMA
wire 220 may be adjusted to selectively contract SMA wire
220. When a current 1s applied to SMA wire 220 to cause
the SMA wire to contract, the contraction may apply a
force to anchor structure 216 (and therefore portion 206-P2
of structure 206) in the negative X-direction.

[0120] Control circuitry 14 may therefore control the con-
traction of SMA wires 214 and 220, which selectively
rotates structure 206 around pivot structure 208, which
selectively moves extension 88E along the Z-direction.
[0121] Actuator 90 may include brake assembly 204 1n
addition to pivot assembly 202. Brake assembly 204 may
be configured to selectively apply a bias force to rotating
structure 206 to hold the rotating structure 206 1n a fixed
position. The brake may fix the position of rotating struc-
ture 206 when actuator 90 1s not receiving power. Including
the brake may therefore reduce the power consumption
required to operate actuator 90.

[0122] As shown in FIG. 11E, brake assembly 204 may
include a brake structure 222. One or more bias structures
such as springs may be coupled between brake structure
222 and anchor 224. In FIG. 11E, springs 228 and 230 are
coupled between brake structure 222 and anchor 224.
Anchor structure 224 may be attached to a fixed structure
in tunable lens 72-2 such as chassis 80 or a housing for the
actuator. Springs 228 and 230 may bias brake structure 222
in the positive X-direction towards structure 206. In the
absence of a force from SMA wire 232, brake structure 222
presses 1nto structure 206 to f1x the position of structure
206. As shown 1n FIG. 11E, brake structure 222 may have a
concave surface 222-C that mates with a corresponding
convex surface 206-C of structure 206.

[0123] A third SMA wire 232 may be connected between
anchor structures 226 and 234. Anchor structures 226 and
234 (sometimes referred to as connector structures 226 and
234, mechanical connection structures 226 and 234, elec-
trical connection structures 226 and 234, mechanical and
clectrical connection structures 226 and 234, ctc.) may be
both mechanically and electrically connected to SMA wire
232. Mechanically, anchor structure 226 may be attached to
a fixed structure 1n tunable lens 72-2 such as chassis 80 or a
housing for the actuator whereas anchor structure 234 may
be attached to brake structure 222. Anchor structures 226
and 234 may also provide electrical connections to SMA
wire 232. Control circuitry 14 may control voltages applied
to anchor structures 226 and 234 to control a current
through SMA wire 232. The current through SMA wire 232
may be adjusted to selectively contract SMA wire 232.
When a current 1s applied to SMA wire 232 to cause the
SMA wire to contract, the contraction may apply a force to
anchor structure 234 (and therefore brake structure 222) in
the negative X-direction.

0124] When SMA wire 232 pulls brake structure 222 with
sutficient force to overcome the bias force provided by bias
structures 228/230, brake structure 222 moves in the negat-
1ive X-direction. This may be referred to as releasing the
brake. While the brake 1s released, structure 206 may rotate
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freely around pivot structure 208. It 1s noted that the brake
does not need to be fully disengaged to enable movement
of structure 206. The irictional force between the brake
structure 222 and structure 206 just needs to be less than
the drive force to allow movement of structure 206. SMA
wires 214/220 may be used to rotate structure 206 while the
brake 1s released. Once structure 206 1s 1n a desired posi-
tion, the brake may be engaged by relaxing SMA wire 232
such that brake structure 222 1s again biased 1nto structure
206. The position of structure 206 1s thereafter fixed while
the brake 1s engaged.

[0125] FIGS. 11E and 11F show an example of structure
206 being rotated to move extension 88E 1n the positive Z-
direction. In FIG. 11E, SMA wire 214 has a first length 240
and SMA wire 220 has a second length 242. In FIG. 11F,
SMA wire 214 has been contracted and the length of SMA
wire 214 has been reduced to a third length 244 that 1s less
than first length 240 from FIG. 11E. Meanwhile SMA wire
220 has been relaxed and the length of SMA wire 220 in
FIG. 11F has been increased to a fourth length 246 that 1s
greater than second length 242 from FIG. 11E. As shown 1n
FIG. 11F, this change 1n the forces applied by SMA wires
214 and 220 causes structure 206 (including protruding
portion 206-P3 and therefore extension 88LE) to rotate in
counterclockwise direction 248. Rotating structure 206
counterclockwise 1n this manner moves extension 88E in
the positive Z-direction. In the opposite arrangement (e.g.,
when length 244 increases and length 246 decreases), struc-
ture 206 may rotate clockwise which moves extension 88E
in the negative Z-direction.

[0126] As shown in FIG. 11E, structure 206 may have a
length 272 between the center of pivot structure 208 and
convex surface 206-C and a length 274 between the center
of pivot structure 208 and the end of protruding portion
206-3. The friction force at the interface of surfaces 222-C
and 206-C may be proportional to the ratio of the gearing
between extension 88E and frictional translation. To lower
the normal force required on the friction surface, the ratio
of the length 272 to length 274 may be increased. Lowering
the normal force using a relatively high ratio of length 272
to length 274 may allow for a smaller and more compact
bias structure(s) 228/230, lower stresses within the system,
and a lower required force for SMA wire 232 that releases
the braking structure. The ratio of length 272 to length 274
may be at least 0.25, at least 0.3, at least 0.4, at least 0.5, at
least .75, at least 1, at least 1.5, at least 2, at least 3, etc.
[0127] To improve the performance of actuator 90, 1t may
be desirable to include one or more components that limit
undesired shifting of brake structure 222 along the Z-direc-
tion. If brake structure 222 shifts along the Z-direction,
there may be backlash that prevents extension 88E from
being moved 1n a desired manner.

[0128] To mitigate motion of brake structure 222 1n the Z-
direction, brake structure 222 may be attached to one or
more guide structures 250. First and second guide struc-
tures 250 may be attached between anchor structure 252
and brake structure 222 on the positive Z-side of brake
structure 222. Third and fourth guide structures 250 may be
attached between anchor structure 254 and brake structure
222 on the negative Z-side of brake structure 222.
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0129] Anchor structures 232 and 254 may be attached to a
fixed structure 1n tunable lens 72-2 such as chassis 80 or a
housing for the actuator. Each one of guide structures 250
may have a high stiffness in the Z-direction and the Y-dir-
ection but a low stifiness 1in the X-direction. The guide
structures may therefore limit undesired motion of brake
structure 222 along the Z-axis while allowing the desired
motion of brake structure 222 along the X-axis. Guide
structures 250 in F1G. 11E may be referred to as flexures.
The tflexures may be formed from any desired material
(e.g., plastic, a metal such as aluminum, etc.). The flexures
may have a first dimension in the Z-direction, a second
dimension 1n the Y-direction, and a third dimension in the
X-direction. The third dimension may be smaller than the
first and/or second dimensions. The first dimension may be
at least 2x greater than the third dimension, at least 4x
greater than the third dimension, at least 8x greater than the
third dimension, at least 16x greater than the third dimen-
sion, etc. The second dimension may be at least 2x greater
than the third dimension, at least 4x greater than the third
dimension, at least 8x greater than the third dimension, at
least 16x greater than the third dimension, etc.

0130] To mitigate the total actuation energy required by
SMA actuator 90, a torsion spring may be incorporated into
pivot assembly 202. As shown in FIG. 11E, the torsion
spring 142 may be attached between anchor structure 146
and rotating structure 206. The torsion spring may also be
wrapped around pivot structure 208. Torsion spring 142
may cause a bias force to be applied to tab 88LE. The bias
force may be applied to the lens shaping element in the
negative Z-direction when the tunable lens 1s designed for
the lens shaping element to be displaced 1n the negative Z-
direction (as in FIGS. 11A and 11B) and may be applied to
the lens shaping element in the positive Z-direction when
the tunable lens 1s designed for the lens shaping element to
be displaced 1n the positive Z-direction.

0131] A single tunable lens may comprise bellows struc-
tures that are in tension for some or all of the displacement
range of the lens shaping element (e.g., sheet bellows, C-
shaped bellows, W-shaped bellows), a pre-deformed lens
shaping element, a magnetic negative stifiness element, a
bistable springs negative stiffness mechanism, a cam roller
negative stiffness mechanism, and/or a torsion spring.
[0132] The foregoing 1s merely 1llustrative and various
modifications can be made to the described embodiments.
The foregoing embodiments may be implemented mndividu-
ally or 1n any combination.

What is claimed 1s:

1. A tunable lens comprising:

a lens element having a periphery;

a lens shaping element attached to the periphery ot the
lens element;

actuators distributed around the periphery, wherein each
actuator 1s configured to adjust a position of the lens
shaping element 1n a first direction within a displace-
ment range; and

a structure that 1s attached to the lens shaping element
and that extends 1n the ftirst direction away trom the
lens shaping element, wherein the structure 1s 1n ten-
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sion when the lens shaping element 1s within at least
some of the displacement range.

2. The tunable lens defined in claim 1., wherein the
structure 1s 1n tension when the lens shaping element 1s
within the entire displacement range.

3. The tunable lens defined in claim 1, further compris-
ng:

an additional lens element, wherein the structure 1s
attached between the lens shaping eclement and the
additional lens element.

4. The tunable lens defined 1n claim 3, further compris-
ing a fluid that fills a chamber, wherein the lens element,
the additional lens element, and the structure define walls
for the chamber.

5. The tunable lens defined in claim 3, further compris-
ng:

a chassis, wherein the actuators and the additional lens

clement are attached to the chassis.

6. The tunable lens defined in claim 5, further compris-
ng:

a Iirst magnetic structure that 1s connected to the lens

shaping element; and

a second magnetic structure that i1s connected to the
chassis, wherein the first and second magnetic struc-
tures are attracted to one another along the first direc-
tion.

7. The tunable lens defined in claim 1, further compris-

ng:

bistable springs that are attached to the lens shaping ele-
ment.

8. The tunable lens defined in claim 1, further compris-

ng:

a cam roller mechanism that 1s attached to the lens shap-
ing element.

9. The tunable lens defined in claim 1, further compris-

ng:

a torsion spring that 1s attached to the lens shaping ele-
ment.

10. The tunable lens defined in claim 9, wherein the tor-

sion spring extends around the entire periphery.

11. The tunable lens defined in claim 1, wherein each
actuator comprises a torsion spring that 1s configured to
bias the lens shaping element 1n the first direction.

12. A tunable lens comprising:

a first lens element having a periphery;

a lens shaping element attached to the periphery of the

first lens element;

a second lens element;

fluid interposed between the first and second lens ele-
ments;

actuators distributed around the periphery, wherein each
actuator 1s configured to adjust a position of the lens
shaping element 1n a first direction towards the second
lens element;

a first magnetic structure that 1s attached to the lens shap-
ing element, wherein the first magnetic structure
moves 1n parallel with the lens shaping element; and

a second magnetic structure that 1s attracted to the first
magnetic structure, wherein the second magnetic
structure 1s adjacent to the second lens element.
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13. The tunable lens defined in claim 12, wherein the
first and second magnetic structures comprise first and
second permanent magnets.

14. The tunable lens defined in claim 12, wherein one of
the first and second magnetic structures comprises a per-
manent magnet and wherein a remaining of the first and
second magnetic structures comprises a piece ol material
having a relative magnetic permeability of at least 15.

15. The tunable lens defined in claim 12, wherein the
first magnetic structure 1s embedded within the lens shap-
ing clement.

16. The tunable lens defined in claim 12, further com-
prising:

a bellows structure that 1s attached between the first and

second lens elements; and

a chassis that 1s attached to the second lens element.

17. The tunable lens defined in claim 16, wherein the
second magnetic structure 1s embedded within the chassis.

18. The tunable lens defined in claim 16, wherein the
second magnetic structure 1s attached directly to the bel-
lows structure, the second lens element, or the chassis.
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19. A tunable lens comprising:

a lens element having a periphery;

a lens shaping element attached to the periphery of the
lens element;

actuators distributed around the periphery, wherein each
actuator 1s configured to adjust a position of the lens
shaping element in a first direction within a displace-
ment range;

a bellows structure that 1s attached to the lens shaping
element, wherein the bellows structure 1s 1n tension
when the lens shaping element 1s within at least some
of the displacement range; and

a fluid-filled chamber with walls that include at least the
bellows structure and the lens element.

20. The tunable lens defined in claim 19, wherein the
bellows structure comprises a structure selected from the
group consisting of: a C-shaped structure and a W-shaped
structure.

21. The tunable lens defined in claim 19, wherein the
lens shaping element 1s pre-deformed to reduce peak forces
needed by the actuators.
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