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(57) ABSTRACT

A flexible display 1n a foldable electronic device may have
a display cover layer and display panel that bend around a
bend axis. The display panel may have an array of pixels
configured to display an image through the display cover
layer. The pixels may be formed from thin-film display
circuitry that 1s supported by a flexible display panel sub-
strate. The flexible substrate may be supported by a display
support plate that bends about the bend axis. The display
may be configured to allow attachment of the display panel
substrate to the display support plate while helping to
prevent undesired localized deformation of the thin-film
display circuitry.
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ELECTRONIC DEVICES WITH
DEFORMATION-RESISTANT DISPLAYS

[0001] This application claims the benefit of provisional
patent application No. 63/153,824, filed Feb. 25, 2021,

which 1s hereby incorporated by reference herein in its
entirety.

FIELD

[0002] This relates generally to electronic devices, and,
more particularly, to electronic devices with displays.

BACKGROUND

[0003] Flectronic devices often have displays. Displays
may include sensing circuitry such as circuitry that detects
mput from a finger or stylus. During operation, a display
may gather input from a user with the sensing circuitry while
presenting the user with images for viewing.

SUMMARY

[0004] An electronic device may have a display that is
resistant to deformation-induced damage due to contact by
a linger, stylus, or other external object. The electronic
device may be a foldable electronic device having a foldable
display. The foldable display may have a display cover layer
and display panel that bend around a bend axis.

[0005] The display panel may have an array of pixels
configured to display an image through the display cover
layer. The pixels may be formed from thin-film display
circuitry that 1s supported by a flexible substrate. The
flexible substrate may be supported by a display support
plate that bends about the bend axis. If desired, the tlexible
substrate may be supported by a display support plate that
bends about multiple axes (e.g., n a trni-fold device).
Arrangements 1n which a flexible or rigid display are sup-
ported by a rigid support plate may also be used (e.g., 1n a
device where the display 1s covered with a thin and/or soft
cover layer).

[0006] The display support plate may be formed from a
stifl layer that resists deformation when pressure 1s applied
to the display from an external object such as a computer
stylus. Thermoplastic polymer bonding, polymer adhesive
bonding, and/or other attachment techniques may be used in
attaching the display substrate to the display support plate.
In an 1illustrative arrangement, the excessive use of soft
material between the support plate and substrate 1s avoided
to help prevent undesired localized deformation of the
thin-film display circuitry.

BRIEF DESCRIPTION OF THE DRAWINGS

[0007] FIG. 1 1s a schematic diagram of an illustrative
clectronic device in accordance with an embodiment.
[0008] FIG. 2 1s a perspective view ol an 1llustrative
clectronic device with a display in accordance with an
embodiment.

[0009] FIG. 3 1s a cross-sectional side view of an 1llustra-
tive display 1n accordance with an embodiment.

[0010] FIG. 4 1s a cross-sectional side view of an 1llustra-
tive display cover layer with a locally thinned hinge region
in accordance with an embodiment.

[0011] FIG. 5 1s a top view of an illustrative display
support plate with flexibility enhancement openings in
accordance with an embodiment.
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[0012] FIG. 6 1s a cross-sectional side view of a portion of
a display in accordance with an embodiment.

[0013] FIG. 7 1s a cross-sectional side view of 1llustrative
display structures in which a thin adhesive layer has been
used to attach a display panel substrate to a display support
plate 1n accordance with an embodiment.

[0014] FIGS.8,9,10,11,12,13,14,15,16,17, and 18 are
cross-sectional side views of illustrative display structures
with adhesive for attaching display panel substrates to
display support plates 1n accordance with embodiments.
[0015] FIGS. 19, 20, 21, 22, and 23 are cross-sectional
side views of illustrative display structures with thermoplas-
tic attachment mechanisms for attaching display panels to
support plates 1n accordance with embodiments.

DETAILED DESCRIPTION

[0016] FElectronic devices may be provided with displays.
Displays may be used for displaying images for users.
Displays may be formed from arrays of light-emitting diode
pixels, liqud crystal display pixels, or other pixels. For
example, a device may have an organic light-emitting diode
display, a display formed from an array ol micro-light-
emitting diodes (e.g., diodes formed from crystalline semi-
conductor dies), or a liqud crystal display. These displays
may, if desired, be flexible. Flexible displays may be used in
folding devices and other devices in which display panel
structures are configured to bend about a bend axis.

[0017] A schematic diagram of an illustrative electronic
device having a display 1s shown 1n FIG. 1. Device 10 may
be a cellular telephone, tablet computer, laptop computer,
wristwatch device or other wearable device, a television, a
stand-alone computer display or other monitor, a computer
display with an embedded computer (e.g., a desktop com-
puter), a system embedded in a vehicle, kiosk, or other
embedded electronic device, a media player, or other elec-
tronic equipment. Configurations 1 which device 10 1s a
cellular telephone, tablet computer, or other portable elec-
tronic device may sometimes be described herein as an
example. This 1s illustrative. Device 10 may, 1n general, be
any suitable electronic device with a display.

[0018] Device 10 may include control circuitry 20. Con-
trol circuitry 20 may include storage and processing cir-
cuitry for supporting the operation of device 10. The storage
and processing circuitry may include storage such as non-
volatile memory (e.g., tlash memory or other electrically-
programmable-read-only memory configured to form a solid
state drive), volatile memory (e.g., static or dynamic ran-
dom-access-memory), etc. Processing circuitry in control
circuitry 20 may be used to gather mput from sensors and
other mput devices and may be used to control output
devices. The processing circuitry may be based on one or
more microprocessors, microcontrollers, digital signal pro-
cessors, baseband processors and other wireless communi-
cations circuits, power management units, audio chips,
application specific integrated circuits, etc. During opera-
tion, control circuitry 20 may use a display and other output
devices in providing a user with visual output and other
output.

[0019] To support communications between device 10 and
external equipment, control circuitry 20 may communicate
using communications circuitry 22. Circuitry 22 may
include antennas, radio-frequency {transceiver -circuitry
(wireless transceiver circuitry), and other wireless commu-
nications circuitry and/or wired communications circuitry.



US 2022/0270522 Al

Circuitry 22, which may sometimes be referred to as control
circuitry and/or control and communications circuitry, may
support bidirectional wireless communications between
device 10 and external equipment over a wireless link (e.g.,
circuitry 22 may 1include radio-frequency transceiver cir-
cuitry such as wireless local area network transceiver cir-
cuitry configured to support communications over a wireless
local area network link, near-field communications trans-
celver circuitry configured to support communications over
a near-field communications link, cellular telephone trans-
celver circuitry configured to support communications over
a cellular telephone link, or transceiver circuitry configured
to support communications over any other suitable wired or
wireless communications link). Wireless communications
may, for example, be supported over a Bluetooth® link, a
WiF1® link, a wireless link operating at a frequency between
6 GHz and 300 GHz, a 60 GHz link, or other millimeter
wave link, cellular telephone link, wireless local area net-
work link, personal area network communications link, or
other wireless communications link. Device 10 may, 1f
desired, include power circuits for transmitting and/or
receiving wired and/or wireless power and may include
batteries or other energy storage devices. For example,
device 10 may include a coil and rectifier to receive wireless
power that 1s provided to circuitry 1n device 10.

[0020] Device 10 may include mput-output devices such
as devices 24. Input-output devices 24 may be used 1n
gathering user mput, in gathering information on the envi-
ronment surrounding the user, and/or 1n providing a user
with output. Devices 24 may include one or more displays
such as display 14. Display 14 may be an organic light-
emitting diode display, a liquid crystal display, an electro-
phoretic display, an electrowetting display, a plasma display,
a microelectromechanical systems display, a display having
a pixel array formed from crystalline semiconductor light-
emitting diode dies (sometimes referred to as microLLEDs),
and/or other display. Configurations in which display 14 is
an organic light-emitting diode display or microLED display
may sometimes described herein as an example.

[0021] Display 14 may have an array of pixels configured
to display images for a user. The pixels may be formed as
part of a display panel that 1s rigid or bendable. Configura-
tions 1n which the display panel 1s bendable allow device 10
to be folded and unfolded about a bend axis or about
multiple bend axes. For example, a flexible (bendable)
display 1n device 10 may be folded so that device 10 may be
placed 1n a compact shape for storage and may be untfolded
when 1t 1s desired to view 1images on the display. In a tri-fold
device configuration, display 10 may bend about first and
second parallel bend axes. Arrangements 1n which device 10
bends about a single bend axis may sometimes be described
herein as an example.

[0022] Sensors 16 1n input-output devices 24 may include
force sensors (e.g., strain gauges, capacitive force sensors,
resistive force sensors, etc.), audio sensors such as micro-
phones, touch and/or proximity sensors such as capacitive
sensors (e.g., a two-dimensional capacitive touch sensor
integrated ito display 14, a two-dimensional capacitive
touch sensor overlapping display 14, and/or a touch sensor
that forms a button, trackpad, or other input device not
associated with a display), and other sensors. If desired,
sensors 16 may 1include optical sensors such as optical
sensors that emit and detect light, ultrasonic sensors, optical
touch sensors, optical proximity sensors, and/or other touch
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sensors and/or proximity sensors, monochromatic and color
ambient light sensors, 1mage sensors, fingerprint sensors,
temperature sensors, sensors for measuring three-dimen-
sional non-contact gestures (“air gestures”), pressure sen-
sors, sensors for detecting position, orientation, and/or
motion (€.g., accelerometers, magnetic sensors such as com-
pass sensors, gyroscopes, and/or ertial measurement units
that contain some or all of these sensors), health sensors,
radio-frequency sensors, depth sensors (e.g., structured light
sensors and/or depth sensors based on stereo 1maging
devices that capture three-dimensional 1mages), optical sen-
sors such as self-mixing sensors and light detection and
ranging (lidar) sensors that gather time-of-flight measure-
ments, humidity sensors, moisture sensors, gaze tracking
sensors, and/or other sensors. In some arrangements, device
10 may use sensors 16 and/or other input-output devices to
gather user mput. For example, buttons may be used to
gather button press input, touch sensors overlapping dis-
plays can be used for gathering user touch screen input,
touch pads may be used 1in gathering touch mput, micro-
phones may be used for gathering audio nput, accelerom-
cters may be used 1n monitoring when a finger contacts an
input surface and may therefore be used to gather finger
press input, efc.

[0023] If desired, electronic device 10 may include addi-
tional components (see, e.g., other devices 18 1n nput-
output devices 24). The additional components may include
haptic output devices, audio output devices such as speakers,
light-emitting diodes for status indicators, light sources such
as light-emitting diodes that 1lluminate portions of a housing
and/or display structure, other optical output devices, and/or
other circuitry for gathering mput and/or providing output.
Device 10 may also include a battery or other energy storage
device, connector ports for supporting wired communication
with ancillary equipment and for receiving wired power, and
other circuitry.

[0024] FIG. 2 15 a perspective view of electronic device 10
in an 1illustrative configuration i which device 10 1s a
portable electronic device such as a cellular telephone or
tablet computer. As shown 1n FIG. 2, device 10 may have a
display such as display 14. Display 14 may cover some or
all of the front face of device 10. Touch sensor circuitry such
as two-dimensional capacitive touch sensor circuitry may be
incorporated into display 14 (e.g., to gather mput from a
finger, computer stylus, or other external object).

[0025] Display 14 may be mounted 1n housing 12. Hous-
ing 12 may form front and rear housing walls, sidewall
structures, and/or internal supporting structures (e.g., a
frame, an optional midplate member, etc.) for device 10.
Glass structures, transparent polymer structures, and/or
other transparent structures that cover display 14 and other
portions of device 10 may provide structural support for
device 10 and may sometimes be referred to as housing
structures. For example, a transparent housing portion such
as a glass and/or polymer housing structure that covers and
protects a pixel array 1n display 14 may serve as a display
cover layer for the pixel array while also serving as a
housing wall on the front face of device 10. In configurations
in which a display cover layer 1s formed from glass, the
display cover layer may sometime be referred to as a display
cover glass or display cover glass layer. The portions of
housing 12 on the sidewalls and rear wall of device 10 may
be formed from glass or other transparent structures and/or
opaque structures. Sidewalls and rear wall structures may be
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formed as extensions to the front portion of housing 12 (e.g.,
as mtegral portions of the display cover layer) and/or may
include separate housing wall structures.

[0026] Housing 12 may have ftlexible structures (e.g.,
bendable housing wall structures) and/or hinge structures
such as hinge 30. Hinge 30 may have a hinge axis aligned
with device bend axis 28. Hinge 30 and/or flexible housing
structures that overlap bend axis 28 may allow housing 12
to bend about bend axis 28. For example, housing 12 may
have a first portion on one side of bend axis 28 and a second
portion on an opposing side of bend axis 28 and these two
housing portions may be coupled by hinge 30 for rotational
motion about axis 28.

[0027] Daisplay 14 may be flexible so that as housing 12 1s
bent about bend axis 28, the flexibility of display 14 allows
display 14 to bend about axis 28. In an illustrative configu-
ration, housing 12 and display 14 may bend by 180°. This
allows display 14 to be folded back on itself (with first and
second outwardly-facing portions of display 14 facing each
other). The ability to place device 10 1n a folded configu-
ration 1n this way may help make device 10 compact so that
device 10 can be stored efliciently. When it 1s desired to view
images on display 14, device 10 may be unfolded about axis
28 to place device 10 1n the unfolded configuration of FIG.
2. This allows display 14 to lie flat and allows a user to view
flat images on display 14. The ability to fold display 14 onto
itself allows device 10 to exhibit an inwardly folding behav-
ior. Display 14 may be sutiliciently tlexible to allow device
10 to be folded outwardly and/or inwardly.

[0028] Device 10 of FIG. 2 has a rectangular outline
(rectangular periphery) with four corners. As shown in FIG.
2, a first pair of parallel edges (e.g., the left and right edges
of device 10 in the example of FIG. 2) may be longer than
a second pair of parallel edges (e.g., the upper and lower
edges of device 10 of FIG. 2) that are oriented at right angles
to the first pair of parallel edges. In this type of configura-
tion, housing 12 1s elongated along a longitudinal axis that
1s perpendicular to bend axis 28. Housing 12 may have other
shapes, 11 desired (e.g., shapes 1n which housing 12 has a
longitudinal axis that extends parallel to bend axis 28). With
an arrangement of the type shown in FIG. 2, the length of
device 10 along 1ts longitudinal axis may be reduced by
folding device 10 about axis 28.

[0029] FIG. 3 1s a cross-sectional side view of an 1llustra-
tive tlexible display panel for display 14. Display panel 14P
of FIG. 3 may have a flexible substrate such as display panel
substrate 40. Substrate 40 may be formed from a flexible
material such as polymer (e.g., a polyimide substrate layer
or other sheet of flexible polymer material), glass (e.g., a
layer of glass that 1s sufliciently thin to allow panel 14P to
be bent), and/or other layer(s) and/or combinations of these
layers. Pixels P may be formed on top of substrate 40 to form
panel 14P. In some embodiments, each pixel P may contain
a respective light-emitting diode.

[0030] In an illustrative configuration, pixels P are formed
from a layer of thin-film display circuitry such as thin-film
circuitry 42. Thin-film circuitry 42 includes thin-film layers
44 on substrate 40 (e.g., patterned thin-film layers for
forming thin-film transistors, thin-film capacitors, thin-film
light-emitting didoes such as organic light-emitting diodes,
thin-1ilm layers for forming builer layers, routing layers that
are patterned to form interconnects, encapsulation layers,
and/or other display layers). Layers 44 may include organic
materials (e.g., polymer bufler layers, organic materials for
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encapsulation structures, etc.) and/or may include mmorganic
dielectric (e.g., silicon nitride, silicon oxide, metal oxide
layers, etc.). Inorganic dielectric layers may, as an example,
form 1interlayer dielectric for a routing stack, may form
portions of an encapsulation layer and/or bufller layer, may
form gate oxide structures, etc. In some displays, a polarizer
layer such as polarizer 46 (e.g., a tflexible circular polarizer
having a linear polarizer and quarter wave plate) may be
used on the outwardly facing side of panel 14P to suppress
ambient light reflections. Polarizing layers may be provided
as stand-alone layers and/or may be embedded 1nto thin-film
layers and/or embedded into cover layers. To protect display
panel 14P, display panel 14P of display 14 may be over-
lapped by a display cover layer. Display 14 may be provided
with a touch sensor. For example, a touch sensor layer such
as a two-dimensional capacitive touch sensor for gathering
touch input from a finger, stylus, or other external object
may be formed from a flexible substrate that 1s attached
between panel 14P and the display cover layer, a touch
sensor may be integrated into panel 14P (e.g., by forming
capacitive touch sensor electrodes on a common substrate
with thin-film display pixel circuitry), or a touch sensor may
be integrated into any other layer of display 14. If desired,
a touch sensor (and/or other sensor(s) such as force sensors,
ctc.) may be formed using ultrasonic devices, optical touch
sensor circuitry, pressure sensing components, etc. The use
of a two-dimensional capacitive touch sensor to provide
display 14 with touch sensing capabilities 1s illustrative.

[0031] A cross-sectional side view of an 1llustrative dis-
play cover layer that may be used to cover display panel 14P
1s shown 1n FI1G. 4. As shown 1n FIG. 4, display cover layer
48 may be formed from a transparent protective layer such
as layer 50. Layer 50 may have a thickness of less than 700
microns, less than 300 microns, at least 100 microns, at least
400 microns, or other suitable thickness. Layer 50 may be a
transparent layer of polymer and/or glass that allows view-
ing of display images by a user of device 10. For example,
layer 50 may be formed from a layer of glass or polymer that
1s suiliciently thin to be flexible and/or a layer of glass or
polymer having a locally thinned portion such as portion 52
(e.g., a locally thinned strip formed from a recess that runs
across the width of layer 50, which 1s into the page in the
orientation ol FIG. 4). The presence of optional locally
thinned portion 52 and/or the use of flexible material may
help layer 48 bend about bend axis 28 during folding of
device 10. IT desired, there may be multiple locally thinned
portions such as portion 52 (e.g., multiple parallel locally
thinned regions). Arrangements 1n which layer 50 1s locally
softened 1n one or more regions (e.g., one or more parallel
strips) by etching a strip-shaped array of holes mto layer 50
may also be used. Flexibility for layer 50 may also be
provided by forming layer 50 from multiple stacked layers
and ensuring that only a subset of these layers span the
locally thinned portion.

[0032] As shown in FIG. 4, an optional polymer filler
layer such as layer 34 may fill the recess under locally
thinned portion 52 and may extend over some or all of the
inner surface of layer 50. Optional additional layers such as
layer 56 may be included in cover layer 48, 1f desired.
Layers such as layer 56 may include oleophobic layers to
prevent fingerprints, hard coats to help prevent scratching,
and/or other organic layers, mnorganic layers, polymer films,
ctc. The maximum thickness of layer 50 may be at least 50
microns, at least 150 microns, at least 250 microns, at least
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300 microns, 200-400 microns, less than 1000 microns, less
than 3500 microns, or other suitable maximum thickness
value. The minimum thickness of layer 50 may be at least 20
microns, at least 50 microns, at least 150 microns, at least
250 microns, at least 300 microns, 200-400 microns, less
than 1000 microns, less than 500 microns, or other suitable
minimum thickness value.

[0033] Display panel 14P may be supported on one or
more supporting structures (e.g., structures formed from
polymer, metal, ceramic, glass, and/or other materials that
form one or more display panel supporting members). In an
illustrative configuration, the support structures for display
14 may include a display support plate formed from metal,
glass, and/or other material that 1s sutliciently rigid to resist
deformation when external pressure 1s applied. The support
plate, which may sometimes be referred to as a support
member, support structure, backplate, or back film, may, as
an example, have a modulus of elasticity of at least 1 GPa.

[0034] To allow the metal layer, glass layer, and/or other
rigid layer(s) that form the display support plate to bend
about bend axis 28, a strip-shaped portion of the display
support plate that overlaps and runs along bend axis 28 (and,
if desired, other portions of the plate) may be provided with
flexibility enhancement openings such as through-hole
openings and/or openings that pass partially through the
plate. This type of arrangement 1s shown 1n the top view of
illustrative display support plate 38 of FIG. 5, which has
openings 60 1n a strip that extends along bend axis 28 to
enhance the flexibility of display support plate 58 about
bend axis 28. Openings 60 may be circular, oval, rectangu-
lar, hexagonal, slot-shaped, and/or may have other shapes.
Openings 60 may have lateral dimensions of at least 100
microns, 150-200 microns, less than 300 microns, less than
100 microns, less than 75 microns, or other suitable size. The
{11l ratio (ratio of opeming area to non-opening area in the
portion of plate 38 that contains openings 60) may be
40-60%, at least 35%, less than 70%, or other suitable fill
ratio value. The thickness of layer 38 may be 75-250
microns, at least 20 microns, at least 50 microns, at least 75
microns, less than 800 microns, less than 500 microns, or
less than 250 microns (as examples). Plate 58 may also be
provided with a desired amount of flexibility about bend axis
28 by providing plate 38 with a strip-shaped locally thinned
region formed from a recess in plate 58 that runs along bend
axis 28. This locally thinned plate portion may or may not
include openings 60.

[0035] During operation of device 10, a user may press a
finger, computer stylus, or other external object inwardly
against the outermost surface of display 14 or may inadver-
tently drop an object with sharp curvature onto display 14.
For example, a computer stylus may be used to select
on-screen 1items, draw lines, and otherwise control the
operation of device 10. A cross-sectional side view of device
10 1n an 1llustrative configuration 1n which an external object
1s pressing against display 14 1s shown 1n FIG. 6.

[0036] As shown in FIG. 6, device 10 may have a housing
such as housing 12 to which display 14 may be coupled. The
walls of housing 12 and display 14 may separate exterior
region 86, which surrounds device 10, from interior region
80. Electrical components 82 (see, e.g., the circuitry of FIG.
1) may be mounted 1n 1nterior region 80 (e.g., using printed
circuits such as printed circuit 84).

[0037] During operation, display 14 may be used to pres-
ent 1mages viewable from exterior region 86. A user may
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interact with device 10 by providing input to device 10 while
viewing 1mages displayed on display 14. As shown 1n the
example of FIG. 6, tip 64 of external object 66 (e.g., a tip
with a radius of curvature of 0.5-1 mm or other tip 64 of an
object such as a computer stylus) may be used to provide
stylus mput to a two-dimensional capacitive sensor and/or
other sensor in device 10 that overlaps display 14. When an
object with sharp curvature i1s inadvertently dropped onto
display 14 or during use of object 66 1n supplying device 10
with 1nput, a sharply curved structure such as tip 64 may
press inwardly 1n direction 68, thereby locally deforming
display cover layer 48 as shown by dashed line 48D. This,
in turn, can result 1n local deformation of underlying soft
layers in display 14 such as touch sensor layers and/or

polarizer layers (see, e.g., layer 46, which may deform as
shown by dashed line 46D).

[0038] Display panel 14P and/or display support plate 58
may be configured to help avoid deformation of the poten-
tially brittle 1norganic layers and/or other structures of
thin-film circuitry 42 due to the deformation of cover layer
48 and layer 46 from tip 64 of object 66. For example, the
amount of polymer adhesive or other soft material between
layer 42 and support plate 38 may be maintained at a
suitably low level. This ensures that the lower surface of
circuitry 42 will be stiflly supported to help avoid excessive
localized deformation of the thin-film layers in circuitry 42.
In this way, cracking and other damage to circuitry 42 can
be avoided.

[0039] Consider, as an example, the cross-sectional side
view of display 14 in FIG. 7. As shown 1n FIG. 7, substrate
40 of display panel 14P may be attached to support plate 58
using polymer adhesive layer 90. In some arrangements, the
polymer used 1n forming the adhesive of layer 90 may be
relatively soit (e.g., the adhesive may have a modulus of
clasticity of less than 1 GPa, less than 500 MPa, etc.) and
therefore subject to deformation under applied pressure on
the surface of display 14 from external object 66. To prevent
excessive deformation 1n layer 14, the total thickness T of
layer 90 may be less than 20 microns, less than 15 microns,
10 microns, or less than 5 microns (as examples). Because
use of a relatively small value of thickness T for layer 90
helps to reduce deformation of circuitry 42, this arrangement
may help prevent cracking and other damage to the thin-film
layers 1n circuitry 42 from external object 66.

[0040] If desired, substrate 40 may also have a thickness
that helps prevent excessive localized deformation of sub-
strate 40 from object 66. As an example, the thickness of
substrate 40 may be 10-50 microns. In some configurations,
increased thickness for substrate 40 will help reduce local-
1zed deformation.

[0041] In an illustrative configuration, adhesive layer 90
may be relatively stifl (e.g., layer 90 may have a modulus of
clasticity of 1-2 GPa, at least 0.8 GPa, at least 1 GPa, etc.).
The use of stifl material for layer 90 (and, 1f desired, a small
value of T) may help prevent deformation of layer 90 that
could lead to deformation of circuitry 42.

[0042] In some arrangements, the modulus of elasticity of
substrate 40 (e.g., a polyimide substrate layer) may be larger
than the modulus of elasticity of layer 90. In an 1llustrative
configuration, layer 90 may be formed from a polymer
having a modulus of elasticity of less than 0.5 GPa (as an
example) and substrate 40 may be formed from a polymer
having a larger modulus (e.g., 9-20 GPa, at least 6 GPa, at
least 8 GPa, at least 9 GPa, etc.). If desired, substrate 40 may
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be formed from a material such as glass (e.g., a layer of glass
with a thickness of less than 100 microns or other suitable
thickness to allow bending about bend axis 28).

[0043] FIG. 8 1s a cross-sectional side view 1n which
polymer adhesive layer 90 has been used to attach substrate
40 to support plate 538. One side of layer 90 1s bonded to
substrate 40 and the opposing side of layer 90 1s bonded to
plate 58.

[0044] As described in connection with FIG. 5, at least the
portion of plate 58 that overlaps bend axis 28 may be
provided with flexibility enhancing openings such as open-
ing 60. Openings such as opening 60 of FIG. 8 may, as an
example, be through-hole openings. Air, liquid, soit poly-
mer, and/or other materials (e.g., matenals with elastic
modulus values of less than 1 GPa, less than 200 MPa, etc.)
may be present in openings 60. Openings 60 may be evenly
or unevenly spaced from each other across plate 58. For
example, the density of openings 60 may be enhanced over
axis 28 relative to other portions of plate 58. Openings 60
may be formed by laser drnlling, machining, wet and/or dry
cetching (one-sided or two-sided), stamping, and/or other
tabrication techniques. I desired, plate 38 may be formed
from multiple layers of matenal (e.g., a first layer with an
array of openmings 60 to which a second layer with no
openings 1s attached by welds, adhesive, etc.).

[0045] The 1llustrative configuration of FIG. 8 has open-
ings 60 with straight vertical sidewalls. If desired, openings

60 may have different profiles as shown 1n the examples of
FIGS. 9 and 10.

[0046] FIG. 11 shows how openings 60 may pass only
partway through plate 58 (which may be formed from a
single structure or multiple structures attached with welds
and/or other attachment mechanisms). With configurations
of the type shown 1n FIG. 11, the portion of plate 38 that
overlaps each opening 60 may help provide vertical support
for layer 90 and thereby help to prevent excess deformation
of substrate 40. Openings 60 1n this type of arrangement may
have any suitable cross-sectional shape. In the example of
FIG. 12, opening 60 has a narrowed middle portion. In the
example of FIG. 13, opening 60 has curved sidewalls
forming a downwardly facing dome.

[0047] As shown in the example of FIG. 14, the upper
portions of openings 60 may be partly or completely bridged
by flexible linkage structures such as linkage 92. Linkage 92
may be, for example, a thinned portion of plate 38 with a
curved (e.g., bowed) cross-sectional profile that helps hold
adjacent portions of plate 58 together while allowing plate
58 to tlex. The adhesive of layer 90 may lie 1n a single layer
(e.g., without penetrating into opening 60) or may, as shown
in FI1G. 14, at least partly penetrate into opening 60 (e.g., the
portion of opening 60 above linkage 92 may be filled with
adhesive).

[0048] If desired, the soit polymer adhesive material of
layer 90 may be eliminated between the inwardly facing
surface ol substrate 40 and the opposing outwardly facing
surface of support plate 58. In this type of arrangement,
which 1s shown 1n FIG. 15, the inwardly facing surface of
substrate 40 directly contacts the outwardly facing surface of
plate 38. The adhesive of layer 90 may be located only in the
upper portions of openings 60. Adhesive bonds at the sides
of openings 60 and on the portions of the inwardly facing
surface of substrate 40 that overlap openings 60 can be used
to attach substrate 40 to plate 58. This type of arrangement
may be used with openings of any suitable shape (see, e.g.,
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the 1llustrative cross-sectional profiles of openings 60 of
FIGS. 16 and 17). FIG. 18 shows how the polymer adhesive
of layer 90 may be formed 1n openings 60 over linkages such
as linkage 92. Although openings 60 of F1GS. 15,16, 17, and
18 are only partly filled with adhesive, adhesive and/or other
solt matenals (e.g., polymer) may fill most or all of openings
60, if desired. The approach of FIGS. 15, 16, 17, and 18 1n
which a plug of adhesive 1s formed only at the top of each
opening 60 1s 1llustrative.

[0049] Thermoplastic bonding may be used to attach sub-
strate 40 to plate 58. For example, substrate 40 may be
formed from a stiff thermoplastic polymer that can be
soitened under application of heat and pressure. Under these
conditions, substrate 40 may be bonded directly to plate 58,
without an 1ntervening soit adhesive layer. The modulus of
clasticity of the thermoplastic material (e.g., substrate 40) 1n
this type of arrangement may be, as an example, at least 1
GPa or at least 2 GPa. To ensure compatibility with thin-film
circuitry 42, it may be desirable to form substrate 40 from
a material such as polyimide or glass. In this type of
configuration, a stifl layer of the thermoplastic polymer that
1s separate from substrate 40 may be interposed between
substrate 40 and plate 58 and may form a bonding layer. The
thermoplastic polymer that 1s used to form this type of
bonding layer to attach display panel 14P to support plate 58
may soften and/or liquily under application of heat and
pressure and may resolidify and bond to adjacent surfaces
when cooled. Configurations in which substrate 40 1s
bonded to plate 38 using a separate thermoplastic polymer
layer may be described herein as an example.

[0050] In the example of FIG. 19, substrate 40 of display
panel 14P 1s bonded to the surface of plate 58 with thermo-
plastic polymer layer 90'. FIG. 20 shows how openings 60
may have narrowed upper portions to help engage portions
of thermoplastic polymer layer 90' that have tlowed 1nto the
upper regions of opemings 60. Once resolidified, the portions
of layer 90' that protrude into the narrowed upper portions of
openings 60 will help lock layer 90" and substrate 40 to plate
58. FIGS. 21 and 22 show different illustrative cross-
sectional profiles that may be used 1n forming openings 60.

[0051] If desired, lateral gaps may be formed between the
sides of the mmwardly protruding portions of bonding layer
90" and adjacent sidewalls of openings 60. This type of
arrangement 1s shown in FIG. 23. As shown in FIG. 23,
circuitry 42 may be formed on substrate 40 and bonded to
plate 58 using thermoplastic layer 90'. Layer 90' may be
formed from thermoplastic polymer that protrudes inwardly
through the narrowed upper portion of each opening 60 to
form protruding portions 90P. Portions 90P may have shapes
configured to hold layer 90' and substrate 40 to the surface
of support plate 58. Due to shrinkage following cooling,
selective material removal, and/or other fabrication opera-
tions, gaps 100 (e.g., gaps filled with air, liguid, low modu-
lus polymer, etc.) may be formed between the sides of each
protruding portion 90P and adjacent sidewalls of openings
60. These gaps allow portions 90P (and therefore layer 90
and substrate 40) to slide slightly (e.g., to shift laterally,
parallel to the surface of plate 58) as display 14 1s folded and
unfolded. The sides of opemings 60 may be straight (tapered,
vertical, etc.) and/or may be locally narrowed (see, e.g.,

profile lines 102) and/or curved 1n profile (see, e.g., profile
lines 104).

[0052] Although sometimes described in the context of
tolding devices, the use of structures that help resist damage
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to thin-film circuitry 1 display 14 from pressure from
objects with sharp curvature can be used in any suitable
clectronic device 10. Device 10 may, as an example, be a
cellular telephone, tablet computer, wristwatch, laptop com-
puter or other device with a display that does not fold.
Device 10 may also be provided with a foldable housing that
tolds about two or more bend axes (e.g., device 10 may have
a tri-fold device housing).

[0053] The foregoing i1s merely illustrative and various
modifications can be made to the described embodiments.
The foregoing embodiments may be implemented 1individu-
ally or 1n any combination.

What 1s claimed 1s:

1. An electronic device, comprising:

a foldable housing that 1s configured to bend about a bend
axis;

a flexible display panel that overlaps the bend axis,
wherein the flexible display panel comprises thin-film
display circuitry on a substrate;

a display support plate configured to bend about the bend
axis; and

a polymer layer that attaches the substrate to the display
support plate, wherein the display support plate has
openings and wherein protruding portions of the poly-
mer layer protrude into the openings and attach the
flexible display panel to the display support plate.

2. The electronic device defined in claim 1 wherein the

substrate comprises thermoplastic polymer.

3. The electronic device defined in claim 1 wherein the
thin-film display circuitry 1s configured to form light-emait-
ting diodes.

4. The electronic device defined 1n claim 1 wherein the
display support plate comprises a layer selected from the
group consisting of: a metal layer and a glass layer.

5. The electronic device defined 1n claim 1 further com-
prising gaps between the protruding portions and adjacent
sidewalls of the openings.

6. The electronic device defined 1n claim 1 wherein the
substrate has an elastic modulus of at least 1 GPa.

7. The electronic device defined in claim 6 wherein the
display support plate comprises metal.

8. The electronic device defined i claim 7 further com-
prising:

a display cover layer; and

a polarizer between the display cover layer and the
thin-film display circuitry.

9. An electronic device, comprising:

a foldable housing that 1s configured to bend about a bend
axis;

a flexible display panel that overlaps the bend axis,
wherein the flexible display panel has a layer of thin-
film display circuitry on a substrate;

a display support plate configured to bend about the bend
axis; and

a polymer adhesive layer that attaches the substrate to the
display support plate and that has a thickness of less
than 15 microns.

10. The electronic device defined in claim 9 wherein the
display support plate comprises a display support plate
selected from the group consisting of: a metal display
support plate and a glass display support plate.
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11. The electronic device defined in claim 10 wherein the
display support plate has flexibility enhancing openings.

12. The electronic device defined in claim 11 wherein the
polymer adhesive layer does not have portions that protrude
into the openings so that the opemings are free of polymer
from the polymer adhesive layer.

13. The electronic device defined 1n claim 11 wherein
portions of the polymer adhesive layer protrude into upper
portions of the openings.

14. The electronic device defined in claim 11 wherein the
display support plate comprises portions forming flexible
linkages that bridge at least some of the openings.

15. An electronic device, comprising:

a foldable housing that 1s configured to bend about a bend

axis;

a flexible display panel that overlaps the bend axis,
wherein the flexible display panel has a layer of thin-
film display circuitry on a display panel substrate; and

a display support plate configured to bend about the bend
axis, wheremn the display panel substrate has an
inwardly facing surface and wherein the display sup-
port plate has an opposing outwardly facing display
support plate surface that 1s directly attached to the
inwardly facing surface using a polymer layer having a
modulus elasticity of at least 1 GPa.

16. The clectronic device defined 1n claim 15 wherein the
display support plate comprises flexibility enhancing open-
Ings.

17. The electronic device defined 1n claim 16 wherein the
polymer layer comprises polymer adhesive and wherein
portions of the polymer adhesive are in portions of the
flexibility enhancing openings and wherein the polymer
adhesive 1s attached to sidewalls of the flexibility enhancing
openings and 1s attached to portions of the inwardly facing
surtace.

18. The electronic device defined 1n claim 15 wherein the
display panel substrate has a thickness of 20-50 microns.

19. The electronic device defined 1n claim 15 wherein the
display panel substrate has a module of elasticity of 9-20
GPa.

20. The electronic device defined in claim 15 wherein the
display support plate comprises glass and wherein the flex-
ibility enhancing openings extend along a strip-shaped
region that overlaps the bend axis.

21. An electronic device, comprising:

a housing;

a display panel that overlaps the bend axis, wherein the
display panel has a layer of thin-film display circuitry
on a substrate;

a display support plate; and

a polymer layer that attaches the substrate to the display
support plate and that has a thickness of less than 15
microns.

22. The electronic device defined 1n claim 21 wherein the

polymer layer 1s a polymer adhesive layer.

23. The eclectronic device defined in claim 22 further
comprising a display cover layer overlapping the display
panel, wherein the display cover layer has a thickness of less
than 300 microns.
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