a9y United States
a2y Patent Application Publication o) Pub. No.: US 2026/0236068 Al

Jones et al.

US 20260236068A1

43) Pub. Date: Aug. 13, 2026

(54)

(71)
(72)

(21)

(22)

(63)

(60)

FOLDABLE COVER AND DISPLAY FOR AN
ELECTRONIC DEVICE

Applicant: Apple Inc., Cupertino, CA (US)

Inventors: Christopher D. Jones, Los Altos, CA
(US); Dale N. Memering, Langhome,
PA (US); Christopher C. Bartlow,
Menlo Park, CA (US)

Appl. No.: 19/633,082
Filed: Mar. 30, 2026

Related U.S. Application Data

Continuation of application No. 18/978,048, filed on
Dec. 12, 2024, now Pat. No. 12,596,407, which 1s a
continuation of application No. 18/384,181, filed on
Oct. 26, 2023, now Pat. No. 12,174,671, which 1s a
continuation of application No. 17/860,643, filed on
Jul. 8, 2022, now Pat. No. 11,822,390, which 1s a
continuation of application No. 17/032,892, filed on
Sep. 25, 2020, now Pat. No. 11,385,682, which 1s a
continuation of application No. 16/740,646, filed on
Jan. 13, 2020, now Pat. No. 10,845,848, which 1s a
continuation of application No. 16/408,317, filed on
May 9, 2019, now Pat. No. 10,579,105, which 1s a
continuation of application No. 15/870,672, filed on

Jan. 12, 2018, now Pat. No. 10,303,218.

Provisional application No. 62/453,014, filed on Feb.
1, 2017.

100

Publication Classification

(51) Int. CL.
GOGF 1/16 (2006.01)
CO3C 21/00 (2006.01)
GO2F 1/1333 (2006.01)
GO9IF 9/30 (2006.01)
HOSK 1/02 (2006.01)
HOSK 1/03 (2006.01)
H10K 59/12 (2023.01)
H10K 77/10 (2023.01)
H10K 102/00 (2023.01)
(52) U.S. CL
CPC ... GO6F 1/1652 (2013.01); CO3C 21/002

(2013.01); GO2F 1/133305 (2013.01); GO6F
1/1616 (2013.01); GO6F 1/1618 (2013.01):
GO6F 1/1626 (2013.01); GO6F 1/1641
(2013.01); GO9F 9/301 (2013.01); HOSK
1/028 (2013.01); HO5K 1/0306 (2013.01):
GOGF 2203/04102 (2013.01); HI0K 59/12
(2023.02); HIOK 77/111 (2023.02); HI0K
2102/311 (2023.02)

(57) ABSTRACT

Electronic devices including a display layer and a cover
layer including a foldable region are disclosed herein. The
display layer and the cover layer are configured to be moved
between a folded configuration and an unfolded configura-
tion by bending the cover layer along the foldable region.
Methods of making a cover layer for an electronic device are
also disclosed.




Patent Application Publication Aug. 13,2026 Sheet 1 of 27 US 2026/0236068 Al

FIG. 14




Patent Application Publication Aug. 13,2026 Sheet 2 of 27 US 2026/0236068 Al

280

11111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111

1) t201

NN . , 210

.”' g T R S S S Pl PR S UL N S . N 7 . B — I L ;
l\_ Rk Ll b e e ke ke e e e e e e e e e e e ke ek

A i A $vid r201
L L L A L L L L L L L L N L L L L UL L L L L gl ¥

210“}/’ PPN T T P S AL A TN (. S S S

FiG. 2B

 ianrianrianmanninninniandandandantinnabnninninandandandondanninninninninniantondoandnnanninnionind  f

A y . . . a

FiG, 20



Patent Application Publication Aug. 13,2026 Sheet 3 of 27 US 2026/0236068 A1l

300

)

11111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111
111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111

I ML 9 oxow LI v v ¥ LI os w W B R I I v v ¥ LI G

o i o s i g e e o o e e e e o e : ‘lil
.4 ,,*li.:lll,l!,l,l!!!l,l,l,l,ll,l,!l,l,l,l!!!l,l,l,l,l,l!!!!!!l,l,l!!!!!l,l,l,l,l,l!!!!l,l!,ll,!l,l,l,l!!!!l,l,!l,l,l,l,lll,l,l,l,l,l!,ll,l,!l,l,ll,l,l!!l,l,l,l!,ll,l,l,l,l,l!,l!!!l,l,l,l!!!!!l,l,l,l!!!l,l,l,l,l!,ll,!l,l,l,l!!!!l,l,l,l,l,l!,l!!!lﬂl' '

1//4 .
'y \,/f

302< | %‘ 382
Ao 330
. e A e e e T T e
I e e e e e e e mcee: BN VA

\RH“ _#£/°\m310

;}'}2:,!;“;}.':5““““"ﬂﬂﬂﬂwﬁﬂ""""“‘“ b
38 bl IS
3~ \ A

AT 2 0 R A Y A Y A G A W A M [ - oy v v v .
THIIHIINIHEI NI INIIHININIEHIININHIINIHEIINIEHIIINNIIHIIINIHIINDIIIHIINI N HIINI I L {IIHIININIHIINIIHIInIHNn

320
330"

FiG. 3B




Patent Application Publication Aug. 13,2026 Sheet 4 of 27 US 2026/0236068 Al

" 401

ﬂli..

*.'..“IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII“"?

481

’; ’; 1] 401
N/ N N A

T, :iﬂiilﬂllﬂiilﬂlﬂiilﬂilﬂiillillﬂiimliﬂiimlﬂiiimlﬂiilﬂilﬂiillillﬂiillllﬂiill iilllilﬂiillililﬂil“lﬂiillﬂ'- P
e nleomolimnlimmilommimmf? ol gl e i m o e i m sl i om i mmemm mommallardl oleflemolmnimcae P o

430
420‘\
410"

FiG. 48

I A I AN NN NN RN NN NN EEEEEE IR N NN RN R RN I EHEE AR HI NN R RSN ENE R NS NN ESEENENNERHEREENEEREHENEENEENEENENREENEARNNRENEER!

11111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111

"m""m"m""mx Y AR SN S Y AR AR SN Y S A A RN Y A SR L A R A

FiIG. 4C



Patent Application Publication Aug. 13,2026 Sheet 5 of 27 US 2026/0236068 A1l

- N\ 530

4 T et g e e ot e g e e
"” ngnat I e e et Ll S, S, — e T e . L T — LY ——— . L L T —— — . . — 510
¥ L L L R L N L L L L L L L e L L e L L L L L L L R L L L UL L L LT TS Y

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, > ..'ln

f>501

283

l.ii‘.q.I!lIEiIlEl-EII!EIlEﬂIEHIlﬁIIHIl!ﬁIlEIIHHIlEIlEﬂIEHIlEIIEil!ﬁIlEII!HIlEIlEiIEiIlEIIHIllﬁIlEI-!HIlEIlEﬂIEHIlEIIHIl!ﬁIlEIIHHIlEIlEﬂIEHIIEIIHII!HIIEII!HII’

o~ h“liIlIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIi'j'!'1

LR™

.

e

. . -

- .- - u w ¥ w - L N L L .- - u w ¥ w - L o= " -
-

:illllil'lilIlllll'lillﬂjil:lllllIlil’llllllil'llillll:5 'flﬂllll'llﬂllil’lilﬂlil’l’l]lljlil’llllﬂlll'lil“llilhﬁw
" : b " e, < i : $

W

N e e I ot
ey T e et T T e e e et rrede ey Sttt Y,

530"

~510
- 5§20
\-530

WA AN A L N SRLN L A A N NGRS L N SN A WA LA A AL AN A LR A S RN Y A A LA A A R A

A A R A NN NN A N RN s AR H R AR N AN NN NN AN AR

FiIG. 5C



Patent Application Publication Aug. 13,2026 Sheet 6 of 27 US 2026/0236068 A1l

602
.

681 682

602
N

FIG. 6C



Patent Application Publication Aug. 13,2026 Sheet 7 of 27 US 2026/0236068 A1l

702
\

781 782

702

FIG. 7C



Patent Application Publication

851<

Aug. 13,2026 Sheet 8 of 27

831

852 <

1111111111111111111111111111111111111111111111

802
. 832
A
822
\
N 842

853 <

FIG. 8B

802

FIG. 8C

US 2026/0236068 Al



Patent Application Publication Aug. 13,2026 Sheet 9 of 27 US 2026/0236068 A1l

AN,

FIG. 94

e




Patent Application Publication Aug. 13,2026 Sheet 10 of 27  US 2026/0236068 Al

~. 1062

FiG, 108

RN N NN N N NP )

( (
11075 O\NMI 1076

FIG. 10C

FIG. 16D



Patent Application Publication Aug. 13,2026 Sheet 11 of 27  US 2026/0236068 Al

FIG. 11B



Patent Application Publication Aug. 13,2026 Sheet 12 of 27  US 2026/0236068 Al

1251

FIG. 124




Patent Application Publication Aug. 13,2026 Sheet 13 of 27  US 2026/0236068 Al

FiG, 13



Patent Application Publication Aug. 13,2026 Sheet 14 of 27  US 2026/0236068 Al

1400a

1410a
A
4 1404a
1402a
1412a 1406a
FIG. 144
1402b

1412b 1406b

FIG. 14B



Patent Application Publication Aug. 13,2026 Sheet 15 of 27  US 2026/0236068 Al

FIG. 14C



Patent Application Publication Aug. 13,2026 Sheet 16 of 27  US 2026/0236068 Al




Patent Application Publication Aug. 13,2026 Sheet 17 of 27  US 2026/0236068 Al

FiG, 174

FIG. I78



Patent Application Publication Aug. 13,2026 Sheet 18 of 27  US 2026/0236068 Al

FiG. 184

FIG. 18B



Patent Application Publication Aug. 13,2026 Sheet 19 of 27  US 2026/0236068 Al

190 190

FiG. 194

FiG. 198



Patent Application Publication Aug. 13,2026 Sheet 20 of 27  US 2026/0236068 Al

2010a
A 2002a

“““““““““ 70122

2006a 2008a 2004a
FIG. 204
20{001:
2010b
" 2002b
4 A

L““““““““w 2017h

2006b 2005b  2008b 2004b

FIG. 20B



Patent Application Publication Aug. 13,2026 Sheet 21 of 27  US 2026/0236068 Al

Yo 2004c

FiG, 20C



Patent Application Publication Aug. 13,2026 Sheet 22 of 27  US 2026/0236068 Al

2100a

2102a

LN NN N N N N N N N N N N Y

FIG. 214

2100b

2102b

| | A A A ANV AR A

FIG. 21B



Patent Application Publication Aug. 13,2026 Sheet 23 of 27  US 2026/0236068 Al

2110¢

§
¥

2102¢ 2100¢

S S0 o

—_——

FiIG. 21C



Patent Application Publication Aug. 13,2026 Sheet 24 of 27  US 2026/0236068 Al

4 W W, T T - - o F il T - T ] ) : : . _ ; . . ; _ : : . ST il 3N d M i 3
e o e . Su & oW D S ; . . ' e e W ' o e W ' e W mtm #.mte W oW D ‘ot . oW

. ] h e. - 53 N L) - L [ o k. - L ®- ‘v . [
Dz‘d ¥ . . e s e R s ' [ bl - -' hd n |Il - " ..1

- & R " W *- - & e ' E ¥ oW o ® R ww

s W ¥ W ¥ ¥ A a8 3 W ¥ W ¥ ¥ @M oA s % ¥ oW ¥ ¥ A a4 3
A % B ® % % & B & 3 B = S _# & & & 3 B & & _# © B & 3

" : ¥ . T . & » 2 k- . » o %
':. » a 'R .. . L3 & '.:". X . ; - .3 3 - . Lt ]
LN o .
M » " u ». " [ A, w g -=f a ™3 o > n - ™ - . w ™ - N
. . ' . Lo ’ b . . . . . -
» '3 - Y & n . w g WE w T o % - - % > - E .} '][:);R
y . Y - @ q . - . . . - . 1
. e % Fw W e Pa " e w P 1. : L BT N Ya . @ Pa o « e oy
. *, ¥ Ly By & v p g - ‘', * C M My W, ¥ y 8 e YO i

FIG. 22

23?6

> 2304

FiG. 23



Patent Application Publication Aug. 13,2026 Sheet 25 of 27  US 2026/0236068 Al

Fe. @ «w v 2 &8 &4 @ w. ® W ¥ 5 & ® @ w. @ W ¥F F 8 @& @ w. @ W F F B & @ w. @ ¥ F 5 8 @& @ w. € W F F 8B @& @ w. @ W ¥ F
_________________________________________________________________________________________

F s » & W ¢ o & & B ¥ & W F £ & & B ¥ & W F e @ & B ¥V &€ W #F w4 & B ¥ &£ W F 8 & & B ¥ & W 4 0 @& & B ¥ & W 8
y* * & ¢ ¢ £ ‘5 & 3 + % ¢4 T £ & & ¥ F & & T £ 5 & 3 + & & @ £ &6 & ¥} + & <& T & S5 & 3 + & & T £ © & 3 F & & T 4 LDZ
‘'m ¥ 8 % ¥ @ ‘o 4 7 ¥ 44 £ ¥« €« o 4 F ¥ 4 € £« € o 4 F ¥ €4 € ¥ « 0o @4 F ¥« 4 £ ¥ @« o @4 F ¥ 4 £ €« €€ o0 4 T ¥ @€ € «f

i & & & # & €& © 5> & & & & &£ €& O 5 & & & & €& € © 5 3 & & € €& € © 5 3 s & £ & © © > 3 5 & € € € © 5 3 ¥ & =€ & X
y 4 & =S m B & &4 @ § &2 S ® B & & @ 3§ & s & 5 € & @ @5 s# 4 =5 & & a g8 S s B € &4 @ § 2 s 8 =5 € &4 @ @7 »a s«§ & s
' & & m & & & @ 3 & & A& &£ & & I I & & A £ & € I 3 & S & £ & € @ 3 & & W £ & & I F & & A £ & © I I & & & €

FIG. 244

TENSION ¥ COMPRESSION

FiG, 248



Patent Application Publication Aug. 13,2026 Sheet 26 of 27  US 2026/0236068 Al

2300

BEND SHEET COMPONENT  |_2502

ANNEAL SHEET COMPONENT mzsm

BEND SHEET COMPONENT  |~_2506




Patent Application Publication

2600

Aug. 13,2026 Sheet 27 of 27  US 2026/0236068 Al

OUTPUT DEVICE |~ 2612

CONTROL
CIRCUITRY

DISPLAY  |~2614

2610-




US 2026/0236068 Al

FOLDABLE COVER AND DISPLAY FOR AN
ELECTRONIC DEVICEL

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application 1s a continuation patent applica-
tion of U.S. patent application Ser. No. 18/978,048, filed
Dec. 12, 2024, which 1s a continuation patent application of
U.S. patent application Ser. No. 18/384,181, filed Oct. 26,
2023, now U.S. Pat. No. 12,174,671, which 1s a continuation
patent application of U.S. patent application Ser. No.
17/860,643, filed Jul. 8, 2022, now U.S. Pat. No. 11,822,390,
which 1s a continuation patent application of U.S. patent
application Ser. No. 17/032,892, filed Sep. 25, 2020, now
U.S. Pat. No. 11,385,682, which 1s a continuation patent
application of U.S. patent application Ser. No. 16/740,646,
filed Jan. 13, 2020, now U.S. Pat. No. 10,845,848, which 1s
a continuation patent application of U.S. patent application
Ser. No. 16/408,317, filed May 9, 2019, now U.S. Pat. No.
10,579,105, which 1s a continuation patent application of
U.S. patent application Ser. No. 15/870,672, filed Jan. 12,
2018, now U.S. Pat. No. 10,303,218, which i1s a nonprovi-
sional patent application of and claims the benefit of U.S.
Provisional Patent Application No. 62/453,014, filed Feb. 1,
2017, the disclosures of which are hereby incorporated
herein by reference in their entireties.

FIELD

[0002] The described embodiments relate generally to
bendable or flexible layers for an electronic device. More
particularly, the present embodiments relate to bendable
covers coupled to a display layer for an electronic device.

BACKGROUND

[0003] Traditionally, electronic devices have a single form
factor that may be driven by the size and shape of the
display. Because many traditional displays are rigid or at
least not flexible, a traditional device that 1s adaptable to
accommodate multiple form factors includes the use of a
mechanical hinge or pivot joint. However, these traditional
configurations used for traditional notebook and tablet
devices are inherently limited by the integration and size
required by a separate mechanical hinge.

[0004] Embodiments described herein are directed to
devices and techmiques for forming portable electronic
devices having a flexible cover coupled to a flexible display
that do not have the limitations or drawbacks associated with
some traditional solutions.

SUMMARY

[0005] Embodiments described herein relate to techniques
for forming flexible cover sheets. In particular, cover sheets
may be formed to facilitate localized bending or flexing
without producing unacceptable levels of internal stress. The
embodiments described herein can be used to manufacture
cover sheets formed using glass, sapphire, or other ceramic
materials.

[0006] Additional embodiments described herein relate to
clectronic devices including flexible cover sheets. The elec-
tronic devices may further include a flexible display layer.
An example electronic device comprises a display layer and
a cover layer coupled to the display layer and defimng a
foldable region, wherein the display layer and the cover

Aug. 13,2026

layer are configured to be moved between a folded configu-
ration and an unfolded configuration by bending the cover
layer along the foldable region. In embodiments, the fold-
able region of the cover layer comprises a ceramic materal,
such as a glass, a metal oxide ceramic, or other ceramic
material. In further embodiments, the ceramic material
defines at least a portion of an exterior surface of the
clectronic device.

[0007] In some embodiments, the cover layer comprises a
continuous layer of a ceramic material. An exterior surface
of the continuous layer of ceramic material can define an
exterior surface of the electronic device. Such an arrange-
ment can present an impact and/or scratch resistant surface
to a user. An opposing interior surface of the continuous
layer of ceramic material can face the display layer.

[0008] In embodiments, the continuous layer of ceramic
material has a substantially uniform thickness. In some
embodiments, the continuous layer of ceramic material may
be treated to modity the stress state 1n the layer 1 order to
facilitate folding of the layer. For example, the continuous
layer of ceramic material may have a reduced stress condi-
tion at an intermediate configuration, between the folded
configuration and the unfolded configuration of the elec-
tronic device. As another example, the continuous layer of
ceramic material may be treated to reduce the tensile stresses
in the layer in a folded configuration of the device as
compared to a conventional ceramic cover sheet 1n the same
folded configuration.

[0009] In additional embodiments, the continuous layer of
ceramic material has a variable thickness to facilitate folding
of the layer. For example, the continuous layer incorporates
one or more relief features on the exterior side, the interior
side, or both sides of the layer 1n the foldable region. A reliet
feature may provide a locally thinned region of the continu-
ous layer of ceramic matenial; the continuous layer of
ceramic material may also be referred to as a substrate. The
cover layer may further comprise a filler material disposed
in the relief feature.

[0010] In embodiments, an electronic device comprises: a
display; a substrate coupled to the display and having a
foldable region including a relief feature; and a filler dis-
posed 1n the relief feature and optically index matched to the
substrate, wherein the substrate 1s configured to move
between a folded configuration and an unfolded configura-
tion by folding and unfolding the foldable region. An
example cover layer comprises: a substrate having an array
of relief features formed into a surface of the substrate; and
a filler disposed 1n the array of relief features and having an
optical index that 1s index matched to the substrate.

[0011] In further embodiments, a laminate cover layer
comprises a laminate of a continuous layer of ceramic
material combined with segments, panels or panel layers of
a different material. The continuous layer of ceramic mate-
rial may be of substantially uniform thickness or of variable
thickness. In this arrangement, the continuous layer of
ceramic material may be referred to as a base layer for the
attached panels. The panels may be arranged over and
allixed to an interior side of the continuous layer, facing the
display layer. In an example, the panels have a lower
stiflness than the continuous layer but have suflicient stifl-
ness to support the continuous layer away from the foldable
region. The panels may also have a greater thickness than the
continuous layer to support the continuous layer and/or
provide impact absorption. A set of panel layers may define
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a set of gaps. Gaps between the panels may be filled with an
additional material having a lower stiflness than the panels
to facilitate folding of the cover sheet. In some embodi-
ments, a single gap between two panels defines the foldable
region. In other embodiments, the foldable region includes
one or more panels; the one or more panels in the foldable
region may have at least one dimension (e.g., length and/or
width) that 1s smaller than panels outside the foldable region.

[0012] In embodiments, an electronic device comprises: a
display and a laminate cover layer coupled to the display and
comprising: a ceramic base layer; a set of panel layers
arranged over a surface of the ceramic base layer and
defining a foldable region, wherein the display and the
laminate cover layer are configured to be folded along the
foldable region. An example laminate cover layer com-
prises: a ceramic base layer; a set of panel layers bonded to
the ceramic base layer and defining a set of gaps, each gap
defined between an adjacent pair of panel layers of the set of
panel layers; and a filler material disposed 1n the each of the
set of gaps, the filler material being index matched to at least
one of the ceramic base layer or the set of panel layers.

[0013] In additional embodiments, a laminate cover layer
comprises a laminate of segments, panels, or panel layers of
ceramic material combined with a continuous layer of a
different matenial. As an example, the segments of ceramic
material may be combined with a continuous layer of a
soiter material, the continuous layer of the softer materal
being thicker than the segments of ceramic material. The
continuous layer of the softer material may be referred to as
the base layer and the panels of ceramic material athxed to
the outer side of the base layer. The mnner side of this base
ayer faces the display layer. The foldable region may
include one or more panels; the one or more panels 1n the
toldable region may have at least one dimension (e.g., length
and/or width) that 1s smaller than panels outside the foldable
region.

[0014] In embodiments, an electronic device comprises: a
display and a laminate cover layer coupled to the display and
comprising: a base layer; a set of ceramic panel layers
arranged over a surface of the base layer and defining a
foldable region, wherein the display and the laminate cover
layer are configured to be folded along the foldable region.
An example laminate cover layer comprises: a base layer
and a set of ceramic panel layers bonded to the base layer
and defining a set of gaps, each gap defined between an
adjacent pair of ceramic panel layers of the set of ceramic
panel layers. In further embodiments, the set of panel layers
1s at least partially embedded into the surface of the base
layer, and a portion of the base layer fills gaps that are
defined between adjacent panel layers of the set of panel
layers.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] The disclosure will be readily understood by the
following detailed description 1n conjunction with the
accompanying drawings, wherein like reference numerals
designate like elements.

[0016] FIGS. 1A and 1B respectively illustrate a device 1n
open and closed configurations.

[0017] FIGS. 2A, 2B, and 2C respectively show cross-
sectional views of a device 1n folded, partially unfolded, and
unifolded configurations.
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[0018] FIGS. 3A, 3B, and 3C respectively show cross-
sectional views of another device in folded, partially
unfolded, and unfolded configurations.

[0019] FIGS. 4A, 4B, and 4C respectively show cross-
sectional views of another device in folded, partially
unfolded, and unifolded configurations.

[0020] FIGS. SA, 3B, and 5C respectively show cross-
sectional views of another device in folded, partially
unfolded, and uniolded configurations.

[0021] FIG. 6A 1llustrates a side view of a sheet compo-
nent preformed to a preliminary shape and annealed.
[0022] FIG. 6B shows the sheet component of FIG. 6A 1n
a folded position.

[0023] FIG. 6C shows the sheet component of FIG. 6A 1n

an unfolded position.

[0024] FIG. 7A 1illustrates a side view of another sheet
component preformed to another preliminary shape and
annealed.

[0025] FIG. 7B shows the sheet component of FIG. 7A 1n

a folded position.
[0026] FIG. 7C shows the sheet component of FIG. 7A 1n

an unfolded position.
[0027] FIGS. 8A, 8B, and 8C 1illustrate alternate bend

shapes for a preformed sheet component.

[0028] FIGS. 9A, 9B, and 9C 1illustrate formation of a
bend 1n a sheet component using a pair of plates; the sheet
component 1s shown from the side.

[0029] FIGS. 10A,10B, 10C, and 10D 1llustrate formation
of a bend 1n a sheet component using a mandrel; the sheet
component 1s shown from the side.

[0030] FIGS. 11A and 11B 1illustrate formation of a bend
in a sheet component using adjustable rollers; the sheet
component 1s shown from the side.

[0031] FIG. 12A 1llustrates a preliminary shape of a sheet
component.
[0032] FIG. 12B illustrates an adjustment of the shape of

FIG. 12A to a tighter bend radius before strengthening.

[0033] FIG. 12C illustrates an unfolded configuration of
the sheet component of FIGS. 12A and 12B.

[0034] FIG. 13 1llustrates an example cross-sectional view
ol a cover sheet coupled to a display layer using a cladding
layer.

[0035] FIG. 14A1llustrates an example cover sheet having
a single relief feature.

[0036] FIG. 14B illustrates an example cover sheet having
multiple relief features.

[0037] FIG. 14C illustrates an example electronic device
in a folded portion, the electronic device including a cover
sheet having a single relief feature and a flexible display
layer.

[0038] FIGS. 15A and 135B 1llustrate example cover sheets
having an array of relief features formed on two sides of a
substrate.

[0039] FIG. 16 illustrates an example cover sheet having
two asymmetrical sets of relief features formed on two sides
ol a substrate.

[0040] FIGS. 17A and 17B 1illustrate an unfolded and
folded state of an example cover sheet having relief features.
[0041] FIGS. 18A and 18B 1illustrate an unfolded and
folded state of an example cover sheet having two sets of
relief features.

[0042] FIGS. 19A and 19B illustrate an unfolded and
folded state of another example cover sheet having two sets
of relief features.
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[0043] FIGS. 20A and 20B depict example cover sheets
formed from a laminated stack of layers.

[0044] FIG. 20C illustrates an example electronic device
in a folded portion, the electronic device including a lami-
nate cover sheet and a flexible display layer.

[0045] FIGS. 21A and 21B depict example cover sheets
having multiple panels mtegrated with a tlexible substrate.
[0046] FIG. 21C illustrates an example electronic device
in a folded portion, the electronic device including another
laminate cover sheet and a flexible display layer.

[0047] FIG. 22 1llustrates a cross-sectional view of a sheet
component with a locally thinned region which has been
chemically strengthened.

[0048] FIG. 23 illustrates masking of the locally thinned
regions of the sheet component shown 1n FIG. 22.

[0049] FIGS. 24A and 24B illustrate strengthening of
different sides of a sheet component to different depths.
[0050] FIG. 25 1s a flowchart providing an example of a
method for producing a chemically strengthened preformed
cover glass.

[0051] FIG. 26 shows a block diagram of components of
an electronic device.

[0052] The use of cross-hatching or shading 1n the accom-
panying figures 1s generally provided to clarity the bound-
aries between adjacent elements and also to facilitate leg-
ibility of the figures. Accordingly, neither the presence nor
the absence of cross-hatching or shading conveys or indi-
cates any preference or requirement for particular materials,
material properties, element proportions, element dimen-
sions, commonalities of similarly illustrated elements, or
any other characteristic, attribute, or property for any ele-
ment 1llustrated 1n the accompanying figures.

[0053] Additionally, it should be understood that the pro-
portions and dimensions (either relative or absolute) of the
various lfeatures and elements (and collections and group-
ings thereot) and the boundaries, separations, and positional
relationships presented therebetween, are provided in the
accompanying figures merely to facilitate an understanding
of the various embodiments described herein and, accord-
ingly, may not necessarily be presented or illustrated to
scale, and are not intended to indicate any preference or
requirement for an 1illustrated embodiment to the exclusion
of embodiments described with reference thereto.

DETAILED DESCRIPTION

[0054] The following disclosure relates to electronic
devices having a tlexible or bendable region. More specifi-
cally, the embodiments described herein are directed to an
clectronic device having a display layer and a cover layer
that are configured to fold or bend along a flexible or
bendable region. The flexible cover layer may be formed
from a ceramic material (e.g., glass, strengthened glass,
sapphire, zirconia) to provide some measure ol protection
for the flexible display from impact or other potential
damaging contact. The flexible cover layer may also provide
structural support for the display along both the folded and
non-folded regions of the device. As used herein, a cover
layer may also be referred to as a cover sheet or simply as
a cover.

[0055] In general, a foldable electronic device can be
folded to accommodate a variety of form {factors. For
example, a foldable electronic device may be used 1n an
untfolded configuration to allow use of an entire display area.
The foldable electronic device may also be used 1n a folded
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configuration, which may have a more compact size and
may also provide a smaller display area. As described in
more detail below, a foldable electronic device may be
configured to allow multiple folds to provide multiple dis-
play arrangements for the electronic device. In some cases,
the electronic device can be partially or wholly unfolded to
adjust the size of the viewable display area.

[0056] Example electronic devices include a display and a
cover sheet positioned over the display to provide protection
and structural support for the display. The cover sheet may
be generally referred to as a cover layer and may include one
or more glass or other ceramic layers. The display may be
generally referred to herein as a display layer, which may
include various elements that are configured to produce a
dynamic visual output. An example display layer may
include a liquid crystal display (LCD), an organic light
emitting diode (OLED) display, an active layer organic light
emitting diode (AMOLED) display, an electrophoretic (elec-
tronic k) display, or other similar type of display compo-
nents. In some embodiments, the display layer may be
coupled to the cover layer using an adhesive layer, cladding
layer, or other bonding agent. The electronic device may
also 1nclude one or more additional device elements that are
coupled to the display layer and cover layer. As described 1n
more detail herein, the additional device elements may
include a battery, circuit boards, circuit substrates, backing
layers, and/or housing elements.

[0057] The display may be configured to bend or fold
along a flexible or bendable region of a foldable electronic
device. Flexible displays include, but are not limited to, thin
film transistor (TFT) displays, LCD display, and OLED
displays that are formed from one or more flexible layers. In
particular, the display may include or be integrated with
various layers, including, for example, a display element
layer, display electrode layers, a touch sensor layer, a force
sensing layer, and the like, each of which may be formed
using tlexible substrates. For example, a flexible substrate
may be formed from a polyimide, PEEK, Mylar or other
similar type of material. The tlexible substrate may have one
or more layers of conductive elements or traces that route
clectrical signals to electronic components positioned along
the flexible substrate.

[0058] In some embodiments, information regarding con-
figuration and/or orientation of the electronic device may be
used to control the output of the display. Example sensors
include accelerometers, gyroscopes, magnetometers, and
other similar types of position/orientation sensing devices.
Such information may be provided by one or more sensors
that are operably coupled to processing circuitry, which
controls the display based on the sensor signals. For
example, a portion of a display may be turned oil, disabled,
or put 1n a low energy state when the device 1s transitioned
from an unfolded position to a folded configuration. This
may be useful when a portion of the display 1s not visible on
a part of the display when the device 1s 1 a folded or
partially folded position. Similarly, the display may be
adapted to display graphical output 1n a rotated mode (e.g.,
from landscape to portrait mode) depending on whether the
device 1s 1n an unfolded or folded configuration, which may
change the overall aspect ratio of the viewable area of the
display. The display output may also be re-oriented based on
the changes in orientation of the device.

[0059] Example display and cover layers may include a
toldable region that 1s configured to fold or bend about the
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region. In some embodiments, the display and/or cover
layers are configured to allow localized folding or bending
such that the fold occurs over only a portion of the layer. For
example, an arc length of the fold or bend may be less than
a length or width of the display or cover layer. In some cases,
a foldable region i1s positioned between two non-folding
regions. The non-folding regions may have a flat, arced,
contoured or virtually any other type of shape. However, the
non-folding regions may be generally configured to maintain
a consistent or static geometric shape or form when the

device 1s folded and unfolded.

[0060] Several parameters can be used to describe the
geometry of folds or bends 1n sheet components. In general,
a fold or bend may be characterized at least 1n part by the
mimmum radius of curvature as measured, for example, on
the inside surface of the device element. Example radi of
curvature include, but are not limited to, radi1 less than 25
mm, less than 15 mm, less than 10 mm, from 1 mm to 25
mm, from 2 mm to 25 mm, from 1 mm to 10 mm, from 2
mm to 10 mm, from 2 mm to 7 mm, or from 5 mm to 15 mm.
In addition to or as an alternative to describing a bend as
having a radius of curvature, a bend or fold may be measured
or characterized as the distance between the endpoints of the
fold or bend. In an example, the fold or bend can be
characterized by a bend width, which may be measured
between two points on the inner surface of the device when
the device 1s 1n a folded configuration. Further, the fold or
bend can also be characterized by an inclusive angle defined
by the bend. As an example, a portion or component of the
device may be folded back onto a common plane or direc-
tion, which could be described as a bend angle of about
180°. As an additional example, the bend angle 1n the folded
configuration may be in the range from 135 degrees to 180
degrees. As referred to herein, a bend axis 1s a virtual line
that defines the center around which the device or compo-
nent of the device 1s bent.

[0061] As described herein, a foldable electronic device
may have a cover layer that 1s coupled to a display layer or
clement. In general, a cover layer may be characterized as
having two generally opposing sides or faces, with at least
one edge joining the sides or faces. An mmward facing side of
the cover may face the display, and an outward facing side
of the cover may face a user 1n some configurations of the
device. In addition, when a foldable region of the cover layer
1s folded or bent, one side of cover layer forms the 1nner
surface or portion of the folded/bent region (also reterred to
as the inside of the fold or bend) and the other side of the
cover layer forms the outer surface or portion of the folded/
bent region (also referred to as the outside of the fold or
bend). The radius of curvature and/or the bend width of the
folded/bent region may be measured from the nside surface

as 1llustrated in FIGS. 6 A and 6B and described below.

[0062] In some embodiments, a cover layer suitable for
use with the electronic devices disclosed herein includes one
or more ceramic layers or substrates. The ceramic layers or
substrates may have a substantially uniform thickness or
may vary in thickness as illustrated in embodiments
described herein. In some embodiments, the thickness of the
ceramic layer or substrate ranges from 25 um to 400 um. In
additional embodiments, the thickness of the ceramic layer
or substrate 1s from 1 um to 20 um, from 5 um to 15 um, or
from 1 um to 10 um. As used herein, the terms “ceramic,”
“ceramic material,” and “‘ceramic layer” may be used to
describe materials having both crystalline and amorphous
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inorganic materials. Example ceramics include, but are not
limited to, metal oxide-based materials. Metal oxide-based
materials include, but are not limited to, silica-based mate-
rials (e.g., glasses such as aluminosilicate and borosilicate
glasses), alumina-based materials (e.g., single-crystalline
and polycrystalline sapphire), zirconia-based materials, and
mixed metal oxides such as spinel-based materials (e.g.,
magnesium aluminum oxide). As used herein, ceramics do
not include bulk materials that may be characterized as
metals and metal alloys. However, a ceramic may include a
metal or metal alloy as a constituent component or applied
to the surface of the ceramic. In some embodiments, the
ceramic layer or ceramic material 1s optically transparent.
For example, the optical transmissivity of the ceramic layer
or ceramic material 1s at least 90%. In some embodiments,
the ceramic layer or ceramic material 1s translucent or
otherwise able to transmit or pass light. As examples,
ceramic layers of substantially uniform thickness may have
a thickness that 1s uniform to within +/-5% or +/-10%.

[0063] For a cover layer including a continuous ceramic
layer, the electronic device may be folded so that the
continuous ceramic layer 1s on the inside or the outside of a
given fold. If the continuous ceramic layer 1s on the nside
of a fold, the exterior surface of the continuous ceramic layer
will be on the inside of the fold. Conversely, 11 the continu-
ous ceramic layer 1s on the outside of a fold, the exterior
surface of the continuous ceramic layer will be on the
outside of the fold. In either configuration, the ceramic layer
may define an exterior surface of the electronic device over
the fold or foldable region.

[0064] In some embodiments, a continuous ceramic layer
may be treated to have a reduced stress condition at an
intermediate configuration, between the folded configura-
tion and the unfolded configuration of the electronic device.
As an example, the foldable region of the continuous
ceramic layer may be treated so that a first portion of a
foldable region located at the 1nside of the fold 1n the folded
configuration has a first compressive stress 1n the folded
configuration; a second portion of the foldable region
located at the outside of the fold in the folded configuration
has a second compressive stress 1n the unifolded configura-
tion; the first portion has a third compressive stress 1n an
intermediate configuration, between folded and unfolded
configurations, that 1s less than the first compressive stress;
and the second portion has a fourth compressive stress 1n the
intermediate configuration that 1s less than the second com-
pressive stress. In some cases, the first and second portions
of the ceramic layer may have a minimum stress condition
(whether tensile or compressive) when the ceramic layer 1s
in the intermediate configuration, between the folded and
unfolded configurations. As a further example, the continu-
ous ceramic layer may be treated so that the maximum
tensile stress 1n the ceramic layer when the ceramic layer 1s
in the folded condition 1s at least 20%, 30%, or 40% lower
than an untreated equivalent ceramic layer in the folded
condition.

[0065] In additional embodiments, a cover layer com-
prises a substrate comprising a continuous ceramic layer and
reliel features formed into the substrate. As examples, a
relief feature may have a depth that 1s at least 10%, 20% or
30% of the substrate thickness. A relief feature may provide
a locally thinned region that generally extends across the
toldable region. As examples, the minimum thickness of the
continuous layer in the locally thinned region may be 10%,
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20%, 30% or 40% of the thickness away from the locally
thinned region. In addition, a relief feature may provide a
locally thinned region that does not extend across the
foldable region. As an example, multiple relief features may
in combination generally extend across the foldable region.
Further, a relief feature may take the form of a notch-shaped
teature located near an edge of the foldable region; when the
foldable region 1s in the folded position, the relief feature
may located at a corner or other transition region of the bend.

[0066] In many embodiments, the cover layer includes a
translucent or transparent ceramic layer, and the relief fea-
tures may be filled with a filler material that 1s optically
index matched to the translucent substrate. For example, the
filler material may have an optical index of refraction or an
optical mndex of retlection that closely approximates that at
the substrate under normal operating or use conditions. In
some 1nstances, a filler material that 1s index matched may
be characterized as having an optical index (e.g., reflection,
refraction) that 1s substantially matched to that of the sub-
strate or other nearby material. The substrate may comprise
a ceramic material and the filler material may include a
polymer having suitable optical properties for being index
matched and suitable mechanical properties to provide strain
reliel during bending or folding. For example, the polymer
may be an acrylate or a silicone polymer. The polymer may
be an adhesive, such as an optically clear adhesive, or a
polymer other than an adhesive. Optically clear adhesives
include, but are not limited to, acrylate-based and silicone-
based adhesives.

[0067] In additional embodiments, a cover layer com-
prises multiple layers. For example, the cover layer com-
prises a continuous ceramic outer layer and inner layer
segments or panels bonded to the outer layer and defining a
gap between at least one pair of inner layer segments or
panels, with a filler material being disposed in the gap. The
iner layer(s) may be of a maternal that 1s more pliable than
the material of the outer layer. For example, the outer
ceramic layer may be a glass, such as a chemically strength-
ened glass, or an oxide ceramic. Suitable nner layers for
glass ceramic layers include polymer materials. Suitable
iner layers for metal oxide ceramic layers include glasses,
polymers or combinations thereof. For example, the polymer
may be an acrylate or a silicone polymer. Suitable materials
for the filler material include adhesive polymer materials,
such as optically clear adhesives. The filler material may be
selected to have an optical index of refraction that 1s index
matched or substantially matched to at least one of the outer
layer and the outer layer. As an example, a thickness of the
segments or panels of the mner layer may be at least 125%
of the thickness of the outer layer. In examples, the segments
or panels of the 1nner layer have a thickness from two to ten
times or two to five times a thickness of the outer layer.

[0068] As another example, the cover layer comprises a
continuous 1mner layer and ceramic outer layer segments or
panels bonded to the outer layer and defining a gap between
at least one pair of the ceramic outer layer segments or
panels. A set of the panels of the outer layer may define a set
of gaps. The mner layer may be of a maternial that 1s more
pliable than the matenal of the outer layer. For example, the
outer ceramic layer may be a glass, such as a chemically
strengthened glass, or an oxide ceramic. Suitable inner
layers include polymer materials. For example, the polymer
may be an acrylate or a silicone polymer. As an example, a
thickness of the mnner layer may be at least 125% of a
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thickness of the segments or panels of the outer layer. In
examples, the mner layer has a thickness from two to ten
times or two to five times a thickness of the segments or
panels of the outer layer.

[0069] These and other embodiments are discussed below
with reference to FIGS. 1A-26. However, those skilled 1n the
art will readily appreciate that the detailed description given
herein with respect to these figures 1s for explanatory
purposes only and should not be construed as limiting.

[0070] FIGS. 1A and 1B depict a sitmplified example of a
toldable electronic device. FIG. 1A depicts the device 100 1n
an unfolded configuration and FIG. 1B depicts the device
100 1n a folded configuration. The unfolded configuration
may be referred to as an open configuration and the folded
configuration may be referred to as a closed configuration.
As described with respect to other examples provided
herein, a device may include multiple folds and may include

more than two configurations (e.g., folded, partially folded
or unfolded, and unfolded).

[0071] As shown in FIG. 1A, the device 100 includes a
display 120 that 1s viewable through a first side of the device
100. A cover 110 1s positioned over the display 120 and 1s
generally formed from a translucent or transparent material
or substrate. The device 100 may also include a housing 130
that forms at least a portion of an exterior surface of the
device 100. In some implementations, the housing 130 at
least partially surrounds the display 120. In some 1mple-
mentations, the housing 130 forms a backing or backing
layer along a back surface of the display 120. In some cases,

the housing 130 1s optional or 1s integrally formed with the
display 120 and cover 110.

[0072] FIG. 1A depicts the device 100 1n a flat or unfolded
configuration. In accordance with embodiments described
herein, the cover 110, display 120, and optional housing 130
may be folded or bent mto one or more folded configura-
tions. In general, the device 100 may operate 1n a diflerent
state or provide different functionality when folded and
unfolded. In the example of FIGS. 1A and 1B, the device
100 may be operated 1n an interactive mode when unfolded
as shown 1n FIG. 1A and may be 1n a standby, power saving,
or off mode when 1n the folded configuration shown 1n FIG.

1B.

[0073] As shown i FIG. 1B, the device may define
various regions. Specifically, the device 100 may include a
folded or foldable region 101, which forms or defines an
edge or side of the device 100 when the device i1s 1n the
folded configuration, as shown 1n FIG. 1B. The folded or
foldable region 101 may extend between a first non-foldable
region 102 and a second non-foldable region 104. While the
first and second non-foldable regions 102 and 104 are
depicted as flat, 1t 1s not necessary that they be flat or planar
in shape. In general, the shape of the non-foldable regions
102 and 104 does not change or 1s substantially static

between the folded and unfolded configurations of the
device 100.

[0074] Inthe example of FIGS. 1A and 1B, the display 120
and cover 110 are not exposed when the device 100 1s 1n the
tolded configuration (as depicted in FIG. 1B). This may help
protect the display 120 and the cover 110 when the device
1s not 1 use and may be moved or transported. In an
alternative configuration, the device 100 may be folded or
bent 1n an opposite manner resulting in the display 120 and
cover 110 being positioned along an externally facing sur-
face of the device 100 when the device 1s 1n the folded
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configuration. This may allow the user to view and/or
interact with the device 100 in the folded configuration.

[0075] FIGS. 2A-5C depict additional example configu-
rations 1n which the device includes one or more foldable
regions. As depicted in the following examples, the device
may include multiple folds or bends. Each fold or bend may
be configured to fold in a particular direction and have a
particular bend radius. For example, when a device has two
toldable regions, a first localized bend 1s formed 1n a first
toldable region and a second localized bend 1s formed 1n a
second foldable region. In some embodiments, a ratio of a
first bend angle of the first localized bend to a second bend
angle of the second localized bend 1s from 0.3 to 0.7. The
ratio between multiple bend regions may allow the device to
be folded over onto itsell as depicted in the example of
FIGS. 4A-4C and 5A-5C. Additionally, the device may be
configured to have multiple configurations including, for
example, a folded configuration, one or more partially
untfolded/folded configurations, and an unifolded configura-
tion. While the unfolded configurations of the following
examples are depicted as being flat, 1t 1s not necessary that
the device be flat or planar 1n shape 1n an unfolded configu-
ration.

[0076] The devices shown 1in FIGS. 2A-5C mclude a cover
layer, a display layer, and a backing layer, each of which
allows folding of the device in the foldable region(s).
Example cover layers include at least one cover layer
foldable region comprising a ceramic material. The ceramic
material at least partially defines an exterior surface of the
clectronic device. As shown, the display layer and the
backing layer extend across the foldable region and are
suiliciently tlexible to generally conform to the shape of the
cover layer mn a folded configuration of the device. The
display layer and/or the backing layer may be generally
flexible or may include a foldable region aligned with the
toldable region of the cover layer. The foldable region of the
display layer may be capable of presenting output to a user
so that the display 1s viewable over the fold or bend. Flexible
display layers and backing layers are described in more
detail with respect to FIG. 26.

[0077] FIGS. 2A-2C are cross-sectional views of a device
200 having two opposing bends to form an s-shaped folded
configuration. As shown 1n FIGS. 2A-2C, the device 200
includes a cover layer 210, a display layer 220, and a
backing layer 230. The cover layer 210 may be formed from
one or more ceramic layers where at least one of the layers
defines an external surface of the device 200. The cover
layer 210 may be formed from a translucent or transparent
material. In general, the display layer 220 may be viewable
through sides or surfaces of the device 200 having the cover
layer 210 and not viewable though surfaces or side of the
device 200 having the backing layer 230. While the follow-
ing examples are provided with respect to a single-sided
display device, the same principles and embodiments may
be extended to double- or dual-sided display devices.

[0078] FIG. 2A depicts the device 200 1n a fully folded or
closed configuration. In the fully folded or closed configu-
ration, roughly a third of the display layer 220 1s viewable
along a first region 281 of the device 200. The display layer
220 1s also viewable along a first foldable region 201 of the
device 200 located along the right edge, as shown 1 FIG.
2A. The cover layer 210 1s on the exterior of the device on
first region 281 and first foldable region 201. In the fully

tolded or closed configuration, the display layer 220 1s not

Aug. 13,2026

viewable along the second region 282 and third region 283
because those regions are folded over themselves with the
display layer 220 facing inward. Also for the second region
282 and the third region 283, the cover layer 210 1s generally
protected.

[0079] Asshownin FIG. 2A, a second foldable region 202
extends between the second region 282 and the third region
283. In this particular example, the second foldable region
202 has a larger bend radius than the first foldable region
201. The second foldable region 202 1s also configured to
bend 1n an opposite direction than the first foldable region
201. In some 1mplementat10ns the shape or curvature of the
second foldable region 202 may be different from the shape
or curvature of the first foldable region 201.

[0080] FIG. 2B depicts a partially unfolded (or partially
folded) configuration of the device 200. The partially
unfolded configuration may be formed after the third region
283 1s rotated as 1ndicated to straighten or untold the second
foldable region 202. As shown 1n FIG. 2B, roughly a third
of the display layer 220 remains viewable along a first region
281 of the device 200. However, as shown 1in FIG. 2B, the
second foldable region 202 i1s i an unfolded state or
configuration, which unfolds the third region 283 away from
the second region 282. In this state or configuration, roughly
two thirds of the display layer 220 1s viewable along the
bottom or opposite side of the device 200. A portion of the
dlsplay layer 220 also remains visible along the first foldable
region 201.

[0081] FIG. 2C depicts a fully unfolded state or configu-
ration of the device 200. As shown 1n FIG. 2C, the entire
display layer 220 i1s viewable along a single 51de of the
device. As previously mentioned, while the device 200 is
depicted as being flat in the unfolded state or configuration,
it 1s not necessary that the device have a perfectly flat or
planar shape 1n the fully unfolded configuration.

[0082] With respect to each of the configurations of FIGS.
2A-2B, the device 200 may be configured to operate 1n
different modes for each configuration. For example, the
device 200 may be configured to adapt the display layer 220
to only display information along portions or regions that are
viewable to a user 1n a particular configuration. The device
200 may be configured, for example, to display only a
portion or a scaled display for configurations in which a
reduced area 1s visible. The device 200 may also be con-
figured to present different interfaces for different viewable
portions of the display layer 220 depending on whether the
portions are viewable on the front or back of the device 200.
FIG. 2B depicts an example of such a dual display configu-
ration.

[0083] FIGS. 3A-3C are cross-sectional views of another
such device 300 having two opposing bends at different
heights to form an s-shaped folded configuration. As shown
in FIGS. 3A-3C, the device 300 includes a cover layer 310,
a display layer 320, and a backing layer 330. Similar to the
previous example, the cover layer 310 may include one or
more translucent or transparent ceramic layers that define an
exterior surface of the device 300.

[0084] FIG. 3A depicts the device 300 in a fully folded or
closed configuration. In the fully folded or closed configu-
ration, roughly one-third of the display layer 320 1s viewable
along a third region 383 of the device 300. The display layer
320 1s also viewable along a second foldable region 302 of
the device 300 located along the left edge, as shown 1n FIG.
3A. The cover layer 310 1s on the exterior of the device on
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the third region 383 and second foldable region 302. In the
tully folded or closed configuration the display layer 320 1s
not viewable along the first and second regions 381 and 382
and the first foldable region 301; the cover layer 310 is
generally protected in these regions.

[0085] As shown in FIG. 3A, the second foldable region
302 has a larger bend radius than the first foldable region
301. The second foldable region 302 1s also configured to
bend 1n an opposite direction than the first foldable region
301.

[0086] FIG. 3B illustrates a partially unfolded configura-
tion (or partially folded) configuration of the device 300.
The partially unfolded configuration may be formed after the
third region 383 1s rotated as indicated to straighten or
unfold second foldable region 302. As shown in FIG. 3B,
roughly one-third of the display layer remains viewable
along third region 383 and second foldable region 302.
[0087] FIG. 3C depicts a fully unfolded configuration of
the device 300. As shown 1n FIG. 3C, the entire display layer
320 1s viewable along a single side of the device; as shown,
this 1s the front side of the device. As previously mentioned,
while the device 300 1s depicted as being flat in the untfolded
state, 1t 1s not necessary that the device have a pertfectly flat
or planar shape i1n the fully unfolded configuration. As
previously discussed for device 200, device 300 may be
configured to operate 1n diflerent modes for each configu-
ration shown in FIGS. 3A-3B.

[0088] FIGS. 4A-4C show cross-sectional views of a
device 400 having two opposing bends which face each
other in the fully folded configuration. As shown in FIGS.
4A-4C, the device 400 1includes a cover layer 410, a display
layer 420, and a backing layer 430. Similar to the previous
example, the cover layer 410 may include one or more

translucent or transparent ceramic layers that define an
exterior surface of the device 400.

[0089] FIG. 4A depicts the device 400 1n a fully folded or
closed configuration. In the fully folded or closed configu-
ration, roughly two thirds of the display layer 420 1s view-
able along the first region 481 and second region 482 of the
device 400. The display layer 420 1s also viewable along the
first and second foldable regions 401, 402 of the device 400.
The cover layer 410 1s on the exterior of all regions of the
device 400 except third region 483.

[0090] As shown in FIG. 4A, the first foldable region 401

has a smaller bend radius than the second foldable region
402, which allows first region 481 to overlap third region

483. The first foldable region 401 1s configured to bend 1n an
opposite direction than the second foldable region 402.

[0091] FIG. 4B illustrates a partially unfolded (or partially
folded) configuration of the device 400. The partially
unifolded configuration may be formed after the first region
481 1s rotated as indicated to straighten or unfold second
toldable region 402. As shown 1n FIG. 4B, roughly one-third
of the display layer 420 1s viewable from the top of the
device 400 along third region 483. Roughly two thirds of the
display layer 420 1s viewable from the bottom of the device

400, including along first and second regions 481 and 482
and first foldable region 401.

[0092] FIG. 4C depicts a fully unfolded configuration of
the device 400. As shown 1n FIG. 4C, the entire display layer
420 1s visible along a single side of the device; as shown, this
1s the back side of the device. As previously mentioned,
while the device 400 1s depicted as being flat 1n the unfolded
configuration or state, it 1s not necessary that the device have
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a perfectly flat or planar shape in the fully unfolded con-
figuration. As previously discussed for devices 200 and 300,
device 400 may be configured to operate in different modes
for each configuration shown in FIGS. 4A-4B.

[0093] FIGS. 5A-5C show cross-sectional views of
another device having two opposing bends which face each
other in the fully folded configuration. As shown in FIGS.
5A-5C, the device 500 includes a cover layer 510, a display
layer 520, and a backing layer 530. Similar to the previous
example, the cover layer 510 may include one or more
translucent or transparent ceramic layers that define an
exterior surface of the device 500.

[0094] FIG. SA depicts the device 1n a fully folded or
closed configuration. In the fully folded or closed configu-
ration, the display layer 520 1s not viewable as the cover
layer 510 1s on the interior of the device. The cover layer and
display layer are therefore protected from abrasion in this
configuration.

[0095] As shown in FIG. SA, the first foldable region 501

has a smaller bend radius than the second foldable region
502, which allows first region 381 to overlap third region
583. The third region 583 overlaps the second region 582.
The first foldable region 501 1s configured to bend 1n an
opposite direction than the second foldable region 502.

[0096] FIG. 5B illustrates a partially unfolded (or partially
folded) configuration of the device 500. The partially
unfolded configuration may be formed aiter the first region
581 1is rotated to straighten or unfold second foldable region
502. As shown in FIG. 5B, roughly one-third of the display
layer 520 1s visible along first region 581 and first foldable
region 501.

[0097] FIG. 5C 1llustrates an unfolded configuration after
the third region 383 1s rotated as indicated. After the device
500 1s fully unfolded as shown 1n FIG. 5C, the display layer
520 1s now viewable along a single side of the device; as
shown, this 1s the front side. As previously mentioned, while
the device 500 1s depicted as being flat 1n the unfolded state
or configuration, 1t 1s not necessary that the device 500 have
a perfectly flat or planar shape in the fully unfolded con-
figuration. As previously discussed for devices 200-400,

device 500 may be configured to operate 1n different modes
for each configuration shown in FIGS. 5A-5B.

[0098] In general, a folding or bending of a flat component
will result 1n a change 1n the stress state for at least a portion
of the flat component at temperatures where the folding/
bending stress 1s not relieved quickly. A flat component that
1s in1tially unstressed 1n a flat state will, when bent or folded,
induce tensile stresses along an outer portion of the bend or
fold and compressive stresses along an 1nner portion of the
bend or fold. In general, the tensile or compressive stress
induced by bending or folding a flat component depends on
vartous factors including the bend angle or amount of
bending that 1s mnduced at the fold. The tensile or compres-
sive stress also depends on the thickness of the component
and the bend radius of curvature. For a given component, the
maximum tensile stress will increase as the thickness of the
component increases, as the bend radius decreases, and/or as
the bend angle 1s 1increased. In general, 1t may be desirable
to keep the tensile stress below a particular threshold level,
which may drive or limit the amount of bending or the bend
angle of the component. The threshold stress level may also
determine or limait the thickness and/or the bend radius of the
component. The techniques described below with respect to
FIGS. 6-12 and 14A-21B may be used to create components
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having an increased thickness, a decreased bend radius,
and/or a larger bend angle than may be achieved using some
traditional techmiques.

[0099] In some embodiments, a sheet component for an
clectronic device 1s pre-shaped prior to incorporation in an
electronic device to facilitate the formation of a foldable or
bendable region within the sheet component. An example
pre-shaping process includes preforming the sheet compo-
nent to a preliminary shape including a bend region and
annealing the sheet component. The pre-shaping process
may further include a chemical strengthening step. In some
embodiments, the shape of the pre-shaped sheet component
1s influenced by each of the steps 1n the pre-shaping process.
In additional embodiments, the preforming step has the most
influence on the shape of the pre-shaped sheet component.
The sheet component may be used to form or may include
a cover layer of an electronic device.

[0100] Pre-shaping of the sheet component as described
herein can significantly reduce the level of tensile and
compressive stresses induced by bending the sheet compo-
nent to the folded or closed configuration of the device. For
example, when a bend region 1n the pre-shaped sheet com-
ponent 1s at least partially incorporated into a bend 1n the
folded or closed configuration of the device, the stress state
of the bend 1n the pre-shaped sheet component can affect the
stress state of the bend 1n the folded or closed configuration
of the device. In some cases, the preformed and annealed
sheet component 1s referred to as having zero or substan-
tially zero stress. However, it 1s not necessary that the
pre-shaped sheet component have zero residual stresses and
may, in fact, be chemically strengthened to produce an outer
layer that 1s in a compressive state or retain some stress due
to thermal processing. In embodiments, the amount of
tensile and/or compressive stress in the preformed and
annealed sheet component 1s less than a corresponding
tensile and/or compressive stress when the sheet component
1s 1n either a folded or unfolded configuration.

[0101] In general, a preformed sheet component having a
preliminary shape may include a localized bend geometry
that 1s configured to limit the tensile stresses in the sheet
component when the electronic device 1s 1n, for example, a
folded or closed configuration. In general, the tensile
stresses 1n the sheet component in the folded or closed
configuration may be less than those that would be present
in a similar layer 1n the folded or closed configuration which
had not been preformed and annealed. For a given sheet
component thickness, use of a preformed sheet component
can allow a smaller radius of curvature or bend width to be
obtained without exceeding a threshold or safe stress level.
Similarly, for a given radius of curvature or bend width, a
thicker sheet component can be used. In addition, preform-
ing of the sheet component can reduce the amount of
“springback” force when the sheet component 1s 1n a folded
closed configuration.

[0102] In embodiments, the preliminary shape 1s different
from the shape assumed 1n either the open (unfolded) or the
closed (folded) configurations of the sheet component. For
example, the radius of curvature, bend angle and/or the bend
width of the preliminary shape may be different from that of
the sheet component in either the folded or unfolded con-
figuration. In some implementations, the preliminary shape
may be configured so that the sheet component 1s biased
towards either the open (unfolded) or the closed (folded)
configuration.
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[0103] For purposes of the following discussion, a pre-
forming set of operations 1s performed on a sheet compo-
nent. The sheet component may be a cover layer, a ceramic
layer, a substrate and/or laminate having multiple layers of
the same or different materials. For example, the sheet
component may include one or more ceramic (e.g., glass)
layers and may include one or more coatings, cladding
layers, fillers, and/or materials. The sheet component may
also 1nclude one or more translucent or transparent layers or
materials. For ease of reference, the term “sheet component™
1s used to generically refer to any of these configurations.

[0104] In some embodiments, the sheet component 1is
preformed to a preliminary shape intermediate between the
shapes of the layer 1n the open and closed configurations of
the device. For example, the sheet component may be
preformed to a shape including a bend having a radius of
curvature greater than or equal to that in the closed con-
figuration and/or having a bend angle less than that in the
closed configuration. In embodiments, a minimum radius of
curvature of the preliminary shape may be up to two times
greater or up to four times greater than that of the sheet
component 1n the closed configuration. In embodiments, a
bend angle of the preliminary shape may be from 90 degrees
to less than 180 degrees, from 45 degrees to 135 degrees or
from 90 degrees to 135 degrees.

[0105] FIG. 6A 1illustrates an example shape of a pre-
formed sheet component (a cover layer, ceramic layer or a
substrate) having a radius of curvature greater than that of
the cover shape in the closed configuration. In this example,
the sheet component 602 1s formed 1nto a preliminary shape
(as shown) and then annealed to relieve stresses due to the
forming operation. As stated previously, the sheet compo-
nent 602 may have significantly reduced or near zero stress
alter being annealed. In addition, the sheet component may
be cooled gradually enough from the annealing temperature
so as not to induce additional thermal stresses. For example,
inorganic glass sheet components may be cooled gradually
to the strain point to limit thermal stresses.

[0106] In some cases, the sheet component 602 1s chemi-
cally strengthened subsequent to annealing to imnduce com-
pressive stress along the outer portions of the sheet compo-
nent 602. When at least a portion of the foldable region has
been chemically strengthened, the combination of the
stresses due to chemical strengthening and the stresses
generated on folding of the foldable region can determine
the stress state of the glass in the foldable region. For
example, the outer portion can have a compressive stress 1n
the intermediate preformed configuration that 1s less than a
compressive stress in the fully open configuration and
greater than a compressive stress 1n the fully closed con-
figuration. Various chemical strengthening embodiments are
described below 1n more detail with respect to FIGS. 9A-9C
and 22-25.

[0107] The preformed geometry of the sheet component
602 of FIG. 6 A may correspond to an intermediate configu-
ration between the folded configuration of FIG. 6B and the
unfolded configuration of FIG. 6C. As shown in FIG. 6A, the
sheet component 602 1s preformed to have bend portion 651
with a radius of curvature R, and bend angle 0,. FIG. 6B
shows the sheet component 602 as folded in the closed
configuration and having a bend region 652 with a radius of
curvature R, and bend angle 0, of 180 degrees. The bend
regions adjoin regions 681 and 682. FIG. 6C shows the sheet
component 602 as unfolded in the open configuration and
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having an effective infinite radius of curvature R, and bend
angle 0, of 0 degrees. In this example, the bend angle 0, 1s
greater than 0,. More specifically, the bend angle 0, 1is
approximately haltway between 0, and 0,. If 0, 1s approxi-
mately 0 degrees and 0, 1s approximately 180 degrees, then
0, may be approximately 90 degrees. In other embodiments,
0, may be biased closer to 0, or 0, depending on whether it
1s desirable for the folded or the unfolded state, respectively,
to have a lower overall stress condition.

[0108] The shape and curvature of the sheet component
602 may also vary between the preformed and folded
configuration. In this example, R, 1s less than R ;. However,
in some implementations R, may be approximately equal to
R,. For example, the ratio of R,/R, may vary from 0.25 to
1. In some cases, the ratio of R,/R, may vary from 0.5 to 1.
While the radius 1s depicted as being a constant or single
radius, the shape of the bend may vary in accordance with
some embodiments.

[0109] As mentioned previously, an annealing or heating
operation may be performed on the preformed sheet com-
ponent to reduce or eliminate bending induced stress and/or
residual stress. When a flat sheet component 1s bent to the
shape of FIG. 6A using, for example, a forming process
above the glass transition temperature but below the sofit-
ening point, tensile and compressive stresses are induced 1n
the sheet component by the bending process. In particular,
tensile stresses may be induced on the outside of the bend
and compressive stresses may be induced on the 1inside of the
bend. The annealing step of the preforming process at least
partially relaxes these stresses induced by the preforming
bending operation. As another example, annealing reduces
stresses acquired during cooling. In particular, by annealing
alter bending into the preformed shape of FIG. 6B, the
tensile stresses along an outer region of the bend region are
significantly reduced as compared to a pre-annealed pre-
formed sheet component. If the tensile and compressive
stresses are sulliciently reduced 1n the annealing process, the
preliminary shape can have substantially no tensile or com-
pressive stresses through the bend region.

[0110] After annealing, folding or bending the sheet com-
ponent into either the folded configuration of FIG. 6B or the
unfolded configuration of FIG. 6C will induce compressive
and/or tensile stress into the sheet component. Thus, the
preformed configuration of FIG. 6A can correspond to a
mimmum stress condition for the sheet component. As
mentioned previously, a surface compressive stress may be
produced along the surface of the sheet component using a
chemical strengthening process.

[0111] FIGS. 7A-7C depict a similar process as described
above with respect to FIGS. 6 A-6C with a diflerent pre-
formed geometry. FIG. 7B shows the sheet component 1n a
folded or closed configuration; the sheet component 1n this
shape has a bend region 752 with a radius of curvature R,
and bend angle 0, of 180°. The bend region 752 adjoins
regions 781 and 782. As shown, bend angle 0, 1s greater than
0,. FIG. 7C shows the sheet component in an unfolded or
open configuration, having an eflective infinite radius of
curvature R,. Similar to the previous example, the sheet
component of FIG. 7A may be annealed after forming to
reduce or eliminate stress through the bend region 752.

[0112] FIG. 7A depicts a side view of an example shape of
a preformed sheet component 702 having a radius of cur-
vature equal to that of the cover shape in the closed
configuration. This preformed shape may result in less
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tensile stress 1n the closed configuration as compared to the
preformed shape of FIG. 6A. In some cases, the preformed
shape of FIG. 7A may bias the sheet component towards the
folded or closed configuration of FIG. 7B. In FIG. 7A, the
preformed sheet component has bend portion 751 with a
radius of curvature R, and bend angle 0,. The bending angle
in FIG. 7A 1s smaller than that of FIG. 6A. The smaller bend
angle of the preformed shape of FIG. 7A may also tend to
reduce the stress in the folded or closed configuration of
FIG. 7B and may also bias the sheet component toward the
folded configuration. Conversely, using the preformed shape
of FIG. 7A, the stress may be increased for the unfolded or
open configuration of FIG. 7C, as compared to the unfolded

or open configuration of FIG. 6C when using the preformed
shape of FIG. 7A.

[0113] As shown in FIGS. 6A and 7A, the bend portion of

the preformed sheet component has a substantially uniform
radius of curvature. However, the bend portion of the
preformed sheet component may also be formed to other
shapes, as illustrated 1n FIGS. 8A, 8B and 8C. FIG. 8A
illustrates a bend portion 851 of sheet 802 having a central
flat region 821 with curved cormners 831, 841. FIG. 8B
illustrates a bend portion 852 having a central flat region 822
with curved corners 832, 842: the transition between the
central flat region and the corners 1s more gradual than 1n
FIG. 8A. FIG. 8C illustrates a bend portion 833 with a
smaller radius of curvature at the upper portion, including
upper corner 833 and a larger radius of curvature at the lower
portion, including lower corner 843. These shapes are pro-
vided by way of example and are not intended to be limiting
in nature.

[0114] Several methods can be used to form the sheet
component into the preliminary or preformed shape and
anneal 1t to reduce or eliminate bending induced stresses. In
some embodiments, the forming process 1s a hot forming
process 1 which the sheet component 1s heated to its
softening point and then bent to the desired shape. In an
example, the sheet component 1s cooled back down to
ambient temperature at a slow enough rate so that no or
virtually no residual stresses are leit in the matenal.

[0115] As an example, a pair of plates 1s used to mtroduce
a bend 1nto the sheet as shown 1n FIGS. 9A-9C. The sheet
component 902 may be generally heated by a heat source
961 as shown 1n FI1G. 9A or locally heated by source 962 as
shown 1n FIG. 9B. When the plates 971 and 972 are moved
as indicated by the arrows, the preformed shape shown 1n
FIG. 9C 1s obtained.

[0116] In another example, a mandrel 1s used to mtroduce
a bend ito the sheet component. As shown i FIGS.
10A-10C, the sheet component 1002 1s supported on plates
1075 and 1076 that are moved downwards during the
forming process, allowing the sheet component to slump
over the mandrel 1073 or 1074. A variety of heat sources can

be used, including a general heat source 1061 or a local heat
source 1062 as shown mn FIGS. 10A-10B or a heated

mandrel 1074 as shown 1n FIG. 10C. FIG. 10D 1llustrates the
shaped sheet component 1002 slumped or draped over the
mandrel 1073. IT desired, the sheet component can be shaped
to a tighter bend while the sheet component 1s draped over
the mandrel 1073. For example, another pair of plates (not
shown) can be used to move the non-bend portions of the
sheet component towards each other.

[0117] In a further example, rollers are used to introduce
a bend 1nto the sheet component. As shown 1 FIG. 11 A, the
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sheet component 1102 1s placed on a bed of rollers 1177 and
generally heated with a heat source 1161. The position of the
rollers 1s then adjusted to bring the sheet component to the

desired shape as shown i FIG. 11B.

[0118] In some embodiments, at least a portion of the
preformed sheet component 1s strengthened to introduce a
compressive stress layer 1 the sheet after annealing. For
example, the sheet component may be strengthened 1n 1ts
preformed or preliminary shape. When the preliminary
shape 1s annealed to be essentially stress-iree, such strength-
ening can produce compressive stresses on the outside of the
bend 1n the preliminary shape. The tensile stresses mduced
on the outside of the bend by bending the sheet component
to the closed configuration are thus reduced by such
strengthening. In embodiments, the compressive stresses
due to chemical strengthening are greater than the tensile
stresses imnduced by bending from the preliminary shape to
the closed configuration. In addition, strengthening to pro-
duce compressive stresses on the inside of the bend in the
preliminary shape can reduce the tensile stresses induced on

the 1nside of the bend by bending the sheet component to the
open configuration.

[0119] In another example, the cover glass 1n 1ts pre-
formed or preliminary shape 1s adjusted to a tighter bend
prior to strengthening to introduce a compressive stress
layer. Chemical strengthening can be enhanced on the out-
side of the bend due to the tensile stresses induced by the
shape adjustment. FIG. 12A illustrates a preliminary shape
of sheet component 1202 as formed with bend 1251 of bend
radius R, a bend angle 0, and annealed. FIG. 12B illustrates
adjustment of the shape of FIG. 12A to form bend 1252 with
a tighter bend angle 0, before strengthening. In some

instances, the bend radius R, may also be diflerent than the
bend radius R;.

[0120] In general, chemically strengthening introduces a
compressive stress layer to improve the strength and impact
resistance of the sheet component 1202. By chemically
strengthening the sheet component 1202 1n an adjusted or
turther folded position as depicted in FIG. 12B, the com-
bined effect of chemical strengthening and bending can
produce compressive stressing the outer portion of the bend
region, further enhancing the impact resistance and strength
of the sheet component 1202 when 1n the folded or closed
state. Furthermore, by chemically strengthening the sheet
component 1202 1n the adjusted or further folded position of
FIG. 12B, the compressive stresses of the outer (or lower)
portion of the sheet component 1202 1n the unfolded or open
configuration of FIG. 12C may also be further enhanced.
However, when the inner portion of the foldable region is
chemically strengthened to a lesser extent that the outer
portion, the reduction 1n the tensile stresses in the corre-
sponding mner (or upper) portion of the sheet component
1202 in the unfolded or open configuration may be reduced
or eliminated. This may be an acceptable tradeofl 1if, for
example, the mner (or upper) portion of the sheet component
1202 1s facing mward toward the device and may be
otherwise protected from impact.

[0121] In an alternative embodiment, the sheet component
1202 may be chemically strengthened when 1n the interme-
diate state or configuration of FIG. 12A. In one example, the
sheet component 1202 may be annealed to be 1n a minimum
or reduced stress condition at the intermediate state or
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configuration of FIG. 12A. The sheet component 1202 may
then be chemically strengthened while in this intermediate
state or configuration.

[0122] FIG. 13 depicts an example cross-sectional view of
a cover sheet 1302 coupled to a display layer 1306 using
cladding layer 1304. In some implementations, a preforming
process using a mandrel or other tool may result 1n a surface
artifact in the cover sheet 1302 (e.g., a localized depression).
The cladding layer 1304 can be used to fill the structural
artifact and camoutlage or reduce the visual perceptibility of
the surface artifact in the final product. In addition, the
cladding layer 1304 can be used to fill other surface irregu-
larities and may have an optical index that 1s between an
optical index of the cover sheet 1302 and an optical index of
a transparent substrate of the display layer 1306.

[0123] As shown in FIG. 13, the cover sheet 1302 1ncludes
a depression or recess that may be due to a localized thinning
of the cover sheet 1302 caused when heating and preforming
the cover sheet 1302. The cover sheet 1302 1s positioned
with the surface having the depression or recess facing the
display layer 1306. The cover layer 1302 also defines a flat
or uniform surface along an exterior surface of the device.
As shown 1n FIG. 13, the cladding layer 1304 may fill the
depression or recess, reducing or eliminating any visual
impact. Attaching the cover sheet 1302 with the depression
or recess faced towards the display layer 1306 may result 1n
a smooth outer surface, which may enhance the appearance
of the device.

[0124] With regard to FIG. 13, the cladding layer 1304
may be formed from an optically clear adhesive (OCA) or
other type of bonding agent. In some cases, the cladding

layer 1304 1s formed from a glass material having a melting
temperature that 1s lower than the melting temperature of the
cover sheet 1302 and the display layer 1306. The cladding
layer 1304, when melted or otherwise 1n a flowing state, fills
the surface artifact while also forming a bond between the
cover sheet 1302 and the display layer 1306.

[0125] In some implementations, features are formed into
the substrate or glass of the cover sheet to facilitate bending
at a particular location. The features may reduce the internal
stress 1n the substrate or glass and may also help the cover
sheet bend 1 a predictable and repeatable manner. The
features may include an array of cuts or reliefs having a
shape that 1s configured to facilitate a particular bend or
living hinge. The cuts or reliefs that are formed into the
cover sheet may be filled with a more flexible or phable
maternial that 1s optically index matched to the substrate or
glass of the cover sheet. When the feature includes an array
of relief features, each filler may be one of a set of fillers,
cach filler of the set of fillers being disposed 1n a relief
feature of the array. In some embodiments, a relief feature

may be characterized by one or more dimensions such as a
width or a depth.

[0126] FIGS. 14A-19B depict different example embodi-
ments of relief features formed into a substrate and filled
with a flexible or pliable material. With respect to the
following examples, a cover sheet may be formed from a
translucent or transparent ceramic substrate and define one
or more relief features. The relief features of the substrate
may be partially or completely filled with a filler or filler
material. The substrate may be formed from a glass sheet or
other type of translucent or transparent ceramic material.
While this 1s provided as merely an example, the substrate
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may be formed from other optically translucent materials
including, for example, sapphire, polymer, and/or laminated
layers of multiple sheets.

[0127] FIGS. 14A-14B depict two example cover sheets
having relief features. In FIG. 14A, the cover sheet 14004
includes a substrate 1402q having a single relief feature
1404a formed into a surface 1412a of the substrate 1402a.
The relief feature 1404a reduces the thickness of the sub-
strate 1402a over a bend region 1410a. The relief feature
1404a may also be referred to as a localized thinning of the
substrate 1402a and serves to reduce the internal stress
experienced by the substrate 1402a when the cover sheet
14004 1s folded between flat and bent states. A relief feature
generally includes a wall and may 1nclude a pair of opposing
walls. As example, a wall can be substantially perpendicular
to a surface or form an oblique angle with respect to the
surface. FIG. 14 A 1llustrates wall 1408a substantially per-
pendicular to surface 1412a.

[0128] As shown 1n FIG. 14A, the relief feature 1404q 1s
filled with filler 1406a. The filler 1406a may include a
flexible, pliable, or otherwise non-rigid matenal that 1s able
to deform as the cover sheet 14004 1s folded along the bend
region 1410a. In some implementations, the filler 14064a 1s
a polymer, which may have an optical index substantially
matched to the substrate 1402a. Polymers capable of adher-
ing to the substrate include, but are not limited to, acrylic-
based polymers and silicone-based polymers. As an
example, the polymer 1s an optically clear adhesive.

[0129] FIG. 14B depicts another example cover sheet
14005 having multiple relief features 14045 formed 1nto a
surface to define a bend region 14105. FIG. 14B 1illustrates
wall 14085 forming an oblique angle with respect to surface
14125H. Similar to the example provided above with respect
to FIG. 14 A, the relief features 14045 are each filled with a
filler 14065. Also similar to the previous example, the filler
14065 may include a flexible, pliable, or otherwise non-rigid
material that 1s optically index matched to the substrate
14025. The relief features 14045 create multiple thinned
portions, which may reduce the stress experienced by the
substrate 14025 when bending.

[0130] One potential advantage to the configuration of
FIG. 14B 1s that the multiple or array of relief features 140456
may result n a more consistent or uniform bend radius
throughout the bend region 14105 when the cover sheet
14005 1s folded. The array of relief features 14045 may also
provide a more tlat or uniform thickness when the cover
sheet 14005 1s flat or unfolded. As described 1n more detail
below with respect to FIGS. 18A-20B, the size and shape of
the relief features 14045 may vary to produce different bend
configurations or bend shapes when the cover sheet 14005 1s

folded.

[0131] FIG. 14C 1illustrates a folded configuration of an
clectronic device 1401c¢ including a cover sheet 1400c
similar to that of FIG. 14A. As shown 1n FIG. 14C, the cover
sheet 1400¢ includes a substrate that may be formed from a
ceramic material that defines an exterior surface of the
clectronic device over the bend or foldable region 1410c¢. By
using a ceramic material along the foldable region 1410c,
the device 1401¢c may have improved strength or durability
when 1n the folded configuration. As shown, the display
layer 1416c¢ 1s suiliciently flexible to generally conform to
the shape of the cover sheet 1in the folded configuration.
Example flexible display layers are discussed in more detail

with respect to FIG. 26. As shown 1n FIG. 14C, the device
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1401¢ includes a cover sheet 1400c, optional adhesive
1414¢, display layer 1416¢, and backing layer 1418¢. The

toldable region 1410c¢, relief feature 1404¢, and filler 1406¢
of the cover sheet are also shown. The adhesive 1414c¢
couples or attaches the cover sheet 1400c¢ to the display layer
1416¢. The adhesive 1414¢ 1s shown as a continuous layer,
but in other example configurations the adhesive may not
form a continuous layer or may be absent. The backing layer
1418¢ 1s depicted as a single component 1n FIG. 14C for
simplicity. However, the backing layer 1418¢ may include
one or more other components ol the electronic device
1401c, as described 1n more detail below with respect to
FIG. 26. One or more of the components may be flexible or
bendable and extend across the foldable region 1410c¢. The
backing layer 1418¢ or other device components may be
attached to the display layer 1416¢ with an adhesive 1n a
similar manner as described for adhesive 1414c.

[0132] FIGS. 15A-15B depict example cover sheets hav-
ing an array of relief features formed on each of two sides
of a substrate. In particular, as shown 1n FIG. 15A, the cover
sheet 1500a includes a substrate 1502q having a first array
of relief features 1504a formed along a first surface and a
second array of relief features 15064a formed along a second
surface opposite to the first surface. Similar to the previous
examples, the relief features 1504a and 15064 are filled with
a filler 1508a. Similar to the previous examples, the filler
1508a may be formed from a flexible, pliable, or otherwise
non-rigid material including but not limited to optically clear
adhesives or polymer materials.

[0133] The cover sheet 1500a of FIG. 15A may provide
several advantages. Specifically, the relief features 1504q
and 1506a form a series of locally thinned regions. Similar
to the previous examples, the locally thinned region may
reduce the overall stress in the substrate 1502a when being
folded or bent. Additionally, having relief features 1504qa
and 1506a formed on opposite sides of the substrate 1502a,
the locally thinned portions of the substrate 1502a are
located closer to the neutral axis of the cover sheet 1500aq.
Thus, the stress produced within the locally thinned regions
may be further reduced or minimized. By having relief
features 1504a and 15064 formed on opposite sides of the
substrate 1502a, the cover sheet 1500a may be able to bend
around a smaller radius without exceeding a threshold or
sate stress level within the substrate 1502a.

[0134] FIG. 15B depicts another example cover sheet
150056. Similar to the previous example, the substrate 15025
includes a first array of relief features 15045 formed on a
first surface and a second array of relief features 15065
formed on a second, opposite side. Both arrays of relief
features 15045 and 150654 are filled with a filler 15085,
similar to as described above with respect to FIG. 15A. In
addition, the cover sheet 15005 also includes an outer cover
layer 151056 positioned over the side of the substrate 15025
having the first array of relief features 15045. The outer
cover layer 15105 may be formed form a ceramic material
and may define a smooth continuous surface along the
foldable region of the device.

[0135] The outer cover layer 15105 may provide a uni-
form outer surface for the cover sheet 15006. A more
uniform or continuous outer surface may enhance the visual
appearance of the cover sheet 150056 as well as providing a
more uniform feel to the touch. In some cases, the outer
cover layer 15105 provides enhanced scratch resistance for
the cover sheet 150056. The outer cover layer 15105 may be
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formed from chemically strengthened glass, sapphire, or
other scratch-resistant material.

[0136] As shown in FIG. 15B, the outer cover layer 151056
may be attached or coupled to the substrate 15026 by an
adhesive layer 1512b6. In some implementations, the inter-
face between the outer cover layer 15106 and the rest of the
cover sheet 15006 may be configured to reduce the stress
produced in the outer cover layer 15106 when the cover
sheet 150056 1s folded. For example, the adhesive layer
151256 may be configured to provide some compliance 1n
shear to allow the outer cover layer 15105 to shift or slip
with respect to the substrate 15025 when the cover sheet
15005 1s folded and/or unfolded. The shear compliance may
allow the outer cover layer 15106 to bend about a neutral
axi1s that 1s located within or near the outer cover layer 151056
thereby reducing the stress produced 1n the outer cover layer
151056. Alternatively, the adhesive layer 151256 may have a
high resistance to shear and strongly couple the outer cover
layer 15106 to the substrate 15025. This may move the
neutral axis of the outer cover layer 15105 to a region within
the substrate 15025, which may stiflen or strengthen the
cover sheet 15005.

[0137] FIG. 16 depicts an example cover sheet having two
asymmetrical sets of relief features formed 1n opposite sides.
Specifically, the cover sheet 1600 includes a first set of reliet
teatures 1604 formed on a first surface and each of the relief
features 1n the first set having a width that 1s narrower as
compared to each of the relief features 1 a second set of
reliet features 1606 formed on a second, opposite surface of
the substrate 1602. Similar to the previous examples, the
cover sheet 1600 includes a filler 1608, which may be
formed from a flexible, pliable, or otherwise non-rigid
material including but not limited to optically clear adhe-
sives or polymer materials.

[0138] This configuration may provide a more consistent
or uniform outer surface due to the narrower relief features
1604. In some cases, the narrower reliel features 1604 are
visually and/or tactically imperceptible when the cover sheet
1600 1s 1n a flat or unfolded configuration. In some cases, the
asymmetric nature of the relief features enhances the flex-
ibility for the cover sheet 1600 in a given bend direction. For
example, the wider relief features 1606 formed on the
second surface of the substrate 1602 may enhance the
flexibility of the cover sheet 1600 when bent inwardly along
the second surface.

[0139] FIGS. 17A and 17B depict an unifolded and folded
state of an example cover sheet having relief features that
limit the bend radius of the cover sheet when the side having
the relief features 1s on the 1nside of the bend. As shown in
FIGS. 17A and 17B, the relief features are provided on one
side or surface of the sheet. In other embodiments, such as
when the cover sheet forms an S-shaped bend, relief features
may be provided on both sides or opposing surfaces of the
sheet. In general, the size and shape of the relief features
may control the mimmimum bend radius of the cover sheet. As
shown 1n FIGS. 17A and 17B, the cover sheet 1700 includes
a substrate 1702 having relief features 1704 formed nto a
surface and filled with filler 1708. The filler 1708 may be a
non-rigid material, similar to as described above with
respect to other examples.

[0140] As shown 1in FIG. 17B, the minimum bend radius

1710 may be determined by the size and shape of the relietf
teatures 1704. Specifically, as the cover sheet 1700 1s folded,
the relief features 1704 begin to collapse and compress the
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filler 1708. The minimum bend radius 1710 may be deter-
mined by the amount of bending at which the filler 1708
reaches a maximum compression. In some cases, the mini-
mum bend radius 1710 corresponds to the amount of bend-
ing 1n which the relief features 1704 can no longer collapse
further. In general, the wider or larger the relief features
1704, the smaller or tighter the minimum bend radius 1710.
Conversely, the narrower or smaller the relief features 1704,
the larger the minimum bend radius 1710. A tapered or
angled shape of the relief feature 1704, as shown 1n FIGS.
17A and 17B, may also determine the minimum bend radius

1710.

[0141] FIGS. 18A and 18B depict an unfolded and folded
state of an example cover sheet having relief features that
form a generally flattened edge along a bend 1n the cover
sheet. As shown 1n FIGS. 18A and 18B, the relief features
are provided on one side of the sheet. In other embodiments,
such as when the cover sheet forms an S-shaped bend, relietf
features may be provided on both sides of the sheet. In
general, relief features may be grouped or arranged along a
surface of the substrate to provide a desired geometry, such
as a flat or straight region within the bend. As shown 1n
FIGS. 18A and 18B, the cover sheet 1800 includes a
substrate 1802 having a first set of relief features 1804 and
a second set of relief features 1806 formed 1nto a surface and
filled with filler 1808. The filler 1808 may be a non-rigid
material, similar to as described above with respect to other
examples.

[0142] As shown in FIGS. 18A and 18B, the first and
second sets of reliel features 1804 and 1806 result i two
localized bends, each having a bend radius 1810. The two
bends are separated by a flat region 1812, which may have
a substantially flat or straight geometry. In this example, the
flat region 1812 does not include any relief features, which
may help maintain the flatness or straightness of the flat
region 1812 as the cover sheet 1800 1s folded. In some cases,
the tlat region 1812 includes a small amount of bowing and
1s not perfectly flat.

[0143] FIGS. 19A and 19B depict an unfolded and folded

state of an example cover sheet having relief features that
form an arced or bowed edge along a bend 1n the cover sheet.
As shown in FIGS. 19A and 19B, the reliet features are
provided on one side of the sheet. In other embodiments,
such as when the cover sheet forms an S-shaped bend, relietf
features may be provided on both sides of the sheet. In
general, sets of differently sized relief features may be
grouped or arranged along a surface of the substrate to
provide a desired geometry, such as an arced or bowed
region within the bend. As shown in FIGS. 19A and 19B, the
cover sheet 1900 includes a substrate 1902 having a first set
of relief features 1904, a second set of relief features 1905,
and a third set of relief features 1906 formed between the
first and second sets. The relief features may be filled with
a filler 1908, which may be a non-rigid material, similar to
as described above with respect to other examples.

[0144] As shown 1n FIGS. 19A and 19B, the first and
second sets of relief features 1904 and 1906 result i two
localized bends, each having a bend radius 1910. The two
bends are separated by a bowed region 1912, which has an
arc radius 1914 that 1s substantially larger than the bend radii
1910. In this example, the shape of the bowed region 1912
1s due, 1n part, to the size and shape of the third set of relief
teatures 1906. In general, the third set of relief features 1906
are smaller or narrower than the first and second sets of relief
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features 1904 and 1905 when the cover sheet 1s unfolded,
which results 1n the larger arc radius 1914. FIGS. 19A and
19B are provided as an example, and the reliel geometry,
reliel spacing, or other aspects of the relief arrangement may
be varied to produce a similar result.

[0145] For each of the examples described above with
respect to FIGS. 14A-19B, the relief cuts may be formed
into the surface of the substrate using various machining
operations or techniques. For example, the relief cuts may be
formed using a laser ablation, chemical etching, grinding, or
other similar material removal technique. Also, for each of
the examples described above with respect to FIGS. 14A-
198, the respective bend regions may be preformed in
accordance with the preforming embodiments described

above with respect to FIGS. 6A-12B.

[0146] FIGS. 20A-20B depict example cover sheets
formed from a laminated stack of layers. The laminated
stack of layers may define one or more relief features or
locally thinned regions that facilitate bending or folding the
cover glass. In particular, FIG. 20A depicts cover sheet
2000q having a laminated stack of layers including an outer
layer 20024 bonded to mner layers 2004a and 20064 by an
interface layer 2012a. As shown in FIG. 20A, a recess or
reliet feature 1s formed between the layers and filled with
filler 2008a. The relief features may be filled with filler
2008a, which may be a pliable or non-rigid material, stmilar
to as described above with respect to other examples.

[0147] FIG. 20B depicts another configuration of a cover
sheet 200056 having an outer layer 20025 bonded to multiple
iner layers 20045, 20055, and 20065 by an interface layer
20125. As shown 1 FIG. 20B, the multiple inner layers
20045, 20055, and 20065 define multiple recesses or relief
features between each inner layer. Similar to as described
above, the relief features may be filled with a filler 20085,
which may be a pliable or non-rigid material.

[0148] The laminated cover sheets 2000a and 20006 of
FIGS. 20A and 20B having relief features may facilitate
bending or folding 1n a manner similar to as described above
with respect to FIGS. 14A-19B. In particular, having one or
more locally thinned regions formed into the cover sheet
may reduce the amount of stress produced within one or
more of the substrates while the cover sheet 1s folded and/or
unfolded. Similar to the previous examples, the recesses can
be formed on opposing sides of the cover sheet and may vary
in size and shape to provide a particular bend geometry or
shape.

[0149] The laminated cover sheets 2000a and 20006 of
FIGS. 20A and 20B may provide manufacturing advantages
over other techniques. For example, the laminated cover
sheets 2000q¢ and 20005 may be formed using a glass
lamination process that does not require a material removal
operation to form the relief features. This may save time and
simplity the manufacturing process. It may also provide
some ability to rework and/or correct manufacturing defects
because the relief features are not permanently formed into
a particular article.

[0150] The laminated technique depicted in FIGS. 20A
and 20B also allows diflerent materials to be used to enhance
the performance of the cover sheets 2000a and 20005. For
example, the outer layers 2002aq and 200256 may be formed
from a hard or scratch-resistant material, such as sapphire or
strengthened glass. The mner layers 2004a, 2006a, 20045,
20055, and 20060 may be formed from a material having
lower hardness or greater pliability as compared to the outer
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layers 2002a and 20025. Accordingly, the material proper-
ties of each layer may be selected for a particular purpose to
provide an enhanced composite cover sheet.

[0151] In some implementations, the interface layers
2012q and 20125 may be configured to provide a particular
flexibility and/or stress profile within the cover sheets 2000q
and 20006. For example, an interface layer 2012q, 20125
having a high resistance to shear may produce a stifler or
more rigid cover sheet 2000a, 20005. By not allowing the
outer layer to slip or shiit with respect to the imnner layers, the
cover sheet may have a higher overall bending moment,
which enhances the strength and rigidity of the cover sheet.
In some embodiments, the outer layers 2002a and 20025 are
fused (without adhesive) to corresponding inner layers
2004a, 20064, 2004b, 20055, 20065 to form a joint that 1s
highly resistant to shear. An interface layer 2012q, 20125
having a low resistance to shear may be used in order to
allow relative slip between the layers and lower the overall
stress 1n each of the layers. This may be helpful 1n configu-
rations 1n which the outer layer 1s very thin and/or may have
a reduced ability to withstand high internal stress.

[0152] When the outer layers and inner layers have a
different index of refraction, the interface layers 2012a,
20125 may provide transition 1n index of refraction between
the outer and inner layers to improve the transmissivity of
the stack. For example, when the inner and outer layers have
a different optical index of refraction, the interface may
provide a transition 1n optical index of refraction. This may
also reduce reflection or other visual artifacts created by the
bond between outer and 1nner layers. In some instances, the
interface layers 2012a, 20125 are doped or treated to pro-
duce an index gradient through the thickness of the interface
layers 2012a, 2012b6. For example, the interface layers
2012a, 20125 may be treated to have an index that gradually
increases (or gradually decreases) across the depth of the
interface layers 2012a, 201256 to match the corresponding
optical indexes of the inner and outer layers. In one example
implementation, the interface layers 2012a, 20125 include
an aluminum particulate that is sputtered into a glass or other
matrix. The concentration of the aluminum particulate may
vary with the depth, thereby varying the optical index of the
interface layers 2012a, 20125.

[0153] FIG. 20C 1illustrates a folded configuration of an
clectronic device including a cover sheet 2000¢ similar to
that of FIG. 20A. As shown 1n FIG. 20C, the cover sheet
2000¢ includes a substrate that may be formed from a
ceramic material that defines an exterior surface of the
clectronic device over the bend or foldable region 2010c¢. By
using a ceramic material along the foldable region 2010c,
the device 2001¢ may have improved strength or durability
when 1n the folded configuration. As shown, the display
layer 2016¢ 1s sufliciently tlexible to generally conform to
the shape of the cover sheet 1n the folded configuration.
Example flexible display layers are discussed 1in more detail
with respect to FIG. 26. As shown 1n FIG. 20C, the device
2001¢ 1includes a cover sheet 2000c, optional adhesive
2014c, display layer 2016¢, and backing layer 2018¢. The
bend region 2010c¢, outer layer 2002¢, inner layers 2004c,
2006¢, filler 2008¢, and 1nterface layer 2012¢ of the cover
sheet are also shown. The adhesive 2014¢ couples or
attaches the cover sheet 2000¢ to the display layer 2016¢.
The adhesive 2014c¢ 1s shown as a continuous layer, but 1n
other example configurations the adhesive may not form a
continuous layer or may be absent. The backing layer 2018¢
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1s depicted as a single component in FIG. 20C for simplicity.
However, the backing layer 2018¢ may include one or more
components of the electronic device 2001¢, as described 1n
more detail below with respect to FIG. 26. One or more of
the components may be flexible or bendable and extend
across the foldable region 2010c. The backing layer 2018¢
or other device components may be attached to the display

layer 2016¢ with an adhesive 1n a similar manner as
described for adhesive 2014c.

[0154] FIGS. 21A and 21B depict example cover sheets
having multiple panels integrated with a flexible substrate.
The multiple panels or sections may also facilitate bending
or folding of the cover sheet. As shown 1n FIG. 21A, the
cover sheet 2100q 1ncludes multiple panel layers or panels
2102a coupled to a base layer or substrate 2104a. In some
implementations, each panel 2102q 1s formed from a rela-
tively hard rigid material and the substrate 2104a 1s formed
from a more plhiable flexible material. In one example, each
of the panels 21024 1s formed from a glass or sapphire sheet
and the substrate 2104a 1s formed from a polymer sheet. In
some embodiments, the panels 2102a form the outer surface
of the cover sheet 2100a. In some cases, the panels 2102a
are covered on both sides with a protective layer or sub-
strate.

[0155] As shown in FIG. 21A, the panels 2102a are
arranged with small gaps or spaces between the panels to
define locally thinned regions of the cover sheet 2100q. In
some 1nstances, the gaps or spaces may be filled with a filler,
similar to as described above with respect to other embodi-
ments. The locally thinned regions may allow the cover
sheet 2100a to bend or fold 1n a manner similar to other
examples provided above with respect to FIGS. 14A-20B.
Also similar to the previous examples, the size, shape, and
spacing of the various gaps may determine or facilitate a
particular bend or fold.

[0156] FIG. 21B depicts a cover sheet 21005 having

multiple panel layers or panels 21025 that are pressed,
embedded, or formed 1nto the base layer or substrate 21045.
In this example, the panels 21026 are at least partially
embedded into a surface of the substrate 21045 and the
substrate 21045 1s able to deform sufliciently to fill the gaps
between the panels 21025, eliminating the need for a filler
or other material to occupy the space between the panels
21025. Similar to the previous example, the gaps between
the panels 21025 facilitate bending of the cover sheet 21005
and may be arranged or configured to produce a particular
bend geometry or shape. Also similar to the previous
example, the panels 21025 may be formed from a hard sheet,
such as strengthened glass or sapphire and the substrate
21045 may be formed from a polymer.

[0157] FIG. 21C 1illustrates a folded configuration of an
clectronic device including a cover sheet 2100c¢ similar to
that of FIG. 21A. As shown 1n FIG. 21C, the cover sheet
2100¢ includes a substrate that may be formed from a
ceramic material that defines an exterior surface of the
clectronic device over the bend or foldable region 2110c¢. By
using a ceramic material along the foldable region 2110¢, the
device 2101¢ may have improved strength or durability
when 1n the folded configuration. As shown, the display
layer 2116c¢ 1s sufliciently flexible to generally conform to
the shape of the cover sheet 1in the folded configuration.
Example flexible display layers are discussed in more detail
with respect to FIG. 26. As shown 1n FIG. 21C, the device

2101¢ includes a cover sheet 2100c¢, optional adhesive
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2114c, display layer 2116c¢, and backing layer 2118¢. The
bend region 2110¢, panels 2102¢, and substrate 2104¢ of the
cover sheet are also shown. The adhesive 2114¢ couples or
attaches the cover sheet 2100c¢ to the display layer 2116c¢.
The adhesive 2114¢ 1s shown as a continuous layer, but 1n
other example configurations the adhesive may not form a
continuous layer or may be absent. The backing layer 2118¢
1s depicted as a single component in FIG. 21C for simplicity.
However, the backing layer 2118¢ may include one or more
components of the electronic device 2101¢, as described 1n
more detail below with respect to FIG. 26. One or more of
the components may be tlexible or bendable and extend
across the foldable region 2110¢. The backing layer 2118¢ or
other device components may be attached to the display

layer 2116¢ with an adhesive in a similar manner as
described for adhesive 2114c.

[0158] In some embodiments, ceramic cover sheet layers
or substrates as described herein are strengthened belore
being placed into the electronic device. In an example, an
iorganic glass sheet component 1s chemically strengthened
by an 1on exchange process which induces compressive
stress 1n a surface layer of the sheet component. Alternately,
a field-assisted chemical strengthening process or an 1on
bombardment process 1s used to introduce ions into the
cover sheet, thereby inducing compressive stress 1n the sheet
component. The depth of the compressive stress layer and
the peak compressive stress can be used as measures of the
amount of strengthening. In some embodiments the peak
compressive stress 1s at the surface of the cover glass while
in other components the peak compressive stress may be
located below the surface of the cover glass. The un-
strengthened central portion of the sheet component typi-
cally experiences tensile stress when a compressive stress
layer 1s formed; the central tension of the sheet can be used
as a measure of the tensile stress.

[0159] Glass compositions suitable for ion exchange or
field assisted chemical strengthening include, but are not
limited to, alumina silicate glass (aluminosilicate glass),
soda lime glass, borosilicate glass or lithium containing
glass. For an 1on exchange process conducted primarly at
temperatures below the strain point of the glass, 10ns in the
glass are exchanged with larger 1ons to set up compressive
stresses 1n an outer layer of the glass. For example, the 1on
exchange process may involve the exchange of alkali metal
ions, such as the exchange of sodium 1ons for potassium 10ns
or the exchange of lithium 1ons for sodium 1ons. In an
example, the chemical strengthening process involves
exposing the glass to a medium containing the larger 1on,
such as by immersing the glass 1n a bath containing the
larger 10n or by spraying or coating the glass with a source
of the 10ons. For example, a salt bath comprising the ion of
interest (e.g., a potassium nitrate bath) may be used for 10n
exchange. Suitable temperatures for 10n exchange are above
room temperature and are selected depending on process
requirements. In embodiments, the chemical strengthening
process includes one or more 1on exchange steps. A multi-
step 1on exchange chemical strengthening process may
comprise a step of exchanging 1ons 1n the glass for larger
ions, followed by a step of exchanging some of the larger
ions troduced 1n the previous step for smaller 1ons.

[0160] Selective chemical strengthening of a sheet com-
ponent can be achieved through masking techniques. For
example, portions of the sheet component which are to be
strengthened to a lesser depth are masked before the sheet
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component 1s exposed to the 1on exchange medium. After
chemical strengthening of the rest of the sheet component,
the mask can be removed. If desired, additional chemical
strengthening steps can be used to obtain the desired levels
of chemical strengthening. Additional masking steps can
also be used to obtain the desired chemical strengthening
profile. Suitable masking materials include, but are not
limited to, metals, polymers, and ceramics. In some embodi-
ments, photolithographic patterning or etching are used to
pattern the mask matenal.

[0161] In some embodiments, a sheet component 1s selec-
tively strengthened so that some portions ol the sheet
component are strengthened to a greater extent than others.
For example, thinner portions of sheet components can be
strengthened to a shallower depth than thicker portions. FIG.
22 1illustrates a cross-sectional view of a sheet component
2202 with a relief feature 2204 which has been chemically
strengthened. As described with respect to the embodiments
of FIGS. 14A-20C above, the relief feature may create a
localized thinning of the sheet component and facilitate
bending or folding of the sheet component. The depth D1 of
the chemically strengthened layer in the locally thinned
portion 1s less than the depth D2 1n the adjoiming portions.
The smaller depth of layer 1n the locally thinner portion can
limit the tension 1n the central portions of the locally thinned
portion. For the purposes ol comparison, the layer depth D1
1s also shown in the other portion of sheet component 2202.
FIG. 23 1illustrates masking of the locally thinned portions
2304 of a sheet component 2302 with mask 2306. After
chemical strengtheming of the rest of the sheet component,
the mask 2306 can be removed and the whole sheet com-
ponent then chemically strengthened. Such a process can
provide the chemical strengthening depth profiles of FIG.
22. The location of the chemically strengthened layer is
indicated with dot patterns in FIG. 22; the higher density of
the dot pattern near the surfaces of the sheet component
schematically illustrates a higher concentration of 1ons 1ntro-
duced through 1on exchange near the surfaces.

[0162] Another example of selective strengthening 1is
illustrated by FIG. 24 A, which shows a shallower compres-
s1ve stress layer D1 on the bottom of sheet component 2400
and a deeper compressive layer D2 on the top of sheet
component 2400. As 1 FIG. 22, the location of the chemi-
cally strengthened layer 1s indicated with a dot pattern 1n
FIG. 24A. FIG. 24B schematically illustrates the asymmet-
ric compressive stress levels along the thickness of the sheet
component. The chemical strengthening depth profile 1llus-
trated 1n FIG. 24A can also be obtained using a masking
technique.

[0163] FIG. 25 1s a flowchart providing an example pro-
cess 2500 for producing a tlexible bendable sheet compo-
nent. In accordance with the embodiments described herein,
the sheet component may be used to form a cover layer for
an electronic device. In particular, the process 2500 may be
used to form a pre-shaped sheet component. When the
pre-shaped sheet component 1s used 1n an electronic device,
a reduced stress condition may be produced when the
clectronic device 1s 1 the fully folded or fully unfolded
configuration. In some embodiments, at least a portion of the
pre-shaped sheet component has a reduced stress condition
or a minimum stress condition when in an intermediate
configuration (as compared to a fully folded or {fully
unfolded configuration). In addition, the reduced stress
condition can be assessed by comparing the magnitude of
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the stress at an 1mner portion and/or an outer portion of the
foldable region 1n the intermediate preformed configuration
to the magnitude of the stress at the corresponding inner
portion and/or outer portion of the foldable region 1n the
fully folded and/or {fully unfolded configuration. For
example, when the outer portion of the foldable region has
a compressive stress 1 the unfolded configuration and a
tensile stress in the folded configuration, the magnitude of
the stress 1n the outer portion in the intermediate configu-
ration may be less than the magnitude of the stresses 1n this
portion 1n either the unfolded or folded configuration.

[0164] In operation 2502, the sheet component 1s bent into
a preformed or preliminary shape or configuration. In some
cases, the sheet component may be heated to increase the
pliability or flexibility of the part while forming. Example
techniques for bending the sheet component are provided
above 1n, for example, FIGS. 9A-11B. In some 1nstances, the
operation 2502 1s performed on a substrate, such as a glass
sheet. The glass sheet may include one or more relief
features, as described above with respect to FIGS. 14A-20C.

[0165] The temperature of a ceramic sheet component
may be elevated to facilitate bending. For mnorganic glasses,
plots of viscosity versus temperature can be used to identify
points relevant to deformation of the glass. For example, the
strain point (viscosity of about 10'** Poise) is the tempera-
ture at which internal stress in the glass 1s relieved 1n hours.
The annealing point (viscosity of about 10*** Poise) is the
temperature at which internal stress 1n the glass 1s relieved
in minutes. The glass transition temperature (viscosity of
about 10"° Poise) is the temperature at which glass transi-
tions from super-cooled liquid to glassy state. The softening
point is defined by a viscosity of about 10’-° Poise while the
working point is defined by a viscosity of about 10* Poise.
For crystalline ceramics, an annealing temperature range
may be defined at which substantial stress relaxation occurs.
An example temperature range for alumina may be from
approximately 1700° C. to approximately 1950° C.

[0166] In embodiments, a glass sheet 1s heated to a tem-
perature above the strain temperature, at or above an anneal-
ing temperature, or at or above a glass transition tempera-
ture. In further embodiments, the glass sheet 1s heated to a
temperature at or below the working temperature, at or
below a softening temperature, or at or below an annealing
temperature. These ranges may be combined, so that, for
example, the glass sheet may be heated at or above an
annealing temperature and at or below a softening tempera-
ture. In other embodiments, a ceramic sheet other than a
glass sheet 1s heated to a temperature at or above an
annealing temperature and less than a melting temperature.

[0167] In operation 2504, the sheet component may be
annealed. In particular, the sheet component may be heated
above a threshold temperature and held above that tempera-
ture allowing the glass to flow and reduce the residual
stresses within the foldable or bend region. As stated pre-
viously, the residual stresses may be reduced or eliminated,
depending on the extent of the annealing operation. In some
instances, the bending operation of 2502 and the annealing
operation of 2504 can overlap, as 1n a hot forming process.

[0168] In operation 2506, the sheet component may be
further bent or folded in preparation for the chemical
strengthening of operation 2508. For example, the sheet
component may be further unfolded to have a greater bend
angle or further folded to have a lesser bend angle and held
while performing the chemical strengthening operation of
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2508. This 1s an optional operation that corresponds to the
technique discussed above with respect to FIGS. 12A-12C.

[0169] In operation 2508, the sheet component may be
chemically strengthened. As discussed previously, the
chemical strengthening can be performed while the sheet
component 1s i the preformed shape or in a further folded
(or further unfolded) shape 1n accordance with operation
2506, above. The chemical strengthenming of operation 2508
may produce a substantially umiform compressive stress in
the sheet component. Alternatively, the chemical strength-
ening may produce an asymmetric or varying compressive
stress layer(s) in accordance with the techmques described

above with respect to FIGS. 22-24B.

[0170] Adfter the last step 1n the process, the pre-shaped
sheet component defines a foldable region. In embodiments,
the foldable region includes at least a portion of a bend
region of the preliminary or preformed shape of the sheet
component. In further embodiments, a preliminary shape of
the sheet component includes at least two bend reglons SO
that at least two {foldable regions are produced in the
pre-shaped sheet component.

[0171] FIG. 26 1s a block diagram of example components
ol an example electronic device that may include a bendable
or flexible layer as described herein. The schematic repre-
sentation depicted in FIG. 26 may correspond to compo-
nents ol the devices depicted i FIGS. 1-26, described
above. However, FIG. 26 may also more generally represent
other types of electronic devices with a bendable or flexible
layer incorporating a foldable region. Internal components
of the electronic device may extend across the foldable
region and may be tlexible themselves. For example, elec-
tronic devices with a bendable or tlexible cover layer may
include other flexible components such as a flexible display,
a flexible circuit board, a tflexible battery, and combinations
thereof.

[0172] In embodiments, an electronic device with a bend-
able cover region and flexible display may also include
sensors 2620 to provide mmformation regarding configuration
and/or orientation of the electronic device 1n order to control
the output of the display. For example, a portion of the
display 2614 may be turned off, disabled, or put in a low
energy state when a folded or partially folded configuration
of the device 2600 results 1n all or part of the viewable area
of the display 2614 being blocked or substantially obscured.
As another example, the display 2614 may be adapted to
rotate the display of graphical output based on changes in
orientation of the device 2600 (e.g., 90 degrees or 180
degrees) 1n response to the device 2600 being rotated. As
another example, the display 2614 may be adapted to rotate
the display of graphical output in response to the device
2600 being folded or partially folded, which may result 1n a
change 1n the aspect ratio or a preferred viewing angle of the
viewable area of the display 2614.

[0173] The electronic device 2600 also includes a proces-
sor 2604 operably connected with a computer-readable
memory 2602. The processor 2604 may be operatively
connected to the memory 2602 component via an electronic
bus or bridge. The processor 2604 may be implemented as
one or more computer processors or microcontrollers con-
figured to perform operations 1n response to computer-
readable instructions. The processor 2604 may include a
central processing unit (CPU) of the device 2600. Addition-
ally and/or alternatively, the processor 2604 may include
other electronic circuitry within the device 2600 including
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application specific integrated chips (ASIC) and other
microcontroller devices. The processor 2604 may be con-
figured to perform functionality described 1n the examples
above. In addition, the processor or other electronic circuitry
within the device may be provided on or coupled to a
flexible circuit board 1n order to accommodate folding or
bending of the electronic device. A flexible circuit board
may be a laminate including a tlexible base material and a
flexible conductor. Example base materials for flexible cir-
cuit boards include, but are not limited to, polymer materials
such as vinyl (e.g., polypropylene), polyester (e.g., polyeth-
ylene terephthalate (PET), biaxially-oriented PET, and poly-
cthylene naphthalate (PEN)), polyimide, polyetherimide,
polyaryletherketone (e.g., polyether ether ketone (PEEK)),
fluoropolymer and copolymers thereof. A metal fo1l may be
used to provide the conductive element of the flexible circuit

board.

[0174] The memory 2602 may include a vaniety of types
ol non-transitory computer-readable storage media, includ-
ing, for example, read access memory (RAM), read-only
memory (ROM), erasable programmable memory (e.g.,
EPROM and EEPROM), or flash memory. The memory
2602 1s configured to store computer-readable 1nstructions,
sensor values, and other persistent software elements

[0175] The electronic device 2600 may include control
circuitry 2606. The control circuitry 2606 may be imple-
mented 1n a single control unit and not necessarily as distinct
electrical circuit elements. As used herein, “control unit”
will be used synonymously with “control circuitry.” The

control circuitry 2606 may receive signals from the proces-
sor 2604 or from other elements of the electronic device

2600.

[0176] As shown i FIG. 26, the electronic device 2600
includes a battery 2608 that 1s configured to provide elec-
trical power to the components of the electronic device
2600. The battery 2608 may include one or more power
storage cells that are linked together to provide an internal
supply of electrical power. The battery 2608 may be opera-
tively coupled to power management circuitry that 1s con-
figured to provide appropriate voltage and power levels for
individual components or groups ol components within the
clectronic device 2600. The battery 2608, via power man-
agement circuitry, may be configured to receive power from
an external source, such as an alternating current power
outlet. The battery 2608 may store recerved power so that the
clectronic device 2600 may operate without connection to an
external power source for an extended period of time, which
may range from several hours to several days. The battery
may be tlexible to accommodate bending or flexing of the
clectronic device. For example, the battery may be mounted
to a flexible housing or may be mounted to a flexible printed
circuit. In some cases, the battery 1s formed from flexible
anodes and flexible cathode layers and the battery cell 1s
itself tlexible. In some cases, individual battery cells are not
flexible, but are attached to a flexible substrate or carrier that
allows an array of battery cells to bend or fold around a
foldable region of the device.

[0177] In some embodiments, the electronic device 2600
includes one or more mput devices 2610. The mput device
2610 1s a device that 1s configured to receive input from a
user or the environment. The mput device 2610 may include,
for example, a push button, a touch-activated button, a touch
screen (e.g., a touch-sensitive display or a force-sensitive
display), capacitive touch button, dial, crown, or the like. In
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some embodiments, the mput device 2610 may provide a
dedicated or primary function, including, for example, a
power button, volume buttons, home buttons, scroll wheels,
and camera buttons.

[0178] The device 2600 may also include one or more
sensors 2620, such as a force sensor, a capacitive sensor, an
accelerometer, a barometer, a gyroscope, a proximity sensor,
a light sensor, or the like. The sensors 2620 may be operably
coupled to processing circuitry. In some embodiments, the
sensors 2620 may detect deformation and/or changes in
configuration of the electronic device and be operably
coupled to processing circuitry which controls the display
based on the sensor signals. In some i1mplementations,
output from the sensors 2620 1s used to reconfigure the
display output to correspond to an orientation or folded/
unfolded configuration or state of the device. Example
sensors 2620 for this purpose include accelerometers, gyro-
scopes, magnetometers, and other similar types of position/
orientation sensing devices. In addition, the sensors 2620
may include a microphone, acoustic sensor, light sensor,
optical facial recognition sensor, or other types of sensing
device.

[0179] In some embodiments, the electronic device 2600
includes one or more output devices 2612 configured to
provide output to a user. The output device may include
display 2614 that renders visual information generated by
the processor 2604. The output device may also include one
or more speakers to provide audio output.

[0180] The display 2614 may include a liquid-crystal
display (LCD), light-emitting diode, organic light-emitting
diode (OLED) display, an active layer organic light emitting
diode (AMOLED) display, organic electroluminescent (EL)
display, electrophoretic 1nk display, or the like. If the display
2614 1s a liguid-crystal display or an electrophoretic 1nk
display, the display may also include a backlight component
that can be controlled to provide varniable levels of display
brightness. I the display 2614 1s an organic light-emitting,
diode or organic electroluminescent type display, the bright-
ness of the display 2614 may be controlled by moditying the
clectrical signals that are provided to display elements. In
addition, information regarding configuration and/or orien-
tation of the electronic device may be used to control the
output of the display as described with respect to nput

devices 2610.

[0181] The display may be configured to bend or fold
along a flexible or bendable region of a foldable electronic
device. The display may include or be integrated with
various layers, including, for example, a display element
layer, display electrode layers, a touch sensor layer, a force
sensing layer, and the like, each of which may be formed
using tlexible substrates. For example, a flexible substrate
may comprise a polymer having suilicient tlexibility to
allow bending or folding of the display layer. Suitable
polymer matenials include, but are not limited to, vinyl
polymers (e.g., polypropylene), polyester (e.g., polyethylene
terephthalate (PET), biaxially-oriented PET, and polyethyl-
ene naphthalate (PEN)), polyimide, polyetherimide, pol-
yaryletherketone (e.g., polyether ether ketone (PEEK)),
fluoropolymers and copolymers thereof. Metallized polymer
films, such Mylar®, may also provide flexible substrates.

[0182] The electronic device 2600 may also include a
communication port 2616 that 1s configured to transmuit
and/or recetve signals or electrical communication from an
external or separate device. The communication port 2616
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may be configured to couple to an external device via a
cable, adaptor, or other type of electrical connector. In some
embodiments, the communication port 2616 may be used to
couple the electronic device to a host computer.
[0183] The electronic device may also include at least one
accessory 2618, such as a camera, a flash for the camera, or
other such device. The camera may be connected to other
parts of the electronic device such as the control circuitry.
[0184] The foregoing description, for purposes of expla-
nation, used specific nomenclature to provide a thorough
understanding of the described embodiments. However, 1t
will be apparent to one skilled in the art that the specific
details are not required 1n order to practice the described
embodiments. Thus, the foregoing descriptions of the spe-
cific embodiments described herein are presented for pur-
poses of illustration and description. They are not intended
to be exhaustive or to limit the embodiments to the precise
forms disclosed. It will be apparent to one of ordinary skill
in the art that many modifications and variations are possible
in view of the above teachings.
What 1s claimed 1s:
1. An electronic device comprising:
a display layer; and
a cover layer coupled to the display layer and defining a
foldable region that includes a ceramic material form-
ing an exterior surface of the electronic device,
wherein:
the display layer and the cover layer are configured to
be moved between a folded configuration and an
unfolded configuration by bending the cover layer
along the foldable region.
2. The electronic device of claim 1, wherein:
at least a portion of the foldable region 1s 1 a reduced
stress condition at an 1ntermediate configuration,
between the folded configuration and the unfolded
coniliguration.
3. The electronic device of claim 1, wherein:

a first portion of the foldable region located at the inside
of the fold in the folded configuration has a first
compressive stress 1in the folded configuration;

a second portion of the foldable region located at the
outside of the fold in the folded configuration has a
second compressive stress in the unfolded configura-
tion;

the first portion has a third compressive stress in an
intermediate configuration, between {folded and
unfolded configurations, that 1s less than the first com-
pressive stress; and

the second portion has a fourth compressive stress 1n the
intermediate configuration that 1s less than the second
compressive stress.

4. The electronic device of claim 1, wherein the cover

layer defines:

a first foldable region defining a first localized bend while
in the folded configuration;

a second foldable region defimng a second localized bend
while in the folded configuration; and

a ratio of a first bend angle of the first localized bend to
a second bend angle of the second localized bend 1s
from 0.3 to 0.7.

5. The electronic device of claim 1, wherein the cover

layer comprises:

a substrate having an array of relief features formed into
a surface of the substrate; and
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a filler disposed 1n the array of relief features and having
an optical index that 1s index matched to the substrate.
6. The electronic device of claim 1, wherein the cover

layer comprises:

a base layer;

a set of panel layers bonded to the base layer and defining,
a set of gaps, each gap defined between an adjacent pair
of panel layers of the set of panel layers; and

a filler material disposed 1n the each of the set of gaps, the
filler material being index matched to at least one of the
base layer or the set of panel layers.

7. An electronic device comprising:

a display;

a translucent substrate coupled to the display and having
a foldable region including a relief feature; and

a filler disposed 1n the relief feature and optically index
matched to the translucent substrate, wherein the trans-
lucent substrate 1s configured to move between a folded
configuration and an unfolded configuration by folding
and unfolding the foldable region.

8. The electronic device of claim 7, wherein:

the relief feature 1s one of a first array of relief features
formed 1nto a first surface of the translucent substrate;
and

the translucent substrate includes a second array of relietf
features on a second surface of the substrate opposite to
the first surface; and

the filler 1s one of a set of fillers, each filler of the set of
fillers 1s disposed 1n a relative relief feature of the first
and second arrays of the relief features.

9. The electronic device of claim 8, wherein:

cach relief feature of the first array of relief features has
a first width that 1s less than a second width of each
relief feature of the second array of relief features; and

the second surface forms an 1nner surface of the foldable
region when the substrate 1s 1n a folded configuration.

10. The electronic device of claim 7, wherein:

the translucent substrate 1s formed from a ceramic mate-
rial; and

the filler 1s formed from a polymer material.

11. The electronic device of claim 7, wherein:

the reliel feature 1s one of an array of reliel features
formed 1nto a surface of the translucent substrate; and

the array of reliel features i1s configured to define a
minimum bend radius of the translucent substrate when
the substrate 1s 1n the folded configuration.

12. The electronic device of claim 11, wherein:

cach of the relief features of the array of relief features
includes a pair of walls that each extend at an oblique
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angle with respect to the surface of the translucent
substrate when the translucent substrate 1s 1n an
unfolded configuration.

13. The electronic device of claim 11, wherein a spacing
between adjacent relief features of the array of relief features
varies along a length of the translucent substrate.

14. The electronic device of claim 11, wherein a first reliet
feature of the array of relief features has a first width that 1s
greater than a second width of a second relief feature of the
array ol relief features.

15. An electronic device, comprising:

a display;

a laminate cover layer positioned over and coupled to the

display, the laminate cover comprising:

a base layer;

a set ol panel layers arranged over a surface of the base
layer and defining a foldable region, wherein

the display and the laminate cover layer are configured to

be folded along the foldable region.

16. The electronic device of claim 15, wherein:

the set of panel layers defines a set of gaps, each gap

defined between an adjacent pair of panel layers of the
set of panel layers; and

a set of fillers disposed 1n each gap of the set of gaps, the

set of fillers being optically matched to at least one of
the base layer or the set of panel layers.

17. The electronic device of claim 15, wherein:

the set of panel layers 1s formed from a first material

having a first hardness; and

the base layer 1s formed from a second material having a

second hardness that 1s less than the first hardness.

18. The electronic device of claim 15, wherein:

the set of panel layers are at least partially embedded into

the surface of the base layer;

a portion of the base layer fills gaps that are defined

between adjacent panel layers of the set of panel layers.
19. The electronic device of claim 15, wherein:
the base layer has a first optical index that 1s different from
a second optical index of the set of panel layers; and

the laminate cover layer further comprises an interface
layer between the base layer and the set of panel layers;
and

the interface layer provides an optical index transition

between the base layer and the panel layers.

20. The electronic device of claim 19, wherein an optical
index of the interface layer varies along a thickness of the
interface layer.
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