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muscular signals. In one aspect, a method includes: (1)
obtaining a {first set ol neuromuscular signals; (11) after
determining, using a low-power detector, that the first set of
neuromuscular signals require further processing to confirm
that a predetermined mn-air hand gesture has been performed:
(a) processing the first set of neuromuscular signals using a
high-power detector; and (b) in accordance with a determi-
nation that the processing indicates that the predetermined
in-air hand gesture did occur, registering an occurrence of
the predetermined in-air hand gesture; (111) receiving a

L
18, 2022. (Continued)
i e " Tap Widdhe Finger & -
"lr-.,"_l: .\.-'_.-l:l__i'--;::.\..\I |.~'\: -.:.:.__ & _
___.E"i':_..'l.:'!;-'__r;_'_ .'::'-'_:"'-1‘::'_:_-‘2 fio I:I-E-]- Cumera ; 126-1
7 i “- ).,h*x _;:.'Zilx:f".x_ CLTTnrTerTTrrl 1.
AL Wi AT T N
RN Q‘::;;‘,:-_'-'.;'-. . Tap tndex Finger ';
PR L LTSI . "= :
T LarT N G o Wiew Gallenyy
A x;:;l T i =| j-.'] - I 126-2 .
L'_?n_ _" :.-.: N ':_ "':-\." -'.I.""':"--.. ..'d?:' M e e - - "._
"'1:1:_;'ff?‘;_7=:f'.~_ S Ly
.\-’.:1-:-_;_:.-_"--\.: - ' Deop Pincht e, .
L i R : |- A260-3 . )
i \, Open Seitings 02
il T= - " '
106, S e
: \ e LR
' - LM I_'_=I .'I
174 122 108 e
.I..-" . R . . '.II
Loy |
|I ! I
1 1
|
|
- 1
T, 127 et
Gesture T — -
Rasognized | T ) T
. -

e e e = e == =

_________________________

Achive -~




US 12,724,491 B2
Page 2

second set of neuromuscular signals; and (1v) after deter-
mimng, using the low-power detector and not using the
high-power detector, that a different predetermined in-air
hand gesture was performed, performing an action 1in
response to the different predetermined 1n-air hand gesture.

20 Claims, 38 Drawing Sheets

(58) Field of Classification Search
CPC .......... GO6F 1/325; GO6F 3/011; GO6F 3/014;
GO6F 3/016; GO6F 3/03547; GO6F

3/0482; GO6F 3/04842
See application file for complete search history.

(56) References Cited

OTHER PUBLICATIONS

Oflice Action mailed Dec. 19, 2025 for European Patent Application
No. 23207004.5, filed on Oct. 31, 2023, 7 pages.

* cited by examiner



U.S. Patent Sep. 1, 2026 Sheet 1 of 38 US 12,724,491 B2




U.S. Patent Sep. 1, 2026 Sheet 2 of 38 US 12,724,491 B2




U.S. Patent Sep. 1, 2026 Sheet 3 of 38 US 12,724,491 B2

Gesture
/7 | Recognized |

3 B
=
AT
s \ |
Py | \ I
,ﬂ”?p# ) \
! { a - 120
7 . _ \
e 104 \
y. \
/ \
Ve g )
“““““““““““““““““““““““““““““ )
Neuromuscular Sensors Active 110
)
............................................................................................................................................................................. |
3
Low-Power Detector Active 112
............................................................................................................................................................................. |

rHigh-Power Deteclor Active sr\ 114 i L I3




US 12,724,491 B2

.l.r.-l-.l.l.l...l.il.l.l..-l......ul - L......-.r..
- e - w - S
. ; * kS e e . [ - -
P Frlr.l,.. . ...,..II\ e o EETTETY
T .

L - J - Y
E T . - ] - ] l.
W v . ey .\\\
hY v Ena axu r 4 ] EAN / \
T . o S et
-f..-.-. -_ ﬂ.vq T ...I_.I-.... N .__1. ) . r‘...__.__ ._..' ﬁl.l.l..l..l .l........__r.l.!J.-...i......... -
-...-._ TR —— ) . ’ .l.r.-.ll.s.]—.“ .lm.._..u..... f._...r -— Ty, I.__-.l.....l..l._Tllll..-.-...l.,l.I-.II-...fl—..
. I.._I.I..-_‘ 1 L ._._u.u.__. - .t.r. .._ . [ l-r.l..l. lllllll |l|..l..|-1.+l.
.-..\ \‘llul.lu.l-l “ _' m‘h ..._. .' . .-.rrr.-.,.l. .. T .
- 1 5 i i
. t » __‘.\‘\\ﬂ t M i T -
d oo AT -
- #rHUw WIS A - .
£ v i b y L . e
i - —— e
. W Lo - .

.,

inger

Sheet 4 of 38

e

Sep. 1, 2026

U.S. Patent

]
3
A
M

1.

t.

t.

t.

L‘

t,

t -

'F:.‘"-.

t -

t

t

t

t

t

t

t

t

1

R

)
¥
¥
¥
-

-~
..'0.'.- .—.d‘-

Deep Pinch to

-

—

.
T

iddle F
to Open Lamery

-
'-\-_"-i-'l-i--l-i-'-i-'-i--l-i-'--i-'l-i-'l-i-'--i-'l-i--l-i-'l--i-'-i--l-i-i-i-i-i-i-i-i-*i—*i-i—i-*i—i-i—i-i-+"’

——
-
-

-
]
]
]
]
]
]
]
]
]
]
-
]
]
]
]

to View Gallery |
Open Settings;
- 110

112
S -114

|
s
-
|
i
z
:
|
!
s
|
i
|
J_

Tap M
hN

104
/

- +_-|- - :
feme N e

o
-~

' m m mmmm

s

4

Active

= &2 2 2 aaaaaasaaaasaaasaasassaaa .
e e e R e e R R R e R e I R e I e e I R e e e e e e e I R I e R R e e e e e R e I e o ]

\
L]
LY

. Sy Sy SRSy
l"'-'
- t

b
4

L------------------------------------7

{
x
\&

124

Powear Detector

. .

'l . Y & - . - !
.._ _f. " & _._I J.__l < L R . n.- . .
ol e s e S e

-— - r r

! -, T f ] _r ] .._ﬁ.l.lll. .l.r.f.rr - 1-.n F] «

AL T e _ﬂ..xx /-ﬁ AL g \.\m

A.,. Ll .\ "

- .
P L F

torpyne " i b w WS
,,:_..
__..__.:.. " -_..-1 ...

1
r 4 oo of
s oo
._1;1.vii.‘ll W-..._.....-..I.l. ﬂll- - H
. .!. - a_.nt .
A, 0

v

FIG. 1D



e —

US 12,724,491 B2
\}
v

- - ...q..,.lu"__.h h; f : T
- i = e Pt LN R _
- d \....z.-.l..-ll. ' ..._,.1._“_._1 ._._”wu/.. . 3 fﬂ...l}”lu_#].rll...l.l.li...l.r e T g
-~ .__.1..1 . ) .rh- " __rr } f.i..___,. - -
_1._,..._...._. 6 +_. __._._._ .‘,..Hm.__.h_h." w m. b - ;I..i.nll...l..l.i.l-l.l....ii...li...
. - | SR %
-7 o] " V. A<
Py ﬁ Y AN .
- ! % G »\
i . ! 3, . i
e ’ 8 : K ‘" “. p
.1....._.. n v ! __._... _m—\\\\~
-~ X :
Pl % _ , S
- i L]
t | L
/ f \ _ _
R __m,‘ ___ | )
S e .
H _____,.. L LT " y H . ._.__
S m / u._‘ .w m_ s.,. [ g \
¥ -
- H \.x..m 4 ) \ /
H I .1_ ._. " ......_.... .
' ! . v . .
v H \
H ;) , L .
- H /s _h m_ ,_ M
' .4 i i b
3 w ;o | m_ I
I . ] v
= m /. | \ f
H ________ “ - m ;..,......
ﬂ‘ m H ¢ i o " N
m N { A : \ m
H m _“__." m m : nu_.
; + \. ; (. 5 . o
m /. .»,. m .,,... m m A .,.., : . ) .
: .._,,., H \ J._ ‘ ) / / ___, n
¥ s ' . i
m \ Y \ N/ { t | / e /
: AN | 14 ) \ { { !
& + "N '\ . "_ . S . W \
- | R j 3 "_ N e - m L :
} " t K : o ! _ i ¢
— m Y J,.f__ m_ . o0 - “ | “_ :
Y ] ] . " | “
g m N .ﬂ { N, 1;.,. -~ Qs i OO < &
LA m ...#. W ) N ) -~ -~ “ Uv m Uv : wuv
v H N ._ﬁ m_ _“ - B~ T R~ R
; z __ A \ , ; {3 | £ v
* ¥ \ I “ .l....l,._uTl lllllll . o ! I L 1, c
H Y | - ". \ 4 \ 2 “ ﬁ | A “ A
p H L | Y \ ‘ __ _w < : ! v
H b A ! . -~ ! _ v
W H s \ 4. { s . P \ “ | “_
e ; .__.__ \ \ i _...... “ ___ 1 ] “
H __“ .h(.w\.lj ._n._Tl...H.\.u .__" ____ — m .../m “u H “ ............ ““ .......... m. Py ey ey ey F
H L : L ! _ b
m wa\wﬂ.., \m N \_." _ m { [ e A m ] =T Y B “
b . . ] A ! i | “ ol | “
Y S = e N m_ B m N I S VI
H T < > S 1/ _ { @D : ot D QB
H .1.__.- . ,,./A\ * i i i L . 8 1 wirwd
H im ,r...x_,.r..,.rt,u&.!L. . : ¢ ! G N N ! o | = i "
S GEPA Sl <! H ._ | : < : S & R
o2 (¢ Lm0, J «/ “ /1 m_ “ P - | A
A 2N R A A\ .“ A { . k | \ Y2 A 1
4 b ey 'S e N R Nt ettt S ¢ AN ™~ “ | o &
H s N i e N P T -~ g ~ f T N o TR
' . L ; B . “ | !
n ; h\.\./r\_./t .ﬁ....L__ J...x.............;.....h.,ﬂ :ﬂMv.n.n.!Vv m___ m m ™~ . ; lﬁ | ; e
; » R Y P44 : ol .1....! !V 3 ! ' l..._ﬁ | u | Lowrs i
e H n,., ....__lh___. R v ﬁﬂf\.. . ! " .ﬂ/- : : | e 1 e
m I P § /&m..“...ﬂr.#.;!..n..ﬁ!.iﬁ\ ~+++:n:r+++___~++++1iu-u..awf ! ] h p : Y : ¢ m W m W
- om PNy RN . ) R “
H A\, A4S L5 ) . | . VoS T TR I S T .
; A./ = v TR : ] .y ey “ : | i ﬁw!
| . § v 7 | m_ \ F,_, “ £ B W
H ....___r. ..u......-r A ‘. .. “ _ m
P m i 2 s ! { ™~ 2 o= <
H C, - ; | "_ ™ 3 0 ¥
H ‘L. T \ “ ._,_:.____T . “ ._-L “
& H . n_..:.( : 2 1 . e “ 1 H
¥ \_ .._,;. ;oo ! .!.4 ! N [ ;
S ' ot i ] ., I A | “
H i i i |
; . ! " N | i
. e N | m” e S— S
> _

FIG. 1E



U.S. Patent Sep. 1, 2026 Sheet 6 of 38 US 12,724,491 B2




U.S. Patent

Sep. 1, 2026 Sheet 7 of 38

e -

Image Captured! |

ELN .L"'"l
- Ik =

Y,
: iy
Wasvi T,

R s SN IR Py
- ¥ -g"l|'r li-.l'I"""II..-I"l.,---I = - - ':"- .
.i':? ,.Ii"- j;rl‘l‘..u‘..l' 4 ':// — L
r

_----.J--"

B e T I S S R D S D G G S S U N S G S N DR S S N S S S G G S S S SR S S B S S B S S G S S S SR S S S )

US 12,724,491 B2




US 12,724,491 B2

Sheet 8 of 38

Sep. 1, 2026

\vﬂfrii : t-.u...iTii.-!iF!li...ll.!rillrl...l... "
lllf..r]r-r . fh-/..lr...__..l-r R — . o -
LT . +
\‘ﬂ-.m\‘ﬂf”.fl y ..,..,.,.,r / %
m s, kY e \ e
__q. M____. .__ ! ) il / L UL, -
TN A N [ =
N .v ol % J A / -~ \
X ﬁ._ﬂ".ﬁ”.ww:.w.*rh,\\\\_.. wjﬁﬂvﬂf .ﬁimﬂa;.}f A r.\m\l...\t
L e L e _m...,f/.,.!-..,nn,vf.. ++++++ T
ra .\\.J..i P \w L } ™.
_1.«.._.___ ...M Lm_..\ﬁ h“ Vi { ..,_....,.r .....1...1.
- v "
.__..___\ 6 A.. ___.H ) w‘mh_,__.,.._ i 4 .f_r.f .:...\.....
- ! i .......__..__._ I & .__,..-.r -
i O H __.__.._f.,.._ .._-\H.___-., o E: ..—fl.-.. .Ini.....l.-.-l..
._..__..._.___.-. “. g _..._rllilli.l - / u .rll..lnui!lliu...-.lli.l.ll.. I.-l...li... \\.\.\I.l.l.r._..
7 ~ L D \\
..._..._.._ ' \ 1
o~ A
'y ! 4
P : . ,
.______._.___, 8 ... ._,.
P - ._ "
% = o
-
L ‘m F E
y / T
- { ﬂ \,
q..__.___ ................................. ._..H........... ............................................. ._“ \, {
¢ J I b
\H... m Y 1
,\\ ..__..__. m _._....._.
;! : \
! b LY
h. __.1 m m w
‘ .,_._ ! " A,
i " 0
[ " .
T " \
’ " "
\.u " ,
[ __ ;-... m N
A ,./ .,..... . / " ), :
Y fr..__ “ m " d..___,....._ G 2 2
N B m N SRS A
_ x.._,,f | ﬁ ﬁ., m E N
W v m " ) " “ ,
W \ __._ " . <t i A / / \
\ \ " . -l Nl o T e e /
A k " . m ™ o J;..r,...{_x." “ — e \ { i
\ .,.ﬂ. _._.+. ~ A " \, 1 | m m m T - T Aommmngymen .un:n!ﬂ nnnnn .vnnnn!_,
\\ \ m m | m m m m "
\ .,_,___.. : m .;..... __. - _ b= m : m m m m
Y m e \ /F \ T AR w.v m mu.v "
/,, " \ N -/ A - R T TN
" kY ~- IS s e .I- " w unn ’ - ' =t " et i
! _ i h - v b b nd b b e + C b C b
. " . " C H c * b b
- _. " . \ L L O
/,..__. .__ " . i " H “ gy ﬂ gy .
| ; " .., ) " “ : " "
*_.u_.. \ " * , . " ; ' ﬂ "
- _ " N _ \ S R SRS S B
| * | \ \ " S | "
/o ﬁ m N | A SR I m m
/ u,.u \ m . \ m - m o ; e m \ "
E ™, ' . H - "
.\H m N \ : hu m % S o S SR & B
‘_..»____ i g . b S ¥ ' vl b et '
/ " \ N\ S RN S -+ ST 2N R & S
! " . } " p— ¥ e ' b '
. | " f; ‘ N, _ 165 ; D : (e¥; ﬂ @ "
: 4 " : ” ' e b e .
“ " b .I' b S H ¥ . ﬂ e "
_ " N SRR S SO 2 I il
. b + * k k
/ m \ B @ Q m
" \ -2 - - A W B S
s . ) b u 1 + J e "
et b Jf b : i G ' e b b
y \ / e " . " - R X ﬂ W "
\\.____.\:.u # " " u m W m ,O m 0 m
7 | m \ g o A
\m . " \ "OHGM_"h_um
/ # " A "
i " \ " =3 ! ) : O ! ) I
s H.q \ " .f " : H a ' L ﬂ s "
_ - | SN <) S S *RN Rt S S
" \ R R -~ | "
| " itz E T 0T
N | m Moo

U.S. Patent

FIG. 2A



U.S. Patent Sep. 1, 2026 Sheet 9 of 38 US 12,724,491 B2

. Low-Power Detector Active r'"“\ 112

High-Power Detector | Inactive 114




U.S. Patent Sep. 1, 2026 Sheet 10 of 38 US 12,724,491 B2

Neuromuscular Sensors Active '*\_ﬂ 110

e i L Rl

EUSttra—Low-Pcawer -Detectoré Active \H 202

| e R A e e e e |

L.ow-~-Power Detector Inactive *-'\h__# 112

b—_—,———e—,e—,e—,e—e—eererr e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e

High-Power Detector | Inactive i~ 114




U.S. Patent Sep. 1, 2026 Sheet 11 of 38 US 12,724,491 B2




U.S. Patent Sep. 1, 2026 Sheet 12 of 38 US 12,724,491 B2

t b

to Open Camera /J_

-

/ﬁ%mw%mwwwﬁrﬁﬁwwﬁw%@%ﬂ%x_ N
Tap Index Finger -

to View Galiery

~ N ™ T 204

Neuromuscular Sensors Active 110

Ultra-Low-Power Detector |  Active iﬂ\_‘_, 202




U.S. Patent Sep. 1, 2026 Sheet 13 of 38 US 12,724,491 B2

" Tap Index Fi RN
, Index Finger i
O e T T 2061
mnwninny | Deep Pinchto o S
VRN Y e T
W e et Swiiteh Playlist

!
!
1
!

1 . .

B e - 206-2
1 : *h"-“-'-_-.,;___ % T . . L )
PN g — -

o S : )

; _:.'L_‘_‘ "‘h:f r’/. ...... ....... m_}-##ﬂ% '
it Releaseto |
. Close Too tip )

LS

L e . T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T L e . e T T T T T T T T T aem




U.S. Patent

Sep. 1, 2026 Sheet 14 of 38

AN

J— 1Y

- 3
1 ,
_— ) "\
( j, PR

8210
3 .

— 1 %
) \
) \

""'l
L
LY
r‘_\"“\ "13
/‘::\ ;//:‘ “‘""“'---. N
A " - -~ “"'-«._ ™ "".
S . T H""-m.__h‘h
B L b ) I"‘l_
'x'_H T // -‘\' S
y ~ N\ .

| Gesture ,,-L
104" ™| Recognized |

\ S

US 12,724,491 B2




U.S. Patent Sep. 1, 2026 Sheet 15 of 38 US 12,724,491 B2

Low-Power Detector Inactive E*-"‘“\h 112

b

b

b

b

b

b x - .

b ' . .

' ¥ :

b ’ R

e et L e i T T T T Y . . :
' '

b x .

b ' . .
b P .

b

b




U.S. Patent Sep. 1, 2026 Sheet 16 of 38 US 12,724,491 B2

N
] :
. ; - [ ! }‘-f.'
- - 1
P Lo ’:'""\fﬁ- 2N ! v"f‘ /
- t T vﬁﬁh‘ - ‘}-...-: ’f
- . T:«:: h_v\yﬁ) f s,
- r ' "
ﬂ"-r “ fr-r.

- \ l
o !
- r )
- i .
e ‘e t
o : “ \ !
; .
. ;o
- ' 3 t {
- ! ]\ }
. R |
, o :
e : t
-~ . 1
- t
.
. P
Py } l’ i
rs 1
-7 1 \ ] i ‘
pud 1,
- '
i \
.f'f ;
o 1
)
4 J.J t.
H

s ™ ™ ™ ™ ™ ™ ™ ™ ™ ™ ™ " "’ 'h.'h.'h.'h.'h.'h'h'h'h'h'h'h'h'h‘h‘h‘h‘h‘h‘h‘h‘h‘h‘h‘h‘h‘h‘h{

L.ow~-FPower Detector Active f‘“\ﬂ 112

rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr



U.S. Patent Sep. 1, 2026 Sheet 17 of 38 US 12,724,491 B2

i

.
Bl T L S S R S S U U Sy

{ ow-~-Power Deteth)r inactive TN 1 1 2




U.S. Patent Sep. 1, 2026 Sheet 18 of 38 US 12,724,491 B2

308 —

/ \ | . S
y \‘_ \
R 303
 Neuromuscular Sensors Active 110
 Low-Power Detector Inactive f*\ 112
High-Power Detector Active —_ 114 ¢ ¢ "
] - 1 L2 3




U.S. Patent Sep. 1, 2026 Sheet 19 of 38 US 12,724,491 B2

102

i S
"//7/ \\\(
N, b
T o
W ) ) )}_
o k)
N e ‘fAF*K/
N S T ’?I H“
- - N //’4\
- \ / )
- o \ / #,-’
o BN
e \ SR ')_\)jj s /
___,,“"HJ ”‘-._’_..-"' *_J:;:ﬁh'ﬁ
- 'J‘

. !
- - - \ I
- P 1Y I
-~ i \ ;
- 1
- j.‘ .
d ¥ ' N
" ¢ . :
-i :
g f \- 1
-~ . 4
~ i
-~
- L
-~ + I
.ﬂ"f | :
- ) )
'
d 1 %'a !- \ !
~ d || o
-
e |
-~ ’
~ !
- 7 {

Neuromuscular Sensors |

Low-Power Detector Active i»f-a\h_ 112

----------------------------------------------------------------------------------------------

-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------



US 12,724,491 B2

Sheet 20 of 38

Sep. 1, 2026

U.S. Patent

2le(] s8in}sscy

L~30F J0susg

5}OSUBS

____________________________ L T770p Josuag

917 1010939Q
JBaMmod-yBiH

IN.I._..._........_...M.. ...... _.QI._”.._.W ........................................
siayng H_.C”meO_QEOO o O e U-60)% _WCCMSO

v

20y
wauodiuon

buisuag rubig

JejnosSnI0INON

sFopaeq |V 1 b
JBMOG-MOT

¢80P puley

silivpalvalinalivualivgalivulivainslivaivalngali

L-00P {pulieyH



U.S. Patent Sep. 1, 2026 Sheet 21 of 38 US 12,724,491 B2

Buffers 412

504




U.S. Patent Sep. 1, 2026 Sheet 22 of 38 US 12,724,491 B2

Buffers 41




U.S. Patent Sep. 1, 2026 Sheet 23 of 38 US 12,724,491 B2

— 600
/"

-4 Obtain a first set of neuromuscular signals from a neuromuscular-signal-
sensing component of a wearable device

602

1 After determining, using a low-power detector of the wearable device, that
the first set of neuromuscular signals require further processing to confirm
that a predetermined in-air hand gesture has been performed at the
wearable device:

Process the first set of neuromuscular signals using a high-power
detector of the wearable device

608 T T s 5
Register an occurrence of the predetermined in-air hand gesture in
accordance with a determination that the processing indicates that the
predetermined in-air hand gesture did occur :

- Receive a second set of neuromuscular signals from the neuromuscuiar-
sighal-sensing component of the wearable device

610 -

612 —_ | After determining, using the low-power detector and not using the high-
power detector, that a different predetermined in-air hand gesture, distinct
from the predetermined in-hand gesture, was performed at the wearable
device:

614 —. |
Perform an action in response to the different predetermined in-air
hand gesture at the wearable device

FIG. 6
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No Activity _
Delected False
Positive
Activity _— - Determined
Detected Positive
- Determined
L.ow-power
Analysis
704
Action Action

dentified "\ Unidentified

Action
Performed
106
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Analysis
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850 Activate sensors and low-
| power detector

~ Activity detected by
~._low-power detector?

Yes

854 Activate high-power
detector

high-power detector

" (Gesture identified by ~
_high-power detector?

Yes

860 Report gesture
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POWER-EFFICIENT PROCESSING OF
NEUROMUSCULAR SIGNALS TO CONFIRM
OCCURRENCES OF USER GESTURES, AND

SYSTEMS AND METHODS OF USE
THEREOFK

RELATED APPLICATIONS

This application claims priority to U.S. Provisional Patent
Application No. 63/426,678, filed Nov. 18, 2022, titled
“Power-Eflicient Processing of Neuromuscular Signals to
Confirm Occurrences of User Gestures, and Systems and
Methods of Use Thereof,” which 1s hereby incorporated by
reference 1n its entirety.

TECHNICAL FIELD

The present disclosure relates generally to devices and
methods for detecting and confirming occurrences of user
gestures (e.g., m-air hand gestures performed by a user’s
hand without contacting a touch screen, such as a touch
screen ol a wrist-wearable device), including but not limited
to, detecting neuromuscular signals via a wearable device
and power-eflicient processing of the neuromuscular signals
to recognize user gestures (e.g., making use of a low-power
detector for 1nitial processing of the neuromuscular signals,
tollowed by confirmation that a gesture has been detected
using a high-power detector, such that, in some embodi-
ments, the high-power detector can remain in a sleeping or
waiting state until 1t recerves a request to process neuro-
muscular signals from the low-power detector).

BACKGROUND

Users typically carry a number of electronic devices to
assist them 1n their daily lives. For example, users carry
smartphones, smartwatches, and other electronic devices
that help make the users’ days run more smoothly, e.g., by
allowing them to send messages and emails, and to capture
images and take notes. For users to be able to rely on their
devices, they need to have suflicient battery capacity to
operate throughout the day. Thus, power efliciency 1s a key
aspect for these electronic devices, and there 1s a need for
low-power techmiques of user interaction and gesture pro-
cessing (e.g., allowing aspects of a device, such as those
aspects responsible for gesture-based processing activities,
to enter a low-power or sleep mode or inactive state at
various points 1n time). The power-efliciency needs can be
particularly pronounced for new in-air hand gestures that
can be detected based on neuromuscular signals, because, as
one example, the machine-learming models used to process
the neuromuscular signals can have high-power consump-
tion requirements to operate, which can lead to quickly
draining power supplies for, ¢.g., wearable devices that also
include neuromuscular-signal sensors.

SUMMARY

As discussed above, there 1s a need for power-eflicient
techniques for interacting with electronic devices, such as
wearable devices, including power-ethicient techniques for
processing and interpretation of i-air hand gestures (e.g.,
including properly utilizing low-power detectors, ultra-low-
power detectors, and high-power detectors at diflerent points
in time, such as by cycling these various detectors between
active and 1nactive states 1n the processing of certain types
of signals, including neuromuscular signals). Accordingly,
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the systems, devices, and methods described herein allow
for a more efhicient and simplified man-machine interface, as
well as eflicient underlying data-processing and data-inter-
pretation techniques, because they can provide a user with
techniques for interacting with electronic devices and digital
mediums without inconveniencing the user or requiring the
user to physically interact with any electronic devices to
manually turn high-power consumption operations on and/
or off. For example, the devices described herein include
low-power and high-power detectors (and, 1n some embodi-
ments, ultra-low-power detectors) such that at least some
interactions are detected and responded to without the need
to power up the high-power detectors, and such that, even i1t
the high-power detectors are utilized, use of those high-
power detectors 1s done 1n a power-etlicient manner.

The present disclosure includes systems and methods for
waking a wearable device using a particular gesture, such as
a middle-finger-and-thumb-pinch gesture and performing
the wake processing 1n a power-¢ilicient manner. In some
embodiments, a low-power gesture detector algorithm, a
high-power gesture detector algorithm, and a low-power
bufler are used. In some embodiments, one or more physical
sensors (e.g., IMU, EMG, and/or barometer) are used to
supply the low-power detector and the builer with real-time
gesture data. As an example, when the low-power detector
identifies a target gesture from the data, the low-power
detector activates (wakes up) the high-power detector. The
high-power detector can then use the real-time builered data
to confirm the target gesture. If the high-power detector
confirms that the target gesture has been received, then a
corresponding action can be performed.

In some embodiments, the multiple signals that are pro-
cessed using the high-power detector are selected from
among a set of signals 1n accordance with predefined signal-
selection criteria. In some embodiments, the low-power
detector 1s, or includes, a microcontroller unit (MCU), the
high-power detector 1s, or includes, a system-on-a-chip
(SoC), and the MCU and SoC are distinct and separate units.
In some embodiments, the sensors include at least one of: an
inertial measurement unit (IMU), a Photoplethysmography
(PPG) sensor, or a hall-effect sensor. As described in turther
detail below, some of the gestures and operations described
herein can be performed without any user interfaces being
displayed, which allows users to interact with digital tech-
nology more seamlessly as they perform their daily tasks in
the physical world and reduces energy consumption of the
digital technology. In one particular example, certain ges-
tures can be instantly detecting using a low-power detector
(e.g., a smaller subset of available in-air hand gestures,
which can be referred to as instant actions or instant-actions
in-air hand gestures) and without the need to move a
high-power detector to an active state.

In accordance with some embodiments, a method is
provided for power-eilicient processing of neuromuscular
signals to confirm occurrence of a predetermined event (e.g.,
an example of the predetermined event can be detection of
a wake gesture for waking a wrist-wearable device to
display a home-screen user interface). The method includes
(1) obtaining a first set of neuromuscular signals from a
neuromuscular-signal sensing component of a wearable
device; (11) after determining, by using a low-power detector
of the wearable device, that the first set of neuromuscular
signals require further processing to confirm that a prede-
termined in-air hand gesture has been performed at the
wearable device: (a) processing the first set of neuromus-
cular signals using a high-power detector of the wearable
device, the high-power detector configured to detect a first
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number of in-air hand gestures while consuming a first
amount of power from the wearable device and the low-
power detector configured to detect a second number of
in-air hand gestures, less than the first number of 1n-air hand
gestures, while consuming a second amount of power from
the wearable device that 1s less than the first amount of
power from the wearable device and (b) 1n accordance with
a determination that the processing indicates that the pre-
determined in-air hand gesture did occur, registering an
occurrence of the predetermined in-air hand gesture; (i11)
receiving a second set of neuromuscular signals from the
neuromuscular-signal sensing component of the wearable
device; and (1v) after determining, by using the low-power
detector and not using the high-power detector, that a
different predetermined in-air hand gesture, distinct from the
predetermined in-hand gesture, was performed at the wear-
able device, performing an action in response to the different
predetermined 1n-air hand gesture at the wearable device.

In some embodiments, a computing device (e.g., a wrist-
wearable device or a head-mounted device, or an interme-
diary device, such as a smartphone or desktop or laptop
computer that can be configured to coordinate operations at
the wrist-wearable device and the head-mounted device)
includes one or more processors, memory, a display (in some
embodiments, the display can be optional, such as for certain
example intermediary devices that can coordinate operations
at the wrist-wearable device and the head-mounted device,
and thus have ample processing and power resources, but
need not have 1ts own display), and one or more programs
stored 1n the memory. The programs are configured for
execution by the one or more processors. The one or more
programs include instructions for performing (or causing
performance of) any of the methods described herein (e.g.,
the methods 600, 700, and 800).

In some embodiments, a non-transitory computer-read-
able storage medium stores one or more programs config-
ured for execution by a computing device (e.g., a wrist-
wearable device or a head-mounted device, or an
intermediary device, such as a smartphone or desktop or
laptop computer that can be configured to coordinate opera-
tions at the wrist-wearable device and the head-mounted
device) having one or more processors, memory, and a
display (1n some embodiments, the display can be optional,
such as for certain example intermediary devices that can
coordinate operations at the wrist-wearable device and the
head-mounted device, and thus have ample processing and
power resources, but need not have its own display). The one
or more programs include instructions for performing (or
causing performance of) any of the methods described
herein (e.g., the methods 600, 700, and 800).

Thus, methods, systems, and computer-readable storage
media are disclosed for neuromuscular-signal based detec-
tion and recognition of hand gestures. Such methods and
systems may complement or replace conventional methods
for gesture detection and recognition.

The features and advantages described 1n the specification
are not necessarily all inclusive and, in particular, some
additional features and advantages will be apparent to one of
ordinary skill in the art 1n view of the drawings, specifica-
tion, and claims provided in this disclosure. Moreover, 1t
should be noted that the language used in the specification
has been principally selected for readability and instruc-
tional purposes and has not necessarily been selected to
delineate or circumscribe the subject matter described

herein.

BRIEF DESCRIPTION OF THE DRAWINGS

So that the present disclosure can be understood 1n greater
detail, a more particular description can be had by reference
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to the features of various embodiments, some of which are
illustrated 1n the appended drawings. The appended draw-

ings, however, merely illustrate pertinent features of the
present disclosure and are therefore not to necessarily be
considered limiting, for the description can admit to other
cllective features as the person of skill in this art will
appreciate upon reading this disclosure.

FIGS. 1A-1G illustrate an example user scenario of
interacting with a wearable device in accordance with some
embodiments.

FIGS. 2A-2H illustrate another example user scenario of
interacting with a wearable device in accordance with some
embodiments.

FIGS. 3A-3D 1illustrate another example user scenario of
interacting with a wearable device in accordance with some
embodiments.

FIG. 4 1s a block diagram 1illustrating example compo-
nents for detecting and recognizing user gestures i accor-
dance with some embodiments.

FIGS. 5A-5D illustrate example operation of builer com-
ponents 1n accordance with some embodiments.

FIG. 6 1s a flow diagram 1illustrating an example method
for confirming occurrence of a predetermined event 1n
accordance with some embodiments.

FIG. 7 1s a flow diagram 1illustrating an example method
for 1dentifying actions and performing corresponding
actions 1n accordance with some embodiments.

FIG. 8 15 a flow diagram illustrating an example method
for reporting gestures 1n accordance with some embodi-
ments.

FIGS. 9A, 9B, 9C-1, 9C-2, 9D-1, and 9D-2 illustrate
example AR systems 1n accordance with some embodi-
ments.

FIGS. 10A-10B illustrate an example wrist-wearable
device 1n accordance with some embodiments.

FIGS. 11A, 11B-1, 11B-2, and 11C illustrate example
artificial-reality systems in accordance with some embodi-
ments.

FIGS. 12A-12B illustrate an example handheld device 1n
accordance with some embodiments.

FIGS. 13A-13C illustrate example wearable gloves 1n
accordance with some embodiments.

In accordance with common practice, the various features
illustrated 1n the drawings are not necessarily drawn to scale,
and like reference numerals can be used to denote like
teatures throughout the specification and figures.

DETAILED DESCRIPTION

Gesture recognition 1s a convenient mput modality that
allows users to interact quickly and efliciently with an
clectronic device. However, constantly operating circuitry
for gesture detection and recognition results 1n significant
power consumption and reduced battery life. The systems,
devices, and methods described herein include a low-power
detector (e.g., configured to recognize a limited set of
gestures) and a high-power detector (e.g., configured to
recognize a larger set of gestures and/or more complex
gestures). By maintaining the high-power detector i an
mactive (e.g., ofl or sleep state) in the absence of a viable
gesture candidate detected by the low-power detector, power
consumption 1s reduced, and battery life can be extended.
Additionally, by storing gesture data 1n a bufler component,
the high-power detector 1s able to evaluate a gesture that
occurred before 1t was activated, as opposed to requiring the
user to first wake the high-power detector then perform (or
reperform) the gesture.
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In an EMG-based user mmput system, multiple sensors may
continuously collect samples to detect user muscle activity.
These samples may then be used 1n a machine-learning
model to derive a user’s mput intent. Such intent may be to
wake a system from a lower-power sleep state and perform
an action such as the shutter button for a photo or more
advanced user interactions. These actions may be performed
in a human wearable device that operates from a battery with
a limited amount of energy storage. The user may 1nitiate
these actions at any time, and for a preferred user experlence
the user activity should not be missed when the device 1s in
a low-power state.

Some gesture systems continuously operate by first ampli-
tying the analog signals obtained from a plurality of sensor
contacts and then converting these analog signals to digital
values by means of an analog-to-digital convertor (ADC).
These digital values are then processed by a machine-
learning model(s) to derive the user’s intended action.
However, for some period of time the user may not be
performing actions and the entire system 1s operating in
anticipation of a user action even when there 1s none, thus
consuming necessary power.

Systems 1n the present disclosure may improve upon
conventional systems by maintaining most of the system 1n
a low-power sleep state until there 1s some muscle activity
detected while continuing to buil

er the ADC sample values
in a low-power sub-system. While there 1s no muscle
activity, the bufler space may be reused and old sample
values discarded. Once some muscle activity has been
detected, additional parts of the system may be enabled from
a low-power state and the buflered samples processed to
derive the user intent similarly to that described above. No
information 1s lost as the samples have been buflered, and
the processing of the bullered samples can occur faster than
real time, so there 1s no increase 1n latency or a degradation
to the user experience in many situations. As much of the
system may be kept in a lower-power state, less energy 1s
consumed. This can enable longer battery life, or allow for
a smaller, lower-capacity batteries to be used.

The above may be further expanded to a hierarchical
implementation where a first low-complexity model 1s used
to 1dentify limited actions such as a wake action or an instant
action and processed 1mn a low-power subsystem. If that
low-power subsystem identifies that the user intent exceeds
that which may be 1dentified and/or processed locally, 1t can
then wake higher performance and commensurately higher
power portions of the system. Similar to that described
above, samples can again be buflered such that no user
information or intent 1s lost.

Embodiments of this disclosure may include or be imple-
mented 1n conjunction with various types or embodiments of
artificial-reality systems. Artificial reality constitutes a form
of reality that has been altered by virtual objects for pre-
sentation to a user. Such artificial reality may include and/or
represent virtual reality (VR), augmented reality (AR),
mixed reality (MR), hybnid reality, or some combination
and/or variation of one or more of the these. Artificial-reality
content may include completely generated content or gen-
crated content combined with captured (e.g., real-world)
content. The artificial-reality content may include video,
audio, haptic feedback, or some combination thereof, any of
which may be presented in a single channel or 1n multiple
channels (such as stereo video that produces a three-dimen-
sional effect to a viewer). Additionally, 1n some embodi-
ments, artificial reality may also be associated with appli-
cations, products, accessories, services, Or Ssome
combination thereof, which are used, for example, to create
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content 1n an artificial reality and/or are otherwise used 1n
(e.g., to perform activities 1n) an artificial reality.

Artificial-reality systems may be implemented 1n a variety
of different form factors and configurations. Some artificial-
reality systems include a near-eye display (NED), which
provides visibility into the real world or that visually
immerses a user 1n an artificial reality. While some artificial-
reality devices are self-contained systems, other artificial-
reality devices communicate and/or coordinate with external
devices to provide an artificial-reality experience to a user.
Examples of such external devices include handheld con-
trollers, mobile devices, desktop computers, devices worn
by a user, devices worn by one or more other users, and/or
any other suitable external system.

FIGS. 1A-1G illustrate an example user scenario of
interacting with a wearable device in accordance with some
embodiments. FIG. 1A shows a user 102 wearing a wrist-

wearable device 104 (e.g., a smartwatch) and a head-
wearable device 106 (e.g., AR glasses). The user 102 1n FIG.
1A 1s viewing a scene 108 (e.g., with no visible user
interface or overlay) at a first time, t;. The wrist-wearable
device 104 1n FIG. 1A includes a set of neuromuscular
sensors 110, a low-power detector 112, and a high-power
detector 114. In FIG. 1A the neuromuscular sensors 110 are
active, e.g., actively monitoring neuromuscular signals 1n
the user’s arm. The low-power detector 112 1s also active in
FIG. 1A, e.g., actively analyzing data from at least a subset
of the neuromuscular sensors 110 to 1dentify/recognize user
gestures being performed. The high-power detector 114 1n
FIG. 1A 1s mactive (e.g., powered ofl and/or 1n a low-power
state). In some embodiments, the low-power detector 112
consumes less power than the high-power detector 114 when
analyzing (recognizing) user gestures.

FIG. 1B shows the user 102 performing a pinch gesture
120 (e.g., a ring-finger-and-thumb-pinch gesture) at a sec-
ond time, t,, while the low-power detector 112 1s active and
the high-power detector 114 1s mactive. FIG. 1C shows
activation of the high-power detector 114 to recognize the
pinch gesture 120 at a third time, t,, and corresponding
display of a user mterface that includes a menu 122. FIG. 1C
turther shows an indication 127 that the gesture was recog-
nized. In some embodiments, the indication 127 1s presented
at a display of the wrist-wearable device 104. In some
embodiments, the indication 127 1s, or includes, an audio
indication and/or haptic indication. In some embodiments,
an indication that the user gesture 1s recognized 1s not
presented to the user.

In the example of FIGS. 1B and 1C the pinch gesture 120
corresponds to an action to activate the menu 122 (e.g.,
cause display of the menu 122 and cause the menu 122 to be
responsive to subsequent user gestures). For example, the
pinch gesture 120 1s recognized by the high-power detector
114, and 1n response the menu 122 1s activated. In FIG. 1C
a camera clement 124 1s 1n focus and the user interface
further shows gesture options 126, including an option
126-1 to open the camera application (responsive to a
middle-finger-tap gesture), an option 126-2 to view an image
gallery (responsive to an index-finger-tap gesture), and an
option 126-3 to open camera settings (responsive to a
deep-pinch gesture). In some embodiments, a deep-pinch
gesture 1s a pinch gesture that has a force that meets one or
more force criteria (e.g., the force exceeds a preset force
threshold). In some embodiments, the middle-finger-tap
gesture involves the user 102 touching their middle finger to
their ring finger while maintaining the ring finger and thumb
pinch. In some embodiments, the index-finger-tap gesture
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involves the user 102 touching their index finger to their ring
finger while maintaining the ring finger and thumb pinch.

FI1G. 1D shows the user 102 having ceased performing the
pinch gesture 120 at a fourth time, t,, and the user interface
continuing to be displayed. FIG. 1D also shows the high-
power detector 114 remaining in the active state. In some
embodiments, the high-power detector 114 remains 1n the
active state for a set amount of time after being activated
(e.g., 10 seconds, 30 seconds, or 1 minute). In some embodi-
ments, the high-power detector 114 remains 1n the active
state for a set amount of time after a gesture 1s detected (e.g.,
a gesture requiring analysis by the high-power detector).

FIG. 1E shows the user performing a tap gesture 1235 (e.g.,
a middle-finger-and-thumb-tap gesture) at a fifth time, t..
FIG. 1E further shows activation of a camera application 1n
response to the tap gesture 125 (corresponding to the option
126-1 1n FI1G. 1D) as indicated by the camera symbol 130 1n
the scene 108. For example, the tap gesture 125 is recog-
nized by the high-power detector 114, and 1n response the
camera application 1s activated. FIG. 1E also shows an
indication 131 that the gesture was recognized. In the
example of FIG. 1E, the high-power detector 114 1s active
(e.g., 1s utilized to analyze the tap gesture 125).

FIG. 1F shows the user 102 having ceased performing the
tap gesture 123 at a sixth time, t,, and the camera application
remaining active as indicated by the camera symbol 130
continuing to be displayed in FIG. 1F. FIG. 1F also shows
the high-power detector 114 having transitioned to the
inactive state. In some embodiments, the high-power detec-
tor 114 transitions to the mactive state a set amount of time
alter being activated (e.g., 10 seconds, 30 seconds, or 1
minute). In some embodiments, the high-power detector 114
transitions to the inactive state a set amount of time after a
gesture 1s detected (e.g., a gesture requiring analysis by the
high-power detector).

FIG. 1G shows the user performing a tap gesture 132
(c.g., a middle-finger-and-thumb-tap gesture) at a seventh
time, t,. FIG. 1G further shows activation of a camera
function (e.g., an 1mage capture function) in response to the
tap gesture 132, as indicated by the notification 134 1n the
scene 108. For example, the tap gesture 132 1s recognized by
the low-power detector 112, and in response the camera
function 1s activated. FIG. 1G also shows an indication 139
that the gesture was recognized. In the example of FIG. 1G,
the high-power detector 114 remains in the inactive state
(e.g., the low-power detector 112 1s able to recognize the tap
gesture 132 without the high-power detector 114).

FIGS. 2A-2H illustrate another example user scenario of
interacting with a wearable device 1n accordance with some
embodiments. FIG. 2A shows a user 102 wearing the
wrist-wearable device 104 (e.g., a smartwatch) and the
head-wearable device 106 (e.g., AR glasses). The user 102
in FIG. 2A 1s viewing the scene 108 (e.g., with no visible
user interface or overlay) at a first time, t,. The wrist-
wearable device 104 1n FIG. 2A includes the set of neuro-
muscular sensors 110, the low-power detector 112, and the
high-power detector 114. The wrist-wearable device 104 1n
FIG. 2A further includes an ultra-low-power detector 202. In
FIG. 2A the neuromuscular sensors 110 and the ultra-low-
power detector 202 are active, and the low-power detector
112 and the high-power detector 114 are mactive. In some
embodiments, the ultra-low-power detector 202 1s config-
ured to detect motion (e.g., includes or 1s coupled to an
accelerometer and/or a gyroscope). In some embodiments,
the ultra-low-power detector 202 consumes less power than
the low-power detector 112 when detecting (and/or analyz-
ing) user gestures.
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FIG. 2B shows the user 102 making a shaking movement
with their hand at a second time, t,. In the example of FIG.
2B, the ultra-low-power detector 202 detects the shaking
movement and activates the low-power detector 112 to
analyze the movement. FIG. 2C shows the low-power
detector 112 in the nactive state again at a third time, t5. In
the example of FIGS. 2B and 2C, the shaking movement
does not correspond to an mput gesture (e.g., 15 a lalse
positive). Accordingly, the low-power detector 112 analyzes
the shaking movement and determines that the shaking
movement does not correspond to an mput gesture. In
accordance with that determination, the low-power detector
112 returns to the inactive state.

FIG. 2D shows the user performing a pinch gesture 204
(e.g., a nng-finger-and-thumb-pinch gesture) at a fourth
time, t,. In the example of FIG. 2D, the ultra-low-power
detector 202 detects the pinch-gesture movement and acti-
vates the low-power detector 112 to analyze the movement.
FIG. 2E shows activation of the high-power detector 114 to
recognize the pinch gesture 204 at a fifth time, t., and
corresponding display of a user interface that includes a
menu 122. For example, the pinch gesture 204 1s recognized
by the high-power detector 114, and 1n response the menu
122 1s activated. FIG. 2E further shows an indication 205
that the gesture was recognized. In some embodiments, the
indication 203 1s presented at a display of the wrist-wearable
device 104. In some embodiments, the indication 205 1s, or
includes, an audio indication and/or haptic indication. In
some embodiments, an indication that the user gesture 1s
recognized 1s not presented to the user. Also, 1n FIG. 2E, the
camera element 124 is 1n focus within the menu 122.

FIG. 2F shows the user 102 performing a rotation gesture
207 (e.g., a rotation of the wrist and/or forecarm while
maintaining the pinch gesture 204) at a sixth time, t., while
the low-power detector 112 and the high-power detector 114
are active. In the example of FI1G. 2F the rotation gesture 207
corresponds to a navigation action within the menu 122
(e.g., moves a point of focus to different elements within the
menu 122). For example, the rotation gesture 207 1s recog-
nized by the high-power detector 114, and 1n response the
navigation action 1s activated. In FIG. 2F, a music element
209 1s 1n focus and the user interface further shows gesture
options 206, including an option 206-1 to play music 1n a
current playlist (responsive to an index-finger-tap gesture),
an option 206-2 to switch to a diflerent playlist (responsive
to a deep-pinch gesture), and an option 206-3 to close (e.g.,
cease to display) the gesture option 206 tooltips.

FIG. 2G shows the user performing a tap gesture 213
(e.g., an mdex-finger-and-thumb tap gesture) at a seventh
time, t,. FIG. 2G further shows activation of a music
application (and playback of a music item) 1n response to the
tap gesture 213 (corresponding to the option 206-1 in FIG.
2F) as 1indicated by the music symbol 210 1n the scene 108.
For example, the tap gesture 213 1s recognized by the
high-power detector 114, and 1n response the music appli-
cation 1s activated and the music item 1s playved. FIG. 2G
also shows an indication 211 that the gesture was recog-
nized.

FIG. 2H shows the user 102 having ceased performing the
tap gesture 213 at an eighth time, t,, and the music appli-
cation remaining active as indicated by the music symbol
210 continuing to be displayed in FIG. 2H. FIG. 2H also
shows the high-power detector 114 and the low-power
detector 112 having transitioned to the inactive state. In
some embodiments, the low-power detector 112 and the
high-power detector 114 transition to the inactive state a set
amount of time after being activated (e.g., 10 seconds, 30
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seconds, or 1 minute). In some embodiments, the low-power
detector 112 and the high-power detector 114 transition to
the 1nactive state a set amount of time after a gesture 1s
detected (e.g., a gesture requiring analysis by the power
detectors).

FIGS. 3A-3D illustrate another example user scenario of
interacting with a wearable device 1n accordance with some
embodiments. FIG. 3A shows a user 102 wearing the
wrist-wearable device 104 with a user interface 302 (e.g.,
indicating a time of day) displayed at a first time, t,. The
wrist-wearable device 104 in FIG. 3A includes the set of
neuromuscular sensors 110, the low-power detector 112, and
the high-power detector 114. In FIG. 3A the neuromuscular
sensors 110 are active, e.g., actively monitoring neuromus-
cular signals in the user’s arm. The low-power detector 112
1s also active 1n FIG. 3A, e.g., actively analyzing data from
at least a subset of the neuromuscular sensors 110 to
identify/recognize user gestures being performed. The high-
power detector 114 1n FIG. 3A 1s inactive (e.g., powered ofl
and/or 1n a low-power state).

FIG. 3B shows the user 102 performing a pinch gesture
303 (e.g., an index-finger-and-thumb-pinch gesture) at a
second time, t,. FIG. 3B further shows activation of the
high-power detector 114 to recognize the pinch gesture 303
and corresponding display of a user iterface 304 that
includes a menu 306. The low-power detector 112 m FIG.
3B i1s transitioned to the mactive state while the high-power
detector 114 1s active (e.g., to conserve power, only one of
the detectors 1s active at a time). The menu 306 includes
clements corresponding to a plurality of applications and a
time-out 1ndicator 308 indicating an amount of time before
the menu 306 1s deactivated again.

FI1G. 3C shows the user 102 maintaining the pinch gesture
303 at a third time, t;, and the time-out indicator 308
indicating that the menu 306 1s to be deactivated 1n accor-
dance with no subsequent gesturing being detected and/or
recognized. FIG. 3C further shows the high-power detector
114 remaining active so as to analyze and/or recognize any
subsequent gestures performed during the time-out period.

FIG. 3D shows the user 102 maintaining the pinch gesture
303 at a fourth time, t,, and display of the user interface 302
(e.g., 1n accordance with the menu 306 having been deac-
tivated). FIG. 3D further shows the high-power detector 114
being 1nactive and the low-power detector 112 being active
(e.g., to detect and/or analyze subsequent gestures). In some
embodiments, the low-power detector 112 and the high-
power detector 114 toggle between the active and inactive
states 1n accordance with the time-out period ending.

Additionally, although the user scenarios described with
respect to the series of FIGS. 1 through 3 are described as
separate sequences, 1 some embodiments, the user sce-
narios are combined with one another. For example, the
sequence described with respect to FIGS. 2A-2H could
occur belore (or after) the sequences described with respect
to FIGS. 1A-1G and 3A-3D (e.g., all three sequences could
occur while the user 102 1s on a morming walk).

The user scenarios described with respect to the series of
FIGS. 1 through 3 ivolved specific user interface and
applications, such as the menu 122 in FIG. 1B and the user
interface 304 1n FIG. 3B. However, the sequences, gestures,
actions, and operations can be used 1n conjunction with other
types of menus and applications, such as web-browsing,
note-taking, messaging, social media, word processing,
data-entry, programming, and the like.

In some embodiments, other types of events are detected,
identified, and responded to. For example, the wearable
device may be a smartwatch with a detachable display, and
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the event may correspond to a display attachment event. In
this example, after the attachment event, the display of the
wearable device 1s turned on. As another example, the
wearable device may be a pair of smart glasses, and the
event may correspond to the user wearing the smart glasses.
When the event corresponds to wearing the smart glasses,
the system may cause a virtual assistant to prompt the user
(e.g., through the speakers) to provide a command.

FIG. 4 1s a block diagram 1illustrating example compo-
nents for detecting and recognizing user gestures i accor-
dance with some embodiments. In some embodiments, one
or more of the components shown 1n FIG. 4 are components
of a wearable device (e.g., the wrist-wearable device 104).
As shown 1n FIG. 4, a neuromuscular-signal sensing com-
ponent 402 and sensors 404 are coupled to an analog
frontend (AFE) component 410. The neuromuscular-signal
sensing component 402 includes multiple channels (e.g.,
channel 406-1 through 406-»). In some embodiments, each
channel corresponds to a pair of sensors (e.g., a pair of
clectrodes). The sensors 404 include a plurality of individual
sensors (e.g., sensors 404-1 through 404-m). In some
embodiments, the sensors 404 include one or more IMUs,
accelerometers, gyroscopes, magnetometers, and/or other
types of sensors. In some embodiments, the AFE component
410 includes one or more analog-to-digital converters
(ADCs). In some embodiments, the AFE component 410
includes one or more filters (e.g., high-pass, band-pass,
and/or low-pass filters). For example, the sensors 404
include an accelerometer, and the AFE component 410 may
include a high-pass filter for the accelerometer (e.g., a 10
Hertz high-pass filter). In some embodiments, the AFE
component 410 includes a classifier subcomponent for
obtaining Haar features from EMG signals. In some embodi-
ments, the AFE component 410 includes an ultra-low-
power-detector component (e.g., a motion-analyzing com-
ponent), such as the ultra-low-power detector 202.

The AFE component 410 1s coupled to one or more
buffers 412. In some embodiments, the buflers 412 include
a respective buller for each channel 406. In some embodi-

ments, the builers 412 include a respective builer for each
sensor 404. In some embodiments, the buflers 412 include
one or more first-in-first-out (FIFO) buflers and/or one or
more circular buflers. The buflers 412 store data from the
AFE component 410 at least temporarily, e.g., until the data
1s overwritten, deleted, and/or the bufler 1s powered down.
In some embodiments, the bullers 412 are configured (e.g.,
have a capacity) to store sensor data corresponding to one or
more hand gestures (e.g., 1, 2, or 3 seconds of data).

A low-power detector 414 1s coupled to the AFE compo-
nent 410 and the buflers 412. In some embodiments, the
low-power detector 414 1s coupled to the AFE component
410 (e.g., to be able to analyze gesture data in real time). In
some embodiments, the low-power detector 414 1s coupled
to the bullers 412 (e.g., to be able to analyze a set of buffered
data that corresponds to a gesture period). In some embodi-
ments, the low-power detector 414 1s coupled to a particular
channel (e.g., the channel 406-1) to 1dentily gestures based
on data from the particular channel. In some embodiments,
the low-power detector 414 1s an instance of the low-power
detector 112. In some embodiments, the low-power detector
414 1s, or includes, a processor, a controller, a microcon-
troller, an ASIC, and/or other control circuitry. In some
embodiments, the low-power detector 414 1s coupled to the
AFE component 410 such that the AFE component 410 1s
able to wake (initiate a power-up process) the low-power
detector 414.
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A high-power detector 416 1s coupled to the builers 412
(c.g., to be able to analyze a set of buflered data that
corresponds to a gesture period). In some embodiments, the
high-power detector 416 1s coupled to a set of channels 406
(e.g., a larger set of channels than the low-power detector
414). In some embodiments, the high-power detector 416 1s
an 1nstance of the high-power detector 114. In some embodi-
ments, the high-power detector 416 1s, or includes, a system-
on-chip (SoC), a processor (e.g., a CPU), a digital signal
processor (DSP), a controller, a microcontroller, an ASIC,
and/or other control circuitry. The high-power detector 416
1s coupled to the low-power detector 414 via a control line
424 such that the low-power detector 414 1s able to wake
(initiate a power up process) the high-power detector 416. In
some embodiments, the high-power detector 416 1s coupled
to the AFE component 410 such that the AFE component
410 1s able to wake the high-power detector 416. In accor-
dance with some embodiments, the high-power detector 416
1s coupled to gesture data 415 (e.g., stored 1n memory at the
device). In some embodiments, the gesture data 415 1s used
by the high-power detector 416 to supplement data from the
butlers 412 for gesture identification and/or recognition. For
example, the high-power detector 416 1s configured to select

l

gesture data 415 that corresponds to data from the buflers
412 (e.g., matches the data from the builers with gesture data
corresponding to a particular type of user gesture).

FIGS. 5A-5D 1llustrate example operation of buller com-
ponents 1n accordance with some embodiments. FIG. 5A
shows the buflers 412 including multiple circular builers

502 (e.g., buller 502-1 through bufler 502-7). Each circular
bufler 502 1n FIG. 5A 15 able to store up to eight data points.
In some embodiments, each circular buller 502 has a capac-
ity that corresponds to a gesture performance period (e.g.,
1-2 seconds). FIG. 5A corresponds to a first time when a {irst

value (0) 1s obtained for the bufler 502-1 via an input line
506 and a first value (1) 1s obtained for the budil

er 502-»n via
an mput line 510. In some embodiments, each iput line 1s
coupled to the AFE component 410. In some embodiments,
cach mput line corresponds to a respective channel 406. The
bufler 502-1 stores 1ts first value (0) at a location based on
a write pointer 504, and the bufler 502—stores its first value
(1) at a location based on the write pointer 508. In FIG. 5A,
data 1s not read out of either bufller 502 (e.g., output lines 512
and 514 are inactive). In accordance with some embodi-
ments, each write pointer moves in a clockwise direction
(e.g., tteratively refers to a location that 1s clockwise from

the previous write location).

FIG. SB shows operation of the buflers 412 at a second
time, subsequent to the first time. In FIG. 3B, a series of
values (3,4,7,8) were obtained via the mput line 506 and
stored 1n the bufler 502-1 1n accordance with the write
pointer 504. Also, 1n FIG. 5B, a series of values (1,3,0,2)
were obtained via the input line 510 and stored 1n the bufler
502-» 1n accordance with the write pointer 508. In FIG. 5B,
data 1s not read out of either bufller 502 (e.g., the output lines
512 and 514 are 1nactive).

FIG. 5C shows operation of the butlers 412 at a third time,
subsequent to the second time. In FIG. 5C, a second series
of values (1,1,1) were obtained via the mput line 506 and
stored 1n the bufler 502-1 1n accordance with the write
pointer 504; and a second series of values (6,3,1) were
obtained via the mput line 510 and stored 1n the buller 502-7
in accordance with the write pointer 508. In FIG. 5C, each
butler 502 i1s filled with data (e.g., at full capacity), and the
first data value (0) 1s read out via the output line 512 1n
accordance with read pointer 520.
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FIG. 5D shows operation of the buflers 412 at a fourth
time, subsequent to the third time. In FIG. 5D, a third series
of values (3,9,0) were obtained via the mput line 506 and
stored 1n the bufler 502-1 in accordance with the write
pointer 504 (e.g., overwriting the (0,8,7) values that were
stored previously); and a third series of values (3,3,4) were
obtained via the mput line 510 and stored 1n the butler 502-7
in accordance with the write pointer 508 (e.g., overwriting
the (1,2,0) values that were stored previously). FIG. 5D also
shows values (8,7,4) being read out via the output line 512
(e.g., read out prior to being overwritten as the read pointer
520 1s referencing a location that 1s one location ahead of the
write pomter 504). In this example, the values (1,2,0) stored
in the bufler 502-» 1n FIG. 5C were not read out prior to
being overwritten 1n FIG. 5D.

FIG. 6 1s a flow diagram illustrating a method 600 for
confirming occurrence of a predetermined event in accor-
dance with some embodiments. The method 600 1s per-
formed at a computing system (e.g., a wearable device or
intermediary device) having one or more processors and
memory. In some embodiments, the memory stores one or
more programs configured for execution by the one or more
processors. At least some of the operations shown in FIG. 6
correspond to instructions stored 1n a computer memory or
computer-readable storage medium (e.g., the memory 6080,
6050, and/or 7050). In some embodiments, the computing,
system 1s a wearable device, such as the wrist-wearable
device 104 or the head-wearable device 106. In some
embodiments, the computing system 1s, or includes, an
intermediary device such as a smartphone.

The system obtains (602) a first set of neuromuscular
signals from a neuromuscular-signal sensing component
(e.g., the neuromuscular-signal sensing component 402) of a
wearable device. In some embodiments, the neuromuscular-
signal sensing component includes an IMU and/or an EMG
sensor. In some embodiments, the neuromuscular-signal
sensing component includes a plurality of channels (e.g.,
channels 406).

After determining (604), using a low-power detector (e.g.,
the low-power detector 414) of the wearable device, that the
first set of neuromuscular signals require further processing
to confirm that a predetermined 1n-air hand gesture has been
performed at the wearable device, the system processes
(606) the first set of neuromuscular signals using a high-
power detector (e.g., the high-power detector 416) of the
wearable device. In some embodiments (1) the first set of
neuromuscular signals 1s a set of analog signals; (11) the
system converts the set of analog signals to a corresponding
set of digital signals using an analog-to-digital converter
(e.g., the AFE component 410) component; and (111) the
determining that the respective neuromuscular signal
requires further processing i1s based on analysis of a respec-
tive digital signal of the corresponding set of digital signals.

In some embodiments: (1) the neuromuscular-signal sens-
ing component includes a plurality of neuromuscular-signal
sensors that correspond to the high-power detector; (i1)
while the high-power detector 1s 1n an active state, data from
the plurality of neuromuscular-signal sensors 1s processed
by the high-power detector; and (111) while the high-power
detector 1s 1n an 1nactive state, data from the plurality of
neuromuscular-signal sensors 1s stored at the wearable
device and not processed by the high-power detector.

In some embodiments: (1) prior to determining that the
first set of neuromuscular signals requires further processing
to confirm that the predetermined in-air hand gesture has
been performed at the wearable device, the high-power
detector 1s 1n an inactive state; and (11) in accordance with
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determining that the first set of neuromuscular signals
requires Turther processing to confirm that the predetermined
in-air hand gesture has been performed at the wearable
device, the system transitions the high-power detector to an
active state.

In some embodiments, the low-power detector operates in
a default-active state to process detected neuromuscular
signals from the neuromuscular-signal sensing component,
and the high-power detector operates 1n a default-inactive
state 1n which 1t does not process neuromuscular signals 1n
the absence of a trigger signal.

After determining (604), using a low-power detector of
the wearable device, that the first set of neuromuscular
signals require further processing to confirm that a prede-
termined 1n-air hand gesture has been performed at the
wearable device, the system also registers (608) an occur-
rence of the predetermined in-air hand gesture 1n accordance
with a determination that the processing indicates that the
predetermined 1in-air hand gesture did occur. In some
embodiments, the predetermined in-air hand gesture com-
prises a wake gesture.

In some embodiments: (1) the neuromuscular-signal sens-
ing component imcludes a plurality of neuromuscular-signal
sensors that correspond to the high-power detector; (i1)
while the high-power detector 1s 1n an active state, each of
the plurality of neuromuscular-signal sensors are active; and
(111) while the high-power detector 1s 1n an 1nactive state, at
least a subset of the plurality of neuromuscular-signal sen-
SOrs are inactive.

In some embodiments: (1) the system determines, using
the low-power detector, that the respective neuromuscular
signal of the first set ol neuromuscular signals requires
turther processing to confirm that the predetermined 1n-air
hand gesture has been performed at the wearable device; and
(1) 1n accordance with the determination that the respective
neuromuscular signal of the first set of neuromuscular
signals requires further processing, the system transitions
the high-power detector to an active state and transitioning,
the low-power detector to an inactive state. In some embodi-
ments, after registering the occurrence of the predetermined
in-air hand gesture, the system transitions the high-power
detector to an 1nactive state and transitioning the low-power
detector to an active state.

In some embodiments, before registering the occurrence
of the predetermined in-air hand gesture, the system evalu-
ates data from a second sensor (e.g., the sensors 404) of the
wearable device to confirm that the predetermined in-air
hand gesture occurred at the wearable device, where the
second sensor 1s distinct from the neuromuscular-signal
sensing component. In some embodiments, in conjunction
with determining, by using the low-power detector, that the
respective neuromuscular signal requires further processing,
the system evaluates data from a second sensor of the
wearable device to confirm that an in-air hand gesture
occurred, where the second sensor 1s distinct from the
neuromuscular-signal sensing component. In some embodi-
ments, the second sensor of the wearable device 1s an IMU.

In some embodiments, the first set of neuromuscular
signals 1s stored 1 a bufler (e.g., the buflers 412) at the
wearable device, and the high-power detector 1s configured
to obtain the first set of neuromuscular signals from the
bufler. In some embodiments: (1) 1 accordance with a
determination that the bufler has 1nsuflicient data to confirm
that the predetermined in-air hand gesture has been per-
formed at the wearable device, the system selects supple-
mental data for the data in the bufler, including one or more
of: (a) using machine learning to predict precursor neuro-
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muscular signals; and (b) selecting a predefined set of
precursor neuromuscular signals based on the data in the
bufler; and (1) aggregating the data in the bufler and the
selected supplemental data.

In some embodiments, 1n accordance with a determina-
tion that the builer has suflicient data to confirm that the
predetermined 1n-air hand gesture has been performed at the
wearable device, the system forgoes selecting supplemental
data for the data in the buffer. In some embodiments, a
capacity of the bufler corresponds to a minimum length of
a neuromuscular-signal-detection period during which the
predetermined 1n-air hand gesture 1s performed.

The system recerves (610) a second set of neuromuscular
signals from the neuromuscular-signal sensing component
of the wearable device.

After determining (612), using the low-power detector
and not using the high-power detector, that a different
predetermined 1n-air hand gesture, distinct from the prede-
termined in-hand gesture, was performed at the wearable
device, the system performs (614) an action 1n response to
the different predetermined in-air hand gesture at the wear-
able device.

In some embodiments: (1) the predetermined in-air hand
gesture includes a wake gesture followed by at least one
other in-air hand gesture; and (11) registering the occurrence
of the predetermined 1n-air hand gesture includes: (a) reg-
istering an occurrence of the wake gesture to cause the
high-power detector to remain 1n an active state; and (b)
registering an occurrence of the other 1n-air hand gesture to
cause the wearable device to execute a function that corre-
sponds to the other 1n-air gesture to perform an action within
a user interface.

In some embodiments, prior to using the low-power
detector to determine that the respective neuromuscular
signal of the first set ol neuromuscular signals requires
turther processing to confirm that the predetermined 1n-air
hand gesture has been performed at the wearable device, the
system transitions the low-power detector from an 1nactive
state to an active state based on muscular activity detected
via the neuromuscular-signal sensing component satisiying
a muscular-activity wake-up criteria. In some embodiments,
while the low-power detector 1s in the active state, in
accordance with a determination that data from the neuro-
muscular-signal sensing component indicates that the mus-
cular-activity wake-up criteria are no longer satisfied, the
system transitions the low-power detector to the inactive
state.

In some embodiments, after performing the action in
response to the diflerent predetermined 1n-air hand gesture at
the wearable device, the system transitions both the high-
power detector and the low-power detector to 1nactive states
in accordance with a predetermined amount of time having
clapsed. In some embodiments, during the predetermined
amount of time, no respective neuromuscular signal 1s
determined to require further processing to confirm that an
in-air hand gesture has been performed at the wearable
device.

In some embodiments: (1) the system determines, using
the low-power detector, that another different predetermined
in-air hand gesture was performed at the wearable device,
the determining based on a respective neuromuscular signal
of a third set of neuromuscular signals, where the another
different predetermined in-air hand gesture i1s distinct from
the different predetermined in-air hand gesture and the
predetermined in-air hand gesture; and (11) 1n response to
determining that the another different predetermined 1n-air
hand gesture was performed at the wearable device, the
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system performs another action at the wearable device, the
another action being distinct from the action.

In some embodiments: (1) the system determines, using
the low-power detector, that one additional predetermined
in-air hand gesture was performed at the wearable device,
the determining based on a respective neuromuscular signal
of a fourth set of neuromuscular signals, where the one
additional predetermined 1n-air hand gesture 1s distinct from
the another different predetermined n-air hand gesture, the
different predetermined 1n-air hand gesture, and the prede-
termined in-air hand gesture; and (11) 1n response to deter-
miming that the one additional predetermined in-air hand
gesture was performed at the wearable device, the system
performs yet another action at the wearable device, the yet
another action being distinct from the action and the another
action. In some embodiments, one or both of the action and
the another action are performed while a display of the
wearable device 1s 1n an ofl state.

FIG. 7 1s a flow diagram illustrating a method 700 for
identifying actions and performing corresponding actions 1n
accordance with some embodiments. The method 700 is
performed at a computing system (e.g., a wearable device or
intermediary device) having one or more processors and
memory. In some embodiments, the memory stores one or
more programs configured for execution by the one or more
processors. At least some of the operations shown 1n FIG. 7
correspond to instructions stored 1n a computer memory or
computer-readable storage medium (e.g., the memory 6080,
6050, and/or 7050). In some embodiments, the computing
system 15 a wearable device, such as the wrist-wearable
device 104 or the head-wearable device 106. In some
embodiments, the computing system 1s, or includes, an
intermediary device such as a smartphone.

At 702, the system 1s 1n an i1dle state (e.g., awaiting user
activity) during which the high-power detector (e.g., the
high-power detector 114) and/or the low-power detector
(e.g., the low-power detector 112) 1s 1 an inactive (low-
power) state. In some embodiments, while in the idle state
702, neuromuscular sensors are active (e.g., to obtain neu-
romuscular data for user movements and/or gestures). In
some embodiments, while 1n the 1dle state 702, data from the
neuromuscular sensors 1s stored 1n one or more buflers (e.g.,
for potential future analysis by the low-power and/or high-
power detector).

In accordance with activity being detected (e.g., by the
low-power detector and/or an ultra-low-power detector), the
system transitions to a low-power analysis state 704. In the
low-power analysis state 704 the system attempts to identily
a user action (user gesture) from the detected activity. For
example, activity data 1s transierred to the low-power detec-
tor for analysis.

In accordance with a determination that the detected
activity 1s a false positive (e.g., does not correspond to any
user action), the system transitions back to the idle state 702.
In accordance with an action being i1dentified by the low-
power analysis, the system transitions to an action perfor-
mance state 706 (performs the identified action). In some
embodiments, transitioning to the action performance state
706 1includes transitioning the low-power detector to an
mactive (sleep) state. After performing the 1dentified action,
if no further activity 1s detected (e.g., within a preset time
period), the system transitions back to the idle state 702.

In accordance with an action being unidentified (e.g., a
potential action 1s i1dentified), the system transitions to a
high-power analysis state 708. In the high-power analysis
state 708 the system attempts to 1dentify the user action (user
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gesture) from the detected activity, e.g., using additional
compute power, such as the high-power detector 114.

In accordance with a determination that the detected
activity 1s a false positive (e.g., does not correspond to any
user action), the system transitions back to the idle state 702.
In accordance with an action being identified by the high-
power analysis, the system transitions to an action perfor-
mance state 706 (performs the identified action). In some
embodiments, transitioning to the action performance state
706 includes transitioming the high-power detector and/or
the low-power detector to an inactive (sleep) state. After
performing the identified action, 1 no further activity 1s
detected (e.g., within a preset time period), the system
transitions back to the idle state 702. In some embodiments,
transitioming to the idle state 702 (e.g., from any other state)
includes transitioning the high-power detector and/or the
low-power detector to an 1active (sleep) state.

FIG. 8 1s a flow diagram illustrating a method 800 for
reporting gestures 1 accordance with some embodiments.
The method 800 1s performed at a computing system (e.g.,
a wearable device or intermediary device) having one or
more processors and memory. In some embodiments, the
memory stores one or more programs configured for execu-
tion by the one or more processors. At least some of the
operations shown in FI1G. 8 correspond to structions stored
In a computer memory or computer-readable storage
medium (e.g., the memory 6080, 6050, and/or 7050). In
some embodiments, the computing system 1s a wearable
device, such as the wrist-wearable device 104 or the head-
wearable device 106. In some embodiments, the computing
system 1s, or includes, an intermediary device such as a
smartphone.

The system activates (850) one or more sensors (e.g., the
neuromuscular-signal sensing component 402) and a low-
power detector (e.g., the low-power detector 414). In some
embodiments, the system activates the one or more sensors
and the low-power detector 1n accordance with the system
being powered-up, worn by a user, and/or set to a gesture-
detection state.

The system determines (852) whether activity 1s detected
by the low-power detector. In accordance with activity being
detected, the system activates (854) a high-power detector
(e.g., the high-power detector 416). For example, the system
supplies additional power to the high-power detector.

The system transiers (856) bufler data to the high-power
detector. For example, the system transiers data from the
buflers 412 to the high-power detector 416. The system
determines (858) whether a gesture 1s 1dentified using the
high-power detector (e.g., based on the bufler data). In
accordance with a gesture being 1dentified (recognmized), the
system reports (860) the gesture (e.g., so that an action
corresponding to the gesture can be performed). In some
embodiments, 1n accordance with a gesture not being 1den-
tified, the high-power detector 1s disabled (returns to an
inactive state) and the system returns to monitoring for
activity.

Having thus described example sequences and methods of
operation that make use of the example sequences, attention
will now be directed to system-level depictions of hardware
and software on which (or with which) the methods can be
implemented.

Example Systems

FIGS. 9A-9D illustrate example AR systems 1n accor-
dance with some embodiments. FIG. 9A shows an AR
system 3000aq and example user interactions using a wrist-
wearable device 6000, a head-wearable device (e.g., AR
system 7000), and/or a handheld intermediary processing
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device (HIPD) 8000. FIG. 9B shows an AR system 50005
and second example user interactions using the wrist-wear-
able device 6000, the AR system 7000, and/or an HIPD
8000. FIGS. 9C-1 and 9C-2 show an AR system 5000c¢ and
third example user interactions using a wrist-wearable
device 6000, a head-wearable device (e.g., VR headset
7010), and/or an HIPD 8000. FIGS. 9D-1 and 9D-2 show a
fourth AR system 50004 and fourth example user interac-
tions using a wrist-wearable device 6000, VR headset 7010,
and/or device 9000 (e.g., wearable haptic gloves). The
above-example AR systems (described in detail below) can
perform the various functions and/or operations described
above with reference to FIGS. 1-8.

The wrist-wearable device 6000 and its components are
described below 1n reference to FIGS. 10A-10B; the head-
wearable devices and their components are described below
in reference to FIGS. 11 A-11D; and the HIPD 8000 and 1ts
components are described below in reference to FIGS.
12A-12B. Wearable gloves and their components are
described below in reference to FIGS. 13A-13C. As shown
in FIG. 9A, the wrist-wearable device 6000, the head-
wearable devices, and/or the HIPD 8000 can communica-
tively couple via a network 35025 (e.g., cellular, near field,
Wi-Fi, personal area network, or wireless LAN). Addition-
ally, the wrist-wearable device 6000, the head-wearable
devices, and/or the HIPD 8000 can also communicatively
couple with one or more servers 5030, computers 5040 (e.g.,
laptops and other computers), mobile devices 5050 (e.g.,
smartphones and tablets), and/or other electronic devices via
the network 5025 (e.g., cellular, near field, Wi-Fi, personal
area network, or wireless LAN) Similarly, the device 9000
can also communicatively couple with the wrist-wearable
device 6000, the head-wearable devices, the HIPD 8000, the
one or more servers 5030, the computers 5040, the mobile
devices 5050, and/or other electronic devices via the net-
work 5025.

Turning to FIG. 9A, a user 5002 1s shown wearing the
wrist-wearable device 6000 and the AR system 7000 and
having the HIPD 8000 on their desk. The wrist-wearable
device 6000, the AR system 7000, and the HIPD 8000
facilitate user interaction with an AR environment. In par-
ticular, as shown by the AR system 5000a, the wrist-
wearable device 6000, the AR system 7000, and/or the HIPD
8000 cause presentation of one or more avatars 5004, digital
representations of contacts 5006, and virtual objects 5008.
As discussed below, the user 5002 can interact with the one
or more avatars 5004, digital representations of the contacts
5006, and virtual objects 5008 via the wrist-wearable device
6000, the AR system 7000, and/or the HIPD 8000.

The user 53002 can use any of the wrist-wearable device
6000, the AR system 7000, and/or the HIPD 8000 to provide
user mputs. For example, the user 5002 can perform one or
more hand gestures that are detected by the wrist-wearable
device 6000 (e.g., using one or more EMG sensors and/or
IMUs, described below in reference to FIGS. 12A-12B)
and/or AR system 7000 (e.g., using one or more 1mage
sensor or camera, described below 1n reference to FIGS.
11A-11B) to provide a user mput. Alternatively, or addition-
ally, the user 5002 can provide a user input via one or more
touch surfaces of the wrist-wearable device 6000, the AR
system 7000, and/or the HIPD 8000, and/or voice com-
mands captured by a microphone of the wrist-wearable
device 6000, the AR system 7000, and/or the HIPD 8000. In
some embodiments, the wrist-wearable device 6000, the AR
system 7000, and/or the HIPD 8000 include a digital assis-
tant to help the user in providing a user mput (e.g., com-
pleting a sequence of operations, suggesting diflerent opera-
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tions or commands, providing reminders, or confirming a
command). In some embodiments, the user 5002 provides a
user mput via one or more facial gestures and/or facial
expressions. For example, cameras ol the wrist-wearable
device 6000, the AR system 7000, and/or the HIPD 8000 can

track the user 5002’s eyes for navigating a user interface.
The wrist-wearable device 6000, the AR system 7000,

and/or the HIPD 8000 can operate alone or in conjunction to
allow the user 5002 to interact with the AR environment. In
some embodiments, the HIPD 8000 1s configured to operate
as a central hub or control center for the wrist-wearable
device 6000, the AR system 7000, and/or another commu-
nicatively coupled device. For example, the user 5002 can
provide an input to interact with the AR environment at any
of the wrist-wearable device 6000, the AR system 7000,
and/or the HIPD 8000, and the HIPD 8000 can identify one
or more back-end and front-end tasks to cause the perfor-
mance of the requested interaction and distribute nstruc-
tions to cause the performance of the one or more back-end
and front-end tasks at the wrist-wearable device 6000, the
AR system 7000, and/or the HIPD 8000. In some embodi-
ments, a back-end task 1s background processing task that 1s
not perceptible by the user (e.g., rendering content, decom-
pression, or compression), and a front-end task 1s a user-
facing task that 1s perceptible to the user (e.g., presenting
information to the user or providing feedback to the user).
As described below 1n reference to FIGS. 12A-12B, the
HIPD 8000 can perform the back-end tasks and provide the
wrist-wearable device 6000 and/or the AR system 700

operational data corresponding to the performed back-end
tasks such that the wrist-wearable device 6000 and/or the
AR system 7000 can perform the front-end tasks. In this
way, the HIPD 8000, which can have more computational
resources and greater thermal headroom than the wrist-
wearable device 6000 and/or the AR system 7000, performs
computationally intensive tasks and reduces the computer

resource utilization and/or power usage of the wrist-wear-
able device 6000 and/or the AR system 7000.

In the example shown by the AR system 5000a, the HIPD
8000 identifies one or more back-end tasks and front-end
tasks associated with a user request to mitiate an AR video
call with one or more other users (represented by the avatar
5004 and the digital representation of the contact 5006) and
distributes instructions to cause the performance of the one
or more back-end tasks and front-end tasks. In particular, the
HIPD 8000 performs back-end tasks for processing and/or
rendering 1image data (and other data) associated with the
AR video call and provides operational data associated with
the performed back-end tasks to the AR system 7000 such
that the AR system 7000 perform front-end tasks for pre-
senting the AR video call (e.g., presenting the avatar 5004
and the digital representation of the contact 5006).

In some embodiments, the HIPD 8000 operates as a focal
or anchor point for causing the presentation of information.
This allows the user 5002 to be generally aware of where
information 1s presented. For example, as shown in the AR
system 50004, the avatar 5004 and the digital representation
of the contact 5006 are presented above the HIPD 8000. In
particular, the HIPD 8000 and the AR system 7000 operate
in conjunction to determine a location for presenting the
avatar 5004 and the digital representation of the contact
5006. In some embodiments, information can be presented
a predetermined distance from the HIPD 8000 (e.g., within
five meters). For example, as shown 1 the AR system
5000q, virtual object 5008 is presented on the desk some
distance from the HIPD 8000. Similar to the above example,

the HIPD 8000 and the AR system 7000 can operate in
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conjunction to determine a location for presenting the virtual
object 5008. Alternatively, 1n some embodiments, presenta-
tion of information 1s not bound by the HIPD 8000. More
specifically, the avatar 5004, the digital representation of the
contact 5006, and the virtual object 5008 do not have to be
presented within a predetermined distance of the HIPD
8000.

User mputs provided at the wrist-wearable device 6000,
the AR system 7000, and/or the HIPD 8000 are coordinated
such that the user can use any device to initiate, continue,
and/or complete an operation. For example, the user 5002
can provide a user input to the AR system 7000 to cause the
AR system 7000 to present the virtual object 5008 and,
while the virtual object 5008 1s presented by the AR system
7000, the user 5002 can provide one or more hand gestures
via the wrst-wearable device 6000 to interact and/or
manipulate the virtual object 5008.

FIG. 9B shows the user 5002 wearing the wrist-wearable
device 6000 and the AR system 7000 and holding the HIPD
8000. In the AR system 50005, the wrist-wearable device
6000, the AR system 7000, and/or the HIPD 8000 are used
to receive and/or provide one or more messages to a contact
of the user 5002. In particular, the wrist-wearable device
6000, the AR system 7000, and/or the HIPD 8000 detect and
coordinate one or more user inputs to initiate a messaging
application and prepare a response to a received message via
the messaging application.

In some embodiments, the user 5002 1nitiates, via a user
input, an application on the wrist-wearable device 6000, the
AR system 7000, and/or the HIPD 8000 that causes the
application to initiate on at least one device. For example, 1n
the AR system 50005 the user 5002 performs a hand gesture
associated with a command for mitiating a messaging appli-
cation (represented by messaging user interface 5012); the
wrist-wearable device 6000 detects the hand gesture; and,
based on a determination that the user 5002 i1s wearing AR
system 7000, causes the AR system 7000 to present a
messaging user interface 5012 of the messaging application.
The AR system 7000 can present the messaging user inter-
tace 5012 to the user 5002 via 1ts display (e.g., as shown by
user 5002’s field of view 5010). In some embodiments, the
application 1s 1mmitiated and ran on the device (e.g., the
wrist-wearable device 6000, the AR system 7000, and/or the
HIPD 8000) that detects the user mput to initiate the
application, and the device provides another device opera-
tional data to cause the presentation of the messaging
application. For example, the wrist-wearable device 6000
can detect the user mput to mitiate a messaging application,
initiate and run the messaging application, and provide
operational data to the AR system 7000 and/or the HIPD
8000 to cause presentation of the messaging application.
Alternatively, the application can be mitiated and ran at a
device other than the device that detected the user input. For
example, the wrist-wearable device 6000 can detect the hand
gesture associated with mitiating the messaging application
and cause the HIPD 8000 to run the messaging application
and coordinate the presentation of the messaging applica-
tion.

Further, the user 5002 can provide a user iput provided
at the wrist-wearable device 6000, the AR system 7000,
and/or the HIPD 8000 to continue and/or complete an
operation 1mitiated are at another device. For example, after
iitiating the messaging application via the wrist-wearable
device 6000 and while the AR system 7000 present the
messaging user interface 5012, the user 5002 can provide an
input at the HIPD 8000 to prepare a response (e.g., shown
by the swipe gesture performed on the HIPD 8000). The user

10

15

20

25

30

35

40

45

50

55

60

65

20

5002’s gestures performed on the HIPD 8000 can be pro-
vided and/or displayed on another device. For example, the
user 5002°s swipe gestured performed on the HIPD 8000 are
displayed on a wvirtual keyboard of the messaging user
interface 5012 displayed by the AR system 7000.

In some embodiments, the wrist-wearable device 6000,
the AR system 7000, the HIPD 8000, and/or other commu-
nicatively couple device presents one or more notifications
to the user 5002. The notification can be an indication of a
new message, an incoming call, an application update, or a
status update. The user 5002 can select the notification via
the wrist-wearable device 6000, the AR system 7000, the
HIPD 8000, and cause presentation of an application or
operation associated with the notification on at least one
device. For example, the user 5002 can receive a notification
that a message was received at the wrist-wearable device
6000, the AR system 7000, the HIPD 8000, and/or other
communicatively couple device and provide a user input at
the wrist-wearable device 6000, the AR system 7000, and/or
the HIPD 8000 to review the notification, and the device
detecting the user input can cause an application associated
with the notification to be mitiated and/or presented at the
wrist-wearable device 6000, the AR system 7000, and/or the
HIPD 8000.

While the above example describes coordinated inputs
used to interact with a messaging application, the skilled
artisan will appreciate upon reading the descriptions that
user mputs can be coordinated to interact with any number
of applications including, but not limited to, gaming appli-
cations, social media applications, camera applications,
web-based applications, and financial applications. For
example, the AR system 7000 can present to the user 5002
game application data, and the HIPD 8000 can use a
controller to provide mputs to the game. Similarly, the user
5002 can use the wrist-wearable device 6000 to mitiate a
camera of the AR system 7000, and the user can use the
wrist-wearable device 6000, the AR system 7000, and/or the
HIPD 8000 to manipulate the image capture (e.g., zoom 1n
or out and/or apply filters) and capture 1image data.

Having discussed example AR systems, devices for inter-
acting with such AR systems, and other computing systems
more generally, will now be discussed i greater detail
below. Some definitions of devices and components that can
be included in some or all of the example devices discussed
below are defined here for ease of reference. A skilled artisan
will appreciate that certain types of the components
described below may be more suitable for a particular set of
devices, and less suitable for a different set of devices. But
subsequent reference to the components defined here should
be considered to be encompassed by the definitions pro-
vided.

In some embodiments discussed below, example devices
and systems, including electronic devices and systems, will
be discussed. Such example devices and systems are not
intended to be limiting, and one of skill in the art will
understand that alternative devices and systems to the
example devices and systems described herein may be used
to perform the operations and construct the systems and
device that are described herein.

As described herein, an electronic device 1s a device that
uses electrical energy to perform one or more functions. It
can be any physical object that contains electronic compo-
nents such as transistors, resistors, capacitors, diodes, and
integrated circuits. Examples of electronic devices include
smartphones, laptops, digital cameras, televisions, gaming
consoles, and music players, as well as the example elec-
tronic devices discussed herein. As described herein, an
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intermediary electronic device 1s a device that sits between
two other electronic devices, and/or a subset of components
ol one or more electronic devices and facilitates communi-
cation, and/or data processing and/or data transier between
the respective electronic devices and/or electronic compo-
nents.

As described herein, a processor (e.g., a central process-
ing unit (CPU)), 1s an electronic component that 1s respon-
sible for executing nstructions and controlling the operation
of an electronic device (e.g., a computer). There are various
types of processors that may be used interchangeably, or
may be specifically required, by embodiments described
herein. For example, a processor may be: (1) a general
processor designed to perform a wide range of tasks, such as
running soitware applications, managing operating systems,
and performing arithmetic and logical operations; (1) a
microcontroller designed for specific tasks such as control-
ling electronic devices, sensors, and motors; (111) a graphics
processing unit (GPU) designed to accelerate the creation
and rendering of 1images, videos, and animations (e.g., VR
amimations, such as three-dimensional modeling); (1v) a
field-programmable gate array (FPGA) that can be pro-
grammed and reconfigured after manufacturing, and/or can
be customized to perform specific tasks, such as signal
processing, cryptography, and machine learming; and (v) a
digital signal processor (DSP) designed to perform math-
ematical operations on signals such as audio, video, and
radio waves. One of skill in the art will understand that one
Or more processors ol one or more electronic devices may be
used 1n various embodiments described herein.

As described herein, memory refers to electronic compo-
nents 1n a computer or electronic device that store data and
istructions for the processor to access and manipulate.
Examples of memory can include (1) random access memory
(RAM) configured to store data and instructions temporar-
ily; (1) read-only memory (ROM) configured to store data
and 1nstructions permanently (e.g., one or more portions of
system firmware, and/or boot loaders); (111) tflash memory,
which can be configured to store data 1n electronic devices
(e.g., USB drives, memory cards, and/or solid-state drives
(SSDs)); and (1v) cache memory configured to temporarily
store frequently accessed data and instructions. Memory, as
described herein, can include structured data (e.g., SQL
databases, MongoDB databases, GraphQL data, and/or
JSON data). Other examples of memory can include (1)
profile data, including user account data, user settings,
and/or other user data stored by the user; (1) sensor data
detected and/or otherwise obtained by one or more sensors;
(111) media content data including stored 1mage data, audio
data, documents, and the like; (1v) application data, which
can 1nclude data collected and/or otherwise obtained and
stored during use of an application; and/or (v) any other
types of data described herein.

As described herein, controllers are electronic compo-
nents that manage and coordinate the operation of other
components within an electronic device (e.g., controlling
inputs, processing data, and/or generating outputs).
Examples of controllers can include: (1) microcontrollers,
including small, low-power controllers that are commonly
used in embedded systems and Internet of Things (1I0T)
devices; (1) programmable logic controllers (PLCs) that
may be configured to be used in industrial automation
systems to control and monitor manufacturing processes;
(111) system-on-a-chip (SoC) controllers that integrate mul-
tiple components such as processors, memory, /O inter-
taces, and other peripherals into a single chip; and/or (1v)

DSPs.
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As described herein, a power system of an electronic
device 1s configured to convert imncoming electrical power
into a form that can be used to operate the device. A power
system can include various components, including: (1) a
power source, which can be an alternating current (AC)
adapter or a direct current (DC) adapter power supply; (11) a
charger mput, and can be configured to use a wired and/or
wireless connection (which may be part of a peripheral
interface, such as a USB, micro-USB interface, near-field
magnetic coupling, magnetic inductive and magnetic reso-
nance charging, and/or radio frequency (RF) charging); (111)
a power-management integrated circuit, configured to dis-
tribute power to various components of the device and to
ensure that the device operates within safe limits (e.g.,
regulating voltage, controlling current flow, and/or manag-
ing heat dissipation); and/or (1v) a battery configured to store
power to provide usable power to components of one or
more electronic devices.

As described herein, peripheral interfaces are electronic
components (e.g., ol electronic devices) that allow elec-
tronic devices to communicate with other devices or periph-
erals, and can provide a means for mput and output of data
and signals. Examples of peripheral interfaces can include:
(1) umversal serial bus (USB) and/or micro-USB 1nterfaces
configured for connecting devices to an electronic device;
(11) Bluetooth interfaces configured to allow devices to
communicate with each other, including Bluetooth low
energy (BLE); (111) near field communication (NFC) inter-
faces configured to be short-range wireless interface for
operations such as access control; (1v) POGO pins, which
may be small, spring-loaded pins configured to provide a
charging interface; (v) wireless charging interfaces; (vi)
GPS terfaces; (vi1) Wi-Fi interfaces for providing a con-
nection between a device and a wireless network; (vii1) and
sensor interfaces.

As described herein, sensors are electronic components
(e.g., 1n and/or otherwise 1n electronic communication with
clectronic devices, such as wearable devices) configured to
detect physical and environmental changes and generate
clectrical signals. Examples of sensors can include: (1)
imaging sensors for collecting imaging data (e.g., including
one or more cameras disposed on a respective electronic
device); (1) biopotential-signal sensors; (111) inertial mea-
surement units (e.g., IMUs) for detecting, for example,
angular rate, force, magnetic field, and/or changes 1n accel-
eration; (1v) heart rate sensors for measuring a user’s heart
rate; (v) SpO2 sensors for measuring blood oxygen satura-
tion and/or other biometric data of a user; and (v1) capacitive
sensors for detecting changes 1n potential at a portion of a
user’s body (e.g., a sensor-skin interface); light sensors (e.g.,
time-oi-tlight sensors, infrared light sensors, and/or visible
light sensors). As described herein biopotential-signal-sens-
ing components are devices used to measure electrical
activity within the body (e.g., biopotential-signal sensors).
Some types of biopotential-signal sensors include: (1) elec-
troencephalography (EEG) sensors configured to measure
clectrical activity in the brain to diagnose neurological
disorders; (11) electrocardiography (ECG or EKG) sensors
configured to measure clectrical activity of the heart to
diagnose heart problems; (i11) electromyography (EMG)
sensors configured to measure the electrical activity of
muscles and to diagnose neuromuscular disorders; and (1v)
clectrooculography (EOG) sensors configured to measure
the electrical activity of eye muscles to detect eye movement
and diagnose eye disorders.

As described herein, an application stored in the memory
of an electronic device (e.g., software) includes istructions
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stored 1 the memory. Examples of such applications
include: (1) games; (11) word processors; messaging appli-
cations; media-streaming applications; financial applica-
tions; calendars; clocks; communication interface modules
for enabling wired and/or wireless connections between

different respective electronic devices (e.g., IEEE 802.15.4,
Wi-Fi, ZigBee, 6LoWPAN, Thread, Z-Wave, Bluetooth

Smart, ISA100.11a, WirelessHART, or Mi1Wi), custom or
standard wired protocols (e.g., Ethernet or HomePlug),
and/or any other suitable communication protocols).

As described herein, a communication interface i1s a
mechanism that enables different systems or devices to
exchange mmformation and data with each other, including
hardware, software, or a combination of both hardware and
soltware. For example, a communication interface can refer
to a physical connector and/or port on a device that enables
communication with other devices (e.g., USB, Ethemnet,
HDMI, Bluetooth). In some embodiments, a communication
interface can refer to a software layer that enables different
soltware programs to commumnicate with each other (e.g.,
application programming interfaces (APIs) and/or protocols
like HT'TP and TCP/IP).

As described herein, a graphics module 1s a component or
software module that 1s designed to handle graphical opera-
tions and/or processes, and can include a hardware module
and/or a software module.

As described herein, non-transitory computer-readable
storage media are physical devices or storage media that can
be used to store electronic data 1n a non-transitory form (e.g.,
such that the data 1s stored permanently until 1t 1s intention-
ally deleted or modified).

Example Wrist-Wearable Devices

FIGS. 12A and 12B 1illustrate the wrist-wearable device
6000 1n accordance with some embodiments. FIG. 12A
illustrates components of the wrist-wearable device 6000,
which can be used 1individually or 1n combination, including,
combinations that include other electronic devices and/or
clectronic components.

FIG. 12A shows a wearable band 6010 and a watch body
6020 (or capsule) being coupled, as discussed below, to form
the wrist-wearable device 6000. The wrist-wearable device
6000 can perform various functions and/or operations asso-
ciated with navigating through user interfaces and selec-
tively opening applications, as well as the functions and/or
operations described above with reference to FIGS. 1A-6.

As will be described in more detail below, operations
executed by the wrist-wearable device 6000 can include: (1)
presenting content to a user (e.g., displaying visual content
via a display 6005); (1) detecting (e.g., sensing) user input
(e.g., sensing a touch on peripheral button 6023 and/or at a
touch screen of the display 6003, a hand gesture detected by
sensors (e.g., biopotential sensors)); (111) sensing biometric
data via one or more sensors 6013 (e.g., neuromuscular
signals, heart rate, temperature, and/or sleep); messaging
(e.g., text, speech, and/or video); 1image capture via one or
more 1maging devices or cameras 60235; wireless commu-
nications (e.g., cellular, near field, Wi-Fi, and/or personal
areca network); location determination; financial transac-
tions; providing haptic feedback; alarms; notifications; bio-
metric authentication; health monitoring; and/or sleep moni-
toring.

The above-example functions can be executed indepen-
dently 1n the watch body 6020, independently 1n the wear-
able band 6010, and/or via an electronic communication
between the watch body 6020 and the wearable band 6010.
In some embodiments, functions can be executed on the
wrist-wearable device 6000 while an AR environment 1s
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being presented (e.g., via one of the AR systems 5000a to
50004d). As the skilled artisan will appreciate upon reading
the descriptions provided herein, the novel wearable devices
described herein can be used with other types of AR envi-
ronments.

The wearable band 6010 can be configured to be worn by
a user such that an inner surface of the wearable band 6010
1s 1n contact with the user’s skin. When worn by a user,
sensors 6013 contact the user’s skin. The sensors 6013 can
sense biometric data such as a user’s heart rate, saturated
oxygen level, temperature, sweat level, neuromuscular sig-
nal sensors, or a combination thereof. The sensors 6013 can
also sense data about a user’s environment, including a
user’s motion, altitude, location, orientation, gait, accelera-
tion, position, or a combination thereof. In some embodi-
ments, the sensors 6013 are configured to track a position
and/or motion of the wearable band 6010. The one or more
sensors 6013 can include any of the sensors defined above
and/or discussed below with respect to FIG. 10B.

The one or more sensors 6013 can be distributed on an
inside and/or an outside surface of the wearable band 6010.
In some embodiments, the one or more sensors 6013 are
uniformly spaced along the wearable band 6010. Alterna-

tively, 1n some embodiments, the one or more sensors 6013
are positioned at distinct points along the wearable band
6010. As shown 1n FIG. 10A, the one or more sensors 6013
can be the same or distinct. For example, 1n some embodi-
ments, the one or more sensors 6013 can be shaped as a pill
(e.g., sensor 6013a), an oval, a circle, a square, an oblong
(e.g., sensor 6013¢) and/or any other shape that maintains
contact with the user’s skin (e.g., such that neuromuscular
signal and/or other biometric data can be accurately mea-
sured at the user’s skin). In some embodiments, the one or
more sensors 6013 are aligned to form pairs of sensors (e.g.,
for sensing neuromuscular signals based on diflerential
sensing within each respective sensor). For example, sensor
60135 1s aligned with an adjacent sensor to form sensor pair
60144 and sensor 60134 aligned with an adjacent sensor to
form sensor pair 60145. In some embodiments, the wearable
band 6010 does not have a sensor pair. Alternatively, in some
embodiments, the wearable band 6010 has a predetermined
number of sensor pairs (€.g., one pair of sensors, three pairs
ol sensors, four pairs of sensors, six pairs ol sensors, or
sixteen pairs ol sensors).

The wearable band 6010 can include any suitable number
of sensors 6013. In some embodiments, the number and
arrangement of sensors 6013 depends on the particular
application for which the wearable band 6010 1s used. For
instance, a wearable band 6010 configured as an armband,
wristband, or chest-band may include a plurality of sensors
6013 with different numbers of sensors 6013 and different
arrangement for each use case, such as medical use cases as
compared to gaming or general day-to-day use cases.

In accordance with some embodiments, the wearable
band 6010 further includes an electrical ground electrode
and a shielding electrode. The electrical ground and shield-
ing electrodes, like the sensors 6013, can be distributed on
the inside surface of the wearable band 6010 such that they
contact a portion of the user’s skin. For example, the
clectrical ground and shielding electrodes can be at an 1nside
surface of coupling mechanism 6016 or an iside surface of
a wearable structure 6011. The electrical ground and shield-
ing electrodes can be formed and/or use the same compo-
nents as the sensors 6013. In some embodiments, the wear-
able band 6010 includes more than one electrical ground
clectrode and more than one shielding electrode.
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The sensors 6013 can be formed as part of the wearable
structure 6011 of the wearable band 6010. In some embodi-
ments, the sensors 6013 are flush or substantially flush with
the wearable structure 6011 such that they do not extend
beyond the surface of the wearable structure 6011. While
flush with the wearable structure 6011, the sensors 6013 are
still configured to contact the user’s skin (e.g., via a skin-
contacting surface). Alternatively, 1n some embodiments, the
sensors 6013 extend beyond the wearable structure 6011 a
predetermined distance (e.g., 0.1-2 mm) to make contact and
depress into the user’s skin. In some embodiments, the
sensors 6013 are coupled to an actuator (not shown) con-
figured to adjust an extension height (e.g., a distance from
the surface of the wearable structure 6011) of the sensors
6013 such that the sensors 6013 make contact and depress
into the user’s skin. In some embodiments, the actuators
adjust the extension height between 0.01 mm-1.2 mm. This
allows the user to customize the positioning of the sensors
6013 to improve the overall comiort of the wearable band
6010 when worn while still allowing the sensors 6013 to
contact the user’s skin. In some embodiments, the sensors
6013 are indistinguishable from the wearable structure 6011
when worn by the user.

The wearable structure 6011 can be formed of an elastic
maternial (e.g., an elastomer) configured to be stretched and
fitted to be worn by the user. In some embodiments, the
wearable structure 6011 1s a textile or woven fabric. As
described above, the sensors 6013 can be formed as part of
a wearable structure 6011. For example, the sensors 6013
can be molded into the wearable structure 6011 or be
integrated into a woven fabric (e.g., the sensors 6013 can be
sewn 1nto the fabric and mimic the pliability of fabric (e.g.,
the sensors 6013 can be constructed from a series of woven
strands of fabric)).

The wearable structure 6011 can include tlexible elec-
tronic connectors that interconnect the sensors 6013, the
clectronic circuitry, and/or other electronic components (de-
scribed below 1n reference to FIG. 10B) that are enclosed 1n
the wearable band 6010. In some embodiments, the flexible
clectronic connectors are configured to interconnect the
sensors 6013, the electronic circuitry, and/or other electronic
components of the wearable band 6010 with respective
sensors and/or other electronic components of another elec-
tronic device (e.g., watch body 6020). The flexible elec-
tronic connectors are configured to move with the wearable
structure 6011 such that the user adjustment to the wearable
structure 6011 (e.g., resizing, pulling, and/or folding) does
not stress or strain the electrical coupling of components of

the wearable band 6010.

As described above, the wearable band 6010 1s configured
to be worn by a user. In particular, the wearable band 6010
can be shaped or otherwise manipulated to be worn by a
user. For example, the wearable band 6010 can be shaped to
have a substantially circular shape such that 1t can be
configured to be worn on the user’s lower arm or wrist.
Alternatively, the wearable band 6010 can be shaped to be
worn on another body part of the user, such as the user’s
upper arm (e.g., around a bicep), forearm, chest, or legs. The
wearable band 6010 can include a retaining mechamism
6012 (e.g., a buckle or a hook-and-loop fastener) for secur-
ing the wearable band 6010 to the user’s wrist or other body
part. While the wearable band 6010 1s worn by the user, the
sensors 6013 sense data (referred to as sensor data) from the
user’s skin. In particular, the sensors 6013 of the wearable
band 6010 obtain (e.g., sense and record) neuromuscular
signals.
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The sensed data (e.g., sensed neuromuscular signals) can
be used to detect and/or determine the user’s intention to
perform certain motor actions. In particular, the sensors
6013 sense and record neuromuscular signals from the user
as the user performs muscular activations (e.g., movements
and/or gestures). The detected and/or determined motor
actions (e.g., phalange (or digits) movements, wrist move-
ments, hand movements, and/or other muscle intentions) can
be used to determine control commands or control informa-
tion (1nstructions to perform certain commands after the data
1s sensed) for causing a computing device to perform one or
more mput commands. For example, the sensed neuromus-
cular signals can be used to control certain user interfaces
displayed on the display 6005 of the wrist-wearable device
6000 and/or can be transmitted to a device responsible for
rendering an artificial-reality environment (e.g., a head-
mounted display) to perform an action 1 an associated
artificial-reality environment, such as to control the motion
of a virtual device displayed to the user. The muscular
activations performed by the user can include static gestures,
such as placing the user’s hand palm down on a table;
dynamic gestures, such as grasping a physical or virtual
object; and covert gestures that are imperceptible to another
person, such as slightly tensing a joint by co-contracting
opposing muscles or using sub-muscular activations. The
muscular activations performed by the user can include
symbolic gestures (e.g., gestures mapped to other gestures,
interactions, or commands, for example, based on a gesture
vocabulary that specifies the mapping of gestures to com-
mands).

The sensor data sensed by the sensors 6013 can be used
to provide a user with an enhanced interaction with a
physical object (e.g., devices communicatively coupled with
the wearable band 6010) and/or a wvirtual object in an
artificial-reality application generated by an artificial-reality
system (e.g., user interface objects presented on the display
6005, or another computing device (e.g., a smartphone)).

In some embodiments, the wearable band 6010 includes
one or more haptic devices 6046 (FI1G. 10B, e.g., a vibratory
haptic actuator) that are configured to provide haptic feed-
back (e.g., a cutaneous and/or kinesthetic sensation) to the
user’s skin. The sensors 6013 and/or the haptic devices 6046
can be configured to operate 1n conjunction with multiple
applications, including, without limitation, health monitor-
ing, social media, games, and artificial reality (e.g., the
applications associated with artificial reality).

The wearable band 6010 can also include coupling
mechanism 6016 (e.g., a cradle or a shape of the coupling
mechanism can correspond to the shape of the watch body
6020 of the wrist-wearable device 6000) for detachably
coupling a capsule (e.g., a computing unit) or watch body
6020 (via a coupling surface of the watch body 6020) to the
wearable band 6010. In particular, the coupling mechanism
6016 can be configured to receive a coupling surface proxi-
mate to the bottom side of the watch body 6020 (e.g., a side
opposite to a front side of the watch body 6020 where the
display 6005 1s located), such that a user can push the watch
body 6020 downward 1nto the coupling mechanism 6016 to
attach the watch body 6020 to the coupling mechanism
6016. In some embodiments, the coupling mechanism 6016
can be configured to receive a top side of the watch body
6020 (e¢.g., a side proximate to the front side of the watch
body 6020 where the display 6005 1s located) that 1s pushed
upward into the cradle, as opposed to being pushed down-
ward 1nto the coupling mechamism 6016. In some embodi-
ments, the coupling mechanism 6016 1s an integrated com-
ponent of the wearable band 6010 such that the wearable
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band 6010 and the coupling mechanism 6016 are a single
unitary structure. In some embodiments, the coupling
mechanism 6016 1s a type of frame or shell that allows the
watch body 6020 coupling surface to be retained within or
on the wearable band 6010 coupling mechanism 6016 (e.g.,
a cradle, a tracker band, a support base, or a clasp).

The coupling mechanism 6016 can allow for the watch
body 6020 to be detachably coupled to the wearable band
6010 through a friction {it, magnetic coupling, a rotation-
based connector, a shear-pin coupler, a retention spring, one
or more magnets, a clip, a pmn shait, a hook-and-loop
fastener, or a combination thereof. A user can perform any
type ol motion to couple the watch body 6020 to the
wearable band 6010 and to decouple the watch body 6020
from the wearable band 6010. For example, a user can twist,
slide, turn, push, pull, or rotate the watch body 6020 relative
to the wearable band 6010, or a combination thereof, to
attach the watch body 6020 to the wearable band 6010 and
to detach the watch body 6020 from the wearable band 6010.
Alternatively, as discussed below, in some embodiments, the
watch body 6020 can be decoupled from the wearable band
6010 by actuation of the release mechanmism 6029.

The wearable band 6010 can be coupled with a watch
body 6020 to increase the functionality of the wearable band
6010 (e.g., converting the wearable band 6010 into a wrist-
wearable device 6000, adding an additional computing unit
and/or battery to increase computational resources and/or a
battery life of the wearable band 6010, adding additional
sensors to improve sensed data). As described above, the
wearable band 6010 (e.g., and the coupling mechanism
6016) 1s configured to operate independently (e.g., execute
functions independently) from watch body 6020. For
example, the coupling mechanism 6016 can include one or
more sensors 6013 that contact a user’s skin when the
wearable band 6010 1s worn by the user and provide sensor
data for determining control commands.

A user can detach the watch body 6020 (or capsule) from
the wearable band 6010 1n order to reduce the encumbrance
of the wrist-wearable device 6000 to the user. For embodi-
ments 1n which the watch body 6020 1s removable, the watch
body 6020 can be referred to as a removable structure, such
that 1n these embodiments the wrist-wearable device 6000
includes a wearable portion (e.g., the wearable band 6010)
and a removable structure (the watch body 6020).

Turning to the watch body 6020, the watch body 6020 can
have a substantially rectangular or circular shape. The watch
body 6020 1s configured to be worn by the user on their wrist
or on another body part. More specifically, the watch body
6020 1s sized to be easily carried by the user, attached on a
portion of the user’s clothing, and/or coupled to the wearable
band 6010 (forming the wrist-wearable device 6000). As
described above, the watch body 6020 can have a shape
corresponding to the coupling mechanism 6016 of the
wearable band 6010. In some embodiments, the watch body
6020 includes a single release mechanism 6029 or multiple
release mechanisms (e.g., two release mechanisms 6029
positioned on opposing sides of the watch body 6020, such
as spring-loaded buttons) for decoupling the watch body
6020 and the wearable band 6010. The release mechanism
6029 can include, without limitation, a button, a knob, a
plunger, a handle, a lever, a fastener, a clasp, a dial, a latch,
or a combination thereof.

A user can actuate the release mechamism 6029 by push-
ing, turning, lifting, depressing, shifting, or performing other
actions on the release mechanism 6029. Actuation of the
release mechanism 6029 can release (e.g., decouple) the
watch body 6020 from the coupling mechanism 6016 of the

10

15

20

25

30

35

40

45

50

55

60

65

28

wearable band 6010, allowing the user to use the watch body
6020 independently from wearable band 6010, and vice
versa. For example, decoupling the watch body 6020 from
the wearable band 6010 can allow the user to capture images
using rear-facing camera 6025B. Although the release
mechanism 6029 1s shown positioned at a corner of watch
body 6020, the release mechamism 6029 can be positioned
anywhere on watch body 6020 that 1s convenient for the user
to actuate. In addition, 1n some embodiments, the wearable
band 6010 can also include a respective release mechanism
for decoupling the watch body 6020 from the coupling
mechanism 6016. In some embodiments, the release mecha-
nism 6029 1s optional and the watch body 6020 can be
decoupled from the coupling mechamism 6016 as described
above (e.g., via twisting or rotating).

The watch body 6020 can include one or more peripheral
buttons 6023 and 6027 for performing various operations at
the watch body 6020. For example, the peripheral buttons
6023 and 6027 can be used to turn on or wake (e.g.,
transition from a sleep state to an active state) the display
6005, unlock the watch body 6020, increase or decrease a
volume, increase or decrease a brightness, interact with one
or more applications, and/or interact with one or more user
interfaces. Additionally, or alternatively, 1n some embodi-
ments, the display 6005 operates as a touch screen and
allows the user to provide one or more mputs for interacting
with the watch body 6020.

In some embodiments, the watch body 6020 includes one
or more sensors 6021. The sensors 6021 of the watch body
6020 can be the same or distinct from the sensors 6013 of the
wearable band 6010. The sensors 6021 of the watch body
6020 can be distributed on an inside and/or an outside
surface of the watch body 6020. In some embodiments, the
sensors 6021 are configured to contact a user’s skin when the
watch body 6020 i1s worn by the user. For example, the
sensors 6021 can be placed on the bottom side of the watch
body 6020 and the coupling mechanism 6016 can be a cradle
with an opening that allows the bottom side of the watch
body 6020 to directly contact the user’s skin. Alternatively,
in some embodiments, the watch body 6020 does not include
sensors that are configured to contact the user’s skin (e.g.,
including sensors internal and/or external to the watch body
6020 that configured to sense data of the watch body 6020
and the watch body 6020°s surrounding environment). In
some embodiments, the sensors 6013 are configured to track
a position and/or motion of the watch body 6020.

The watch body 6020 and the wearable band 6010 can
share data using a wired commumcation method (e.g., a
Universal Asynchronous Receiver/ Transmitter (UART) or a
USB transceiver) and/or a wireless communication method
(e.g., near field communication or Bluetooth). For example,
the watch body 6020 and the wearable band 6010 can share
data sensed by the sensors 6013 and 6021, as well as
application and device specific information (e.g., active
and/or available applications), with output devices (e.g.,
display and/or speakers), and/or input devices (e.g., touch
screen, microphone, and/or 1maging sensors).

In some embodiments, the watch body 6020 can include,
without limitation, a front-facing camera 6025A and/or a
rear-facing camera 60258, sensors 6021 (e.g., a biometric
sensor, an IMU, a heart rate sensor, a saturated oxygen
sensor, a neuromuscular signal sensor, an altimeter sensor, a
temperature sensor, a bioimpedance sensor, a pedometer
sensor, an optical sensor (e.g., imaging sensor 6063; FIG.
10B), a touch sensor, and/or a sweat sensor). In some
embodiments, the watch body 6020 can include one or more
haptic devices 6076 (FIG. 10B; a vibratory haptic actuator)
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that 1s configured to provide haptic feedback (e.g., a cuta-
neous and/or kinesthetic sensation) to the user. The sensors
6021 and/or the haptic device 6076 can also be configured
to operate 1n conjunction with multiple applications, includ-
ing, without limitation, health-monitoring applications,
social media applications, game applications, and artificial-
reality applications (e.g., the applications associated with
artificial reality).

As described above, the watch body 6020 and the wear-

able band 6010, when coupled, can form the wrist-wearable
device 6000. When coupled, the watch body 6020 and

wearable band 6010 operate as a single device to execute
functions (operations, detections, and/or communications)
described herein. In some embodiments, each device is
provided with particular instructions for performing the one
or more operations of the wrist-wearable device 6000. For
example, 1n accordance with a determination that the watch
body 6020 does not imnclude neuromuscular signal sensors,
the wearable band 6010 can include alternative instructions
for performing associated instructions (e.g., providing
sensed neuromuscular signal data to the watch body 6020
via a different electronic device). Operations of the wrist-
wearable device 6000 can be performed by the watch body
6020 alone or 1n conjunction with the wearable band 6010
(e.g., via respective processors and/or hardware compo-
nents) and vice versa. In some embodiments, operations of
the wrist-wearable device 6000, the watch body 6020,
and/or the wearable band 6010 can be performed 1n con-
junction with one or more processors and/or hardware
components of another communicatively coupled device
(e.g., the HIPD 8000; FIGS. 14A-14B).

As described below with reference to the block diagram
of FI1G. 10B, the wearable band 6010 and/or the watch body
6020 can each include independent resources required to
independently execute functions. For example, the wearable
band 6010 and/or the watch body 6020 can each include a
power source (e.g., a battery), a memory, data storage, a
processor (e.g., a central processing unit (CPU)), commu-
nications, a light source, and/or mput/output devices.

FIG. 10B shows block diagrams of a computing system
6030 corresponding to the wearable band 6010, and a
computing system 6060 corresponding to the watch body
6020, according to some embodiments. A computing system
ol the wrist-wearable device 6000 includes a combination of
components of the wearable band computing system 6030
and the watch body computing system 6060, in accordance
with some embodiments.

The watch body 6020 and/or the wearable band 6010 can
include one or more components shown in watch body
computing system 6060. In some embodiments, a single
integrated circuit includes all or a substantial portion of the
components ol the watch body computing system 6060.
Alternatively, 1n some embodiments, components of the
watch body computing system 6060 are included i a
plurality of integrated circuits that are communicatively
coupled. In some embodiments, the watch body computing
system 6060 1s configured to couple (e.g., via a wired or
wireless connection) with the wearable band computing
system 6030, which allows the computing systems to share
components, distribute tasks, and/or perform other opera-
tions described herein (individually or as a single device).

The watch body computing system 6060 can include one
or more processors 6079, a controller 6077, a peripheral
interface 6061, a power system 6095, and memory (e.g., a
memory 6080), each of which 1s defined above and
described in more detail below.
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The power system 60935 can include a charger input 6057,
a power-management integrated circuit (PMIC) 6097, and a
battery 6096, cach of which 1s defined above. In some
embodiments, a watch body 6020 and a wearable band 6010
can have respective batteries (e.g., battery 6098 and 6059),
and can share power with each other. The watch body 6020
and the wearable band 6010 can receive a charge using a
variety of techniques. In some embodiments, the watch body
6020 and the wearable band 6010 can use a wired charging
assembly (e.g., power cords) to receive the charge. Alterna-
tively, or in addition, the watch body 6020 and/or the
wearable band 6010 can be configured for wireless charging.
For example, a portable charging device can be designed to
mate with a portion of watch body 6020 and/or wearable
band 6010 and wirelessly deliver usable power to a battery
of watch body 6020 and/or wearable band 6010. The watch
body 6020 and the wearable band 6010 can have indepen-
dent power systems (e.g., power systems 60935 and 6056) to
enable each to operate independently. The watch body 6020
and wearable band 6010 can also share power (e.g., one can
charge the other) via respective PMICs (e.g., PMICs 6097
and 6038) that can share power over power and ground
conductors and/or over wireless charging antennas.

In some embodiments, the peripheral interface 6061 can
include one or more sensors 6021, many of which listed
below are defined above. The sensors 6021 can include one
or more coupling sensors 6062 for detecting when the watch
body 6020 1s coupled with another electronic device (e.g., a
wearable band 6010). The sensors 6021 can include 1maging
sensors 6063 (one or more of the cameras 6025, and/or
separate 1maging sensors 6063 (¢.g., thermal-imaging sen-
sors)). In some embodiments, the sensors 6021 include one
or more SpO2 sensors 6064. In some embodiments, the
sensors 6021 include one or more biopotential-signal sen-
sors (e.g., EMG sensors 6065 and 6035, which may be
disposed on a user-facing portion of the watch body 6020
and/or the wearable band 6010). In some embodiments, the
sensors 6021 include one or more capacitive sensors 6066.
In some embodiments, the sensors 6021 include one or more
heart rate sensors 6067. In some embodiments, the sensors
6021 include one or more IMU sensors 6068. In some
embodiments, one or more IMU sensors 6068 can be con-
figured to detect movement of a user’s hand or other location
that the watch body 6020 1s placed or held.

In some embodiments, the peripheral interface 6061
includes a near-fiecld commumication (NFC) component
6069, a global-position system (GPS) component 6070, a
long-term evolution (LTE) component 6071, and/or a Wi-Fi
and/or Bluetooth communication component 6072. In some
embodiments, the peripheral interface 6061 includes one or
more buttons 6073 (e.g., the peripheral buttons 6023 and
6027 in FIG. 10A), which, when selected by a user, cause
operation to be performed at the watch body 6020. In some
embodiments, the peripheral intertace 6061 includes one or
more indicators, such as a light emitting diode (LED), to
provide a user with visual indicators (e.g., message received,
low battery, active microphone and/or camera).

The watch body 6020 can include at least one display
6005, for displaying visual representations of information or
data to the user, including user-interface elements and/or
three-dimensional virtual objects. The display can also
include a touch screen for mputting user inputs, such as
touch gestures, swipe gestures, and the like. The watch body
6020 can include at least one speaker 6074 and at least one
microphone 6073 for providing audio signals to the user and
receiving audio mput from the user. The user can provide
user inputs through the microphone 6075 and can also
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receive audio output from the speaker 6074 as part of a
haptic event provided by the haptic controller 6078. The
watch body 6020 can include at least one camera 6025,
including a front camera 6025A and a rear camera 6025B.
The cameras 6025 can include ultra-wide-angle cameras,
wide-angle cameras, fish-eye cameras, spherical cameras,

telephoto cameras, depth-sensing cameras, or other types of
cameras.

The watch body computing system 6060 can include one
or more haptic controllers 6077 and associated componentry
(e.g., haptic devices 6076) for providing haptic events at the
watch body 6020 (e.g., a vibrating sensation or audio output
in response to an event at the watch body 6020). The haptic
controllers 6078 can communicate with one or more haptic
devices 6076, such as electroacoustic devices, including a
speaker of the one or more speakers 6074 and/or other audio
components and/or electromechanical devices that convert
energy into linear motion such as a motor, solenoid, elec-
troactive polymer, piezoelectric actuator, electrostatic actua-
tor, or other tactile output generating component (e.g., a
component that converts electrical signals into tactile out-
puts on the device). The haptic controller 6078 can provide
haptic events that are capable of being sensed by a user of
the watch body 6020. In some embodiments, the one or more
haptic controllers 6078 can receive input signals from an
application of the applications 6082.

In some embodiments, the computing system 6030 and/or
the computing system 6060 can include memory 6080,
which can be controlled by a memory controller of the one
or more controllers 6077. In some embodiments, software
components stored 1in the memory 6080 include one or more
applications 6082 configured to perform operations at the
watch body 6020. In some embodiments, the one or more
applications 6082 include games, word processors, messag-
ing applications, calling applications, web browsers, social
media applications, media streaming applications, financial
applications, calendars, and/or clocks. In some embodi-
ments, software components stored in the memory 6080
include one or more communication interface modules 6083
as defined above. In some embodiments, software compo-
nents stored i the memory 6080 include one or more
graphics modules 6084 for rendering, encoding, and/or
decoding audio and/or visual data; and one or more data
management modules 6085 for collecting, organizing, and/
or providing access to the data 6087 stored 1n memory 6080.
In some embodiments, one or more of applications 6082
and/or one or more modules can work 1n conjunction with
one another to perform various tasks at the watch body 6020.

In some embodiments, software components stored 1n the
memory 6080 can include one or more operating systems
6081 (e.g., a Linux-based operating system or an Android
operating system). The memory 6080 can also include data
6087. The data 6087 can include profile data 6088A, sensor
data 6089A, media content data 6090, and application data
6091.

It should be appreciated that the watch body computing
system 6060 1s an example of a computing system within the
watch body 6020, and that the watch body 6020 can have
more or fewer components than shown in the watch body
computing system 6060, combine two or more components,
and/or have a different configuration and/or arrangement of
the components. The various components shown 1 watch
body computing system 6060 are implemented 1n hardware,
soltware, firmware, or a combination thereof, including one
or more signal processing and/or application-specific inte-
grated circuits.
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Turning to the wearable band computing system 6030,
one or more components that can be included 1n the wear-
able band 6010 are shown. The wearable band computing
system 6030 can include more or fewer components than
shown 1n the watch body computing system 6060, combine
two or more components, and/or have a different configu-
ration and/or arrangement of some or all of the components.
In some embodiments, all, or a substantial portion of the
components of the wearable band computing system 6030
are 1ncluded 1n a single integrated circuit. Alternatively, 1n
some embodiments, components of the wearable band com-
puting system 6030 are included 1n a plurality of integrated
circuits that are communicatively coupled. As described
above, 1n some embodiments, the wearable band computing
system 6030 1s configured to couple (e.g., via a wired or
wireless connection) with the watch body computing system
6060, which allows the computing systems to share com-
ponents, distribute tasks, and/or perform other operations
described herein (individually or as a single device).

The wearable band computing system 6030, similar to the
watch body computing system 6060, can include one or
more processors 6049, one or more controllers 6047 (1includ-
ing one or more haptics controller 6048), a peripheral
interface 6031 that can include one or more sensors 6013
and other peripheral devices, power source (e.g., a power
system 6056), and memory (e.g., a memory 6050) that
includes an operating system (e.g., an operating system
6051), data (e.g., data 6054 including profile data 6088B
and/or sensor data 6089B), and one or more modules (e.g.,
a communications interface module 6052 and/or a data
management module 6053).

The one or more sensors 6013 can be analogous to sensors
6021 of the computing system 6060 and in light of the
definitions above. For example, sensors 6013 can include
one or more coupling sensors 6032, one or more SpO2
sensors 6034, one or more EMG sensors 6035, one or more
capacitive sensors 6036, one or more heart rate sensors
6037, and one or more IMU sensors 6038.

The peripheral interface 6031 can also include other
components analogous to those included in the peripheral
interface 6061 of the computing system 6060, including an
NEFC component 6039, a GPS component 6040, an L1E
component 6041, a Wi-F1 and/or Bluetooth communication
component 6042, and/or one or more haptic devices 6076, as
described above 1n reference to peripheral interface 6061. In
some embodiments, the peripheral interface 6061 includes
one or more buttons 6043, a display 6033, a speaker 6044,
a microphone 6045, and a camera 6055. In some embodi-
ments, the peripheral interface 6061 includes one or more
indicators, such as an LED.

It should be appreciated that the wearable band computing,
system 6030 1s an example of a computing system within the
wearable band 6010, and that the wearable band 6010 can
have more or fewer components than shown 1n the wearable
band computing system 6030, combine two or more com-
ponents, and/or have a diflerent configuration and/or
arrangement of components. The various components
shown in wearable band computing system 6030 can be
implemented in one or a combination of hardware, software,
and firmware, including one or more signal processing
and/or application-specific integrated circuits.

The wrist-wearable device 6000 with respect to FIG. 10A
1s an example of the wearable band 6010 and the watch body
6020 coupled, so the wrist-wearable device 6000 will be
understood to mclude the components shown and described
for the wearable band computing system 6030 and the watch
body computing system 6060. In some embodiments, wrist-
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wearable device 6000 has a split architecture (e.g., a split
mechanical architecture, a split electrical architecture)
between the watch body 6020 and the wearable band 6010.
In other words, all of the components shown 1n the wearable
band computing system 6030 and the watch body computing
system 6060 can be housed or otherwise disposed 1n a
combined watch device 6000, or within individual compo-
nents of the watch body 6020, wearable band 6010, and/or
portions thereof (e.g., a coupling mechanism 6016 of the
wearable band 6010).

The techmiques described above can be used with any
device for sensing neuromuscular signals, including the
arm-wearable devices of FIGS. 10A-10B, but could also be
used with other types of wearable devices for sensing
neuromuscular signals (such as body-wearable or head-
wearable devices that might have neuromuscular sensors
closer to the brain or spinal column).

In some embodiments, a wrist-wearable device 6000 can
be used in comunction with a head-wearable device
described below (e.g., AR system 7000 and VR headset
7010) and/or an HIPD 8000; and the wrist-wearable device
6000 can also be configured to be used to allow a user to
control aspects of the artificial reality (e.g., by using EMG-
based gestures to control user interface objects 1n the arti-
ficial reality and/or by allowing a user to interact with the
touch screen on the wrist-wearable device to also control
aspects of the artificial reality). In some embodiments, a
wrist-wearable device 6000 can also be used 1n conjunction
with a wearable garment, such as the gloves described below
in reference to FIGS. 13A-13C. Having thus described
example wrist-wearable devices, attention will now be
turned to example head-wearable devices, such AR system
7000 and VR headset 7010.

Example Head-Wearable Devices

FIGS. 11 A to 11C show example artificial-reality systems,
including the AR system 7000. In some embodiments, the
AR system 7000 1s an eyewear device as shown in FIG. 11A.
In some embodiments, the VR system 7010 includes a
head-mounted display (HMD) 7012, as shown in FIGS.
11B-1 and 11B-2. In some embodiments, the AR system
7000 and the VR system 7010 include one or more analo-
gous components (e.g., components for presenting interac-
tive artificial-reality environments, such as processors,
memory, and/or presentation devices including one or more
displays and/or one or more waveguides), some of which are
described 1 more detaill with respect to FIG. 11C. As
described herein, a head-wearable device can include com-
ponents ol the eyewear device 7002, and/or the head-
mounted display 7012. Some embodiments of head-wear-
able devices do not include displays, including any of the
displays described with respect to the AR system 7000
and/or the VR system 7010. While the example artificial-
reality systems are respectively described herein as the AR
system 7000 and the VR system 7010, either or both of the
example AR systems described herein can be configured to
present fully-immersive VR scenes presented 1n substan-
tially all of a user’s field of view, additionally or alterna-
tively to subtler augmented-reality scenes that are presented
within a portion, less than all, of the user’s field of view.

FIG. 11A shows an example visual depiction of the AR
system 7000 (which may also be described herein as aug-
mented-reality glasses, and/or smart glasses). The AR sys-
tem 7000 can include additional electronic components that
are not shown 1 FIG. 11A, such as a wearable accessory
device and/or an intermediary processing device, i elec-
tronic communication or otherwise configured to be used in
conjunction with the eyewear device. In some embodiments,
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the wearable accessory device and/or the intermediary pro-
cessing device may be configured to couple with the eye-
wear device via a coupling mechanism 1n electronic com-
munication with a coupling sensor 7024, where the coupling
sensor 7024 can detect when an electronic device becomes
physically or electronically coupled with the eyewear
device. In some embodiments, the eyewear device 1s con-
figured to couple to a housing 7090, which may include one
or more additional coupling mechanisms configured to
couple with additional accessory devices. The components
shown 1n FIG. 11A can be implemented 1in hardware, soft-
ware, firmware, or a combination thereof, including one or
more signal-processing components and/or application-spe-
cific itegrated circuits (ASICs).

The evewear device includes mechanical glasses compo-
nents, including a frame 7004 configured to hold one or
more lenses (e.g., one or both lenses 7006-1 and 7006-2).
One of ordinary skill in the art will appreciate that the
eyewear device can include additional mechanical compo-
nents such as hinges configured to allow portions of the
frame 7004 of the eyewear device 7002 to be folded and
unfolded, a bridge configured to span the gap between the
lenses 7006-1 and 7006-2 and rest on the user’s nose, nose
pads configured to rest on the bridge of the nose and provide
support for the eyewear device, earpieces configured to rest
on the user’s ears and provide additional support for the
cyewear device, temple arms configured to extend from the
hinges to the earpleces of the eyewear device, and the like.
One of ordinary skill 1in the art will further appreciate that
some examples of the AR system 7000 include none of the
mechanical components described heremn. For example,
smart contact lenses configured to present artificial reality to
users may not include any components of the eyewear
device.

The eyewear device includes electronic components,
many of which will be described 1n more detail below with
respect to FIG. 11C. Some example electronic components
are illustrated in FIG. 11 A, including acoustic sensors 7025-
1, 7025-2, 7025-3, 7025-4, 7025-5, and 7025-1, which can
be distributed along a substantial portion of the frame 7004

of the eyewear device. The eyewear device also includes a
left camera 7039A and a right camera 70398, which are

located on different sides of the frame 7004. And the
eyewear device includes a processor 7048 (e.g., an integral
microprocessor, such as an ASIC) that 1s embedded 1n a
portion of the frame 7004.

FIGS. 11B-1 and 11B-2 show a VR system 7010 that
includes a head-mounted display (HMD) 7012 (also referred
to heremn as an artificial-reality headset, a head-wearable
device, or a VR headset) 1n accordance with some embodi-
ments. As noted, some artificial-reality systems may (e.g.,
the AR system 7000), instead of blending an artificial reality
with actual reality, substantially replace one or more of a
user’s sensory perceptions of the real world with a virtual
experience (e.g., the AR systems 5000¢ and 50004).

The HMD 7012 includes a front body 7014 and a frame
7016 (e.g., a strap or band) shaped to fit around a user’s
head. In some embodiments, the front body 7014 and/or the
frame 7016 includes one or more electronic elements for
facilitating presentation of and/or interactions with an AR
and/or VR system (e.g., displays, IMUs, tracking emitter or
detectors). In some embodiments, the HMD 7012 includes
output audio transducers (e.g., an audio transducer 7018-1),
as shown 1n FIG. 11B-2. In some embodiments, one or more
components, such as the output audio transducer(s) 7018-1
and the frame 7016, can be configured to attach and detach

(e.g., are detachably attachable) to the HMD 7012 (e.g., a
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portion or all of the frame 7016, and/or the audio transducer
7018-1), as shown 1 FIG. 11B-2. In some embodiments,
coupling a detachable component to the HMD 7012 causes

the detachable component to come 1nto electronic commu-
nication with the HMD 7012.

FIG. 11B-1 to 11B-2 also show that the VR system 7010
includes one or more cameras, such as the left camera
7039 A and the right camera 70398, which can be analogous
to the left and right cameras on the frame 7004 of the
eyewear device 7002. In some embodiments, the VR system

7010 1ncludes one or more additional cameras (e.g., cameras
7039C and 7039D), which can be configured to augment

image data obtained by the cameras 7039A and 7039B by
providing more information. For example, the camera
7039C can be used to supply color information that 1s not
discerned by cameras 7039A and 7039B. In some embodi-
ments, one or more of the cameras 7039A to 7039D can
include an optional IR cut filter configured to remove IR
light from being received at the respective camera sensors.

FIG. 11C illustrates a computing system 7020 and an
optional housing 7090, each of which shows components
that can be included in the AR system 7000 and/or the VR
system 7010. In some embodiments, more or fewer com-
ponents can be included in the optional housing 7090
depending on practical restraints of the respective AR sys-
tem being described.

In some embodiments, the computing system 7020 and/or
the optional housing 7090 can include one or more periph-
eral interfaces 7022, one or more power systems 7042, one
or more controllers 7046 (including one or more haptic
controllers 7047), one or more processors 7048 (as defined
above, including any of the examples provided), and
memory 7050, which can all be 1n electronic communication
with each other. For example, the one or more processors
7048 can be configured to execute instructions stored in the
memory 7050, which can cause a controller of the one or
more controllers 7046 to cause operations to be performed
at one or more peripheral devices of the peripheral interface
7022. In some embodiments, each operation described can
occur based on electrical power provided by the power
system 7042.

In some embodiments, the peripheral interface 7022 can
include one or more devices configured to be part of the
computing system 7020, many of which have been defined
above and/or described with respect to wrist-wearable
devices shown in FIGS. 10A and 10B. For example, the
peripheral interface can include one or more sensors 7023.
Some example sensors include: one or more coupling sen-
sors 7024, one or more acoustic sensors 7025, one or more
imaging sensors 7026, one or more EMG sensors 7027, one
or more capacitive sensors 7028, and/or one or more IMU
sensors 7029, and/or any other types of sensors defined
above or described with respect to any other embodiments
discussed herein.

In some embodiments, the peripheral interface can
include one or more additional peripheral devices, including
one or more NFC devices 7030, one or more GPS devices
7031, one or more L'TE devices 7032, one or more Wi-Fi
and/or Bluetooth devices 7033, one or more buttons 7034
(e.g., including buttons that are slidable or otherwise adjust-
able), one or more displays 7035, one or more speakers
7036, one or more microphones 7037, one or more cameras
7038 (e.g., including the left camera 7039A and/or a right
camera 7039B), and/or one or more haptic devices 7040,
and/or any other types of peripheral devices defined above
or described with respect to any other embodiments dis-
cussed herein.
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AR systems can include a variety of types of visual
teedback mechanisms (e.g., presentation devices). For
example, display devices 1n the AR system 7000 and/or the
VR system 7010 can include one or more liquid-crystal
displays (LCDs), light-emitting diode (LED) displays,
organic LED (OLED) displays, and/or any other suitable
types of display screens. Artificial-reality systems can
include a single display screen (e.g., configured to be seen
by both eyes), and/or can provide separate display screens
for each eye, which can allow for additional flexibility for
varifocal adjustments and/or for correcting a refractive error
associated with the user’s vision. Some embodiments of AR
systems also imnclude optical subsystems having one or more
lenses (e.g., conventional concave or convex lenses, Fresnel
lenses, or adjustable liquid lenses) through which a user can
view a display screen.

For example, respective displays can be coupled to each
of the lenses 7006-1 and 7006-2 of the AR system 7000. The
displays coupled to each of the lenses 7006-1 and 7006-2
can act together or independently to present an image or
series of 1mages to a user. In some embodiments, the AR
system 7000 1includes a single display (e.g., a near-eye
display) or more than two displays. In some embodiments,
a first set of one or more displays can be used to present an
augmented-reality environment, and a second set of one or
more display devices can be used to present a VR environ-
ment. In some embodiments, one or more waveguides are
used 1n conjunction with presenting artificial-reality content
to the user of the AR system 7000 (e.g., as a means of
delivering light from one or more displays to the user’s
eyes). In some embodiments, one or more waveguides are
tully or partially integrated into the eyewear device 7002.
Additionally or alternatively to display screens, some arti-
ficial-reality systems include one or more projection sys-
tems. For example, display devices 1n the AR system 7000
and/or the VR system 7010 can include micro-LED projec-
tors that project light (e.g., using a waveguide) into display
devices, such as clear combiner lenses that allow ambient
light to pass through. The display devices can refract the
projected light toward a user’s pupil and can enable a user
to stmultaneously view both artificial-reality content and the
real world. Artificial-reality systems can also be configured
with any other suitable type or form of 1mage projection
system. In some embodiments, one or more waveguides are
provided additionally or alternatively to the one or more
display(s).

The computing system 7020 and/or the optional housing
7090 of the AR system 7000 or the VR system 7010 can
include some or all of the components of a power system
7042. The power system 7042 can include one or more
charger mputs 7043, one or more PMICs 7044, and/or one
or more batteries 70435.

The memory 7050 includes instructions and data, some or
all of which may be stored as non-transitory computer-
readable storage media within the memory 7050. For
example, the memory 7050 can include one or more oper-
ating systems 7051, one or more applications 7052, one or
more communication interface applications 7053, one or
more graphics applications 7054, one or more AR process-
ing applications 7055, and/or any other types of data defined

above or described with respect to any other embodiments
discussed herein.

The memory 7050 also includes data 7060 that can be

used 1 conjunction with one or more of the applications
discussed above. The data 7060 can include profile data

7061, sensor data 7062, media content data 7063, AR
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application data 7064, and/or any other type of data defined
above or described with respect to any other embodiments
discussed herein.

In some embodiments, the controller 7046 of the eyewear
device 7002 processes information generated by the sensors
7023 on the eyewear device 7002 and/or another electronic
device within the AR system 7000. For example, the con-
troller 7046 can process information from the acoustic
sensors 7025-1 and 7025-2. For each detected sound, the

controller 7046 can perform a direction-of-arrival (DOA)
estimation to estimate a direction from which the detected
sound arrived at the eyewear device 7002 of the AR system
7000. As one or more of the acoustic sensors 70235 detects
sounds, the controller 7046 can populate an audio data set
with the information (e.g., represented 1n FIG. 11C as sensor
data 7062).

In some embodiments, a physical electronic connector
can convey information between the eyewear device and

another electronic device, and/or between one or more
processors of the AR system 7000 or the VR system 7010
and the controller 7046. The information can be 1n the form
of optical data, electrical data, wireless data, or any other
transmittable data form. Moving the processing of informa-
tion generated by the eyewear device to an intermediary
processing device can reduce weight and heat 1n the eyewear
device, making it more comiortable and safer for a user. In
some embodiments, an optional wearable accessory device
(e.g., an electronic neckband) 1s coupled to the eyewear
device via one or more connectors. The connectors can be
wired or wireless connectors and can include electrical
and/or non-electrical (e.g., structural) components. In some
embodiments, the eyewear device and the wearable acces-
sory device can operate independently without any wired or
wireless connection between them.

In some situations, pairing an external device, such as an
intermediary processing device (e.g., the HIPD 8000) with
the eyewear device 7002 (e.g., as part of the AR system
7000) enables the eyewear device 7002 to achieve a similar
form factor of a pair of glasses while still providing sutli-
cient battery and computation power for expanded capabili-
ties. Some or all of the battery power, computational
resources, and/or additional features of the AR system 7000
can be provided by a paired device or shared between a
paired device and the eyewear device 7002, thus reducing
the weight, heat profile, and form factor of the eyewear
device 7002 overall while allowing the eyewear device 7002
to retain 1ts desired functionality. For example, the wearable
accessory device can allow components that would other-
wise be included on an eyewear device 7002 to be included
in the wearable accessory device and/or mtermediary pro-
cessing device, thereby shifting a weight load from the
user’s head and neck to one or more other portions of the
user’s body. In some embodiments, the mtermediary pro-
cessing device has a larger surface area over which to diffuse
and disperse heat to the ambient environment. Thus, the
intermediary processing device can allow for greater battery
and computation capacity than might otherwise have been
possible on the eyewear device 7002 standing alone.
Because weight carried in the wearable accessory device can
be less onerous for a user than weight carried 1n the eyewear
device 7002, a user may tolerate wearing a lighter eyewear
device and carrying or wearing the paired device for greater
lengths of time than the user would tolerate wearing a
heavier eyewear device standing alone, thereby enabling an
artificial-reality environment to be incorporated more fully
into a user’s day-to-day activities.
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AR systems can include various types of computer vision
components and subsystems. For example, the AR system
7000 and/or the VR system 7010 can include one or more
optical sensors such as two-dimensional (2D) or three-
dimensional (3D) cameras, time-oi-flight depth sensors,
single-beam or sweeping laser rangefinders, 3D LiDAR
sensors, and/or any other suitable type or form of optical
sensor. An AR system can process data from one or more of
these sensors to identify a location of a user and/or aspects
of the user’s real-world physical surroundings, including the
locations of real-world objects within the real-world physi-
cal surroundings. In some embodiments, the methods
described herein are used to map the real world, to provide
a user with context about real-world surroundings, and/or to
generate digital twins (e.g., interactable virtual objects),
among a variety ol other functions. For example, FIGS.

11B-1 and 11B-2 show the VR system 7010 having cameras
7039A to 7039D, which can be used to provide depth
information for creating a voxel field and a two-dimensional

mesh to provide object information to the user to avoid
collisions.

In some embodiments, the AR system 7000 and/or the VR
system 7010 can include haptic (tactile) feedback systems,
which may be incorporated into headwear, gloves, body
suits, handheld controllers, environmental devices (e.g.,
chairs or floormats), and/or any other type of device or
system such as the wearable devices discussed herein. The
haptic feedback systems may provide various types of
cutaneous feedback, including vibration, force, traction,
shear, texture, and/or temperature. The haptic feedback
systems may also provide various types of kinesthetic feed-
back, such as motion and compliance. The haptic feedback
may be implemented using motors, piezoelectric actuators,
fluidic systems, and/or a variety of other types of feedback
mechanisms. The haptic feedback systems may be imple-
mented independently of other artificial-reality devices,
within other artificial-reality devices, and/or 1n conjunction
with other artificial-reality devices (e.g., the haptic feedback
system described with respect to FIGS. 13A to 13C).

In some embodiments of an AR system, such as the AR
system 7000 and/or the VR system 7010, ambient light (e.g.,
a live feed of the surrounding environment that a user would
normally see) can be passed through a display element of a
respective head-wearable device presenting aspects of the
AR system. In some embodiments, ambient light can be
passed through a portion comprising less than all of an AR
environment presented within a user’s field of view (e.g., a
portion of the AR environment co-located with a physical
object 1n the user’s real-world environment that 1s within a
designated boundary (e.g., a guardian boundary)) configured
to be used by the user while they are interacting with the AR
environment. For example, a visual user interface element
(e.g., a notification user interface element) can be presented
at the head-wearable device, and an amount of ambient light
(e.g., 15%-50% of the ambient light) can be passed through
the user interface element such that the user can distinguish
at least a portion of the physical environment over which the
user interface element 1s being displayed.

Example Handheld Intermediary Processing Devices

FIGS. 14A and 14B 1llustrate an example handheld inter-
mediary processing device (HIPD) 8000, 1n accordance with
some embodiments. The HIPD 8000 1s an instance of the
intermediary device described herein, such that the HIPD
8000 should be understood to have the features described
with respect to any intermediary device defined above or
otherwise described herein, and vice versa. FIG. 14 A shows

a top view 8003 and a side view 8025 of the HIPD 8000. The
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HIPD 8000 1s configured to communicatively couple with
one or more wearable devices (or other electronic devices)
associated with a user. For example, the HIPD 8000 is
configured to communicatively couple with a user’s wrist-
wearable device 6000 (or components thereof, such as the
watch body 6020 and the wearable band 6010), AR system
7000, and/or VR headset 7010. The HIPD 8000 can be
configured to be held by a user (e.g., as a handheld control-
ler), carried on the user’s person (e.g., in their pocket or 1n
their bag), placed in proximity of the user (e.g., placed on
their desk while seated at the desk or on a charging dock),
and/or placed at or within a predetermined distance from a
wearable device or other electronic device (e.g., where, 1n
some embodiments, the predetermined distance 1s the maxi-
mum distance (e.g., 10 meters) at which the HIPD 8000 can
successiully be communicatively coupled with an electronic
device, such as a wearable device).

The HIPD 8000 can perform various functions indepen-
dently and/or 1in conjunction with one or more wearable
devices (e.g., wrist-wearable device 6000, AR system 7000,
and/or VR headset 7010). The HIPD 8000 1s configured to
increase and/or improve the functionality of communica-
tively coupled devices, such as the wearable devices. The
HIPD 8000 1s configured to perform one or more functions
or operations associated with interacting with user interfaces
and applications of communicatively coupled devices, inter-
acting with an AR environment, interacting with a VR
environment, and/or operating as a human-machine inter-
tace controller. Additionally, as will be described in more
detail below, functionality and/or operations of the HIPD
8000 can include, without limitation, task offloading and/or
handofls; thermal offloading and/or handofls; six degrees of
freedom (6DoF) raycasting and/or gaming (e.g., using imag-
ing devices or cameras 8014, which can be used for simul-
taneous localization and mapping (SLAM) and/or with other
image processing techniques); portable charging; messag-
Ing; 1mage capturing via one or more imaging devices or
cameras 8022; sensing user input (e.g., sensing a touch on a
touch mput surface 8002); wireless communications and/or
interlining (e.g., cellular, near field, Wi-F1, or personal area
network); location determination; financial transactions;
providing haptic feedback; alarms; notifications; biometric
authentication; health monitoring; and/or sleep monitoring.
The above-example functions can be executed indepen-
dently 1n the HIPD 8000 and/or 1n communication between
the HIPD 8000 and another wearable device described
herein. In some embodiments, functions can be executed on
the HIPD 8000 1n conjunction with an AR environment. As
the skilled artisan will appreciate upon reading the descrip-
tions provided herein, the HIPD 8000 described herein can
be used with any type of suitable AR environment.

While the HIPD 8000 1s communicatively coupled with a
wearable device and/or other electronic device, the HIPD
8000 1s configured to perform one or more operations
initiated at the wearable device and/or the other electronic
device. In particular, one or more operations of the wearable
device and/or the other electronic device can be offloaded to
the HIPD 8000 to be performed. The HIPD 8000 performs
the one or more operations of the wearable device and/or the
other electronic device and provides data corresponding to
the completed operations to the wearable device and/or the
other electronic device. For example, a user can initiate a
video stream using AR system 7000, and back-end tasks
associated with performing the video stream (e.g., video
rendering) can be oflloaded to the HIPD 8000, which the
HIPD 8000 performs and provides corresponding data to the
AR system 7000 to perform remaining front-end tasks
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associated with the video stream (e.g., presenting the ren-
dered video data via a display of the AR system 7000). In
this way, the HIPD 8000, which has more computational
resources and greater thermal headroom than a wearable
device, can perform computationally intensive tasks for the
wearable device, improving performance of an operation

performed by the wearable device.

The HIPD 8000 includes a multi-touch 1nput surface 8002
on a first side (e.g., a front surface) that 1s configured to
detect one or more user inputs. In particular, the multi-touch
iput surface 8002 can detect single-tap 1nputs, multi-tap
iputs, swipe gestures and/or inputs, force-based and/or
pressure-based touch inputs, held taps, and the like. The
multi-touch input surface 8002 1s configured to detect
capacitive touch inputs and/or force (and/or pressure) touch
inputs. The multi-touch mnput surface 8002 includes a touch-
input surface 8004 defined by a surface depression, and a
touch-mnput surface 8006 defined by a substantially planar
portion. The touch-input surface 8004 can be disposed
adjacent to the touch-input surface 8006. In some embodi-
ments, the touch-input surface 8004 and the touch-input
surface 8006 can be different dimensions, shapes, and/or
cover different portions of the multi-touch mmput surface
8002. For example, the touch-input surface 8004 can be
substantially circular and the touch-input surface 8006 1s
substantially rectangular. In some embodiments, the surface
depression of the multi-touch input surface 8002 1s config-
ured to guide user handling of the HIPD 8000. In particular,
the surface depression 1s configured such that the user holds
the HIPD 8000 upright when held 1n a single hand (e.g., such
that the 1maging devices or cameras 8014A and 8014B are
pomnted toward a ceiling or the sky). Additionally, the
surface depression 1s configured such that the user’s thumb
rests within the touch-input surface 8004.

In some embodiments, the different touch-input surfaces
include a plurality of touch-input zones. For example, the
touch-input surface 8006 includes at least a touch-input zone
8008 within a touch-input zone 8006 and a touch-input zone
8010 within the touch-input zone 8008. In some embodi-
ments, one or more of the touch-input zones are optional
and/or user-defined (e.g., a user can specific a touch-input
zone based on their preferences). In some embodiments,
cach touch-input surface and/or touch-input zone 1s associ-
ated with a predetermined set of commands. For example, a
user mput detected within the touch-input zone 8008 causes
the HIPD 8000 to perform a first command and a user input
detected within the touch-input zone 8006 causes the HIPD
8000 to perform a second command distinct from the {first.
In some embodiments, different touch-input surfaces and/or
touch-input zones are configured to detect one or more types
of user inputs. The different touch-input surfaces and/or
touch-mnput zones can be configured to detect the same or
distinct types of user mputs. For example, the touch-input
zone 8008 can be configured to detect force touch inputs
(e.g., a magnitude at which the user presses down) and
capacitive touch inputs, and the touch-input zone 8006 can
be configured to detect capacitive touch inputs.

The HIPD 8000 includes one or more sensors 8051 for
sensing data used 1n the performance of one or more
operations and/or functions. For example, the HIPD 8000
can include an IMU sensor that 1s used 1n conjunction with
cameras 8014 for three-dimensional object manipulation
(e.g., enlarging, moving, or destroying an object) in an AR
or VR environment. Non-limiting examples of the sensors

80351 included in the HIPD 8000 include a light sensor, a
magnetometer, a depth sensor, a pressure sensor, and a force
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sensor. Additional examples of the sensors 8051 are pro-
vided below in reference to FIG. 14B.

The HIPD 8000 can include one or more light indicators
8012 to provide one or more notifications to the user. In
some embodiments, the light indicators are LEDs or other
types of illumination devices. The light indicators 8012 can
operate as a privacy light to notify the user and/or others
near the user that an 1maging device and/or microphone are
active. In some embodiments, a light indicator 1s positioned
adjacent to one or more touch-input surfaces. For example,
a light indicator can be positioned around the touch-input
surface 8004. The light indicators can be illuminated 1n
different colors and/or patterns to provide the user with one
or more notifications and/or information about the device.
For example, a light indicator positioned around the touch-
input surface 8004 can flash when the user receives a
notification (e.g., a message), change to red when the HIPD
8000 1s out of power, operate as a progress bar (e.g., a light
ring that 1s closed when a task 1s completed (e.g., 0% to
100%)) and/or operate as a volume indicator).

In some embodiments, the HIPD 8000 includes one or
more additional sensors on another surface. For example, as
shown in FIG. 14A, HIPD 8000 includes a set of one or more
sensors (e.g., sensor set 8020) on an edge of the HIPD 8000.
The sensor set 8020, when positioned on an edge of the of
the HIPD 8000, can be positioned at a predetermined tilt
angle (e.g., 26 degrees), which allows the sensor set 8020 to
be angled toward the user when placed on a desk or other flat
surface. Alternatively, 1n some embodiments, the sensor set
8020 1s positioned on a surface opposite the multi-touch
input surface 8002 (e.g., a back surface). The one or more
sensors ol the sensor set 8020 are discussed 1n detail below.

The side view 8023 of the of the HIPD 8000 shows the
sensor set 8020 and camera 8014B. The sensor set 8020
includes one or more cameras 8022A and 8022B, a depth
projector 8024, an ambient light sensor 8028, and a depth
receiver 8030. In some embodiments, the sensor set 8020
includes a light indicator 8026. The light indicator 8026 can
operate as a privacy indicator to let the user and/or those
around them know that a camera and/or microphone 1is
active. The sensor set 8020 1s configured to capture a user’s
facial expression such that the user can puppet a custom
avatar (e.g., showing emotions such as smiles and/or laugh-
ter on the avatar or a digital representation of the user). The
sensor set 8020 can be configured as a side stereo RGB
system, a rear indirect Time-of-Flight (1ToF) system, or a
rear stereo RGB system. As the skilled artisan will appre-
ciate upon reading the descriptions provided herein, the
HIPD 8000 described herein can use different sensor set
8020 configurations and/or sensor set 8020 placements.

In some embodiments, the HIPD 8000 includes one or
more haptic devices 8071 (e.g., a vibratory haptic actuator)
that are configured to provide haptic feedback (e.g., kines-
thetic sensation). The sensors 80351 and/or the haptic devices
8071 can be configured to operate in conjunction with
multiple applications and/or communicatively coupled
devices, including, without limitation, wearable devices,
health-monitoring applications, social media applications,
game applications, and artificial reality applications (e.g.,
the applications associated with artificial reality).

The HIPD 8000 1s configured to operate without a display.
However, 1 optional embodiments, the HIPD 8000 can
include a display 8068 (F1G. 14B). The HIPD 8000 can also
income one or more optional peripheral buttons 8067 (FIG.
14B). For example, the peripheral buttons 8067 can be used
to turn on or turn off the HIPD 8000. Further, the HIPD 8000

housing can be formed of polymers and/or elastomers. The
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HIPD 8000 can be configured to have a non-slip surface to
allow the HIPD 8000 to be placed on a surface without
requiring a user to watch over the HIPD 8000. In other
words, the HIPD 8000 1s designed such that 1t would not
casily slide ofl surfaces. In some embodiments, the HIPD
8000 includes one or magnets to couple the HIPD 8000 to
another surface. This allows the user to mount the HIPD

8000 to different surfaces and provide the user with greater
flexibility 1n use of the HIPD 8000.

As described above, the HIPD 8000 can distribute and/or
provide 1nstructions for performing the one or more tasks at
the HIPD 8000 and/or a communicatively coupled device.
For example, the HIPD 8000 can identify one or more
back-end tasks to be performed by the HIPD 8000 and one
or more front-end tasks to be performed by a communica-
tively coupled device. While the HIPD 8000 1s configured to
oflload and/or hand off tasks of a communicatively coupled
device, the HIPD 8000 can perform both back-end and
front-end tasks (e.g., via one or more processors, such as
CPU 8077, FIG. 14B). The HIPD 8000 can, without limi-
tation, be used to perform augmenting calling (e.g., receiv-
ing and/or sending 3D or 2.5D live volumetric calls, live
digital human representation calls, and/or avatar calls),
discreet messaging, 6DoF portrait/landscape gaming,
AR/VR object manipulation, AR/VR content display (e.g.,
presenting content via a virtual display), and/or other
AR/VR 1nteractions. The HIPD 8000 can perform the above
operations alone or 1n conjunction with a wearable device
(or other communicatively coupled electronic device).

FIG. 14B shows block diagrams of a computing system

8040 of the HIPD 8000, in accordance with some embodi-
ments. The HIPD 8000, described in detail above, can
include one or more components shown 1n HIPD computing
system 8040. The HIPD 8000 will be understood to include
the components shown and described below for the HIPD
computing system 8040. In some embodiments, all or a
substantial portion of the components of the HIPD comput-
ing system 8040 are included 1n a single integrated circuit.
Alternatively, in some embodiments, components of the
HIPD computing system 8040 are included 1n a plurality of
integrated circuits that are communicatively coupled.

The HIPD computing system 8040 can include a proces-
sor (e.g., a CPU 8077, a GPU, and/or a CPU with integrated
graphics), a controller 8075, a peripheral interface 8050 that
includes one or more sensors 8051 and other peripheral
devices, a power source (e.g., a power system 8095), and
memory (e.g., a memory 8078) that includes an operating
system (e.g., an operating system 8079), data (e.g., data
8088), one or more applications (e.g., applications 8080),
and one or more modules (e.g., a communications 1nterface
module 8081, a graphics module 8082, a task and processing
management module 8083, an interoperability module 8084,
an AR processing module 8085, and/or a data management
module 8086). The HIPD computing system 8040 further
includes a power system 8093 that includes a charger input
and output 8096, a PMIC 8097, and a battery 8098, all of
which are defined above.

In some embodiments, the peripheral interface 8050 can
include one or more sensors 8051. The sensors 8051 can
include sensors analogous to those described above 1n
reference to FIG. 10B. For example, the sensors 8051 can

include imaging sensors 8034, (optional) EMG sensors
8056, IMU sensors 8058, and capacitive sensors 8060. In

some embodiments, the sensors 8051 can include one or

more pressure sensors 80352 for sensing pressure data, an
altimeter 8053 for sensing an altitude of the HIPD 8000, a
magnetometer 8055 for sensing a magnetic field, a depth
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sensor 80357 (or a time-of-flight sensor) for determining a
difference between the camera and the subject of an 1mage,
a position sensor 8059 (e.g., a flexible position sensor) for
sensing a relative displacement or position change of a
portion of the HIPD 8000, a force sensor 8061 for sensing
a force applied to a portion of the HIPD 8000, and a light
sensor 8062 (e.g., an ambient light sensor) for detecting an
amount of lighting. The sensors 8051 can include one or
more sensors not shown 1 FIG. 17B.

Analogous to the peripherals described above 1n reference
to FIG. 10B, the peripheral interface 8050 can also include
an NFC component 8063, a GPS component 8064, an LIE
component 8065, a Wi-F1 and/or Bluetooth communication
component 8066, a speaker 8069, a haptic device 8071, and
a microphone 8073. As described above in reference to FIG.
17A, the HIPD 8000 can optionally include a display 8068
and/or one or more buttons 8067. The peripheral interface
8050 can further include one or more cameras 8070, touch
surfaces 8072, and/or one or more light emitters 8074. The
multi-touch mnput surface 8002 described above 1n reference
to FIG. 17A 1s an example of touch surface 8072. The light
emitters 8074 can be one or more LEDs, lasers and can be
used to project or present information to a user. For example,
the light emitters 8074 can include light indicators 8012 and
8026 described above 1n reference to FIG. 17A. The cameras
8070 (e.g., cameras 8014 and 8022 described above i FIG.
17A) can 1include one or more wide-angle cameras, fish-eye
cameras, spherical cameras, compound eye cameras (e.g.,
stereo and multi cameras), depth cameras, RGB cameras,
ToF cameras, RGB-D cameras (depth and ToF cameras),
and/or other available cameras. Cameras 8070 can be used
tor SLAM; 6 DoF ray-casting, gaming, object manipulation,
and/or other rendering; and/or facial recognition and facial
expression recognition.

Similar to the watch body computing system 6060 and the
watch band computing system 6030 described above in
reference to FIG. 10B, the HIPD computing system 8040
can include one or more haptic controllers 8076 and asso-
ciated componentry (e.g., haptic devices 8071) for providing
haptic events at the HIPD 8000.

Memory 8078 can include high-speed random-access
memory and/or non-volatile memory, such as one or more
magnetic disk storage devices, flash memory devices, or
other non-volatile solid-state memory devices. Access to the
memory 8078 by other components of the HIPD 8000, such
as the one or more processors and the peripheral interface
8050, can be controlled by a memory controller of the
controllers 8075.

In some embodiments, software components stored 1n the
memory 8078 include one or more operating systems 8079,
one or more applications 8080, one or more communication
interface modules 8081, one or more graphics modules
8082, and one or more data management modules 8086, all
of which are analogous to the software components
described above in reference to FIG. 10B.

In some embodiments, software components stored 1in the
memory 8078 include a task and processing management
module 8083 for identifying one or more front-end and
back-end tasks associated with an operation performed by
the user, performing one or more front-end and/or back-end
tasks, and/or providing instructions to one or more commu-
nicatively coupled devices that cause performance of the one
or more front-end and/or back-end tasks. In some embodi-
ments, the task and processing management module 8083
uses data 8088 (e.g., device data 8090) to distribute the one
or more front-end and/or back-end tasks based on commu-
nicatively coupled devices’ computing resources, available
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power, thermal headroom, ongoing operations, and/or other
factors. For example, the task and processing management
module 8083 can cause the performance of one or more
back-end tasks (of an operation performed at communica-
tively coupled AR system 7000) at the HIPD 8000 in
accordance with a determination that the operation is utiliz-
ing a predetermined amount (e.g., at least 70%) of comput-
ing resources available at the AR system 7000.

In some embodiments, software components stored in the
memory 8078 include an interoperability module 8084 for
exchanging and utilizing information received by and/or
provided to distinct communicatively coupled devices. The
interoperability module 8084 allows for different systems,
devices, and/or applications to connect and communicate 1n
a coordinated way without user mput. In some embodi-
ments, soltware components stored in the memory 8078
include an AR module 8085 that 1s configured to process
signals based at least on sensor data for use 1n an AR and/or
VR environment. For example, the AR module 8085 can be
used for 3D object manipulation, gesture recognition, and/or
facial and facial expression recognition.

The memory 8078 can also include data 8088, including
structured data. In some embodiments, the data 8088
includes profile data 8089, device data 8090 (including
device data of one or more devices communicatively
coupled with the HIPD 8000, such as device type, hardware,
soltware, and/or configurations), sensor data 8091, media
content data 8092, and application data 8093.

It should be appreciated that the HIPD computing system
8040 1s an example of a computing system within the HIPD
8000, and that the HIPD 8000 can have more or fewer
components than shown in the HIPD computing system
8040, combine two or more components, and/or have a
different configuration and/or arrangement of the compo-
nents. The various components shown in HIPD computing
system 8040 are implemented 1n hardware, software, firm-
ware, or a combination thereof, including one or more signal
processing and/or application-specific integrated circuits.

The techniques described above in FIGS. 17A-17B can be
used with any device used as a human-machine interface
controller. In some embodiments, an HIPD 8000 can be used
in conjunction with one or more wearable devices such as a
head-wearable device (e.g., AR system 7000 and VR system
7010) and/or a wrist-wearable device 6000 (or components
thereol). In some embodiments, an HIPD 8000 1s used in
conjunction with a wearable garment, such as the gloves 1n
FIGS. 13A-13C. Having thus described example HIPD
8000, attention will now be turned to example feedback
devices, such as device 9000.

Example Feedback Devices

FIGS. 13A and 13B show example haptic feedback sys-
tems (e.g., hand-wearable devices) for providing feedback to
a user regarding the user’s interactions with a computing
system (e.g., an artificial-reality environment presented by
the AR system 7000 or the VR system 7010). In some
embodiments, a computing system (e.g., the AR system
50004) may also provide feedback to one or more users
based on an action that was performed within the computing
system and/or an interaction provided by the AR system
(e.g., which may be based on instructions that are executed
in conjunction with performing operations of an application
of the computing system). Such feedback may include visual
and/or audio feedback and may also include haptic feedback
provided by a haptic assembly, such as one or more haptic
assemblies 9062 of the device 9000 (e.g., haptic assemblies
9062-1, 9062-2, and 9062-3). For example, the haptic feed-

back may prevent (or, at a minimum, hinder/resist move-
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ment of) one or more fingers of a user from bending past a
certain point to simulate the sensation of touching a solid
collee mug. In actuating such haptic eflects, the device 9000
can change (either directly or indirectly) a pressurized state
of one or more of the haptic assemblies 9062.

Each of the haptic assemblies 9062 includes a mechanism
that, at a minimum, provides resistance when the respective
haptic assembly 9062 1s transitioned from a first pressurized
state (e.g., atmospheric pressure or deflated) to a second
pressurized state (e.g., inflated to a threshold pressure).
Structures of haptic assemblies 9062 can be integrated 1nto
various devices configured to be in contact or proximity to
a user’s skin, including, but not limited to, devices such as
glove-worn devices, body-worn clothing device, and head-
set devices.

As noted above, the haptic assemblies 9062 described
herein can be configured to transition between a first pres-
surized state and a second pressurized state to provide haptic
teedback to the user. Due to the ever-changing nature of
artificial reality, the haptic assemblies 9062 may be required
to transition between the two states hundreds or perhaps
thousands of times during a single use. Thus, the haptic
assemblies 9062 described herein are durable and designed
to quickly transition from state to state. To provide some
context, 1n the first pressurized state the haptic assemblies
9062 do not impede free movement of a portion of the
wearer’s body. For example, one or more haptic assemblies
9062 incorporated into a glove are made from flexible
maternials that do not impede free movement of the wearer’s
hand and fingers (e.g., an electrostatic-zipping actuator). The
haptic assemblies 9062 are configured to conform to a shape
of the portion of the wearer’s body when in the first
pressurized state. However, once 1n the second pressurized
state, the haptic assemblies 9062 can be configured to
restrict and/or impede free movement of the portion of the
wearer’s body (e.g., digits of the user’s hand). For example,
the respective haptic assembly 9062 (or multiple respective
haptic assemblies) can restrict movement ol a wearer’s
finger (e.g., prevent the finger from curling or extending)
when the haptic assembly 9062 1s 1n the second pressurized
state. Moreover, once 1 the second pressurized state, the
haptic assemblies 9062 may take different shapes, with some
haptic assemblies 9062 configured to take a planar, rigid
shape (e.g., flat and rnigid), while other haptic assemblies
9062 are configured to curve or bend, at least partially.

As a non-limiting example, the device 9000 includes a
plurality of haptic devices (e.g., a pair of haptic gloves), and
a haptics component of a wrist-wearable device (e.g., any of
the wrist-wearable devices described with respect to FIGS.
10A-10B). Each of these can include a garment component
(e.g., a garment 9004) and one or more haptic assemblies
coupled (e.g., physically coupled) to the garment compo-
nent. For example, each of the haptic assemblies 9062-1,
9062-2, 9062-3, through 9062-N that 1s physically coupled
to the garment 9004 1s configured to contact respective
phalanges of a user’s thumb and fingers. As explained
above, the haptic assemblies 9062 are configured to provide
haptic simulations to a wearer of the device 9000. The
garment 9004 of each device 9000 can be one of various
articles of clothing (e.g., gloves, socks, shirts, or pants).
Thus, a user may wear multiple devices 9000 that are each
configured to provide haptic stimulations to respective parts
of the body where the devices 9000 are being worn.

FIG. 13C shows block diagrams of a computing system
9040 of the device 9000, 1n accordance with some embodi-
ments. The computing system 9040 can include one or more
peripheral interfaces 90350, one or more power systems
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9095, one or more controllers 9075 (including one or more
haptic controllers 9076), one or more processors 9077 (as
defined above, including any of the examples provided), and
memory 9078, which can all be 1n electronic communication
with each other. For example, the one or more processors
9077 can be configured to execute mnstructions stored in the
memory 9078, which can cause a controller of the one or
more controllers 9075 to cause operations to be performed
at one or more peripheral devices of the peripheral interface
9050. In some embodiments, each operation described can
occur based on electrical power provided by the power
system 9095. The power system 9095 includes a charger
iput 9096, a PMIC 9097, and a battery 9098.

In some embodiments, the peripheral interface 9050 can
include one or more devices configured to be part of the
computing system 9040, many of which have been defined
above and/or described with respect to wrist-wearable
devices shown 1 FIGS. 10A and 10B. For example, the
peripheral iterface 9050 can include one or more sensors
9051. Some example sensors include one or more pressure
sensors 9032, one or more EMG sensors 9056, one or more
IMU sensors 9058, one or more position sensors 9059, one
or more capacitive sensors 9060, one or more force sensors
9061, and/or any other types of sensors defined above or
described with respect to any other embodiments discussed
herein.

In some embodiments, the peripheral nterface can
include one or more additional peripheral devices, including
one or more Wi-F1 and/or Bluetooth devices 9068; one or
more haptic assemblies 9062; one or more support structures
9063 (which can include one or more bladders 9064 ); one or
more mamfolds 9065; one or more pressure-changing
devices 9067; and/or any other types of peripheral devices
defined above or described with respect to any other
embodiments discussed herein.

In some embodiments, each haptic assembly 9062
includes a support structure 9063, and at least one bladder
9064. The bladder 9064 (e.g., a membrane) 1s a sealed,
inflatable pocket made from a durable and puncture-resistant
material, such as thermoplastic polyurethane (TPU), a flex-
ible polymer, or the like. The bladder 9064 contains a
medium (e.g., a fluid such as air, nert gas, or even a liquid)
that can be added to or removed from the bladder 9064 to
change a pressure (e.g., fluid pressure) inside the bladder
9064. The support structure 9063 1s made from a material
that 1s stronger and stiffer than the material of the bladder
9064. A respective support structure 9063 coupled to a
respective bladder 9064 1s configured to remnforce the
respective bladder 9064 as the respective bladder changes
shape and size due to changes 1n pressure (e.g., fluid
pressure) iside the bladder.

The device 9000 also includes a haptic controller 9076
and a pressure-changing device 9067. In some embodi-
ments, the haptic controller 9076 1s part of the computer
system 9040 (e.g., 1n electronic communication with one or
more processors 9077 of the computer system 9040). The
haptic controller 9076 1s configured to control operation of
the pressure-changing device 9067, and, in turn, operation of
the device 9000. For example, the controller 9076 sends one
or more signals to the pressure-changing device 9067 to
activate the pressure-changing device 9067 (e.g., turn it on
and ofl). The one or more signals may specily a desired
pressure (e.g., pounds per square inch) to be output by the
pressure-changing device 9067. Generation of the one or
more signals, and, 1 turn, the pressure output by the
pressure-changing device 9067, may be based on informa-

tion collected by the sensors 1 FIGS. 11A and 11B. For
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example, the one or more signals may cause the pressure-
changing device 9067 to increase the pressure (e.g., fluid
pressure) iside a haptic assembly 9062 at a first time, based
on the information collected by the sensors 1n FIGS. 11 A and
11B (e.g., the user makes contact with an artificial coflee
mug). Then the controller may send one or more additional
signals to the pressure-changing device 9067 that cause the
pressure-changing device 9067 to further increase the pres-
sure mside the haptic assembly 9062 at a second time after
the first time, based on additional information collected by
the sensors 9051. Further, the one or more signals may cause
the pressure-changing device 9067 to intlate one or more
bladders 9064 in a device 9000-A while one or more
bladders 9064 1n a device 9000-B remain unchanged. Addi-
tionally, the one or more signals may cause the pressure-
changing device 9067 to inflate one or more bladders 9064
in a device 9000-A to a first pressure and 1nflate one or more
other bladders 9064 in the device 9000-A to a second
pressure diflerent from the first pressure. Depending on the
number of devices 9000 serviced by the pressure-changing
device 9067, and the number of bladders therein, many
different intlation configurations can be achieved through
the one or more signals and the examples above are not
meant to be limiting.

The device 9000 may 1nclude an optional manifold 90635
between the pressure-changing device 9067 and the devices
9000. The manifold 9065 may include one or more valves
(not shown) that pneumatically couple each of the haptic
assemblies 9062 with the pressure-changing device 9067 via
tubing. In some embodiments, the manifold 9065 is in
communication with the controller 9075, and the controller
9075 controls the one or more valves of the manifold 9065
(¢.g., the controller generates one or more control signals).
The manifold 90635 is configured to switchably couple the
pressure-changing device 9067 with one or more haptic
assemblies 9062 of the same or different devices 9000 based
on one or more control signals from the controller 9075. In
some embodiments, instead of using the manifold 9065 to
pneumatically couple the pressure-changing device 9067
with the haptic assemblies 9062, the device 9000 may
include multiple pressure-changing devices 9067, where
cach pressure-changing device 9067 1s pneumatically
coupled directly with a single (or multiple) haptic assembly
9062. In some embodiments, the pressure-changing device
9067 and the optional mamifold 9065 are configured as part
of one or more of the devices 9000 (not illustrated), while 1n
other embodiments the pressure-changing device 9067 and
the optional manifold 9065 are configured as external to the
device 9000. A single pressure-changing device 9067 may
be shared by multiple devices 9000.

In some embodiments, the pressure-changing device 9067
1s a pneumatic device, hydraulic device, a pneudraulic
device, or some other device capable of adding and remov-
ing a medium (e.g., flmd, liquid, gas) from the one or more
haptic assemblies 9062.

The devices shown 1 FIGS. 13A to 13C may be coupled
via a wired connection (e.g., via busing). Alternatively, one
or more of the devices shown 1n FIGS. 13A to 13C may be
wirelessly connected (e.g., via short-range communication
signals).

The memory 9078 includes nstructions and data, some or
all of which may be stored as non-transitory computer-
readable storage media within the memory 9078. For
example, the memory 9078 can include one or more oper-
ating systems 9079, one or more communication interface
applications 9081, one or more interoperability modules
9084, one or more AR processing applications 9085, one or
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more data management modules 9086, and/or any other type
of data defined above or described with respect to any other
embodiments discussed herein.

The memory 9078 also includes data 9088 that can be
used 1n conjunction with one or more of the applications
discussed above. The data 9088 can include device data
9090, sensor data 9091, and/or any other types of data
defined above or described with respect to any other
embodiments discussed herein.

Having thus described system-block diagrams and then
example wearable devices, attention will now be directed to
certain example embodiments.

Example Embodiments

Turning now to some example embodiments of the meth-
ods, devices, systems, and computer-readable storage media
described earlier. In short, the descriptions below proceed by
first discussing the paragraphs beginning with an A symbol,
which are related to an aspect 1n which user gestures are
identified from neuromuscular signals; following that 1s a
discussion of paragraphs beginning with a B symbol, which
relate to circuitry and components for gesture 1dentification.

(A1) In one aspect, some embodiments include a method
(e.g., the method 600) of power-eflicient processing of
neuromuscular signals to confirm occurrence of a predeter-
mined event. In some embodiments, the method 1s per-
formed at a wearable device (e.g., the wrist-wearable device
104) having memory (e.g., memory 6080 and/or 6050) and
one or more processors (e.g., the processor(s) 6079 and/or
6049). The method includes: (1) obtaining a first set of
neuromuscular signals from a neuromuscular-signal sensing
component (e.g., the neuromuscular-signal sensing compo-
nent 402) of a wearable device; (11) after determining, using
a low-power detector (e.g., the low-power detector 414) of
the wearable device, that a respective neuromuscular signal
of the first set of neuromuscular signals requires further
processing to confirm that a predetermined in-air hand
gesture has been performed at the wearable device: (a)
processing multiple signals of the first set of neuromuscular
signals using a high-power detector (e.g., the high-power
detector 416) of the wearable device, the multiple neuro-
muscular signals including neuromuscular signals other than
the respective neuromuscular signal, the high-power detec-
tor configured to detect a first number of 1n-air hand gestures
while consuming a first amount of power from the wearable
device and the low-power detector configured to detect a
second number of in-air hand gestures, less than the first
number of in-air hand gestures, while consuming a second
amount of power from the wearable device that 1s less than
the first amount of power from the wearable device; and (b)
in accordance with a determination that the processing of the
multiple signals using the high-power detector indicates that
the predetermined 1n-air hand gesture did occur, registering
an occurrence of the predetermined 1n-air hand gesture (e.g.,
as 1llustrated 1n FIGS. 1B and 1C); (111) receiving a second
set of neuromuscular signals from the neuromuscular-signal
sensing component of the wearable device; and (1v) after
determining, based on a respective neuromuscular signal of
the second set of neuromuscular signals and using the
low-power detector and not using the high-power detector,
that a different predetermined in-air hand gesture, distinct
from the predetermined in-hand gesture, was performed at
the wearable device, performing an action 1n response to the
different predetermined in-air hand gesture at the wearable
device (e.g., as illustrated 1mn FIG. 1G). In some embodi-
ments, the low-power detector analyzes fewer signals than
the high-power detector (e.g., the low-power detector ana-
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lyzes one to three EMG channels, and the high-power
detector analyzes eight EMG channels).

For example, the different predetermined in-air hand
gestures can be of a group of predetermined in-air hand
gestures that are associated with instant actions, e.g., actions
that are activated without the need to use the high-power
detector for further processing. In some embodiments, the
method includes determining, based on a respective neuro-
muscular signal of the second set of neuromuscular signals
and using only the low-power detector, that the different
predetermined in-air hand gesture was performed at the
wearable device. In some embodiments, the method
includes, while maintaining the high-power detector in an
inactive state, determining, based on a respective neuromus-
cular signal of the second set of neuromuscular signals and
using the low-power detector, that the different predeter-
mined in-air hand gesture was performed at the wearable
device.

In some embodiments, instant actions include one or more
stateless 1nstant actions and/or one or more stateful instant
actions. For example, instant actions may include an index-
finger-double-tap gesture (e.g., a stateless action), a middle-
finger-double-tap-gesture (e.g., a stateless action), an index-
finger-double-hold gesture (e.g., a stateful action), a middle-
finger-double-hold gesture (e.g., a statetul action), and/or a
thumb-double-tap gesture (e.g., a stateless action). In some
embodiments, the instant actions are based on an operating
state of the wearable device. For example, a first set of
instant actions 1s available while a camera application 1s
active, and a second set of 1instant actions 1s available while
a messaging application 1s active.

For example, when detecting certain types of 1n-air hand
gestures an 1nitial detection 1s made using a low-power
detector and then subsequently confirmed using a high-
power detector, while other 1n-air hand gestures (which can
be referred to as instant-action hand gestures, including the
different predetermined 1n-air hand gestures) can be detected
using only the low-power detector and without a need to also
utilize the high-power detector. Thus, power-ellicient pro-
cessing of neuromuscular signals can be achieved.

(A2) In some embodiments of Al, the predetermined
in-air hand gesture comprises a wake gesture. For example,
the wake gesture can be an 1n-air hand gesture in which the
user’s thumb double taps a side of the user’s index finger.
Another example 1s a double tap of the user’s middle finger
against the user’s thumb. In selecting a wake gesture, of
importance 1s that naturalistic actions that could accidentally
trigger features are minimized such that double taps of the
thumb or middle finger make good candidates as specific
wake gestures, as they are less likely to be performed
accidentally. In some embodiments, orientation of the user’s
hand when a wake gesture 1s performed 1s also 1mportant,
such that the wake gesture 1s only recognized when the
user’s hand 1s oriented a particular way (e.g., requiring that
the gesture be performed while the user’s wrist 1s oriented a
certain way to reduce false positives).

In some embodiments, the low-power detector 1s config-
ured to 1dentify one or more wake gestures and a plurality of
instant actions (e.g., gestures corresponding to popular
actions). In some embodiments, the high-power detector 1s
configured to i1dentify all other gestures corresponding to
actions at the wearable device. For example, if the device 1s
responsive to 20 diflerent user gestures while 1n a particular
state, the low-power detector may be configured to recog-
nize five of those gestures and the high-power detector may
be configured to recognize the other fifteen gestures.
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(A3) In some embodiments of Al or A2: (1) the prede-
termined in-air hand gesture includes a wake gesture fol-
lowed by at least one other mn-air hand gesture; and (11)
registering the occurrence of the predetermined in-air hand
gesture includes: (a) registering an occurrence of the wake
gesture to cause the high-power detector to be in an active
state; and (b) registering an occurrence of the other in-air
hand gesture to cause the wearable device to execute a
function that corresponds to the other in-air gesture to
perform an action within a user interface. For example, the
user interface can be displayed on a display of the wearable
device, or on a display of a device that 1s 1n communication
with the wearable device (e.g., AR or VR glasses).

In some embodiments, the high-power detector remains 1n
the active state for at least a preset amount of time. For
example, the high-power detector transitions to an 1nactive
state 1n accordance with the preset amount of time (e.g., 10
seconds, 30 seconds, or 1 minute) elapsing without regis-
tering occurrence ol another in-air hand gesture. In some
embodiments, registering the occurrence of the other 1n-air
hand gesture causes the wearable device to perform an
action within a user interface.

(A4) In some embodiments of any of Al-A3: (1) the
neuromuscular-signal sensing component includes a plural-
ity of neuromuscular-signal sensors that correspond to the
high-power detector; (11) while the high-power detector 1s 1n
an active state, data from the plurality of neuromuscular-
signal sensors 1s processed by the high-power detector; and
(111) while the high-power detector 1s 1n an inactive state,
data from the plurality of neuromuscular-signal sensors 1s
stored at the wearable device (e.g., stored 1n the bullers 412)
and not processed by the high-power detector. For example,
the sensors remain active while the high-power detector 1s
inactive and data from the sensors 1s stored, at least tempo-
rarily, 1n a bufler. In this way, when the high-power detector
1s activated, 1t can process the data in the bufler to 1dentily
a recently performed gesture (rather than waiting for the user
to perform another gesture).

(A5) In some embodiments of any of A1-A4: (1) prior to
determining that the first set of neuromuscular signals
requires further processing to confirm that the predetermined
in-air hand gesture has been performed at the wearable
device, the high-power detector 1s 1 an 1nactive state; and
(11) the method further includes, 1n accordance with deter-
mining that the first set of neuromuscular signals requires
further processing to confirm that the predetermined 1n-air
hand gesture has been performed at the wearable device,
transitioning the high-power detector to an active state.

In some embodiments, the plurality of neuromuscular-
signal sensors are active while the wearable device 1s 1n an
active state and the high-power detector (which can include
a machine-learning model, and can also include hardware
components) 1s transitioned between active and inactive
states based on mnformation from the low-power detector or
other sensor components, such as sensors 404 (e.g., an IMU
component). In some embodiments, the high-power detector
1s transitioned based on information from an ultra-low-
power detector (which can be used to wake up the low-
power detector based on sensed muscular activations that
can be separate from specific in-air hand gestures). In some
embodiments, the high-power detector and the low-power

detector consume less power while 1n the mactive state than
while 1n the active state.

(A6) In some embodiments of any of Al-AS: (1) the
low-power detector operates in a default-active state to
process detected neuromuscular signals from the neuromus-
cular-signal sensing component; and (1) the high-power
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detector operates 1n a default-inactive state 1n which it does
not process neuromuscular signals in the absence of a trigger
signal. For example, the high-power detector only processes
detected neuromuscular signals after switching to an active
state based on information received from the low-power
detector. In some embodiments, the low-power detector 1s
activated 1n accordance with activation of a gesture-sensing
mode of the wearable device.

For example, the low-power detector can sense one or
more predetermined in-air hand gestures used to “wake” the
device. The low-power detector 1s used 1n this way to save
power because the high-power detector (which can recog-
nize more gestures) can use significantly more power to do
so. For example, the low-power detector can be configured
as a lighter-weight model (as compared to the high-power
detector), such that 1t 1s built to recognize a small subset
(e.g., 2-3) of specific 1mn-air hand gestures (e.g., including a
“wake” gesture and/or istant-action gestures ). Performance
of one of the small subset of specific in-air hand gestures can
cause the high-power detector to be activated, and the
high-power detector can then be used to confirm occurrence
of the small subset of specific in-air hand gestures, and also
to detect a larger set of 1n-air hand gestures (e.g., including
the small subset of specific in-air hand gestures, plus at least
eight other in-air hand gestures, examples of which are
provided below).

The low-power detector can be used to help weed out
talse positives (alone or in combination with data from other
sensors, such as data from an 1nertial measurement unit) so
that the high-power detector 1s not analyzing every gesture
performed, which would be a drain on the battery of the
device. In some embodiments, when the low-power module
1s woken up, 1t also wakes up the high-power detector. Thus,
in such embodiments, the high-power detector 1s asleep/
inactive until the low-power mode 1s woken up, at which
point the high-power detector 1s woken up as well.

(A7) In some embodiments of any of A1-A6, the method
turther includes, prior to using the low-power detector to
determine that the respective neuromuscular signal of the
first set of neuromuscular signals requires further processing
to confirm that the predetermined in-air hand gesture has
been performed at the wearable device, transitioning the
low-power detector from an 1nactive state to an active state
based on muscular activity detected via the neuromuscular-
signal sensing component satistying a muscular-activity
wake-up critena.

For example, the muscular-activity wake-up criteria can
be one or more of (1) a mmimum voltage level or threshold
below which 1t 1s considered no activity, (11) a specific
spectral energy content, and (i111) a simple machine-learning
model (which can be referred to herein as an ultra-low-
power detector) that only identifies any muscle activity
without classifying what gesture the muscle activity might
be associated with. In some embodiments, the muscular
activity 1s detected by a diflerent type of sensor (e.g., an
IMU sensor or an accelerometer) to, for example, detect
muscle activity before any gesture has been performed and
then wake up the low-power detector.

(A8) In some embodiments of A7, the method further
includes, while the low-power detector 1s 1n the active state,
in accordance with a determination that data from the
neuromuscular-signal sensing component indicates that the
muscular-activity wake-up criteria are no longer satisfied,
transitioning the low-power detector to the 1active state.

In one example, the determination that the data from the
neuromuscular-signal sensing component indicates that the
muscular-activity wake-up criteria are no longer satisfied
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can be made when it 1s determined that no hand gesture has
been performed over a threshold amount of time. The
determination can also be made when any other example
muscular-activity wake-up criterion discussed above 1s
determined to no longer be satisfied (e.g., neuromuscular
signals of a certain amplitude or having a certain spectral
energy content are no longer detected). In some embodi-
ments, an 1nactive state 1s when the low-power detector 1s
powered ofl and/or non-operational. For example, the detec-
tor goes back to sleep mode 10 seconds after wake-up 11 no
actions are detected.

(A9) In some embodiments of any of A1-AS8, the method
turther includes, after performing the action in response to
the different predetermined in-air hand gesture at the wear-
able device, transitioning both the high-power detector and
the low-power detector to mactive states 1n accordance with
a predetermined amount of time having elapsed.

In some embodiments, each detector 1s transitioned to the
inactive state a preset amount of time after transitioning to
the active state (e.g., after 20 seconds, 30 seconds, or 1
minute). In some embodiments, each detector 1s transitioned
to the 1nactive state i accordance with a preset amount of
time having elapsed since detection of a gesture (e.g., each
subsequent gesture resets the time-out period).

(A10) In some embodiments of A9, during the predeter-
mined amount of time, no respective neuromuscular signal
1s determined to require further processing to confirm that an
in-air hand gesture has been performed at the wearable
device. For example, the predetermined amount of time 1s
used to manage power at the wearable device, while still
ensuring that 1f another neuromuscular signal requires fur-
ther processing, the high-power detector can remain 1n the
active state to assist with further processing of that other
neuromuscular signal. In some embodiments, the predeter-
mined amount of time 1s based on an operating mode of the
wearable device. In some embodiments, the predetermined
amount of time 1s based on which applications, 11 any, are
actively executing on the wearable device. In some embodi-
ments, the predetermined amount of time 1s based on an
orientation ol the wearable device (e.g., the time period 1s
longer 11 the user’s arm 1s raised than 11 the user’s arm 1s at
their side).

In some embodiments, different timeout periods (e.g., the
predetermined amount) can be utilized depending on
whether any other 1in-air hand gestures are detected after the
further processing to confirm occurrence of the predeter-
mined im-air hand gesture. For instance, 1f no other in-air
hand gesture 1s again detected, then the timeout period can
be shortened (e.g., to be less than 30 seconds, such as 10
seconds), but, if another in-air hand gesture 1s again
detected, the timeout period can be lengthened (e.g., to be
equal to or greater than 30 seconds). This helps to ensure that

the high-power detector 1s properly made available for
detecting multiple gestures 1n sequence.

(All) In some embodiments of any of AI-A10: (1) the
first set of neuromuscular signals 1s stored 1n a bufler (e.g.,
the buflers 412) at the wearable device; and (11) the high-
power detector 1s configured to obtain the first set of
neuromuscular signals from the bufler. In some embodi-
ments, the buller includes a FIFO bufler and/or a circular
bufler. In some embodiments, the bufler includes respective
storage for each of the neuromuscular signals. In some
embodiments, the bufller stores digital signals that corre-
spond to analog signals from the neuromuscular-signal
sensing component. In some embodiments, the wearable
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device includes an ADC to convert the analog signals from
the neuromuscular-signal sensing component to digital sig-
nals for storage in the buifler.

In some embodiments, the first set of neuromuscular
signals 1s detected over a particular period of time; the
high-power detector requires the bufler to include neuro-
muscular signals detected during a predetermined length of
time to allow the high-power detector to detect whether the
predetermined 1n-air hand gesture did occur; and in accor-
dance with a determination that the particular period of time
1s less than the predetermined length of time, data 1s added
to the bufler before the multiple signals are processed by
using the high-power detector.

(A12) In some embodiments of All, the method further
includes, 1n accordance with a determination that the bufller
has insuilicient data to confirm that the predetermined in-air
hand gesture has been performed at the wearable device. (1)
selecting supplemental data (e.g., the gesture data 415) for
the data in the bufler, including one or more of: (a) using
machine learning to predict precursor neuromuscular sig-
nals; and (b) selecting a predefined set of precursor neuro-
muscular signals based on the data in the bufler; and (11)
agoregating the data in the buller and the selected supple-
mental data.

In some embodiments, one or more default sets of data are
available (e.g., stored) at the wearable device. In some
embodiments, the sets of data correspond to popular (e.g.,
most used) gestures. For example, the system can attempt to
match the incomplete data to the sets and select a set that
aligns best with the incomplete set of data. In some embodi-
ments, transmogrification can be utilized to use data from a
butler of the low-power detector with the high-power detec-
tor as well, e.g., can then allow the two detectors to consume
data from the same buliler.

(A13) In some embodiments of Al2, the method further
includes, 1n accordance with a determination that the bufler
has suflicient data to confirm that the predetermined 1n-air
hand gesture has been performed at the wearable device,
forgoing selecting supplemental data for the data in the
builer.

(A14) In some embodiments of any of A11-A13, a capac-
ity of the bufler corresponds to a minimum length of a
neuromuscular-signal-detection period during which the
predetermined 1n-air hand gesture 1s performed. The neuro-
muscular-signal-detection period 1s thus the period of time
when electrodes on the wearable device are picking up the
neuromuscular signals that are causing performance of the
predetermined 1n-air hand gesture.

In some embodiments, the length of the neuromuscular-
signal-detection period 1s a length of time that is about
200-300 mulliseconds (ms). Thus, remaining data in the
bufler (e.g., 11 the bufler needs 1.6 seconds worth of data,
then the remaining data would be everything except for the
200-300 ms of data when the gesture 1s being performed). In
some embodiments, the other approximately 1.3 seconds of
data 1n the butler 1s used for false-positive suppression, not
for 1dentifying which gesture was actually performed. For
example, when the high-power detector 1s activated, 1t
requires a certain amount of bufler data to operate properly
(e.g., 1t might need 1.6 seconds of bufler data to get its
internal state accurate, so the predetermined length of time
can be 1.6 seconds 1n this example).

(A15) In some embodiments of Al-Al4, the method
turther includes: (1) determining, using the low-power detec-
tor, that another different predetermined in-air hand gesture
was performed at the wearable device, the determination
based on a respective neuromuscular signal of a third set of
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neuromuscular signals, where the another different prede-
termined in-air hand gesture 1s distinct from the different
predetermined in-air hand gesture and the predetermined
in-air hand gesture; and (11) 1n response to determining that
the another different predetermined in-air hand gesture was
performed at the wearable device, performing another action
at the wearable device, the another action being distinct from
the action. For example, the diflerent predetermined 1n-air
hand gesture can be part of a group of predetermined 1n-air
hand gestures that can be associated with instant actions,
which can be actions that are activated without the need to
use the high-power detector for further processing.

For example, the action caused by the different predeter-
mined hand gesture can be referred to as a first instant action,
which means generally that it 1s a wearable device action
that can be processed and performed without needing to use
the high-power detector (and/or some electrodes that might
be primarily used 1n conjunction with the high-power detec-
tor). In some embodiments, rather than using only a low-
power detector for detecting instant action associated 1n-air
hand gestures, a two-stage modeling can be utilized.

(A16) In some embodiments of Al3, the method further
includes: (1) determining, by using the low-power detector,
that one additional predetermined in-air hand gesture was
performed at the wearable device, the determination based
on a respective neuromuscular signal of a fourth set of
neuromuscular signals, where the one additional predeter-
mined in-airr hand gesture 1s distinct from the another
different predetermined in-air hand gesture, the difierent
predetermined in-air hand gesture, and the predetermined
in-air hand gesture; and (11) 1n response to determining that
the one additional predetermined in-air hand gesture was
performed at the wearable device, performing yet another
action at the wearable device, the yet another action being
distinct from the action and the another action.

(A17) In some embodiments of A15 or A16, one or both
of the action and the another action are performed while a
display of the wearable device 1s 1n an ofl state. In some
embodiments there 1s no display that corresponds to the
action and/or the another action. For example, the gesture
and action correspond to taking a picture, adjusting audio
playback, or turning on a nearby light and the system
operates without requiring a display.

(A18) In some embodiments of any of Al1-Al7/, before
registering the occurrence of the predetermined in-air hand
gesture, evaluating data from a second sensor (e.g., a sensor
404) of the wearable device to confirm that the predeter-
mined 1n-air hand gesture occurred at the wearable device,
where the second sensor 1s distinct from the neuromuscular-
signal sensing component.

EMG-based gesture detection 1s a function that consumes
relatively significant amounts of power (e.g., as compared to
an IMU-based gesture detection). In most circumstances, the
most power consuming part of EMG-based gesture detection
1s the calculations for defining gestures. Thus, this part
should not be always on for detecting wakeup gestures.
IMU-based gesture detection can trigger false positives
(e.g., the wakeup was unintentional). A false positive can
result 1n significant power consumption as other components
are activated to analyze and identify/recognize the potential
gesture. To reduce power consumption and false positives,
some of the systems described herein combine EMG-based
and IMU-based detection (e.g., by operating only a subset of
the EMG-based circuitry in conjunction with the IMU-based
circuitry).

For example, the level of power consumption for the
EMG-based detection 1s different for its subparts. For
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example, an EMG-based detection system may include an
AFE, ADC, MCU and DSP. The AFE and ADC have
constant power consumption. If the EMG sensor 1s active,
the data constantly comes 1n to the AFE. However, relative
to the MCU and DSP this power consumption can be very
low. For example, the most power may be consumed when
doing the gesture inference, e.g., the calculations to 1dentily
different gestures. Some embodiments introduce a state
where both the IMU and EMG components are active for
detecting a wakeup action. However, only a portion of the
EMG components may be active to buller input data, e.g., up
to 100 samples 1n the buller. In this example, no calculations
are performed until a wakeup 1s triggered by the IMU
components. Because the EMG data 1s buflered, a calcula-
tion can be performed quickly to determine if the IMU
trigger 1s a lalse positive. If a gesture 1s confirmed, the
remaining EMG circuitry can be activated; if 1t 1s not
confirmed, the EMG circuitry can quickly return to a sleep
mode until another IMU trigger occurs.

In some embodiments, the second sensor 1s a different
type of sensor (e.g., the device uses a second type of sensor
to lower false-positive rates). For example, evaluating IMU
data can lower the false-positive rates from around 8%-9%
to 3%-4%. In some embodiments, an IMU 1s used to confirm
the 1n-air hand gesture to lower false-positive rates and save
power. In some embodiments, data from the neuromuscular-
signal sensing component 1s aggregated with data from the
second sensor (e.g., an accelerometer), the aggregated data
1s mput into a model (e.g., a machine learning model), and
the model evaluates the aggregated data to confirm whether
the predetermined in-air hand gesture occurred.

(A19) In some embodiments of any of Al-AlS8, the
method further includes, in conjunction with determining,
using the low-power detector, that the respective neuromus-
cular signal requires further processing, evaluating data
from a second sensor of the wearable device to confirm that
an 1n-air hand gesture occurred, where the second sensor 1s
distinct from the neuromuscular-signal sensing component.
For example, confirm that the respective neuromuscular
signal should not be 1gnored. In some embodiments, there 1s
a second type of sensor on the wrist-wearable device that can
confirm whether a pre-determined in-air hand gesture has
been performed.

(A20) In some embodiments of any of A17-Al19, the
second sensor of the wearable device 1s an 1nertial measure-
ment unit (IMU). In some embodiments, the wearable
device 1s configured to perform sensor fusion with IMU data
and EMG data and to then aggregate all of the input data to
be fed as a combined input to a machine-learning model
(c.g., etther of the low-power or high-power detectors)
configured to process the combined input to detect whether
an 1n-air hand gesture has been performed. The data from the
second sensor (e.g., the IMU sensor 1n this example) can be
used to help avoid false positives, which can be part of the
processing that the machine-learning does or can be part of
post-processing that occurs after a gesture has been detected
to look at the data from the second sensor to determine
whether the gesture might be a false positive (e.g., the IMU
data reveals that there was a large amount of vibrations
during the gesture so 1t might be determined that a particular
in-air hand gesture was accidentally performed).

The problem of false positives with EMG-based gesture
detection can be significant. In particular, a user’s normal
day-to-day hourly interactions can result 1n accidental detec-
tion of various EMG-based gestures, 11 those gestures are not
filtered out properly. For example, false positive rates can be

significantly reduced by also relying on IMU data to filter
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out the false positives. Without using the IMU data to further
lower false positives, wake gestures might be detected
erroneously which would further degrade the limited power
and computing resources available to the wearable device.

(A21) In some embodiments of any of Al-A20, the

neuromuscular-signal sensing component includes an IMU
and/or an EMG sensor. In some embodiments, the neuro-
muscular-signal sensing component includes multiple chan-
nels (e.g., the channels 406) where each channel represents
differential data from multiple sensors.

(A22) In some embodiments of any of Al-A21, the
method further includes: (1) determining, using the low-
power detector, that the respective neuromuscular signal of
the first set of neuromuscular signals requires turther pro-
cessing to confirm that the predetermined 1n-air hand gesture
has been performed at the wearable device; and (11) 1n
accordance with the determination that the respective neu-
romuscular signal of the first set of neuromuscular signals
requires further processing, transitioning the high-power
detector to an active state and transitioning the low-power
detector to an inactive state (e.g., as illustrated in FIGS. 3A
and 3B).

(A23) In some embodiments of A22, the method further
includes, after registering the occurrence of the predeter-
mined in-air hand gesture, transitioning the high-power
detector to an 1nactive state and transitioning the low-power

detector to an active state (e.g., as illustrated 1n FIGS. 3C
and 3D).

(A24) In some embodiments of any of A1-A23: (1) the
first set of neuromuscular signals 1s a set of analog signals;
and (1) the method further includes (a) converting the set of
analog signals to a corresponding set of digital signals using
an analog-to-digital converter (ADC) component; and (b)
the determimng that the respective neuromuscular signal
requires further processing i1s based on analysis of a respec-
tive digital signal of the corresponding set of digital signals.
In some embodiments, activation of the high-power detector
includes adjusting operation of the ADC component (e.g.,
increasing a sample rate). In some embodiments, activation
of the high-power detector includes adjusting operation of a
digital signal processor (DSP), such as increasing a clock
rate. In some embodiments, the DSP 1s a component of the
high-power detector. For example, the DSP for use with the
low-power detector can be running at a nominal frequency
such as 200 MHz (higher clock rate typically means more
power). The high-power model needs to run at real time, so
that it may move the DSP to its highest clock rate (600 MHz
or greater) to process the 1.6 seconds to populate the builer.

(A25) In some embodiments of any of A1-A24: (1) the
neuromuscular-signal sensing component includes a plural-
ity of neuromuscular-signal sensors that correspond to the
high-power detector; (1) while the high-power detector 1s 1n
an active state, each of the plurality of neuromuscular-signal
sensors are active; and (111) while the high-power detector 1s
in an 1nactive state, at least a subset of the plurality of
neuromuscular-signal sensors are 1nactive.

In embodiments 1 which the subset of the plurality of
neuromuscular-signal sensors are also in the inactive state
along with the high-power detector, then the neuromuscular-
signal sensors that do remain active for use with the low-
power detector can be mtentionally selected to include those
neuromuscular-signal sensors associated with particular
muscle groups (e.g., the sensors above include only the
flexor and extensor muscle groups, and not any of the other
SENsors).

For the embodiments that use fewer electrodes (e.g., only
using three of eight) with the low-power detector, a training
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process can be utilized for determining which electrodes to
use. In one example, models can be trained for different
combinations of electrode usage, e.g., single, pair, six, or
cight, and then a determination can be made as to which
clectrodes pairs and groups have the best performance (e.g.,
lowest false-positive rates).

In some embodiments, the at least a subset of the plurality
ol neuromuscular-signal sensors are activated 1n conjunction
with activation of the high-power detector. In some embodi-
ments, activating the high-power detector includes activat-
ing (e.g., powering) one or more previously inactive neuro-
muscular-signal sensors.

In another aspect, some embodiments include a method of
power-ellicient processing of neuromuscular signals to con-
firm occurrence of a predetermined event. In some embodi-
ments, the method includes: (1) obtaining a first set of
neuromuscular signals from a neuromuscular-signal sensing
component ol a wearable device (e.g., the wearable device
104); (11) after determining, using a low-power detector of
the wearable device, that the first set of neuromuscular
signals require further processing to confirm that a prede-
termined in-air hand gesture has been performed at the
wearable device: (a) processing the first set of neuromus-
cular signals using a high-power detector of the wearable
device, the high-power detector configured to detect a first
number of in-air hand gestures while consuming a first
amount of power from the wearable device and the low-
power detector configured to detect a second number of
in-air hand gestures, less than the first number of in-air hand
gestures, while consuming a second amount of power from
the wearable device that 1s less than the first amount of
power Irom the wearable device; and (b) 1n accordance with
a determination that the processing indicates that the pre-
determined in-air hand gesture did occur, registering an
occurrence of the predetermined in-air hand gesture; and
(111) recerving a second set of neuromuscular signals from
the neuromuscular-signal sensing component of the wear-
able device; and (1v) after determining, using the low-power
detector and not using the high-power detector, that a
different predetermined in-air hand gesture, distinct from the
predetermined n-hand gesture, was performed at the wear-
able device, performing an action 1n response to the different
predetermined in-air hand gesture at the wearable device.

(B1) In another aspect, some embodiments include a
wearable device including: (1) a plurality of analog frontends
(AFEs) (e.g., the AFE component 410) configured to receive
neuromuscular signals from a plurality of neuromuscular-
signal sensors (e.g., the neuromuscular-signal sensing com-
ponent 402); (1) an analog-to-digital converter (ADC)
coupled to an output of the plurality of AFEs configured to
convert the recetved neuromuscular signals to correspond-
ing digital signals; (111) a bufler component (e.g., the bullers
412) coupled to an output of the ADC and configured to
store the corresponding digital signals; (1v) a low-power
detector component (e.g., the low-power detector 414)
coupled to the builer component and configured to analyze
at least a first subset of the digital signals; and (v) a
high-power detector component (e.g., the high-power detec-
tor 416) coupled to the buller component and configured to
analyze at least a second subset of the digital signals.

(B2) In some embodiments of B1l, the wearable device
turther includes the plurality of neuromuscular-signal sen-
sors coupled to the plurality of AFEs. For example, the
plurality of neuromuscular-signal sensors are configured to
generate multiple channels of neuromuscular data (e.g., each
channel corresponding to a distinct muscle group). In this
example, the low-power-detector component 1s configured
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to analyze a first channel of data and the high-power detector
1s configured to analyze two or more channels of data. In
some embodiments, the buller component includes a respec-
tive bufler for each neuromuscular-signal sensor and/or a
bufler for each channel of neuromuscular signals.

(B3) In some embodiments of B1 or B2, the plurality of
AFEs includes respective amplifiers for amplilying the
received neuromuscular signals. In some embodiments, the
AFEs include one or more signal filters (e.g., high-pass,
band-pass, and/or low-pass filters). In some embodiments,
the AFEs include respective ADCs.

(B4) In some embodiments of any of B1-B3, the low-
power detector component comprises a microcontroller. In
some embodiments, the low-power detector component 1s an
ASIC component.

(B5) In some embodiments of any B1-B4, the high-power
detector component comprises a system-on-chip (SoC)
coupled to the low-power detector component. In some
embodiments, the high-power detector component 1s an
ASIC component (e.g., U53) or a microcontroller (MCU). In
some embodiments, the high-power detector comprises one
or more processors (e.g., CPUs) and a DSP. For example, the
high-power-detector component uses more compute power
and has a greater precision and accuracy for analyzing a
gesture as compared to the low-power component.

(B6) In some embodiments of any of B1-B5, the low-
power-detector component 1s configured to conditionally
trigger activation (e.g., via the control line 424) of the
high-power detector component based on analysis of the at
least the first subset of the digital signals. For example, the
low-power detector component 1s configured to generate a
wake-up signal for the high-power detector component
based on data from a first sensor and/or sensor channel. In
some embodiments, the low-power detector 1s configured to
wake the high-power detector 1n accordance with suflicient
data being stored in the bufler component.

In some embodiments, one or more of the gestures
described above (e.g., with respect to FIGS. 1A-1G, 2A-2H,
and 3A-3D) are detected with an optical sensor (e.g., a
camera) or sensors associated with an IMU rather than (or 1n
addition to, via fusing the sensor inputs to detect the various
gestures described herein) the one or more neuromuscular-
signal sensors. In some embodiments, the one or more
gestures described above (e.g., with respect to FIGS. 1A-1G,
2A-2H, and 3A-3D) are replaced with gestures performed by
other parts of the user’s body (e.g., head gestures, leg
gestures, or torso gestures). As one example, a wake gesture
can be detected using one or more of neuromuscular-signal
sensors, data from an IMU, and cameras; as another
example, a gesture can be a shaking of the user’s head (as
if the user 1s indicating “No””) or a nodding of the user’s head
(as 11 the user 1s indicating “Yes”).

In some embodiments, the wearable device detects neu-
romuscular signals traveling through the user’s neck or
back, which can be done using neuromuscular-signal sen-
sors coupled with the VR goggles or the AR glasses 1n some
example embodiments. In some embodiments, the one or
more gestures described above (e.g., with respect to FIGS.
1A-1G, 2A-2H, and 3A-3D) are replaced with (or performed
using) in-air hand gestures on a controller (e.g., a handheld
controller or foot pedal controller). In some embodiments,
the one or more 1n-air hand gestures described above (e.g.,
with respect to FIGS. 1A-1G, 2A-2H, and 3A-3D) are
replaced with audio commands (e.g., spoken-word com-
mands or non-word commands such as a tongue click).

In another aspect, some embodiments include a comput-
ing system with one or more processors and memory
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coupled to the one or more processors, the memory storing
one or more programs configured to be executed by the one
or more processors, the one or more programs including
instructions for performing any of the methods described
herein (e.g., methods 600, 700, and 800, as well as A1-A235
above).

In yet another aspect, some embodiments include a non-
transitory computer-readable storage medium storing one or
more programs for execution by one or more processors of
a computing system, the one or more programs including
instructions for performing any of the methods described
herein (e.g., methods 600, 700, and 800, as well as A1-A25
above).

It will be understood that, although the terms “first,”
“second,” etc. may be used herein to describe various
clements, these elements should not be limited by these
terms. These terms are only used to distinguish one element
from another.

The terminology used herein 1s for the purpose of describ-
ing particular embodiments only and 1s not mtended to be
limiting of the claims. As used i1n the description of the
embodiments and the appended claims, the singular forms
“a,” “an” and “the” are intended to include the plural forms
as well, unless the context clearly indicates otherwise. It will
also be understood that the term “and/or” as used herein
refers to and encompasses any and all possible combinations
of one or more of the associated listed items. It will be
turther understood that the terms “comprises” and/or “com-
prising,” when used 1n this specification, specily the pres-
ence of stated features, integers, steps, operations, elements,
and/or components, but do not preclude the presence or
addition of one or more other features, integers, steps,
operations, elements, components, and/or groups thereof.

As used herein, the term “if” can be construed to mean
“when” or “upon” or “in response to determining” or “in
accordance with a determination” or “in response to detect-
ing,” that a stated condition precedent is true, depending on
the context. Stmilarly, the phrase “if i1t 1s determined [that a
stated condition precedent 1s true]” or “1f [a stated condition
precedent 1s true]” or “when [a stated condition precedent 1s
true]” can be construed to mean “upon determining” or “in
response to determining” or “1n accordance with a determi-
nation” or “upon detecting” or “in response to detecting”
that the stated condition precedent 1s true, depending on the
context.

The foregoing description, for the purpose of explanation,
has been described with reference to specific embodiments.
However, the 1llustrative discussions above are not intended
to be exhaustive or to limit the claims to the precise forms
disclosed. Many modifications and variations are possible 1in
view of the above teachings. The embodiments were chosen
and described 1n order to best explain principles of operation

and practical applications, to thereby enable others skilled 1n
the art.

What 1s claimed 1s:

1. A method of power-etlicient processing ol neuromus-
cular signals to confirm occurrence of a predetermined
event, the method comprising:

obtamning a first set of neuromuscular signals from a

neuromuscular-signal sensing component of a wearable
device;

determining, using a low-power detector of the wearable

device, that a respective neuromuscular signal of the
first set of neuromuscular signals requires further pro-
cessing to confirm that a predetermined in-airr hand
gesture has been performed at the wearable device:
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processing the first set of neuromuscular signals using
a high-power detector of the wearable device to
generate processed neuromuscular signals, the high-
power detector configured to detect a first set of
in-air hand gestures while consuming a first amount
of power from the wearable device and the low-
power detector configured to detect a second set of
in-air hand gestures while consuming a second
amount of power from the wearable device, the
second set of 1n-air hand gestures includes less 1n-air
hand gestures than the first set of 1n-air hand gestures
and the second amount of power 1s less than the first
amount of power; and

in accordance with a determination, based on the pro-

cessed neuromuscular signals that the predetermined
in-air hand gesture did occur, registering an occur-
rence of the predetermined in-air hand gesture;
recerving a second set of neuromuscular signals from the
neuromuscular-signal sensing component of the wear-
able device; and
alter determining, based on a respective neuromuscular
signal of the second set of neuromuscular signals and
using the low-power detector and not using the high-
power detector, that a different predetermined in-air
hand gesture, distinct from the predetermined in-air
hand gesture, was performed at the wearable device:
performing an action in response to the different prede-
termined in-air hand gesture at the wearable device.

2. The method of claim 1, wherein:

the predetermined in-air hand gesture includes a wake

gesture followed by another 1n-air hand gesture; and

registering the occurrence of the predetermined in-air

hand gesture 1ncludes:

registering an occurrence of the wake gesture to cause
the high-power detector to remain 1n an active state;
and

registering an occurrence ol the another in-air hand
gesture to cause the wearable device to execute a
tunction that corresponds to the another 1n-air hand
gesture performing an action within a user interface.

3. The method of claim 1, wherein:

the neuromuscular-signal sensing component includes a

plurality of neuromuscular-signal sensors that corre-
spond to the high-power detector;

while the high-power detector 1s 1n an active state, data

from the plurality of neuromuscular-signal sensors 1s
processed by the high-power detector; and

while the high-power detector 1s 1n an 1nactive state, data

from the plurality of neuromuscular-signal sensors is
stored at the wearable device and not processed by the
high-power detector.

4. The method of claim 1, wherein, prior to determining,
that the respective neuromuscular signal of the first set of
neuromuscular signals requires further processing to con-
firm that the predetermined in-air hand gesture has been
performed at the wearable device, the high-power detector 1s
1n an 1nactive state; and

the method further comprises, 1n accordance with deter-

mining that the respective neuromuscular signal of the
first set of neuromuscular signals requires further pro-
cessing to confirm that the predetermined in-air hand
gesture has been performed at the wearable device,
transitioning the high-power detector to an active state.
5. The method of claim 1, wherein:
the low-power detector operates in a default active state to
process detected neuromuscular signals from the neu-
romuscular-signal sensing component; and
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the high-power detector operates 1n a default inactive state
in which 1t does not process neuromuscular signals 1n
the absence of a trigger signal.

6. The method of claim 1, further comprising:

prior to using the low-power detector to determine that the

respective neuromuscular signal of the first set of

neuromuscular signals requires further processing to

coniirm that the predetermined 1n-air hand gesture has

been performed at the wearable device:

transitioning the low-power detector from an 1nactive
state to an active state based on muscular activity
detected via the neuromuscular-signal sensing com-
ponent satisfying a muscular-activity wake-up crite-
rion.

7. The method of claim 6, further comprising:

while the low-power detector i1s 1n the active state:

in accordance with a determination that data from the
neuromuscular-signal sensing component indicates
that the muscular-activity wake-up criteria are no
longer satisfied, transitioning the low-power detector
to the nactive state.

8. The method of claim 1, turther comprising;:

after performing the action in response to the different

predetermined in-air hand gesture at the wearable
device, transitioning both the high-power detector and
the low-power detector to mactive states 1n accordance
with a predetermined amount of time having elapsed.

9. The method of claim 8, wherein, during the predeter-
mined amount of time, no respective neuromuscular signal
1s determined to require further processing to confirm that an
in-air hand gesture has been performed at the wearable
device.

10. The method of claim 1, further comprising;:

determining, using the low-power detector, that another

different predetermined in-air hand gesture was per-
formed at the wearable device, the determining based
on a respective neuromuscular signal of a third set of
neuromuscular signals, wherein the another different
predetermined 1n-air hand gesture 1s distinct from the
different predetermined in-air hand gesture and the
predetermined in-air hand gesture; and

in response to determining that the another different

predetermined 1n-air hand gesture was performed at the
wearable device, performing another action at the
wearable device, the another action being distinct from
the action.

11. The method of claim 1, further comprising:

before registering the occurrence of the predetermined

in-air hand gesture, evaluating data from a second
sensor of the wearable device to confirm that the
predetermined in-air hand gesture occurred at the wear-
able device, wherein the second sensor 1s distinct from
the neuromuscular-signal sensing component.

12. A non-transitory, computer-readable storage medium
including 1nstructions that when executed by a system
including a wearable, cause the system to:

obtain a first set of neuromuscular signals from a neuro-

muscular-signal sensing component of a wearable
device;

determine, using a low-power detector of the wearable

device, that a respective neuromuscular signal of the
first set of neuromuscular signals requires further pro-
cessing to confirm that a predetermined in-air hand
gesture has been performed at the wearable device:
process the first set of neuromuscular signals using a
high-power detector of the wearable device to gen-
erate processed neuromuscular signals, the high-
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power detector configured to detect a first set of
in-air hand gestures while consuming a first amount
of power from the wearable device and the low-
power detector configured to detect a second set of
in-air hand gestures while consuming a second
amount ol power from the wearable device, the
second set of 1n-air hand gestures includes less 1n-air
hand gestures than the first set of 1n-air hand gestures
and the second amount of power; and
in accordance with a determination, based on the pro-
cessed neuromuscular signals that the predetermined
in-air hand gesture did occur, register an occurrence
of the predetermined in-air hand gesture;
recerve a second set of neuromuscular signals from the
neuromuscular-signal sensing component of the wear-
able device; and
after determining, based on a respective neuromuscular
signal of the second set of neuromuscular signals and
using the low-power detector and not using the high-
power detector, that a different predetermined in-air
hand gesture, distinct from the predetermined in-air
hand gesture, was performed at the wearable device:
perform an action 1n response to the different predeter-
mined 1n-air hand gesture at the wearable device.
13. The non-transitory, computer-readable storage
medium of claim 12, wherein:
registering the occurrence of the predetermined in-air
hand gesture includes:
registering an occurrence of the wake gesture to cause the
high-power detector to remain 1n an active state; and

registering an occurrence of the another m-air hand ges-
ture to cause the wearable device to execute a function
that corresponds to the another in-air hand gesture
performing an action within a user interface.

14. The non-transitory, computer-readable
medium of claim 12, wherein:

the neuromuscular-signal sensing component includes a

plurality of neuromuscular-signal sensors that corre-
spond to the high-power detector;

while the high-power detector 1s 1 an active state, data

from the plurality of neuromuscular-signal sensors 1s
processed by the high-power detector; and

while the high-power detector 1s 1n an 1nactive state, data

from the plurality of neuromuscular-signal sensors 1s
stored at the wearable device and not processed by the
high-power detector.

15. The non-transitory,
medium of claim 12, wherein:

the low-power detector operates in a default active state to

process detected neuromuscular signals from the neu-
romuscular-signal sensing component; and

the high-power detector operates in a default inactive state

in which 1t does not process neuromuscular signals 1n
the absence of a trigger signal.

16. The non-transitory, computer-readable storage
medium of claim 12, further including instructions that
cause the system to:

prior to using the low-power detector to determine that the

respective neuromuscular signal of the first set of

neuromuscular signals requires further processing to

coniirm that the predetermined 1n-air hand gesture has

been performed at the wearable device:

transition the low-power detector from an 1nactive state
to an active state based on muscular activity detected
via the neuromuscular-signal sensing component sat-
1stying a muscular-activity wake-up criterion.

storage

computer-readable storage
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17. The non-transitory, computer-readable storage
medium of claim 16, further including instructions that
cause the system to:

while the low-power detector 1s 1n the active state:

in accordance with a determination that data from the
neuromuscular-signal sensing component indicates
that the muscular-activity wake-up criteria are no
longer satisfied, transition the low-power detector to
the 1nactive state.

18. The non-transitory, computer-readable storage
medium of claim 12, further including instructions that
cause the system to:

after performing the action in response to the different

predetermined 1in-air hand gesture at the wearable
device, transition both the high-power detector and the
low-power detector to inactive states 1n accordance
with a predetermined amount of time having elapsed.

19. The non-transitory, computer-readable storage
medium of claim 18, wherein, during the predetermined
amount of time, no respective neuromuscular signal 1s
determined to require further processing to confirm that an
in-air hand gesture has been performed at the wearable
device.

20. The non-transitory, computer-readable storage
medium of claim 12, further including instructions that
cause the system to:

before registering the occurrence of the predetermined

in-air hand gesture, evaluate data from a second sensor
of the wearable device to confirm that the predeter-
mined in-air hand gesture occurred at the wearable
device, wherein the second sensor 1s distinct from the
neuromuscular-signal sensing component.
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