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nature

Explore content v About the journal v Publish with us v

nature > letters > article

Letter | Published: 16 May 2012
Reach and grasp by people with tetraplegia using a
neurally controlled robotic arm

Leigh R. Hochberg &, Daniel Bacher, Beata Jarosiewicz, Nicolas Y. Masse, John D. Simeral, Joern Vogel

Sami Haddadin, Jie Liu, Sydney S. Cash, Patrick van der Smagt & John P. Donoghue &

Nature 485, 372-375 (2012) | Cite this article

51k Accesses | 2424 Citations | 842 Altmetric | Metrics

Hochberg et al., Reach and grasp by people with tetraplegia using a neurally controlled robotic arm Nature, 2012
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(eh= LR T AH 7| ST ALY, 2016. 06. 01 - 2021. 02. 28, AT M AXE HH 7))

Agudelo-Toro et al. Accurate neural control of a hand prosthesis by posture-related activity in the primate grasping circuit. Neuron, 2024
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T16 Example Online nner Speech Trials - 125,000-word Vocab

B C

Cross-behavior Transfer (50-word Vocab)

mw ns e

D Onlieloner soeech Decoding eormance E

Word Error Rate 00

IR
CICIU g o6 BB 6 Poe
P S SAE e BN
FEFSE P A

- Traned on Atempted Speech, Tested on Atempted Speech
S0word vocab Trained on Iner Speech,Tested o lner Speech
125Kk word vocab = Trained on Atempted Speech, Tested on Inner Speech
- Chance ceee Chance

Kunz, E. M. et al. Inner speech in motor cortex and implications for speech neuroprostheses. Cell, 2025
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True spectrogram

True spectrogram

o] 4096 -20 4096 -20
.E 2048 2048
o0 -40 ¥ -40
o= 1024 1024
b
(o) 512 -60 512 -60

& 0 -80

® 0 5 10 15 0 0 5 10 15
Time Time
c Reconstructed spectrogram Reconstructed spectrogram
o mo

-20
.g 4096
=] -20
Q 2048 —40
— B -40
g * 1024 .
E 512 -60

0 -80 -80
0 5 10 15
Time

SMOMAES 93t AMO|AlE T3] 2 Brain to X

G.Y. Lee. Improving Imagined Speech Decoding: Combining Adaptive Feature Selection with Linguistic Feature Decoding to Enhance Intelligibility, Thesis, Seoul National University, 2025
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JCl The Journal of Clinical Investigation

Visual percepts evoked with an intracortical 96-channel

microelectrode array inserted in human occipital cortex - B Video c Input image
x5 camera

Eduardo Fernandez, ..., Tyler S. Davis, Richard A. Normann T
— I ]
(Tl Neuroscience Ophthaimology |Fi"e'"°’ 'l |Fi"e’ 10! 2| |F'“s' 0o "l Tﬁm;'
Graphical abstract L_I J
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Elon Musk’s Neuralink targets first Blindsight implantin
a human by end of 2025

slindsight received ‘breakthrough'’ status from the US Food and Drug Administration (FDA) in September last year.
It has been tested successfully on monkeys according to Musk.

bt hllllmﬂodw{!f«k o 1oy A s protecred ) x f =

N source on Googe.

Visual Cortex Visual Field

Elon Musk’s brain chip company, Neuralink, is aiming to achieve a major medical milestone by the

end of 2025 with the first human implantation of its artificial visual prosthesis, Blindsight. The https://www.youtube.com/watch?v=Y9s0Q5LHOIc
ambitious project aims to restore vision to people who are completely blind, including those who
have lost both eyes and their optic nerve or were born blind.

https://www.businesstoday.in/technology/news/story/elon-musks-neuralink-targets-first-

blindsight-implant-in-a-human-by-end-of-2025-470083-2025-04-01
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Seoul Natio

49 ot

oo

ANAES 9|8 20| Al 3| 2 Brain to X 712
9.

(MASAXAE A7 LI|0|AE T2HE 2020.09.01-2026. 12.31, APH YK HH 7))

Hong, Y., Ryun, S., & Chung, C. K. Evoking artificial speech perception through invasive brain stimulation for brain-computer interfaces: current challenges and future perspectives. Frontiers in neuroscience, 18, (2024)
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Real-time Theta Power Computation Process

Hippocampus Real-time iEEG update and Filtering Variance Calculation and Averaging

Load iEEG every 16 ms Total 800 ms

,...,MNWWW Shift 16 ms
A
|
256 ms
v
4-10Hz Filtering Hjorth Activity -
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Encoding Process in the Theta-based Alarm condition
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Encoding Encoding o
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Decoded speech

Frequency (kHz)
o m 2 o ®

All the time I think you are wonderful Where will | see you next

Prme—— pe ot bPBYb o

Reference speech

Amplitude
(a.u)

Frequency (kHz)
oM &2 o ®

All the time

Amplitude
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Metzger, S. L. (2023) “A high-performance neuroprosthesis for speech decoding and avatar control”, Nature
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Phin Array” Wired Array

Wired electrode for
Therapeutics & Research-BCl

Epllepsy Speech, Motor, Cognito
- - ™
Wireless System Phin Stim

Wireless electrode for
Therapeutics & Implanted-BClI

(inews24, June 20, 2025)
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Spatial resolution (mm)

01
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Temporal resolution (s)

Van Gerven, M., Farquhar, J., Schaefer, R., Vlek, R., Geuze, J., Nijholt, A.

., ... & Desain, P. (2009)
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@
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Neuralink to start human trial of brain implant for paralysis patients

500pum

Oneindia English

Substrate (Polyimide)
azum
iy

Cr/Au
3/a0 nm

sandwich electrode
Top Gr

.

0335 nm
. Types Materials Pixel Number Coverage (mm?) 5‘(’:::: z::’;;"
é Passive PINR 1024-ch 23 444
PINR 1024-ch 1024 1
PINR 2048-ch 6400 032
Metal 16-ch 4 4
Metal 294-ch 1144 257
PUAu-TiONWs 32ch 128 25
Metal 72-ch 27 267
PEDOT-PSS 240-ch 840 025
PEDOT-PSS 64-ch 1 64
PINR/Graphene 256-ch 23 111
Graphene 32-ch 302 11

S. Park ... LH. Ahn et al., Small, 4, 1801732 (2018)
M. Lee ... L.H. Ahn et al., NPG Asia Materials, 13:65 (2021)
J.Lim ... JLH. Ahn et al., NPG Asia Materials, 15:7 (2023)
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Graphene Electrode

_J 0.5mv
2s

Au (40 nm)

_l 0.5mv
2s

wf x

| nanomesh A

20} PEDOT:PSS
v

Signal-to-Noise Ratio (SNR)
8

Au @0nm) g Au nanonetwork
<4
0 L

1 10 100
Normalized impedance (Q-cm?)

J.Lim ... JH. Ahn et al., NPG Asia Materials, 15:7 (2023)

B =53 tl 554 surface 83 7|2

Passive array
» Ease of fabrication » Direct voltage readout

© Sensing area

ﬂT

Active array
» High-density monitoring with signal modulation

0
N
8
(sw) Buiuny Jo wn jselpes

2mm

» Active transducer: The bioelectric signals are amplified (the current modulation), crosstalk can be eliminated.
» Multiplexing topology: Multiplexors can reduce the number of wires and increase density, resulting in high spatial resolution.
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Past 2015 2020 2025 Future
e L L
Infraslow  cortical  brain Bioresorbable PEDOT:PSS-
| PEDOT:PSS-based OECT | activity enabled by based OECTs for transient
arrays (2011)! Biodegradable Si NMs- gSGFETs-based arays | spatiotemporal  mapping
¥ Eel e Eo1s) @023 Representative references:
il Micropipette 1. Appl. Phys. Lett. 99.16 (2011).
2. Nat. Neurosci. 14, 1599 (2011).
3. Nat. Commun. 4, 1575 (2013).
4. Nat. Mater. 15, 782 (2016).
Active  multiplexed Si- " o 5. Proc. Natl. Acad. Sci. 114(40), 10554 (2017)
|- based electrode array Monolithic-integrated and
(2011)2 T Kiloscopl: Slbased sctive l’(miogcopic-scalableh . 2;3 6. Nat. Mater. 18, 280 (2019).
PSS- = 7 = cti igh-
B | == B resctiion - spatitammirni 7. Sdi. Transl. Med. 12(538), eaay4682 (2020).
=== 7 o
&7 : ORADE) 8. Nat. Commun. 12, 211 (2021).
3 ] L . 2 9. Advanced Science, 10(14), 2300504 (2023).
- b il . 3 10. Nat. Mater. /n press (2025).
] i i gSGFETs active array for . ;
In vivo recordings using | longterm and wireless

— PEDOT:PSS-based

mapping of wide frequency
organic transistors (2013)°

band ECoG (2021)

B <=7

Deep brain stimulation Vagus nerve stil i 2 : C u jaliclinect ncucnalislctical
Type (DBS) (VNS) i il i current stimulation stimulation therapy
(rTMS) (tbCs) (FEST)
« Midbrain « Right/left dorsolateral pre | « Left dorsolateral prefront
« Thalamus . Vagus nerve frontal cortex al cortex . Muscles
« Pallidum 9 « Right/left primary motor ¢ | « Posterior parietal
« Striatum ortex + cortex
Target(s) ; e}\ﬁ\
&

q

Parkinson disease

+ Depression
Target disease + Gilles de la Tourette syn . Epllepsy_ . AIzhgimer d!sease + Alshdler dissases _ o
drome « Depression « Parkinson disease < 5 « Spinal cord injuries
(s) . " « Parkinson disease
+ Obsessive—compulsive « Stroke « Stroke
disorder
« Alzheimer disease
: hgv:]ffrequency (8-30 Hz) . 30H « Single or repeated sessi | * Single or repeated 20- + 10-1000 mAin10-1000 mi
Current 'gh Trequency z . ons minute sessions nutes (personalized to par
« (50-250 Hz) « 1.5 mAintensity + 1-2 mAintensities L
. « 5-20 Hz ticipants)

1-20 voltages
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D =31 X132 7122 28 of

Epilepsy diagnosis and treatment

@ Recording
seizure signals

Electrically Stimulating
the cortex

Gtection of Seizure

Ll b .|n||
I R

Normal state Electrical Elimination of
Stimulation seizure

S. Park...J.H. Ahn er al., Small, 4, 1801732 (2018)

B =3 xt= 7122 28 of

In vivo multichannel recording and stimulation

chio y

wﬁz}hﬂm(w

“ before W Cha il o | Wy
Ui oy,
I

during ch3
™ s
W‘MM i P —ny
after ch2 gk
Ao A W P A bbbt i r
recovery
Chi || —— A
m r
_Josmv 05mv
100 ms Ts
before after
RHE et My
A A _J0.5mv __Josmv
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o
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| >

ZI-A

o=

HHO| 2 3 k| S st}
DEEE “tsib i KAIST KAIST

x| QIE{HO|AE 93 T FA

Power sources .
—p Wired
/J B v I} > Wireless
' Amplifier Analog-to-digital converter
#.,‘ P L -ﬁ._:u.J—i-----.-.E
" [ 7 ; v

Stimulator interp r.el.f .
neural activities

Electrodes

SY I li
""/'\.E Feedback Target machines

AN A
77»“5“)7‘\

J

W

¢
B E E Biomedical Energy-Efticient I(AI ST
Electronics Laboratory T —
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2M k| QIE|HO|AE QI3 F2 7Y

----- » Wireless

Battery-operated (or power autonomous)
integrated neural recording

Interpret
neural activities

v
Target machines

B

B EEE Biomedical Energy-Efficient KAIST
Electronics Laboratory C—

PR EE

X2 AlO| =0
bl E{ 2]

A participant in the BrainGate clinical trial uses

wireless transmitters that replace the cables

normally used to transmit signals from sensors The original wireless device was developed in the
inside the brain. Credit: Braingate.org lab of Brown's Arto Nurmikko.
BEEF 3i°;,";‘g§#i"fﬁ’;’,i’;ﬁgf”‘ 1. . simeral et al, 1Ece Teme 2021 KAIST
 —
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e * =
H M S 2=
Electrode Electrode
Neural N\ / Diaiti High DR Fpuron
. igitized  Neural Digitized
signal + iy ADC I— signal signal Low Power [ signal
Artifacts [XI— — g g
Amplified
signal
27| I Op2I.C/X|E BRI S58E 527/ gt 55 82
" A A
v \' v
— t | ey
Neural . Amplified Digitized g wa
signal + Adifact signal signal r:iegur::ll D's?;tr"z;d
BEEE Bi‘;—’;'ﬂﬂi"fggyoﬁ;ﬁz:m C. Kim et. al., JEEE JSSC, 53(11), 2018 I(AIST
~ =
k| Xt= 2|2
B
Implantable Stimulation System
Via V-Control lia
° t° Qi#Q: t
Interface =
s Current-Controled Stimulation
‘ SEEE l2 o I-Control Vaa e
— ) O O 775 2 TN
__ Tissue L] L]t ¥ Tt
D
Interface V. | n—
0 >0
t t
4 9 Complex Control
-1 3 ==
HI| = 22 3R
Q HY HEE XI5
Q M7 AEE XI5 > 4™ E SHo|| {2
Q XX| HEE x5
BEE, 3""5’;';‘:’;;‘;7,’1.5”230',%‘;;”‘ J. Cho et al, Front. Neurn, 201 IKAIST
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k| X3 2|2

Stimulator
- Voo : i Replenishing
o 100
Jisg E:!gp__t_!'_c_)_si " Current to Vpp

o
o

; Electrolyte

?—N&N—Neurons § 3 .
| é R s . =
CSN 1 (_) I.." S %-50-
Vss . § n o
V: 4100
. N o TT
M| Xt=: k| QAEHO|A AAR F 7[% =2 0|38 AR
Q MF HEE X=: §4HX| 28 LIE
v H3Y HAMY UEN 32 HAH 2 0|EH 100% X EES 7HX|+=
MR HEE HMI|X3 22 #+9 75

BEEE N‘Z'Tei‘::ﬂinzgiyoﬁﬁz:m S. Ha, C. Kim et al., TBioCAS, 13(1), 2019 I(AIST

= CHIO|A Z2EMIY: M72|XSES &AM A

A A Recorded Si
Contaminated e
By Stimulus L 1
NN
" oy
i) 4 4 sbit
! % ! 1 information 22-bits to resolve
[ R R rhnbut b S
both signal
s S X geoXk =R and interference
nal iF L4
v ! 0
‘\l' ‘\" ______________________
Amplification Digitization

| Mz S} W] x5 A £
R MS 7} BHSOE. O3 5| M+ IS
7|7|00M 2 79t A1Z 22| A
|0]E] 48 278 > HHAR
It AS A QUE > 2 Cltfo|A Z2H A

Biomedical Energy-Efficient
Electronics Laboratory G. Sung et al., TBioCAS, submitted

KAIST
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= C|HtO| A “EHI*' HIIX=ES &AM HA

( E“H‘QE‘E’NW E“E‘E"E’UE“
Area: o L - qo

Signal with Varying SA After SA Removal
2mm2” O g 500 mm
s = .
E | E |
o o ‘
g 0 E)O .—:{J'_‘_wv\
Tl o o) - K=4->
- g g K=3
Wide mput : : — =2
3‘,’ s range ADC: o 450~ ' 450 K=l K=2->
.. [ 8channels | 0 Time [ms] 150 0 Time [ms] 150
O sor - (b) LFP measurement
\, 03
(a) Animal Experiment Setup '>E I
------- FStlmuIating Sites (Stim.) g L
b ; S [ ™= Origi
Recording Sites (Rec.) ;4__R; goc:red ‘ . .
PCB Test Board ~ Time [ms] 100
o o (c) AP measurement Stim, Onset
fo”?? ,1>_5_- riginal | 250 =
© SRNEN £ z
i Tungsten o o L
/ Electrode 2t 5
St >
DRL Connection -15 -250
i " ks 0 Time [ms] 600 0 time[ms] 7
BEE B’°gﬂﬂi"f;%’;,§ﬁ$"t G. Sung et al., TBioCAS, submitted I(AIST

HHE{ | Bl= &l QE{HO|A 7|7] ¢

— RX Data
<«<— TX Data ~— Power

Emerging uECoG Technologies

Flexible

Array Modular

Hoiv 101/
VITEIESSH-0W,

k| QIE{H O] A AR
HIE{2] X7 0| 47]7] &7 > FHUHHHS

povgr ower ,=Data=0
= = = = = = -, sy
B { \ N
Primary i I: ] l |
e [\ Secondary i o E: < | -2
Coil i il C2g 1 I
O, 1 1 i -
\ \/ H i Load | i (3]
Zy :\ Power I:E Lo ! Q
\_Driver AN P
_ H *I L ~-----| ----- J _---l---- J m
Ijj2{cjjo] HH= Primary Secondary Uplink Da a
(External) (Implanted)
B E E Biomedical Energy-Efficient . I(AI ST
Electronics Laboratory H. Kim et al., TPE 38(4), 2023 —ommmmmm—
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HHE{ | Bl= &l QE{HO|A 7|7] ¢

* Principle of wireless power delivery Power
YA 'a """" v \‘
B ' i i
[ AVAVAY oM || | w3
Secondary : :' Cz‘: :
| Coil ! i :
| @ Power 1 ! :: Load
\ Driver L4 1 Power I: L, :
Noprver Lo /

Y T
,/K Primary Secondary
Q 8 8 r  (Extema) (mplanted)
L L Series resonance: max. current

do
f=——F | B, = fB-dA
Parallel resonance: max. voltage

HE M QHELE A7: X2 4 em LW S
LRl M S A2l 2 1 om L2

|
M &M HE| S e > 72| Helol 22t 7|2 27

Biomedical Energy-Efficient I(AI ST
BE E E Electronics Laboratory S. Ha, /EEE CICC 2023 |

HHE{ | Bl= &l QE{HO|A 7|7] ¢

e 13.56MHz = =
Distance /f!re uenc 1 Vrx(Rz + Ry) ’ 1
ke oy Erx =§CRX oM Qrx ) == Epx ocm
if Ri(Ry + Ry) < w?M?
2d 1 = O O]l = & HF
HESUEE AN MU= Sy 2HHE
= HEZ|7} B E il Y| o HHE
+ 0| 5 QHE|L} Zho| ZH Fat0| ol
= X IT A Mot S 28 /| Het £ MY ME
BEE, 3i°§';‘,f,‘,f,’,-i"fﬁ’;‘,ﬁﬁ,"’”’ H. Kim et al, IEEE JSSC 2024 KA_I ST
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HE{ 2| Ri= x| QIE{H|O|& 7|7] 79

psmission

Size [mm]
L [pH]
RIQ]

926 [ [ ) 0 2 o -

v Flexible Printed Circuit Board
v' PDMS Bioencapsulated System
v FFC only for Waveform Monitoring

BEE 3’”5’;‘,’;;%;"25’;’,’:2’”‘ H. Kim et al, IEEE JSSC 2024 KA_IST

ClHO|A =2 MY flojg{S 7| 7|
-AL—/\—J’_/\.. Electrocardogram

ECG sensor

Wired ECG at hospital Wearable ECG device
ECG-on-Things (EoT)

Active Electrode 1 Differential Amplifier On-Hardware Processing Display

Datatype conversion  |———» Raw ECG signal
{Denoised ECG signal

/
Posterior recording ~

% = Processing in Sensor

- — Analog front-end +
digital signal processing in
sensors

— Wavelet transform

ADS1294

Aoee =200

B E E Biomedical‘ Energy-Efficient " " . . I(AI ST
——

Electronics Laboratory M. Kim et. al., Biosensors and Bioelectronics, 2025
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- =
ClHEO| A T2 M4: Hloj2{ = 7|7
| — Raw ECG signal Denoised ECG signal v R-peak detected by algorithm]

0.2 T T T T T T T T 1 T T T T T T T T T
Sol 0] ""'.N'%o.s AR
-t O O P i i it
:Et. 0 Y n'rr"‘}rr' Y ’, [J g,.o.s M’MMMMM‘NWM‘

o2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 10
%0'2 %137. - . e e e
] 1 3
2 of £ o: :
- - 4 P ¢ : ’ it 4
=02 D T R S S B S A R 1

Time (s) Time (s)

9+ [—Raw EICG signal vl;-peak detecle:i byalgorlthm'| | 4 I =7’III O'II [[I'EI' *x-l * %xl x‘l -.-I'
_ et ] = LHEE EojA= 2 ClHO|A =2
> —_
E a2l ] —
: : HAOoZ ME ZX A 7Hs
. NB EHO| L F20|E Alusgls
E -6 | -E vvvvvvvvvv 'E v ) éx* 7}=

-9 I zS 17 I19 2 i ‘EJD 42 " 44 46 ul i | o x_l onl ml [[} E *I é i

A N W LT R <R
BE E Biomedical Energy-Efficient M. Kim et. al., Biosensors and Bioelectronics, 2025I(AIST
Electronics Laboratory C E—

oS

717

L 1L o . O
ClHFO|A 2 A|A: 9|0
Pg;z?::,d it| |On-Device Processing Umt
Pre-Processing :
E 2 i M ][
PR A [ ; IIR BPF IRBPF |||!
: HPF Wéch 15 70 Hz 5-20Hz ||
4 i | Divider :
: & NEO
R NEOMl_,_}\__
1 || [Fetal R-Peak L Maternal R-Peak| ||}
E Detection L Detecti E
R | :
— : Maternal path § ;
— ! Fetal path “'i_________""________________________________-___________"_‘i
Efof 1% A
- X8IIE
" ﬁjl =
A2 A% UZLEjOF HE Mo =X
= 2 ClHIO|A ZEMHS &8: HAIZ
BEEE " s o™

LHE/EfOF A

100 b
Measured
90 [
<®f Simulated SNR=30 dB
<
® nt
o
o
'{, 60 L
hy -6~ Proposed Method
s | -6~ NEO + Global Thr SHR=ih
-6~ SOD + Global Thr
40 L |
0 5 10 1 20 2 30
SNR (dB)
SNR=0 dB

M=z il 7ts
D. Park et. al, BioCAS, ZOZSI(AIST
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