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(Degree of Freedom, DoF) : #¥5518 B H
E -HRRFIE3EERE @@L AF Hig
HANRBRSER BE RERSEN IR S
REEFHER EE44.3A T AIEBEther-
CATHRGEBE RS ZBISF®OpenAl AR
RIEBEIEEMZE > Shadow MR H 15 Rk
=15F (LiteR ) B A FHABAITEERE
EMARNEBREEF G

DLREEA B A RERMRMRELHRKE(
Harbin Institute of Technology, HIT) &1F
HEEDLR/HIT Hand II-&E£FH516-315
B 15EEREMNEISF H15EEIL
NERBERGERS SEAMHHARNEN
L RAI 28 PT TR AR B I BB 1 1) > R AR
RNERI EEYN15A RFEsHEHRS
RAZES - Z B FRETERETEANES
SFERBFMEUANAIEY BRELEAT R
BREMBERARNA-

Tokyo RoboticsEF A &2 AR
Torobo HandE@H#EHMNBILFER EF
Bis-giE-PIE-RELIEEFNE BEALY
H#EERERI3ESHE (Bis4EE8E-
HER3ME EP— @) - Torobo Hand7E/)
AEtREZELLERAMN BEIMHNEIK
RNBEFERBIRS CEANRET IR
BOMEIRARELEBE23BEEN KA (5
SR4{E 20 TE) BEROIFIRNREBIE
ET OERAHFIEREN BEAREEA
BEo

FEBRBRAESREMKES LCERE,
FEANSHERTBIEFE RMTRAES
NTRe—8 HEBMmAEMS  ILETIFHIFRE
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HEEER BRERERS ERIBRHIEA I
MASRAEI M S B rI ) A 2 BAE S 457
RO RREHBIEBARATFEES.

7o {8 5% PR 7 B R AR AR A R
R PHEREBLELFER

Shadow Robot DLR
DLR/HIT Hand Il

e

Tokyo Robotics
Torobo Hand

Shadow Dexterous Hand

n

BERR  BME MICEIE 20255108

2~ REBEF|EE

(Underactuated Compliance)

REBmEESqgbrobotics (FAF)
Wonik Robotics (¥2El) ~ReFIND (32[) » It
HEQNRHESATUBVRBIERBR
B EORRRIEEYESESEREEE
HMER (INF ) °

gbroboticsHFwAF] LL1E A 2 B KA L
HSoftHand RS EBHBAESSIAE
HFERRAXESRE 2F 19EMEH
—BEREBRENSRESRBETIER
ReEfh AEEERIEHEATAY EE2EH
0.8 A WHEME  JFEREMA A TR
BEMRAEBEHTERU L -ZBILHFEHE
AR HBEEINFE WFanuc CRX) ' AERIEELR
SR REAEEAR TEARKENRE
MEBILFEHEERREY BETRAH
MIERIEE BEERSABTI2NEZIER
BIRAEBEMEL.

Allegro Hand R NE ASimLabfa %>
BHBEWOn kS| EEE RARMEHE
BBITFHNARAK Allegrom4issRst 8454
BB EIcEERE REERESHERK
B AR AESIRE ZFREE S EE
RASLEFIERIBAREAT BFH—
B¥EH235EE) > nEBUSBRCANERPCETE-
AllegroB M1 1A MEABET BEER
BELURE—RIMEER AR EREHE
FEGREEYT=7) TR WHEESED,
RAREEENBRE A ARBRAES TEER
RETE MERKERAREST TERIE-

ReFINDA&FEEFE» ROHAND &5 ZE
REE R AR EER ROHAND #4158 KRB Eh
FOERBAFEEEEBIEEMEB IR
HM3 R 1EEZHEHEBMEFE (BE
WimER EBE)  BFHeE/NEEREE
EBRAXIENCEB B E ) BT AME 12
HEFE-FERERDEEGREA SEE
0.5 R E—BEEFE REERTF
EMEFEEER KB FEFREBEREN UL
BRERFER LRFABEEAEERAE LF(
MBHRESERRRBHEESNEF) &
R EERES B ER -

R_REHFIERBISFER

Qbrobotics Wonik ReFIND
SoftHand Allegro Hand ROHAND

a

BHE . SEmE MICEE 202581048

RESRIFEERERMAERIEMHREE
LA AR RE - BRBERE BoHE R
HBERGESE TRLEEET -8 BEEREEL
2 W aEREm s ILERSEME TR
REVER -RRWIBREIIZHRETES

B AS B2 5 IR B 3D FI ED BAZ » RIE A
LHEARBEREF-

B HAEEE

(Perceptive Intelligence)

R FE RS 53 Contactile GBi) E2PaXini
(PEIARE)  BRWEMEERAER EER
R ER RS WRE) -

Contactile2BMFT R E XX HEE R
A BEHNWSHIEFBRRBETRERITERE
MR ERTE ZFIEREAFT ER
RESHEREZ6E (ZEKEERS) BiBs
el HI4Y 15E RSN AV & i (BR R ER 1% 4E) -
RN ZBETERSIEARICEEREY Papil-
|Array> B] BD By 2R IE (@ BE 77~ B 7 Ed 6 B & »
T BE Y & R AR B VRS BIR &/ )\
EHME BRBRIESESeContactilelt
AT IERE GLB2 B GAL2 3 TR » 5515
mIERNAEEE ) BEEREERER
s ERER L HIURFEERAFE

PaXini (1HEGfE) P B A BEBIFTA] » LUAE
BRI M AZL EDexHI3E - RERHE
BAEREBRSHEBEEESAIRE BEE
BILF FANE RS HI6EEHEH
FRIERE O ER FERE & 5E%R
TERRS SEIANLHHM - HEREEE
L140EMAEBREERET(TPU GEN2)'H
FEPRFA—ESOOEBRERGBHEBIEAT
FRIESEBABRE L EEBEERIIR

T EHNZBS (MUE -BR) -BFES
#31.5 kg BIS LR AER 71541 (N) » BAl
xS A R PE R P B o
RANSRLEREELFERBHNNES
5 EREIE TR AN A 828 ) R 25 BREBATE O AR
FrEEENEEGHAO HEBBEmS %
BEREE SR S 2B RURIES
AlZEHIHR (Edge SoM) 21 iM13 B & RS-

ROCBANESEBELFER

Contactile Pakini
HNWS DexH13 Gen2

s

BERRR &M MICEIE 20255104

(

A~TZEBEAE (Industrial Pragmatic)

REXMmEE ZBarrett Technology (&
Bl) ~SCHUNK (f8[El) BATESOLLO (88[E) » it
48 E&éﬁ%ﬂ?ﬁﬁ\ﬁ%ﬁﬁﬁﬁrﬂﬁtﬁ’

BRREIEEMRENA R (RM) -

ROTEESHAUBHFES
Barrett Technology SCHUNK TESOLLO
BarrettHand BHS SVH DG-5F

BRI . EWE MICEE>2025F108
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BarrettHand BH8#&=15/\#%st H
RmiERIEIX REAMUNEFE (HE—EH
E) SieEmBMAE A1ESFERSHILIURN
HERESH AHIBRERREBRE B
SRFEEFEF SE2E1AF AJRIHHAD
A (Plug-and-Play) RZREWMTFE - BAE
IERNBEIE 304 EU LMD - ZFLZHF
HNER ESRMANIEGAELRREN B VHE
IEEXCEENEILF (TRL ) HREE —
ERAMBE BEEARALIEF BB
REBISIEEG S o

EBEISCHUNKA R 5 g el %4 » ESVH
IHEFARITERBELFNHE ZFAESR
BAFE HERIREREGIEEHE
(Z4EWENZES) - EEBIR A F 5% _LBYIM
BRI ERZENREHFE -SRFIER
NHMAEFRSEEBGER, EHHEEREE
U EGSRESTETFRE IERNEEE
BEMMERE ENERNERIZHES (BE
& KEFHER) c.SVHIBEBCANopensT
HBH BESCERTE ol 7 A B IEIRIT
BR LEATEAEAERERE A BERH
BB AE R EFEBLFTALIEER
A (TRLI) ©

TESOLLOE I FIRERNFRE A E) » K5
BERERT2EAENAREELFZ2—W

DG-5F IXAZRE0MBERER K54
ERESHBE I EERE BEFILBRES
MFERH EELT6AT HEBLFERE
BRE WS MEHEREEAFER FHER
BHi2FABERANSBEIA M ELER
BESHTRERBE S RIFHIER ERE
BEZ2-ZFHNFENERH (TREKITER
KBKHR) RIS BRI E R R AT FiE
KRB MEBMALUBENIEE R - BEHIEMHS
BIMERN (MRE-ZE-EEZF) WFEFMAAD
HREEHG N ER S BEERAN#E IR
RS B CERE—LHEFBNEST
#IRTRLAS FHTRLI(BRESRHE
1TEREE) -

tEESUEBE EEAL - T8E I AE
B REBILFEXBARRY HaEms
AR BRI P AR EEE
AR TFaREBNEE T aEREE
BEA THPC /OB \ROSRAE S BT
A BB AH B R ODME FERE o

BREms EBET I RTINS BN
BISFEMRIMEBARE MmErIEs TR
FXIBIEITEER A AGEEEHEN
AT aTIE A RBEREMENRS IR
MEGSURE RAEAC RIBEE REK
EBAFEAFIBIREL (MRFA) ©

REBERRFEFREESTFEMLER

gl YN EEEEEIE RAES f,[fg TRL TE/EA
aleckitraitl Shadow~DLR Tokyo Robotics | 13—24 | A/ MUE/EHSFHEE | = | 6—8 @ I AL AISE
REEBFEIEE | Qbrobotics*Wonik ReFIND | 6—19 ENEENE & | 7-8 | HEBBE- HE
BEE SR Contactile~PaXini 6—16 BREEE RE 5 | 6—8 | WEBME-gEEESE
TEERU Barrett~SCHUNK-~TESOLLO 8—20 hEEDE (a5 8§—9 FREERIE-EER

ERE & mr e MICEIR 20255108

s ).

x\:-\

\\-..__

=

S

SERBELFZHERMT

BISFEAMBARMHRERES T
HEBEREEAEEL BEREERTEEH
AW RBREHERAEEHENARER
AR M RSN TEER W
SEERAF B ARECEANITRE-
Barrett>SCHUNKEZEARIBEELHXEASE
HEMEE MTeslalE BB BEILF
BE 7% AR 5 B B B R B 38 A 9RO B o

REMEMEWFERENKRAR BX
BHEE RERERMBARAFTR RHA
B EREENEREFEEHRERE
MRS SeaBTERRES T EE
BEE PRRBFAERNBIEEBMIZE
MAE B=RAIBEIMBUZEH BHEES
BHEBREBE EEBFEETREZEY
RRIRERE EEERERBESR REER
RERE(FEBRFTME3DFEN X EBH
WERNMEEELFELE-KELAES
EE]o

HeEmMs BREZBAFLE . —2F
TG ARERS MERERSE R
Has i N BRI A BRHERE, —2
VERESEREBIBE & SROS2-NVIDIA
lsaacEE HEBHRRSEHEBRE 28
BEERMABE TG EZaES ARMEE
TRiBEMEEHECEIGF

MEms BLFEEANRESI HE
NREEE- SR EBERAMMRE BT
HAIRM S#EREEIRIEB2F R
FHEIUBR B CORIMES.
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BIDFRGRSIERIEE:

AL B R

FET51 (dexterity) 1555 R B PAGRIN TEAL
REEFEENERVAE S MBS FRIAKERER
NN BERERGET BRBFERAF K
ZEIORERREYE-BBUL EF2AT
EHEBALCHER BIEFEARAFTEUATE
NAEERBIRELEE-EE REHEMNA
EHRE AF U ERESEREIT BIHER
FEZIERARGTNELFREFE AURE
HAMIEEI5F Salisbury Hand AR ELUER A
FHEEHZE MEBBRESEESHBNNHR
RBEBILFNMAERINE . H—2EFIS
B B AE JE BN B 1 SR FRE SR N B H 258
MBREEAERNERE, H-_ 2 EFIEmMmmE
TR R F ARSIV ES —BTIEHR
FRESIME B R RNARVEFHEMRF E2
FR=ZRFiE- S =EMDIVIKEF(1]

|:|+ EIJ UJHE%EE

BEUSEASBBARRRTRAUERA T I MEBELTE

ZEIER Salisbury HandFriR AR S th18
HBISFRFTRVIREES G AT ATUEEILF
RIS BB ZE RN P R E E R T B K E Y58
EFHNTRE 2N BEFTS —ERTEE:
EAERETBRBELM 2 ASKEG RS
2 MERBZES B HEE (degrees of freedom)
HEEEN B EHE (degrees of actuation) BYIE
THBRFEEEEZANELU Y ITEES
BIZFHMRRER Mt HEERENRE @
o] R AR EBE) (underactuated) HIEEHES
g&F (fully actuated) BIGFHIAZER LA TH
RBISARE ETE S 0 BI5FAIE S BN
EHEIREMBN G EEER KRCIBEELF
&R

(A EndR el B SRR [2]0)

Power Intermediate Precision
Opp: Palm Pad Side Pad Side
VF: 3-5 2-5 2 2-3 2—4 2-5 2 3 3-4 2 2-3 2—4 2-5 3

8 31 Ring 28: Sphere |18: Extension| 19: Distal [2
iameter 3 Finger Type Type

=¥

Diameter 4 Finger

Thumb abduction

3: Adduction

Grip

¥

21 Tripod | 9:Palmar | 8! Prismatic | 7: Prismatic | 6: Prismatic | 20: Writing
Variation Pinch 2 Finger 3 Finger 4 Finger Tripod

i e

14: Tripod | 27: Quadpod]12: Precision

Disk
33: Inferior ‘ ‘
Pincer
13: Precision
Sphera

15: Fixed
Hook

30: Palmar

Y

Thumb adduction

16: Lateral

29; Stick

32 Ventral

LSy

25: Lateral 22: Parallel
Tripad Extension

1. GRASP#:% (3] (B R IREXRI([2])

1. BV ERE AT

HWRF o UDRAFTEYE SBEMEY
R MENBIREMRE =B E ML T
BN =ERF DhAETELEIER
5 BRFEE IS

BEBILMISMBFERTA YRR 5
HEINZBESTBESHEE HEEEUR
PR FRES R ME FEBEBILMRNTE
EEZEHTEE (kinematic redundancy) ~
T {EZEEAN (workspace volume) B HE

AE1 (thumb opposability) MU RZREZHF
(posture diversity) FoZLERHHHE S #
EFAERENENHDER I HITHETS
%o
IR 88 15 M B 51 B W) BE R 1R B 4B 7t
BRFP FEMUZVEFEREZEREY
RRoMEZEISMRIUBEL FREERITIER
N ERIE MHHMEZENERE
B3 587k (Taxonomy) *HllKamakura%
F875 Cutkosky D A FeixD 5 UK
GRASPO %8 (Bl1) %o

&
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Manipulation Task
|

I

No Contact (NC) Contact (C)
1

1 1
No Motion (NM) Motion (M)
| ' -
] Not Within- Within-
et 2 Hand (NW) 3] Hand (NW)
> -
waving signing

Non-Prehensile (NP)
|

Prehensile (P)
1

No Motaon (NM) Motion (M) No Motion (NM) Motion (M)
|
[ [ 1
No Motion At Motlon At No Motion At Motion At
Contacl (NA) . Contact (A) Contact (NA) . Contact (A)
" ~ | ¥ ¥
open handed hold mﬁnﬁnm]‘:?g holding abject stil hdﬂ;ﬁ:ﬁ]iﬁ;m
1 I
Not Within- Within- Not Within- Within-
Hand (NW) Hand (W) Hand (NW) Hand (W)
| I
| I I |
No Motion At Motion At No Motion At Motion At
E Contact (NA) Contact (A) Contact (NA) Contact (A)

A £ 4@

pushing coin

tactile surface. tuming doorknob
exploration

I
No Motion At
Contact (NA)

flipping switch

[

sliding hand
elong object

I
Motion At No Motion At
13 14
13 )[4

Contact (A Contact (NA)
) a4

N
rolling ball on table writing

B2. Manipulationa$83%[5] (B R R EXEL[2])

MREBELEMEREIRFEVENEN EXEMM4]T REBILE RESR  TEETH
ENP L EARYERENARE T BRIMENYRENBBERSIRRELHNED1FE
YRR RHARSER BERE - DPRELEREREE NEBRKFEBEIDFIRE
MEEEIRE N RFBISM T AELUEA AR IR R BB R MBBRIDEHWManipula-

tion3487% (E2) o

Motion At
Contact (A)

{

reorienting pen

2. BEISFMRET

2.1 MISEIHF

ERERENEITRTEEARITEILRE
B ARRMIERESE TR E AT L BES
EE L AIUEXETER BB EMMA
—LREMBEHE MisHRFHEERAR/E
RAVEBISRF-HIMN R [6]IR L T EAH6BH
ENREBFERBLEERESEKM (bio-in-
spired hybrid gripper, BHG6) » EiZ ot
HIEHABRFREERMERNIRE RS
ZERAEN) (pneumatic synergistic alignment
joint, PSAJ) HBH—EERREEH=FEAE
R ENHITEE (bellow actuator) 4BRL AT E
FEMEREES ZELFEETELNFA
#2(E (in-hand manipulation) > 40/ EE - F
BFEPNKE @ EXTENRSHETFTE
ERBEEMNTHE-

2.2 Z{EBILF
EATEBRENEN =B IS FIES
Bet% U@ A EI5FShadow DEX-EE
Hand>ER—mM LB EEE) B 3 = RIZ4E1E
FHENELT BE8RFIRAANERS &
ERRAEN A iR RA B ~ T ER R BR SR IR IR RA B 15 T
BRI BESEUN+1IBRESHN S N IE
fle HF 5 EMAE R RURIZS t RRAEER
Bl HFEN EA TR HA[ 7]
“HRELFNUARBERS -HIMEX
BA[8]% »iRobot-Harvard-Yale (iHY) Hand @
—m L ABAREREN R KRBV 25 T AESORIRS B
RN EHE R BB ERIERIME I
AEZREXRVREINE eEF RIESHR
(in-hand grasp transitions) 2EEAMN T A
EREH -EMRBISFMERHEIDY|ENhRZT

Yale Model O Hand IR R B BE R AZIEF
NIREENERTA

2.3 MiERWISF

AMEBELFRF—ERATAER
s #lgnutah/M.I.T. Dextrous Hand~DLR
Hand I1E4lI~Allegro Hand> Xk RoBioSS
HandeEd s Allegro HandiB T —@4%
NEFHLPERE  FEREE-D (roll-pitch)
BAANERERME MESENRAEEZEH
& B R AP (yaw-pitch) BU 5o H B ZEHs
o R RS- R ZIERE IR A 1815 H
Z M52 (thumb opposability index) I
BYEMERIE (manipulability measure) &
EIH 542 [14]

FEBACKZANOIEELFR57%
HE BT ROEE - HIMTE R[] > bt
FEABRETEAEFEESHENTIEE
LF HPAMER KRB EILRE 3 5MmE
AT iR ANE EMBER ERBHRLTEL
FEE T LBISF oI RTHREME (AMER
H-MEEE) SREREMERBIFHIFET
AR B9 FE 5 o

2.4 HIFEIFF
KT FrAERESILFEFEAAFLEER -
FHla0Shadow Motor HandE@— =& AN E

LFE MESFZRANMEBERREARNE

BT o -FEB24EME HRRiE s
BRI HEAAERE  Bis8R/ N E581EH5E
REET > B8R F 1589 2 In 15 M R 81 B A in 5
EREIRESHZ B L FHAY21E RS
AR 20EESHERE[10]C
TERRREILF P RMEEBAREAIES
BHE AEEMFEEZE A EIGR(F AU

&
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Pisa/lIT SoftHand 22—" & E2{E5EEN B
HENXEHELF-ZRZEFMBEREN
BEHE A BERMENMEBREER (syner-
gies) . AIERAF REARHEERS FIA RIS
LIRS MENE Pisa/lIT SoftHandBElEE
FHREMEE[11]e

3. fiE B4R (F

BILFNRABATHITEIDIRENMT
75 MiiE (grasping) 84 (manipula-
tion) EMERF BT EE-

3.1 fiE
RYMEABLIREBENERBEILF
WIME - MEER 2B T ER/EANSED
FHRGTMNYENESHPELEFER LA
DAMEMRE . F—REESHERTEYRE
NiEEHAS FRERNABBIZFHE
NZRE-NBABEAET MERBEERES
ET HEBRREBEEMES ER LGE
FPE ARG R W R F R AR®B 5T
HELEREMNIEREL BB ENE
BBl RFADLR Hand I1EY4MEFR 828 1> &R
B RN EBUELNITE— AR EPentium I
700 MHzBILinuxB& L R BYEEEET
E> 20860 AELENI00EE M E /15
B (force closure) BYHIE (REAR[12]
AT NIEEE L 2B ERER
B BB YRE A M SR AR ER UM
ZAEERFMYES BRI B BB 2 E A M
LU R e st B MR R Y SRS I B TR =
WEE —EBREZEFRERMAEEM (
shape completion) °iE B MM F A * E
R R AR TY > B 3T HAERE TR R RIIREFZ AR
HEDEENOYEBAR I R - EERRE

A BRYRE g S TR IIREAEHE R 2
B UESATRENER BEB®CHER
Y im H SEE AR WME UAIMERKIA (
NGrasplt!) E£THEIRR|[13]0

A O ST B S0 Bl R 2R 2 B AR B UL
RRABEREEBERIESGR St LilEs
R TT AT E LB NRE B W SR 14]
EH T#82Deep Dexterous Grasping in
Clutter (DDGC) RYRE M MR E R » B EENR
RGB-DEIGREWRRIESE (mask) BEiZE L AL
BRPNMEZRE LA EEERPMAERRL
Grasplt! WIRBIRRTH4F5EH BEEEES
ANIE R B aBR Pt EREESNIUEK
IhEo

AM EEMBEERSELENEEE
7% A—EREELEEAFTREBIITE]
BEMCURBERERBASTERA
1EBIEIRFE 5 &= o )X RA[15] &1 ¥ 55 {8 5 78
IR T %L BB Shadow Motor Hand®y
BIR R ERAET ABTEREIIMEZR
HEHFINIRER £ T B BReal-
DextNEB R E-EILER - IAEEERH —
ERB HEHESEHEBB[ER (condi-
tional variational autoencoder, cVAE) iR
BEEERASBERNYEREERR A A
EELFELERANIUERBRESH:FT)
BEXHZREAEBZSRERE—RI
R RHEERWETTOEGE UE
PR R ABBIES Ko

3.2 121

SRR B PR AR LL a3 AT RE
h BE % 5l AR e A JRE RN 28 B B 1R H R B B E
28 BB H ST 5% > 1 T 26t S Y IE E) P SR R A AR AL

NBER E-TRAH TR ARANYIEAVIRIE
ZACBE /T BIENTE X RR[16] 7 > {FE& (E BRI
FMEEREE (random forest regression)
T8 AR ERENHI Yale Model O HandB9EEhas
HmE HEACQSIERMNITELERUE B
SHELRARE  UREEMRNERE=
AR % ZR R R TR (
model predictive control) 22845 & 2B 52
BNBRFEEE L BREFTNELCEAYE
R &L ENSERMBELRAXFE -
EEZR At FE AT SRR [17] R —1El5e
2IRBEX OERERZRIESBABNEBEALL (
peg-in-hole) IRTERM-ZRMED TENRR
BRYRERREHS —EE AR AR EE (
object agnostic) BIF RIRIEZRIE LUIRRE
Ol EFIR - Hp YRR BH SR B i
BT E R se(3)-TrackNet’ BEFFRGBDE &
B ER MFARERBLEERAREX
BRI16] AER BB B vy B IR REER
EEANEBAR-MRTEEXRBNG A
5h> 581528 (reinforcement learning) 89
ERMEATELFEREEHROES A
GNTESCE[18]7F : OpenAl B X E B IRIE
MeabB2 B BRI ¥ Shadow Dexterous Hand
EITFAYREIRENNE HBEREREGHE
MERRSINREMIE BT B IC BB A EAREB
Ins#Shadow Dexterous HandEEBIRIEF
FEASAEARNREBERYBETFAR
o BRTHERREEERRIENER (
sim-to-real transfer) o

i AR FEFEIEBEZRNEMN
F2 YRR BVIE HI SRR ER T E B > B RTAVEL
MEASHBEISEMELE IR A — BB o 14 88
AEZRRodney Brooksgtis it BRI R 2R

FER TRIGKBILFNSABKBYIER
AERERE MEENIIRENERE T
BERZEREAFALEZ FT+2EHE[19]f
S|FARoland Johansson B E S R AR AR 2
BHNEEM TERP TAEBHERBE—
HRNEEE ) 18 T B DR i AR B 5T
pLT IEE MRS Bis IS SR
B IE-EERAEMENBER THERS
ETREENEE—EEINRLERME B2
SRBENRBAEMIETRAE=TA TR
EFE[20]- Bt R & A E R R EY R
FFLNEENEEEAS AMBAEERK
ABNEBRENREAE— K BEARE
M~ BWESEE X BN AR ES
R B FHEEAFES INF A

4, &3

GEBI TSR BT ERET
ISR HBRE BRI ERIERRERIZF
EHREEARE JUERMETABEER
e FBEIDMNRR MREHHIRFEEM
BFEEE-EMMRAERERERERNHE
BoNEERMAERRNBHEREE A
TPERELHH EEEHEREREEBRNY
A2 o 1 BE & A A R BYHTUE 2 A5 YRS 1R (R OV
EEfl o AT W FERE B IR R E A N8R
B EFEBE N BRI BEREERVEGE Bl
il B E L ¥ YR8 R o B Al s B2 ERE D
UREBE SHERAS REREFEE B2
R ERBEFIRIBE DEE TR
MAEFES TN LM BRBTFESHE
RN N BB EIS -
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V¥ Core Technology and Innovation

— Rethinking the Human Hand for

General-Purpose Automation

Few components in robotics embody as
much complexity and promise as the
hand. The ability to grip, twist, or assemble
diverse objects defines the boundary
between rigid automation and true
autonomy. At Sarcomere Dynamics, we
have spent the past four years engineering

that boundary away.

Our first product, the ARTUS Lite,
represents a new generation of high-
dexterity robotic hands, combining
proprietary actuators, lightweight
architecture, and software-defined
control that together deliver near-
human performance in a rugged industrial
form factor. Designed and built entirely
in Canada, the system fuses mechanical
precision with adaptive intelligence
to unlock applications previously

limited to manual labor.

Traditional robotic hands rely on bulky
servomotors or hydraulic drives that trade
speed for torque. Sarcomere’ s actuators
were designed from the ground up to close
this gap. Each joint is controlled by a
custom actuator with position and force
sensors, achieving a 75% reduction in

weight, 80% reduction in volume, and

225% increase in grip force compared with

leading high dexterity hands on the market
today. All at a fraction of the price, allowing

real-world applications.

Figure 1. The ARTUS Lite's form factor and
near-human capabilities allow it to handle complex
shapes and conduct in-hand manipulation such as
triggering a power drill, while holding the heavy and
odd shaped object steady.

With the ARTUS Lite, we delivered a

rugged and capable, 20 degrees-of freedom
(DoF) robotic hand for general-purpose
automation in unstructured and dynamic
environments. Like all our products, the
ARTUS Lite is hardware and software
agnostic: it can be integrated with any
COBOT or industrial robotic arm, providing

greater flexibility and ease of use.

Building on this early success and based on
demand from customers in the humanoids
and embodied Al sectors, we improved our
actuator design and the precision of the
embedded position and tactile sensors. The
result is the 24 DoF, ARTUS Dex, a work-
horse with a payload capacity of 20 kg,
1.5 Hz finger cycling speed, and force at the
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fingertip of 35 N (3.5 kg). The human-form
factor includes a 2-DoF wrist and weighs
under 2.5 kg. The ARTUS Dex is undergoing
beta testing with early adopters. Full
production is set for Q1 2026.

The key to our early success lies in
collaboration with customers and technology
partners, incorporating their feedback into
our development processes. This allowed
the rapid refinement of our patent-pending
actuators and electromechanical assembly.
The result is a back drivable system, safe,
responsive, and precise, capable of
executing delicate pinches or powerful tool
grips without reconfiguration.

Equally important, every actuator is

software definable. Torque curves, stiffness,
and control bandwidth can be tuned digitally,
allowing the same hand to handle
semiconductor wafers in the morning and
torque wrenches in the afternoon. This
versatility underpins Sarcomere’ s concept of
Software-Defined Automation (SDA):
automation that improves continuously
through software updates rather than

hardware redesign.

— High-DoF Architecture and Joint
Breakthroughs
The ARTUS Lite offers 20 DoF (16
actuated, four underactuated), while the
ARTUS Dex expands this to 24 DoF (20
actuated, four underactuated). Each joint

includes precision position sensors, enabling

true multi-axis control rather than

mechanically coupled motion.

Where conventional designs suffer from
frictional drag or backlash, Sarcomere’s
tendon-assisted flexure joints achieve fluid
motion with minimal hysteresis. The
inclusion of elastic elements within each
joint allows micro-compliance, absorbing
shocks and enabling safer contact with

humans or delicate materials.

Back-drivability, the ability for external
forces to move joints without resistance, gives
the ARTUS Dex a tactile quality rare in
industrial robotics. When an operator bumps
the hand or guides it manually, the system
yields naturally. This property dramatically
simplifies programming and ensures safe

coexistence with humans on shared

production floors.

Figure 2. The ARTUS Lite is designed to be hardware
and software agnaostic and safe to use near humans.

— Embedded Intelligence: Touch, Vision,

and Control

True dexterity demands feedback. The
ARTUS Dex integrates tactile sensors across
each fingertip, measuring normal and shear
forcesin real time. These sensors, sourced
from partners in Australia, detect slip before
it occurs, adjusting grip strength dynamically.
Combined with stereoscopic vision or external
cameras, the system forms a closed feedback
loop that mimics human sensorimotor

coordination.

Figure 3. The indirect force feedback and position
sensors, augment tactile sensors, to deliver dynamic
grasping of a variety of objects, from delicate
produce, such as bell peppers, to stock metal for
machining operations.

Onboard microcontrollers process tactile
and motion data locally at high frequency,
minimizing latency. Meanwhile, Sarcomere’ s
zero-shot grasping Al interprets visual
scenes and develops grasp strategies for
previously unseen objects. This fusion of
mechanical fidelity and Al perception
marks the transition from pre-programmed,
rigid robots to dynamic automation solutions

for out-of-the-box utility.

— R&D Lessons and Manufacturing for

Scale

Achieving near-human dexterity
presented steep engineering challenges.
Early prototypes demonstrated dexterity
but lacked industrial durability; others
were rugged but under-actuated. The
turning point came when our team moved
away from off-the-shelf components and
started developing and manufacturing key
components in-house.

The second breakthrough was vertical
integration. By manufacturing actuators,
motor controllers, and firmware in-house,
Sarcomere gained full control of cost and
quality. This approach has already reduced
the cost of goods sold (COGS) significantly,
paving the way for scalable production, at
competitive pricing, in Canada.

The ARTUS Lite and the ARTUS
Dex are not research prototypes. They
represent production-ready, field-validated
end-of-arm tools, designed to run 24/7
in harsh industrial environments while
retaining the finesse required for

precision assembly.

V¥ Real-World Applications and Market

Value

— Automation Where Menial Labor

Dominates
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Despite decades of progress in robotics,
roughly 70 percent of factory tasks
worldwide remain manual, particularly those
requiring fine manipulation, inspection, or
part alignment. Rigid grippers and vacuum
systems cannot adapt to object variability or
geometry changes. ARTUS Lite and the

ARTUS Dex bridge that divide.

— Electronics and Semiconductor

Manufacturing

Sarcomere is conducting pilot programs
with semiconductor and electronics
manufacturers to automate device testing,
socket loading, and small-part placement.
The objective is to demonstrate that the
hardware can replicate the versatility and

dexterity of human hands.

— Automotive and Advanced Manufacturing
Automotive production increasingly relies

on mixed-material assemblies (metal, plastic,

Figure 4. The 20 degrees-of-freedom allow the
ARTUS Lite to move like a human hand. This picture
shows the ARTUS Lite using tweezers to pick up a
small bolt.

composites), each requiring different gripping
dynamics. Use cases vary from kitting and
sorting to bin-picking and complex parts
assembly. Some early trials include
sub-centimeter component manipulation in
the hand before insertion, sheet metal
placement into welding rigs, and handling
stretchy fabrics. Planned trials include
validation testing for cable routing, connector
insertion, and component fastening within
confined engine bays.

Paired hands on a dual-arm platform have
performed cooperative tasks such as holding
and screwing simultaneously, showcasing a
level of coordination previously achievable
only by human technicians. For automotive
OEMs pursuing lights-out manufacturing, this
capability closes one of the last gaps between

manual and automated production.

— Healthcare and Assistive Robotics

Beyond industrial settings, Sarcomere’ s
core technology translates naturally to
assistive and healthcare robotics. The
upcoming TALOS Hand, derived from ARTUS
Lite’ s architecture, is undergoing trials as a
prosthetic and in assistive care applications.
The TALOS Hand is 10 DoF, with 4
underactuated. Compact and light-weight,
the hand is designed to be rugged and
functional.

In prosthetics, the challenge is combining
low weight with high strength and
intuitive control. TALOS achieves both,

delivering over 2 kilograms of fingertip
force at a cycling speed of 1.1 Hz. The
entire hand weighs under 650g.

Coupled with our Al enabled zero-shot
grasping, the TALOS makes an excellent
assistive device for the mobility challenged.
The hand can handle any tool or utensil
designed for the human hand. It is intuitive
to use, allowing people with varied disabilities
to control the hand, assisted by Al, through
a variety of methods from speech recognition
to eye-movement tracking. This work is still

in its early stages and more R&D is required.

— Hazardous and Remote Operations

Dexterity also saves lives. Sarcomere’ s
Hyperion teleoperation platforms use
paired hands for remote manipulation in
dangerous environments, from explosive
ordnance disposal to nuclear inspection
and disaster response. With force
feedback and visual overlays, operators
can safely manipulate tools or remove
debris from kilometers away. In one test,
Hyperion operated successfully across a
7,500 km link between operator
and robot. Al augmentation allows the
human to assume a supervisory role
while autonomous control manages

low-level tasks.

— Economic Value and Market Outlook

The global labor market is facing

serious challenges, primarily driven by

demographic changes. More people are
leaving the workforce than entering.
According to UN data, four out of the top six
economies in the world already have higher
death rates than birth rates. Countries like
Japan, Germany, and South Korea are
heavily investing in automation solutions to

address the labor shortages.

By enabling automation where labor
shortages are most acute, Sarcomere’s
technology directly contributes to
productivity, safety, and reshoring efforts
in advanced economies.General-purpose
automation is especially critical for small
and medium enterprises (SME) that are

engaged in small batch manufacturing.

With our software-define automation,
SMEs can quickly switch between different
manufacturing batches, easily, and without
requiring down-time for re-tooling and
configuration. This general-purpose
automation system is also more economical
compared to rigid solutions that require
multiple end-of-arm tools and tool changers
and need to be shutdown for re-tooling and

reconfiguration.

— Software-Defined Automation:

Unlocking Continuous Value

All our products are more than just
hands; they are software platforms. Through
the SDA framework, customers receive

periodic Al model updates that enhance

&
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performance post-deployment. As perception
and control algorithms evolve, existing
hands gain new capabilities automatically.
This subscription-based model turns
robotic hardware into a living asset, ensuring
long-term ROI. It also establishes a pathway
for data-driven optimization: aggregated
performance metrics across thousands of
deployments can feed Al models that

continually refine manipulation strategies.

V¥V Collaboration Opportunities with

Taiwan
— Why Taiwan Matters

Taiwan stands at the crossroads of
precision hardware and intelligent systems.
Its leadership in motors, reducers, sensors,
semiconductors, and precision machining
makes it indispensable to the global robotics
supply chain. For companies like Sarcomere,
which specialize in dexterous end-effectors
and embedded intelligence, collaboration
with Taiwanese enterprises is both strategic

and synergistic.

Taiwan’s expertise in harmonic drives,
high-precision encoders, and compact power
electronics directly complements Sarcomere’ s
focus on actuator efficiency and modularity.
Together, these strengths can enable a
new class of cost-effective, human-safe
manipulators ready for high-volume

production.

— Synergies in Component Innovation

Actuation typically represents 40 to 60
percent of a humanoid or robotic hand’ s bill
of materials. McKinsey’s 2025 teardown
analyses highlight this as the single largest
opportunity for cost reduction. Taiwan’s
advanced motor-winding and gear
manufacturing ecosystem could reduce unit
costs dramatically while improving

consistency.

Sarcomere envisions a modular system,
integrating motors, gearboxes, sensing,
and drive electronics into sealed,
repeatable modules: one common module
for the fingers, one for the thumb, and one
for the wrist. Produced in Taiwan and
assembled in Canada (or the target
market region), these modules would
simplify global supply chains and create
standardized components for both

industrial and humanoid robots.

— Integration with Taiwan’s
Semiconductor and Al Ecosystem
Dexterous robotics is increasingly
data-driven. To process tactile and visual
data in real time, hands require edge-Al
processors with low latency and energy
footprint. Taiwan’ s semiconductor industry,
home to the world’s most advanced
foundries, offers the ideal environment for
co-developing Al inference chips tailored for

real-time manipulation.

A joint R&D initiative could yield embedded
Al modules capable of processing multimodal

sensory input within the hand itself, reducing

reliance on external GPUs and lowering cost.

These modules could form the foundation

for a new export category: Al-enabled

mechatronic subsystems for global robotics.

— Toward a Global Standard for
Dexterity

As robotics shifts from rigid automation to
embodied intelligence, standardization
will define adoption speed. Taiwan’s
experience in precision manufacturing and
Sarcomere’s leadership in dexterous
manipulation together form a strong basis

for shaping international benchmarks.

These collaborations could position both
Taiwan and Sarcomere at the forefront of a
new global ecosystem—dexterous robotics at

scale.

V¥ Looking Ahead: The Next Leap in

Automation

—From Components to
General-purpose Automation

Dexterity

The broader ambition behind Sarcomere’ s
work is the creation of general-purpose
automation: robotic systems capable of
performing any manual task and moving

between different tasks, safely, efficiently,

and continuously. This vision rests on three

converging pillars:

1. High-Dexterity Hardware: Embodied by
ARTUS Lite and its successors, delivering
human-level manipulation.

2. Al-Driven Software: Zero-shot grasping,
adaptive control, and continuous
learning.

3. Modular, Trusted Manufacturing: Global
partnerships ensuring scalability and

affordability.

The combination of these pillars
transforms how industries, from electronics
to healthcare, approach productivity and
workforce sustainability. Robots no longer
replace humans; they enable humans to do
more in environments and timeframes

previously impossible.

— Scaling Through Collaboration

In 2026, Sarcomere plans to scale
production to 100 hands per month at its new
facility in Canada, to meet demand signals
from global partners in humanoid robotics
and industrial automation. Achieving that
scale will depend on the collaborative
networks now forming across North America,
Europe, and Asia.

Taiwan’ s participation can accelerate this
journey, bringing precision, reliability, and
cost efficiency to the heart of dexterous

robotics manufacturing.
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— Sustainability and Human-Centric

Automation

Every aspect of Sarcomere’s design
philosophy integrates sustainability and
safety. Additive manufacturing minimizes
waste; durable modular parts extend
lifespan; and compliance-based motion
ensures safe human-robot interaction. As
industries face increasing ESG-Environmental,
Social and Governance scrutiny, dexterous,
energy-efficient robotics represent not
only technological progress but also

environmental and social responsibility.

¥ Conclusion: Bridging Nations Through
Dexterity

Figure 5. The ARTUS Lite is designed for repeatable
precision, making the hand sufficiently rugged for
industrial work, without sacrificing precision or
economical pricing.

The story of ARTUS Lite is one of

convergence: of mechanical ingenuity,
artificial intelligence, and human ambition. In
engineering hands that mirror our own,

Sarcomere Dynamics has created more than

a tool; it has built a bridge between people
and machines, between innovation and
application, and between nations that share

a commitment to precision and progress.

As the global robotics community
prepares for the era of embodied Al,
collaboration will be the true differentiator.
Canada and Taiwan, each with unique
strengths, can together define the next
generation of dexterous, intelligent

automation.

Sarcomere Dynamics welcomes
dialogue with Taiwanese partners,
manufacturers, researchers, and investors, to
explore this shared frontier. By combining
with Taiwan’s excellence in precision
components and intelligent systems, we
can accelerate the arrival of a world
where machines work safely and

skillfully alongside humans.
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SCHUNK SVH 5-Finger Hand was the first robotic hand in the world to be DGUV-certified for collaborative use

Dexterous Robotic Hands:
The Next Leap in Al-Driven
Automation

SCHUNK SE & Co. KG
31.10.2025

For decades, the human hand has
represented the pinnacle of dexterity.
From handling utensils and assembling
components to performing intricate tasks,
the hand’s multiple degrees of freedom
and sensory capabilities surpass any
modern mechanical system. The human
hand remains the benchmark for
flexibility when it comes to gripping
tools. Today, as artificial intelligence (Al)
and automation technologies advance
rapidly, replicating human hand
capabilities in robots has become both a

technological and economical imperative.

Dexterous robotic hands—often regarded
as one of the most complex and symbolically
“human” components of robotics—have
evolved from academic prototypes to
commercially viable systems. Their growing

market is driven by three main sectors:

1. Industrial automation, especially in
repetitive assembly and the handling of
hazardous or fragile parts;

2. Service and collaborative robots,
including logistics, retail, catering, and
assistive applications;

3. Medical and rehabilitation technologies,

such as prosthetics and surgical assistance.

Market scale and drivers

Recent industry reports and investment
analyses suggest that the global dexterous

hand market reached a multi-hundred-

million to multi-billion USD scale, and is
projected to grow at a double-digit to ~20%
compound annual growth rate (CAGR)
through 2030. While exact figures vary
depending on product definitions and
inclusion criteria, the consensus is that

the market is expanding rapidly.

Several factors underpin this growth:

Declining component costs: Prices of
miniature brushless motors, tactile sensors,
and compact controllers have dropped
significantly over the past decade, lowering

entry barriers for manufacturers.

Al-driven manipulation: Reinforcement
learning and simulation-based control
now allow robotic hands to learn complex
manipulation strategies, transferring skills

from virtual to real-world environments.

Labor and safety needs: Enterprises
increasingly seek robotic solutions for
dangerous, repetitive, or precision tasks

that are costly or risky for humans.

The humanoid robot boom: Major players
with substantial financial resources—
Tesla, Figure, Agility Robotics, Sanctuary
Al, and others—are pushing for human-
like manipulation capabilities to enable

robots to function in human environments.

Collectively, these forces have transformed

the dexterous hand from a niche research
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tool into a strategic enabler for next-
generation embodied Al and automation.

Particularly in service and collaborative
robotics, there is a growing demand for
robotic manipulators that can perform
diverse gripping tasks and operate
seamlessly alongside humans. This
challenge is not merely mechanical: cost-
effectiveness, intuitive usability, and safety
are just as important. Traditional industrial
grippers focus on strength and durability,
but the next generation of robotic hands
emphasizes dexterity—the ability to
perform fine, adaptive motions in dynamic,

real-world environments.

The closer humans and robots
collaborate, the greater the relevance of
humanoid 5-finger hands becomes. “In
extreme cases, humans and service
robots will share the same workspace,
including all tools and equipment,”
says Dr. Martin May, Director Technology
& Innovation Management at SCHUNK.
For this reason, the SCHUNK SVH 5-Finger
Hand was the first robotic hand in
the world to be DGUV-certified for
collaborative use in 2017. With nine
drives, its five fingers can perform a wide
range of gripping operations. Additionally,
the hand can represent numerous gestures,
facilitating visual communication between
humans and service robots while increasing

acceptance in human environments.

The SCHUNK SVH (Servo-Electric 5-
Finger Gripping Hand) is widely recognized
as one of the most mature and industrially
deployable dexterous hands on the

market.

Developed by SCHUNK SE & Co. KG—an
established German leader in clamping,
gripping and automation technology—the
SVH represents the company’s effort to
bridge the gap between anthropomorphic

dexterity and industrial-grade robustness.

THE TOMORROW BAR

SCHUNK and NEURA Robotics are collaborating at

Core R&D Challenges

Despite the progress, dexterous hand
development remains one of the most
technically demanding frontiers in robotics.
The main challenges can be grouped into

five categories:

(1) Sensing and tactile perception
Human hands can sense micro-forces,
friction, texture, and deformation in real time.

Reproducing such capabilities requires

density, multi-modal tactile sensing—covering
pressure, shear, vibration, and temperature—
combined with robust materials and fast

signal processing.

However, today’ s sensors face trade-offs
between resolution, durability, integration
complexity, and cost. Moreover, calibrating
thousands of tactile channels in real-world

environments remains an open challenge.

(2) High-dimensional control and
planning

Dexterous hands often have 15-25
degrees of freedom (DOFs), leading to
extremely complex motion planning
and feedback control problems. Achieving
stable grasping and manipulation in
the presence of uncertainty (friction,
shape variation, compliance) requires
real-time computation and learning-

based adaptive strategies.

While reinforcement learning (RL)
has demonstrated success in simulation,
sim-to-real transfer is still limited by domain
gaps—e.g. differences in friction, delay, and
noise—that cause unstable performance or

even damage in real hardware.

(3) Mechanical design trade-offs
Designers constantly balance dexterity,

robustness, and cost. Choices such as the

number of actuated joints, tendon routing,

drive placement (internal vs. external), and

material stiffness (rigid vs. soft) determine

both performance and manufacturability.

Commercial deployments often prioritize
reliability and affordability, meaning most
available products compromise dexterity
compared to research-grade or human-level
hands.

(4) System integration and safety

A dexterous hand is never used in
isolation—it must integrate seamlessly
with vision, motion planning, and force
control systems. For human-robot
collaboration(HRC) or public-space
robots, safety certification and fault
tolerance become crucial. Hardware
redundancy, compliance mechanisms,
and certified safety modes add

engineering complexity.

(5) Lack of standardization and ecosystem
maturity

There is no widely adopted standard for
mechanical interfaces, communication
protocols, or power connections among

dexterous hands and robot arms.

Additionally, the supply chain remains
fragmented—high-performance micro
motors, compact tactile arrays, and tendon
components are often custom-made, raising
both costs and lead times. Without
economies of scale, many startups struggle
to move from prototypes to reliable

mass production.
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For decades, most dexterous hands
remained confined to research labs—
too fragile, expensive, or difficult to
control for field deployment. SCHUNK’ s
SVH represents a transition point: it
brings partial human-like dexterity
into reliable industrial form, filling a
niche between simple two-finger
grippers and advanced humanoid

manipulators.

Even though the SVH provides
position and torque feedback but
lacks high-resolution tactile sensing.
This reflects a common industrial reality:
fully integrating tactile arrays is still
too costly, fragile, or data-heavy for
commercial systems. Consequently,
grasping strategies remain largely
position-force hybrid control, rather

than fully tactile-driven manipulation.

SCHUNK takes it a step further:
beyond the gripping component itself,
the company focuses on the entire
gripping process, seeking ways to
autonomously perform handling tasks.
The complex programming of robots,
which is currently performed manually
by users or integrators, may soon be
replaced by learning, autonomous
systems. Intelligent robotic hands will
be able to detect their target objects
using cameras and autonomously perform
grip planning. Utilizing data sets and

algorithms, gripping systems will be
able to identify patterns and derive

appropriate actions.

SVH offers ROS support, effective
manipulation still demands complex
calibration, trajectory planning, and grip
optimization. However, for non-expert
users, configuring and programming
dexterous grasps remains a bottleneck.
The broader challenge is thus not
mechanical, but cognitive and software-
oriented—how to make dexterity usable

without expert programming.

As SVH is intended for different
environments, such as collaborative
and service environments, it must
meet strict safety and compliance
standards (ISO/TS 15066, CE marking,
etc.). Developing compliant mechanical
structures and fail-safe actuation
while preserving force and precision
isan ongoing challenge for all dexterous

hand manufacturers.

Technological Directions and Research
Frontiers

Despite these challenges, global
R&D efforts are converging on several

promising pathways:

(1) Perception-control synergy

Next-generation dexterous hands

are moving toward tight integration of

vision, tactile feedback, and force control.
By fusing multi-modal sensory data, robots
can learn contact-rich, adaptive manipulation

strategies in unstructured environments.

Recent work emphasizes embodied
Al—teaching robots not only how to move,
but how to understand the physical

consequences of their actions.

(2) Simulation-to-reality transfer and

data-efficient learning

Training dexterous manipulation
policies directly on hardware is prohibitively
slow and expensive. Therefore, the field
increasingly relies on high-fidelity
simulators combined with domain
randomization to bridge the gap between

simulation and reality.

New paradigms such as imitation
learning, skill libraries, and foundation
models for manipulation are helping robots
generalize across object types and tasks

with far fewer real-world trials.

(3) Hybrid actuation and structural

innovation

Mechanical innovation continues to
evolve around underactuated mechanismes,
tendon-driven systems, and soft-rigid
hybrids. These designs provide adaptability

and resilience at lower costs.

Some manufacturers relocate actuators
outside the hand (“externally driven hands”)
to reduce weight and increase durability,

trading off compactness for maintainability.

(4) Standardization and modular

ecosystems

To enable scalable adoption, the
industry is moving toward modular hand-
arm platforms with open APIs and

standardized connectors.

This approach allows system integrators
to mix and match end-effectors, control
units, and Al modules—accelerating time-

to-market for customized applications.

(5) Human-safe, compliant interaction

As dexterous hands enter collaborative
and social environments, safety and
compliance become design priorities.
Passive compliance (via materials or
mechanisms) and active compliance (via
force sensing and control algorithms)
will ensure safe human-robot physical

interaction.
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Future Trends (5-10 Year Outlook)
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Techman Robot Unveils Its First Humanoid Robot, TM

= |

Xplorel, in Global Debut with SCHUNK SVH at the Taipei
International Industrial Automation Exhibition
Bringing Al-Powered Mobility and  Precision to

Next-Generation Industrial Automation.

(1) Dexterous hands as interfaces for
embodied Al

In the era of large multimodal models,
dexterous hands will become the physical
interface between intelligent systems and

the real world.

As language and vision models
gain reasoning capabilities, dexterous
hands will enable these systems to “act”
upon the environment—realizing the

vision of embodied intelligence.

(2) Expansion of human -robot
collaboration

The future will likely see hybrid
workspaces where humans and robots
cooperate physically. Rather than replacing
workers, dexterous hands will assist in

ergonomically challenging or precision-

demanding tasks—such as packaging,

inspection, and healthcare assistance.

This trend will drive demand for
certified safety standards, explainable
behavior, and ergonomic design.

(3) Software and data as core assets

Manipulation skill libraries, tactile
data, and simulation pipelines will become
key intellectual property. Companies
with high-quality datasets or scalable
training infrastructure will hold a strategic

edge.

Skill sharing and continual learning
will further increase the value of software

layers relative to hardware components.

(4) Declining costs and supply chain
localization

With advances in miniature
actuators, flexible sensors, and additive
manufacturing, the cost of producing

dexterous hands will continue to fall.

Localization of supply chains—
especially in Asia—will also reduce
dependency on custom or imported
parts, promoting faster iteration and
standardization.

(5) Integration with humanoid and

service robots

The rise of humanoid robots has

made dexterous manipulation a central

bottleneck. As humanoid prototypes
transition to commercial production,
demand for reliable, scalable, and

repairable hands will skyrocket.

Future designs may incorporate
self-sensing materials, modular fingers,
and plug-and-play controllers optimized

for humanoid platforms.

Technological Evolution of SCHUNK SVH

Integration with Al-based Grasping

Future versions of the SVH will likely
integrate Al-driven algorithms directly
into the control stack. These systems will
analyze object geometry or surface and
automatically select or adapt grasp
strategies, reducing setup time and
operator expertise.

Tactile and Proprioceptive Fusion

Simulate, validate, deploy: At NVIDIA GTC

SCHUNK, Schaeffler and NVIDIA demaonstrated

simulation possibilities within NVIDIA Omniverse,

Adding tactile arrays, force/torque
sensors, and distributed proprioceptive
sensing will allow closed-loop manipulation.
However, achieving sensor durability and
low-latency processing in industrial
environments remains a major engineering
task.

Digital Twin and Simulation Integration

Future dexterous hands will likely
come with digital twin models for real-
time simulation, predictive maintenance,
and grasp planning.These models will
integrated into industries metaverses to
simulate individual components and
robots up to entire factories. This would
align with the Industry 4.0 trend, making
dexterous hands part of connected
manufacturing ecosystems.

As a technology pioneer, SCHUNK
pursues a clear vision: to simplify its
customers' entry into the world of
automation. "By simulating automation
tasks, we offer them a highly refined and
highly productive solution, quickly optimized
for their manufacturing requirements,"
says Timo Gessmann, CTO of SCHUNK.
"Thanks to Al, we can greatly simplify
engineering. With digital tools and
simulations, all variants can be validated
digitally in no time." In developing digital
services, SCHUNK relies on technology
partnerships. For example, the company
uses tools like ISG Virtous or NVIDIA

e e o B I Gl
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Omniverse for simulating and planning
complex automation projects. Partnerships
like the one with NVIDIA serve as a
catalyst for developing Al-based solutions
in simulation and production optimization.
Through simulations in the Industrial
Metaverse, SCHUNK creates synthetic data
to support the training of Al models. At
the NVIDIA GTC in March 2025, the leading
developer conference for Al, SCHUNK,
Schaeffler and NVIDIA presented a jointly
developed simulated assembly application
in robotics, where SCHUNK SVH 5-Finger
Hand screws components into a housing.
The application demonstrates how the
boundaries of intelligent automation can
be expanded and leveraged for industry.
SCHUNK offers suitable end-of-arm
components for all types of robotics, from
industrial robots to cobots and humanoid
robots, as well as the open digital building

blocks for these applications.

Developed in partnership: Automation exemplified by

screw assembly application — digital and physical hand

in hand.

Conclusion

Dexterous robotic hands are
transitioning from lab prototypes to
industrial and service applications. The
integration of Al and automation technologies
will allow robotic hands not just to
grasp objects, but also to understand
their properties and make autonomous

decisions.

In the near future, robotic hands will
evolve from tools into collaborative
partners. From factory assembly lines to
home service robots, from logistics
handling to precision tasks, dexterous
robotic hands are redefining the
boundaries of automation with human-

like intelligence.

Dexterous robotic hands represent
a pivotal frontier of robotics and embodied
Al. The market is expanding rapidly,
fueled by automation, labor challenges,
and the push toward humanoid systems.
Yet, technological hurdles in sensing,
control, mechanics, and integration still
limit widespread adoption.In the long
term, dexterous hands will evolve from
mechanical tools into cognitive interfaces—
the means by which intelligent systems
physically engage with the world. They will
embody the convergence of Al, robotics,
and human-centric design, marking the
transition from automation to true

embodied intelligence.
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Anthropomorphic Five-Finger
Robotic Hand (Delto Gripper-5F)
with Human-Level Dexterity

m Abstract

This article presents the design,
implementation, and performance evaluation
of Tesollo’s Delto Gripper-5F (DG-5F),
a five-finger robotic hand with 20 degrees
of freedom (DOF). The DG-5F is engineered
to achieve human-level dexterity and high-
precision manipulation. Utilizing a direct-
drive actuation mechanism and integrated
sensory feedback control, the system
demonstrates multi-object adaptive grasping

and in-hand manipulation capabilities.

Jaesuk Choi and Wooseok Ryu, Tesolle Inc., Incheon,
Republic of Korea

Quantitative experiments show that the
hand achieves positional repeatability
within == 0.1 mm, a rated fingertip force of
30 N, and enveloped payload handling of
up to 20 kg. Its modular mechanical
architecture, embedded control electronics,
and compatibility with standard industrial
communication protocols (Modbus RTU/TCP)
make the DG-5F well-suited for both
research applications and industrial

deployment.

1. Introduction

The field of robotics has evolved

from repetitive automation toward
intelligent and adaptive manipulation,
in which dexterous control and force
perception play pivotal roles in advancing

human-level capabilities [1][2].

Conventional tendon-driven robotic
hands often suffer from mechanical
complexity and challenges in maintaining
which  restrict  their

tendon tension,

precision and reliability [1].

To overcome these limitations, Tesollo
developed the DG-5F, a fully actuated,
anthropomorphic five-finger robotic
hand that incorporates direct-drive
joints, joint-level torque sensing, and
a modular mechanical architecture for

enhanced performance and maintainability.

2. Design of DG-5F

2.1 Mechanical Configuration

As shown in Figure 1, the DG-5F
consists of five fingers with four joints
each (4-DOF). Its geometry (73.5 mm
thickness, 215.8 mm length) mimics an

adult human hand.

'

!

| COMMUNICATION CONNECTOR(Ethartint)
.\=0WEP g COMMUNIC ATION CONMECTOR

Figure 1. Overall structure of the DG-5F showing

the five-finger 20-DOF architecture

2.2 Workspace and Manipulability

As illustrated in Figure 2(a), the
index, middle, and ring fingers of the DG-5F
are composed of the joint configuration
shown in the figure. Considering the
mechanical motion constraints of each
linkage, the corresponding reachable
workspace can be obtained as depicted
in Figure 2(b).

When the twist of each joint is denoted
as T, , the end-effector twist at the

fingertip(T') can be expressed as follows.

T=T\+T2+Ts+Ts
f=[Vo W/= WS+ WaSa+ WiSs+ WS

The kinematic relationship between
the joint motion and the fingertip motion
is derived in the form of the Jacobian
matrix J, from which the manipulability

measure is calculated.
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As shown in Figure 2(c), the manipulability
analysis indicates that, for the index,
middle, and ring fingers, the manipulability
decreases as the finger approaches the
metacarpophalangeal (MCP) adduction /
abduction joint, whereas it remains
relatively high throughout the rest of the

workspace.

T=Jv
J=[§1§2§3]=andy=[wlwzws]T
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Figure 2. (a) joint combination of DG-5F, (B)
Workspace, and (c) Manipulability.

Additionally, The little-finger mechanism
employs a bi-articular linkage for
human-like lateral motion, enhancing

envelope grasp stability [1].

3. Performance Evaluation

3.1 Actuation and Transmission

Each joint incorporates a direct-drive
motor (rated torque 0.4 N+m, stall torque
2 N-m). This eliminates mechanical
backlash (< 0.01°) and supports joint
velocity up to 75rpm. The design’s high
backdrivability enables passive compliance
and impact absorption. Sensor fusion
from an IMU (%£2°/h drift) and 6-axis F/T
sensors (0.05 N resolution) supports
hybrid position-force control schemes
similar to those reviewed in [2][4]. The
frame uses anodized 6061-T6 aluminum
for stiffness and polymer composite

shells for impact absorption.

3.2 Static and Dynamic Characteristics

Static tests confirmed stable grasp of

20 kg payloads. Fingertip force averaged
30 N and with £0.1 mm repeatability

(Table 1).

L]
-

Figure 3. Realization of human-like motion and
adduction/abduction (A/A) motion (upper part of the
figure) and Rated fingertip force and hand payload

(lower part of the figure) [7].

Table 1. Mechanical and electrical specifications

of the DG-5F.
Parameter Value Unit Description
Total DOF 20 DOF-| 5fingers X 4 joints
Weight 1.7 kg [Including electronics
Fingertip Force 30 N Rated output
Envelop Payload 20 kg Static grasp
Repeatability +0.1 mm =
Speed 75 rpm —
Communication | Modbus RTU/TCP | — Industrial protocol

3.3 In-Hand Manipulation

The DG-5F executed in-hand rotation

and translation without re-gripping,

maintaining orientation error < 1.2° RMS.
Simulations in NVIDIA Isaac Sim and
MuJoCo showed Sim-to-Real deviation <
5%, in accord with recent findings on

learning-based in-hand manipulation [3][6].

Figure 4. In-hand manipulation of DG-5F [T7].

4. Applications and Discussion

The DG-5F demonstrates strong
market applicability as a next-generation
precision manipulation platform bridging
research and industry. Its 20-DOF direct-
drive architecture, joint-level torque sensing,
and modular design enable deployment in
both industrial automation and emerging

humanoid robotics markets.

In manufacturing environments, the
DG-5F is particularly suited for micro-
assembly, connector insertion, re-alignment,
and packing operations that require
human-like dexterity and compliance.
Beyond factory automation, its precision
control and Sim-to-Real compatibility
make it ideal for robotic research,

Al-driven learning frameworks, and
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collaborative humanoid systems.

As global industrial robotinstallations
surpassed 4.2 million units in 2024 [5], the
need for dexterous and intelligent end-
effectors continues to expand. By combining
mechanical robustness with software
scalability, the DG-5F provides a
commercially viable solution for high-
precision, human-equivalent manipulation
across diverse industrial and academic

domains.

TESO A

Figure 5. Various applications utilizing the DG-5F: bin-picking process (upper left), assembly process (upper
right), re-alignment and packing process (lower left), and paper-folding task (lower right).

5. Conclusion

The DG-5F multi-joint robotic hand
achieves human-comparable dexterity
through its 20-DOF direct-drive architecture
and joint-level torque sensing. Experimental
evaluation shows +0.1 mm positional
repeatability and 20 kg payload handling
without slippage. Its modular mechanical
design ensures robustness, maintainability,

and cost efficiency for industrial use.

-

sEYER

A Sim-to-Real workflow using NVIDIA Isaac Sim
enables efficient controller transfer and
reproducible experiments. Demonstrations in
bin-picking, assembly, re-alignment, and
folding tasks validate the DG-5F s versatility.
The system bridges the gap between
academic prototypes and deployable
industrial end-effectors.

Future work will integrate multimodal
tactile sensing and adaptive impedance
learning. These advancements aim to realize
collaborative humanoid manipulation with

human-level precision and compliance.

[1] Feix, T., Romero, J., Schmiedmayer, H.-B., Dollar, A. M., & Kragic, D. (2016). The GRASP

Taxonomy of Human Grasp Types. IEEE Transactions on Human-Machine Systems, 46(1), 66-77.

[2] Yu, C., Baek, S., et al. (2022). Dexterous Manipulation for Multi-Fingered Robotic Hands: A

Review. Frontiers in Neurorobotics, 16, 861825.

[3] Weinberg, A. I., Shirizly, A., Azulay, O., & Sintov, A. (2024). Survey of Learning-Based

Approaches for Robotic In-Hand Manipulation. Frontiers in Robotics and Al, 11, 1455431.

[4] Lee, T., Kwon, J., Wensing, P. M., & Park, F. C. (2024). Robot Model Identification and Learning:

A Modern Perspective. Annual Review of Control, Robotics, and Autonomous Systems, 7,

311-334. PDF

[5] International Federation of Robotics (IFR). (2024). World Robotics 2024: Industrial Robots

Press Kit.

[6] Radosavovic, I., et al. (2024). A Real-to-Sim-to-Real Approach for Robust Manipulation.

Robotics: Science and Systems (RSS).

[T]https://www.youtube.com/watch?v=7JhqK_k9IGI

F

76

Journal of Automation Intelligence and Robotics

December 2025,

NO.55

7



(w5

Dexterous Humanoid Hands:
Designing the Robot
Inside the Robot

Mario Mauerer, maxon international ag, October 2025

How to balance dexterity, durability,
control, and cost when the “business end”

of a humanoid has to work all day, every day.

Hands get all the glory and all the grief.
In humanoid robotics, they are where intent
turns into work. This is also where heat
concentrates, cabling snarls, and tolerances
go todie. Ahand is not an accessory, it is the

business end of the robot, the place where

value is created and where reliability is

stress-tested in the wild.

In recent years we have watched two
philosophies collide. One camp reaches for
human-like dexterity; lots of degrees of
freedom, intricate linkages, and fingertip
sensors that aspire to match skin. The other
camp favors simpler end-effectors that
trade virtuosity for robustness, cost, and

speed of deployment.

Human hands are brutally hard to
imitate. We enjoy extraordinary sensing
bandwidth from skin to joints, elastic
muscles that are simultaneously force-
dense and compliant, and a nervous system
that can juggle fine motor control and
ballistic reflexes. Mechatronic copies can
achieve impressive demonstrations, but
everyday manipulation in unstructured
environments remains a challenging
frontier. That is not a reason to retreat, just
a nudge to be smart about where

complexity pays for itself.

In compact hands, small cylindrical
motors are still the workhorses. The hard
choice is brushed motors (DC motors in
the maxon portfolio) versus brushless
motors (named “EC motors” within maxon).
Brushed motors tempt with slightly
higher torque density at a given frame

size and charmingly simple drive

electronics. The problem lies in the
brushes: they wear, they arc, they add
electrical noise, and under the kind of
duty cycles a hand sees (millions of
interactions, frequent stalls and reversals,
long periods at partial load) brush life

becomes a limiting factor.

Brushless EC motors, by contrast, are
power-dense because they can rotate much
faster without mechanical commutation
limits. Paired with the right gearing, that extra
speed converts to practical output power and
torques. Lifetime is usually better because
there are no brushes to wear. The torque
density at low speed is marginally lower than
comparable brushed units, and the control
stack is more sophisticated (you need
commutation and good current control), but
in the professional reality of humanoid
manipulation, EC wins most of the time. In
otherwords: if you expect the hand to workaall
day, every day, choose the architecture
that doesn’ t have a wear part at the heart

of each joint.

This is where portfolio depth
matters. When a supplier like maxon
offers a broad range of small-sized,
highly integrated DC and EC motors,
complete with matching gearheads,
encoders, and controllers, you’ re not just
buying parts, you’ re buying down integration

risk. You get tuned electromagnetic designs,
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known EMI behavior, cabling that just fits,
and controller firmware that doesn’t force
you into twelve parallel forks. That pays
dividends at prototype speed and, more
importantly, at production scale. The result

is a low total cost of ownership.

High-ratio transmissions let tiny
motors move meaningful loads, which is
why 16-plus-DoF hands often rely on multi-
stage planetary gear sets. The trade is
backdrivability and transparency: a high
ratio makes the joint behave like a position
source whether you want it to or not. That is
survivable in free space, but it is awkward
during contact, where you want the fingertip
to behave like a smart spring: Stiff when
aligning, soft when searching, and quick to

yield during a bump.

The other approach goes towards
lower ratios (think 10:1 to 30:1), paired
with faster EC motors produce hands
that “feel” alive. They are easier to
control in impedance (modulating
apparent stiffness and damping rather

than commanding raw position).

Palms and fingers are cramped, and
thermal convection is poor. That forces you
into thermal engineering: Direct conduction
paths from stator laminations and gearheads
into structural heat sink; temperature
sensors on windings, bearings, and
MOSFETSs.

The fastest way to make a hand
brittle is to command position as if the
environment will obey. Impedance control,
regulating how the hand “feels” rather
than where it is, soaks up modeling error,
perception latency, and plain old messiness.
That means closing a tight current loop
on the motor driver, running joint-space
impedance at a few hundred hertz. When
you want to move through free space or

set a posture, you still run position loops.

Ambitious hands often die on the altar
of COGS. A credible high-volume target
for actuator modules (motor, gear, encoder)
is now below USD 50 per joint. It’s a
brutal constraint, but constraints are
where good engineering thrives. The path
there is boring and essential: Re-use
actuator modules across multiple joints;
minimize unique part numbers; standardize
cables; and demand supplier roadmaps that
show cost downs tied to volume. A hand
with 12 to 20 actuators leaves no budgetary

room for wishful thinking.

The hand really is a robot within
a robot. It is a highly and tightly integrated
system (with all its systems engineering
challenges and interfaces), its own software
and control paradigms, as well as complex

sensor suite.

The market is moving, and it is
not converging vyet. A fast-growing
ecosystem, particularly in China, is exploring
a dizzying range of topologies, transmissions,
and sensing stacks. There is not a stable
research consensus on “the one true hand,”
and that's healthy. We' Il likely see multiple
winners matched to niches: high-DoF hands
where demonstration learning and in-hand
manipulation dominate; moderate-DoF,
impedance-centric hands where robustness
and energy efficiency rule; task-specific
grippers where cycle-time economics crush
romance. The common denominator is

not aesthetics; it’s reliability at cost.

It" s worth remembering that much
of what we want humanoid robots to do
is not limited by fingers that can play
the piano. My university signals processing
professor was born without hands. On
one arm he used a one-DoF gripper, on
the other a passive hook. He wrote on
the chalkboard, operated a computer,
shouldered a bag, ate lunch, started the
projector etc. His vision and hearing did
surely help a lot to compensate for his
lack of perception in his end-effectors.
In robotics terms: perception and high-level
control are often the bottlenecks. Simpler
end effectors paired with smart impedance
can probably deliver disproportionate

value.

In summary: Favor brushless EC motors
for lifetime and power density; reserve
brushed DC for cases where simplicity or
specific torque profiles dominate and
duty cycles are forgiving. Choose gear
ratios by backing out from the impedance
envelope you want at the fingertip, not
from what’ s convenient to buy. Instrument
the hand just enough to be honest
about contact and health. Integrate
electronics with EMI in mind, and a

field bus your team can truly support.

High Efficiency Joint family
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topologies will dominate. That’s the fun
part. Until then, build the robot within
the robot as if it has to go to work

tomorrow morning, and keep an eye on
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