Robotics 2020
Multi -Annual Roadmap

For Robotics in Europe

Horizon 2020 Call ICT-2016 (ICT-25 & ICT-26)

ReleaseB 03/12/2015

SPARC

The Partnership for
Robotics in Europe

Rev A Initial release for Comment

Rev B: Final Release for Call



SPARC <9

The Partnership for Robotics in Europe

Contents

*O XI1JVvV . B BLDADZ N U e

R 10T [T 1o o SRR 1.
I Y O o (=T o | PRSPPI 2.

1.2 Reading the ROGAMEID.......uuuuiiiiiiiiieeiimm e s e e e e e e e e e e e e e e e e e e e s 2

1.2.1. Why read this dOCUMENT?........cooiiiiiiiiiii i eeeee e mmmmm e 2..

1.3 Understanding the MAR.........cooi oo e e e e e e e enennnn e e e e e e e e s
1.3.1. MAR BacCKgrOUNG.......ccooiiiiiiii i eeeee e eeeen e e e 4
1.3.2. Structure of the MAR .....oooiiiiie e e e e e e e 5
1.3.3. Technical Progression in the MAR ... 6
1.3.4. Use of the MAR iN PropoSalS..........c.cuuiiiiiiiiiiiieeeeiiiiiiiiee ettt 7.
1.3.5. FOcus Within ICT-25 & ICT=26.......cceuiiiiiieii e e e e s e e e e e e e eeeaaeees 8.
1.3.6. Step Changes and TRLS........cooiiiiiiit e sreee e e e e e e mnee 8
1.3.7. MAR SUMMEAIY....cceeiiiiiiiiiie e e ettt e e e e e ettt et e et s mmmmm e e e e e e e 9
2. Markets and APPIICATIONS .......uuuuuuuiiiiiiiiiniit e e e e e e e e e e e e e e e e e e e e e e e eeeeeeeeeeeee s 11
b2 W Y o) o o= 11 o T 10T g = V1 3PP 11

2.2 ManUFaCTUINNG DOMAIN. .....uuuuuuiiiiiiiiiiinnesmm e e e e e e e e e e e e e e e eeeeeeeeeeeeeeee s 12
2.2.1. DOMAIN OVEIVIEW. ...cceiiiieiiieee e eeeee ettt ettt e e e e e e e e e e e e e mmmmnab bbbt e e e e e e mmmm e 12
2.2.2. Current and Future OPPOIUNILY ........ccovviiieiiiiiiicermmmee e e e e e e eeree s 12
2.2.3. Barriers t0 MArket ..........uuueeeiiiiiiiiiis o e e 12
2.2.4. KEY MarKet DAla.......uuuuiiiiiiiii ittt e e e ettt e e mmmmm e e 13
2.2.5. Relationshipto other Domains and Markets ............cccceeeiiiiiiiicce e, 13
Ctctat &YUPSDwV .3.4.2AD..J0..XIl.D....».UMDX....13
2.2.7. Key StaKeNOIAEIS........cooeeiiiiiie i eremm e eeeen s 13
2.2.8. CUITENT KEY PrOJECTS. . uuuiii it eeeee s ereee e e e e e e e e e e e e s s 14
2.2.9. EUropeaNn ProdUCTS..........cooiiiiiiiiiiii i eeemm s e e e ee et eeeee s e e e e e e e e e e e eessmnnnneees 15
2.2.10. Manufacturing SUb-DOMAINS:............uuuiiiiiiiiiie e ermmm e 15
2.2.11. Key System ADIlity TargetS.......coooiiiiiiieiccrremce e eeeee e e 18
2.2.12. Key TeChNOology TargetS.......ccciiiiiiiieiiiiiiiieemmmee e ee e e e e e e eeeeeet b eeeen e e e e e aaaaeeens 23
2.2.13. Technology CombiNatioNS............ccoiiiiiiiiiiiiceeeeiee e eeeee e 26
2.2.14. ProdUCE VISIONS.......cciiiiiiiiiiiiiiiitaesee e e e e e e eeaeaeaee s s s s s s s mmeneeeeeeeeeeaaaaaaeeeeeeemmnnnsnsnnes 27
2.3 HEAINCAIE.......uiiii i e+ttt e e st 112 e e e e e e e eeee 28
2.3.1. DOMAIN OVEIVIEW. ...ceeieieieeeee e e et eeeee ettt ettt e e e e e e e e e e e e mmmmn bbb bbsee e e e e e e e e mmmmm e e e es 28
2.3.2. Current and Future OPPOIUNILY .......coeiiiieieieiiieieeemma e e eeeme e 29
2.3.3. Relationship to other Domains and Markets..............ccooeiiiieeiiccccc i, 34
2.3, UNKNOWNS ...t oo et eee e e e e e e e e e e e e e e e e e ettt mmmnn e e e e eeeaeas 34
2.3.5. KEY Market Dat@........ccuuuiiieiiiiiii s ceeeee e et e e ermmm e e e e e e e eet e e s mmen e 35

MAR 2016 (ICT-25 & ICT-26) ii



SPARC <

The Partnership for Robotics in Europe

2.3.6. Key System ADIlItIES .......ooiiieeeeeii e rrrrm e 40
2.3.7. Key Technology Targets........oooeeeiuuumuiiiie st mmnmm s e e e e e e e e e eeeeeenen 44
2.3.8. Key Technology Combinations............uuueuuiiiiiies e eemmm e 54
2.3.9. CUITENT KBY PrOJECLES. .. uuuiii i e et eeeee e e e ereee e e e e e e e e e e e e e meenns 55
2.4 AQrICUITUIE DOMAIN.....cciiiiieiiiiiiii s e e e e e e eeeeeae s s e e e e e e e e e enees s e 0D D
2.4.1. DOMAIN OVEIVIEW .. .uuiiiiiieeeeeiieeeeiieieemmneee s s sseeeaeeeeeeessasannssssssnnassaeeeeseeesamaanessnen 59
2.4.2. Current and Future OPPOITUNILY .......oovviiiiiiiieimreee e e e e e e e e menne e 61
2.4.3. BArriers 10 MArkel .........ouuuuueniiiiii e mmmmm e e e e e e e e e e ennnn s 62
2.4.4, KeY MArket DAta..........ccooiuiiiiiiiiitaeeee e meeee ettt e e e e e e e e e e e e mmmmninenaes 62
2.4.5. Relationship to other domains and Markets............ccccovveveeiicccmiiiiiiiiiieeeeee 64
Ct Et at &YUPSDwV .3.4.2AD..J0. . XIL.D....xUMDX...64
2.4.7. Key STaKENOIAEIS ......euiiiiiiiiiiiiiiii et meene e e 64
2.4.8. CUITENTE KEY PrOJECTS. ...ttt e memee e e e e e e e e e e e e e e mmnnns 65
2.4.9. EUropean ProQUCTS.........oooiiiiiiiiiii i ceeee ettt mmmmm e e e s 66
2.4.10. AQIICUITUIE ...ttt e erren et e e e e e e e e e e e e e e e e e s s mmnnneeeeseeeeeeees 66
A T N T o] 13 YO P PP PRPPPP 67
2.4.02. FISNEIIES. ..cceitiiiiiieee ettt et e e e e e e e e e e e e e aaaetta e s mmmmm e e eeaeeeeeeenensd 6.7
2.4.13. Key System ADIlity TargetS.......ccuuuiiiiiiiiiiiiii i cmeeeiiiiiiiiieieeeee e s 67
2.4.14. Key TeCchNology TargetS.......cccoviiiiieiiiiiiiieemmmee e e e e e e e e eeeee e e e e e aaaaeeens 71
2.4.15. Technology CombinNatioNS............ccoviiiiiiiiiiiceereeen e eeeee e e e e o3
2.4.16. ProducCt ViSIONS..........cciiiiiiiiiiiieeeeeeeeeee e et e e e e e e e e e e e e s mmnnniinsssssssseseeeeeeesssmmmm e eeeen d b
2.5 CIVII DOM@IN.....ciitiiiiiiiiiiie e et e e e e e e i s s e et e e e e e st e s s s e e sa e e e eees 75
2.5.1. DOMAIN OVEIVIEW. ...cceiiieiieiieee i e eeeee ettt et e e e e e e e e e e e e mmmmnaaab bbbttt b e et e e e e s mmmmm e as 75
2.5.2. Current and Future OPPOIUNILY ........ccovviiieiiiiiiiiiermmmce e e e e e e eeeee s 76
2.5.3. Barriers t0 MArket ..........uuuueeiiiiiiiiiis e e e e 78
2.5.4. KeY Market Data.........ucieiiieieiiiiiiiiceeeeiiiiiiss s e e e e s e eeeennnnninn s e e e e e s s e e eeens D
2.5.5. Relationship to other Domains and Markets............cccceeeiiiiiiiicceeee e, 79
2.5.6. Europe's Place in the Markel.........ccoooiiiiiiiiiiiiiceeeeeie e 80
2.5.7. Key StaKeNOIAEIS.......cooiiiiiiiii e eremm e eeeee s 80
2.5.8. CUITENT KBY PrOJECTS. . uuuiii it eeeee st ereee e e e e e e e e e e e s s 81
2.5.9. EUropean ProdUCTS..............oiiiiiiiiiieiemmce et eeeee s e e e e e e e e e e e eessmnnnneees 82
2.5.10. CiVil INFraSIIUCTUIE ...cooeiiiieie e eeeee ettt mmmmm bbbt e e s 82
2.5.11. Search and RESCUR..........cceeiiiiii i eeeee ettt mmmmm et e e s 84
2.5.12. ENVIFONMENT....ciiiiiiiiiiiei e ceeee ettt e e s e e e e e e e e e 85
2.5.13. Law ENfOrCemMEeNt.........coooiiiii e s 85
2.5.14. EMEIQENCY SEIVICES......ceevituiuuuieiiee e e eeeeeeeeeeatatta s s s mmmmm e eeeeeeseeereessrrnnnnannns 86
2.5.15. SCIENCE SUPPOIT....cciieeeeieeiiee et e ettt seem oo e e e e e e e e e e e e eeeeeaeenmmnnn s 86
2.5.16. Key System ADIlity TargetS.......coooviiuiiiiiieiieemmc e et mren e e e e 87
2.5.17. Key Technology Targets......cuuiiiiiieiii i eiceeeme e ee e e e e e s e e e eae e 89



SPARC <

The Partnership for Robotics in Europe

2.6 COMMEICIAl DOMAUN .. .. e e e e e eea e e e e D4

2.6.1. DOMAIN OVEIVIEW. . .uuiiiieeeeeeiieeeeiieteemmneea s e e s e e eaeeeeeeessaaanmessssnnnaaaaeeeaeeeeesaaaanerenes 94
2.6.2. Current and Future OPPOITUNILY ......oooiiiiiiiiii e meeee e 94
2.6.3. Sub-Domain Inspection and MaiNteNaNCE...........ccooiiiiiiiiiiiicmmme e 96
2.6.4. Sub-Domain MiniNg & MINETAIS ............uuiiiiiiiiiiiii e 101
2.6.5. Key System ADIlity TArgetS.........uuuuuuuiiiiiiiiiiaaaa e 109
2.6.6. Key Technology Targets for the Commercial Domain...........ccccceeevveeeeeicccennn.. 113
2.6.7. KeY Market DAta...........ccceiuiiiiiiiiiaeeee e e e e e mmmee et e e et e e e e e e e e e e e e mmmnnannes 117
2.6.8. Relationship to other Markets...........ccccoveiiiiiiii e 117
Ct at It &YUPSDwV .3.a.2AD..J0O..XIL.D...>UMDX..117
2.6.10. Key StaKENOIAEIS......uuuiiiiiiiiiiiiii it e e e 117
2.7 LOQIStICS ANA TTANSPOIL . ...uuuiiiiiiiiiiiiiiiessm oo e e e e e e e e e e e e e e s st e eeeeeeeeeeeeeeeees 118
A 5 T o =T 0 Y= Y= 118
2.7.2. Current and fUtUre OPPOITUNILY ......ooovviiiiiiiiiii i eeeee e e eenen e 119
2.7.3. Barriers t0 Markel.........cooiiiiiiiiiieieeeee e crrre e e e e e e e 121
2.7.4. KEY MATKEE QAlal......ceeeeiiiiiiiiiiiiiee et e 121
2.7.5. Relationship to other domains and markets............ccccceevviiiieeeeniiiiiiiiiiieeeeee 121
CtEtat &YUPSDwV .SAa.2AD..JQ..XIl.D..N>UMDX...122
2.7.7. Key SaKENOIAEIS .....cooeeieeiiiice et ennnm s 122
2.7.8. CUITENT KEY PrOJECES .ovvvreiiiiii i e e ee e et eeeee et s s e s e e e e e e e e s mmmnn e e e e e saebt s e e e e e e mman 122
A e T =AU o] o =TT T o] o L1 o £ TSP 123
2.7.10. Logistics and transport sub-domains..............ooovviiiiiiimecce e 123
2.7.11. Current and future OPPOIUNILY ......uveeiiiiiieee et 124
2.7.12. Key system ability targetS......ccoiiiiiiiiiiiiieteeeeee e 125
2.7.13. Key teChNOology targetS....ccoooei e i eeeee e eeeee e e e e e e 130
2.7.14. Technology COMDBINALIONS............cuuuiiiii i e emmmm e e e e e e e e e eeaeees 132
2.7.15. ProdUCT VISIONS ......cciiiiiiiiiiiiiiitereee e e e e e e e e e e e e e s s s s s s mmeee e eee et e aaaaaaeeeeeeesmmnnnennes 133

2.8 CONSUMET RODOIS . ... o ettt s e e e n e e e een e e s e e 13D

2.8.1. DOMAIN OVEIVIEW. ...cceiiieiieieie e e e e eeeee ettt ettt et e e e e e e e e e e mmmnnaaabbbb bbbt s ee e e e e e e s mmmmn e es 135
2.8.2. Sub-Domain: Domestic APPlaNCES..........uuvieeiiiiiii it 135
2.8.3. Sub-Domain: ENtertainmeENt............uuuuiiriiiiiiiiacaae e e s e e e e e e e e e e 137
2.8.4. Sub DOMaiN: EQUCALION........eiiiiiiiiiiiiiiiis ottt e e e e e e e e e e 138
2.8.5. Sub Domain: ASSISted LIVING........ccoiiiiiiiiiii e erern e 139
2.8.6. Key System ADIlItIES........oooiiiiiii e eemmm e 145
2.8.7. Key Technology TargetS.......ooouiiiiiiiiiiie e mmmmm e eaaaaanans 148
2.8.8. Key Technobgy Combinations.............ieiiiiiiiiic e e 152

G T m 0] oT0] A G- 11=To (0] 1= S 153
3.1 Operating ENVIFONMENTS........iiiiiiiii ettt e e st et a e e e et 153
3.1.1. Characterising ENVIrONMENTS..........oiiiiiiiiii e cceeecs e e e ee s e eeees 153

MAR 2016 (ICT-25 & ICT-26) iv



SPARC <

The Partnership for Robotics in Europe

Tt 1 = L 411 155

1 700 G T @ I 1 T3 ] 011 [ 155
3.1.4. Wearable RODOUCS........cooi i ceeee e e e e e e s 156

3.2 Aerial RODOLICS.......cooiiiiiiiiie e e e e e e e e eeeenen s s 00 L OO
T2 I o =T ] IO A= V1= 160
3.2.2. CUITENT OPPOITUNILY ...iiiiiiiiiiiiieeeeesmeee e e e e e e e e s s e e s s mmmmn e e e e e e e e e e e eeaeeeeeeeennns 161
3.2.3. BArriers t0 MaArkel ..........uuuuuiiiiiie s e e e e e e e e e s mmmmm s 162
3.2.4. KeY Market DAta..........cccciiiiiiiiiiiaeeee e e e mmmee et e e e e e e e e e e e e e e mmmnnannes 162
3.2.5. Relationship to other Domains and Markets................cevvviiiiiicccccinnisciiiiins 164

Et Ct at &YUPSDwV .3.4.2AD..J0O.. XIL.D.....xUMDX...164
3.2.7. Key StaKENOIAEIS.......uuiiiiiiiiiiiiii it e 164
3.2.8. CUITENTE KEY PrOJECTS. ...ttt e e ereee e e e e e e e e e e e e e mnee 164
3.2.9. EUropean ProQUCTS.........cooiiiiiiiiiii i eeeee ettt mmmmm e e s 165
3.2.10. Key System ADIlItIES.......cccciiiiiiiiiiiii e seeee e e 165
3.2.11. Key Technology targetsS.........coooiiiiiiiiiiieeeee et eeeen et 167
3.2.12. Key technology combiNatioNS............covvviiiiiiiiiicremmee e eeeee s 170

3.3 Marine RODOLICS........coiiiiiiic e e e e aae e e e e e s e ee ek £ 2
3.3.1. DOM@IN OVEIVIEW. ....ceiieeeeiiiee e eeeee ettt e e e e e e e e e e e mmmmnab bbbt e e e e e ammmm e 172
3.3.2. CUITENt OPPOITUNILY ovvriieiiiiei e e ee e ieee et ereee et e s s e e e e e e e e s mmmrn e e eeeseete e e e e e e e mmnn 173
3.3.3. FULUIE OPPOITUNILY .eeveiiiiiiiiei i e e e e et et ceeee e etite e s e e e e e e s e e e e e eeaeaeaa e e s mmmmns 174
3.3.4. BArriers t0 MArket .........uuuuueiiiiiiiiiiis bbb e e 175
3.3.5. KEY MarKet DAt@l......uuuuuiiiiiii it s e e e e e 176
3.3.6. Relationship t0 DOMAINS.........c.coiiiiiieiiceree e eeeee e e e e e e 178
337.&YUPSDwV 3a>AD..J0O.X1LDu. 2 UMDX. i 178
3.3.8. Key StakenOIdErS.......coovviiiiiii e eennn s 179
3.3.9. CUITENT KEY PrOJECES....uuuuiii it eeeee st e e e e e e et e e e e e e 179
3.3.10. EUropean ProQUCES.........ciiiii i e e e eeeee et s e e s e e e e e e e e s e e e e eabaab s e e e e e e 181
3.3.11. Key System ADIlItIES. .......ccooiiiiieeiceeeee e eeeee e e 181
3.3.12. Key TeChNOlOgY TargetS.......cceciiiiiiieeiiiiiiieeremcie e e e e e e e et eeeeear e e e e e 184
3.3.13. Key Technology CombiNatioNS............ieiiiiiiiiiiicee e e 187

4, SYSEM ADIITIES ..ottt et e et ——————————_ 190
4.1 Configurability...........uueiiiiiiiiii et e e e eeetnin e L D2
O I B 1Yo 1) 1 R 192
4.1.2. Current TEChNOIOQY DIIVEIS.....uuuiiiiii e eeeee e eenee e 192
4.1.3. ADIILY LEVEIS.....uueiiii et eeeee et eeeee et e e e e e e e e e e e s e eeaeeanne 192
O B N o111 3V I Vo = (=SSP 193
O R T VA = = 4 =T T 194

4.2 AAaPLabIlity .....ouniiie e e ———————————— a1 —————————— 195
ot N 9 T T oo ) o 1S 195



SPARC <9

The Partnership for Robotics in Europe

4.2.2. TEChNOIOQY DIIVEIS. ...ttt eemen e e e e e e e e e e e e e e mmnnns 195
4.2.3. ADIlILY LEVEIS.....eeiiiieiee ettt ettt mmen e 195
4.2.4, ADINLY TArQEIS ..o i iiiiiiii e eerre ettt e e e mmmnn e e e e e e e e e mmmm e 197
4.3 Interaction ADIIIEY .......oooeiiiiiiii et e e e e e e eeeene s e e L D8
4.3. 1. DESCIIPION ...ttt emme e e e e e e e e s s s mmenn e e e e e e e e e e eeeeeeeesessmnmnnsssseenneeeees 198
4.3.2. Physical INTEraction...........cccoiiiiiiiiiit e semee e e e e e e mmnnes 198
4.3.3. Social Interaction ADility LEVEIS...........ooooiiiiiiiiiii e 203
4.3.4, ADIILY TAIQEIS .. ccii i eeree ettt emenn e e e e e e e e e e e 207
4.3.5. KBY BaITIEIS. ...ttt ettt et eennn e e e e e e e e e e s mmmm e 207
3 1= 0= o F= o1/ 208
4. 4.1, DESCIIPIION ...ttt aeme e e e e e e e e e e s s mmmnn ettt et e e e e eeeeeaesssssmmnnnsesseeneeeeees 208
4.4.2. TeChNOIOGY DIIVEIS.....cci ittt eeeee et e e e e e e e e e e e e e e mnnnes 208
4.4.3. Current ADIlity LEVEIS .....coooiiiieeee e eeeee e 208
N o {113V = U0 = PP 210
A.4.5. KEY BaITIEIS. ...ttt ettt e eenen ettt e et e e e e e e s mmmmm e 210
4.5 MOTION ADIIIEY ..o ettt ettt e e e e e e 212
A.5. 1. DESCIIPIION ...ttt e e e e e e e e e s s mmmnn et et e e e e e e e e e eeeeeesesmnnnnseseeeneeeeees 212
Y = Tod al g [o ] (o0 VA L1 V7= T S 212
4.5.3. Current ADIlity LEVEIS ......ccooiiiieeee ettt erere e 212
R B Y o 11§V 1= Vo =] £ S EPP 214
O ST )V == 4 =T T 215
4.6 Manipulation ADIlILY ........oooiiiiii e e 21O
300 R 0 1= =T o)1) 216
T = Tod ol g o] (0T VA 1 V7= T TSP 216
4.6.3. Current ADIlity LEVEIS ......ccooiiiieece st errre e e 216
R B N o 111§V I Vo 1= £ 219
4.6.5. KEY BaAITIEIS.....ccciiiiieeee e emmmm ettt erren s e e e e e e e e e e e e e et eeen e as 220
4.7 Percepton ADIIILY ........ooiiiii e s e e e e e e e e s 221
o I 1= Yo o)1) o 221
o o = Tod o g [o ] (0T NV L1 V7= T S 221
4.7.3. ADINLY LEVEIS.....ueeiiii et eeeee et ereee et e e s e e e e e e e e s mmnn e eeeeeannes 221
O O N o 111§V I Vo 1= 1= USSP 226
4. 7.5, KBY BaITIEIS ... it emmmm et eeemn s e e e e e e e e e e e e e es bbb eeeensraaaa s 226
4.8 DeCiSIONal AULONOMY......uiiiiiiiieeeeeeee s st e e e e eaa e s s s e e e e eran e e e e e s D 2O
T8 R B T o) 1o ) o 1 228
B I =Tod o] g o] (o VA I 1= P 228
4.8.3. CUrrent ADIIILY LEVEIS .....cceeiii et eee e emmmm e e e 228
A o 1LY = 0 = P 229
T (= VA = = 1 1= 230

MAR 2016 (ICT-25 & ICT-26) Vi



SPARC <

The Partnership for Robotics in Europe

4.9 Cognitive ADITIEY......oooeeeeiii et e e e e a0 2 O L

4.9. 1. DESCIIPIION ...ttt emme e e e e e e s e e e s e mmmnn e e e e e e e e e e aeeeeaeessssmmnnnsnnseneeeeeees 231
4.9.2. TeChNOIOGY DIIVEIS. ...ttt eemen e e e e e e e e e e e e e e e mmnnns 231
4.9.3. ADIIILY LEVEIS.....eeeiiiiiiiieieee ettt e a e e e e e as 231
4.9.4, ADINLY TAIQEIS ..o iiiiii i eeree ettt e e e mmnnn e r e e e e e e e e e e 239
4.9.5. KBY BaITIEIS. ...ttt ettt e e e e e e e emnnn et e e e e e e e e e e e s mmmm e 239

T =T o o1 gTo] (o 1= PP PP PPN 241
5.1.1. Technology CIUSTEIS.......cccoiiiiiiiiiii i eeeee ettt mmmmm e e 241

5.2 SYStEMS DEVEIOPMENLT. ......uuiiiiiiiiiiiiiiitir oo e e e e e e e e e e e ettt e e e e e e eeeeeeee e 242
5.2.1. Technology DeSCIIPLION ........coiiiiiiiiiit bt e e mmeee e eeaeeeeas 242
5.2.2. Key Techniques and Methods............cooiiiiiiiiiieeree e 244
5.2.3. Expected StEP ChanQeS.......uuiiiiiiiiiiiiiiis et e 246
5.2.4. Benchmaks and MetriCS..........ccovviiiiiiiiiiieemeeees e e et eeeen e e e e e e e e aeees 248
5.2.5. Impact on Domains and ProdUCES...........coooiiiiiiiiiiiiceeee e emeeeiiiis 249
5.2.6. Impact on System ADIlITIES..........uuuiiiiiiiiiiiiii e 249
5.2.7. Impact on other TeChNOIOGIES..........ooi oo 249

5.3 Human RODOt INtEraCtioN...........ccoiviiiiiiei s e e e e e o e e e e e e 251
5.3.1. Technology DeSCHPLON ............uuiiuiiii i emmmm e e e e e e e 251
5.3.2. Key Techniques and MethOds.........cccooiiieiiiiiiiiiceceeeie s 253
5.3.3. EXpected Step ChanQgeS........ciiiiiii e 253
5.3.4. Benchmarks andMEtriCS ... ...uuuuriiiiiiiiiiiiiis s 254
5.3.5. Dependent DOMAINS. ........ciiiiiieeeiiiiieeieeeee et e e e s e e e e e e e e s mmmnn e e e eeabent e e e e e e e mman 256
5.3.6. Impact on Domains and Products................ceeiiiiiieiccc e 257

5.4 MECNAITONICS. ....coiiiiiii ettt s i 2222 258
L Nt R =T o (o PP RRTRS 258
5.4.2. Key Techniques and MethOds.........ccooiieeiiiiiiiiiiceceeeiee e 258
5.4.3. EXpected Step ChangeS.......ciiiii it 259
5.4.4. Benchmarks @and MEtNCS ... ..uuuurieiiiiiiiiiiiis it e e e e e e a e 261
5.4.5. Impact on Domains and Products...............ccceeeiiiiiciccc e e 262
T G L ] ([0 1Y PP 262
5.4.7. Mechanical SYSIEMS........oooviiiiiii it ermmm e e e e e e e e e e e e e eeees 262
54,8, SBINSOIS. ... ittt et e et e mnnn e e e e e e 264
5.4.9. ACTUALOIS . ...t ettt eeee e e et et e e e et e s s e e b e e e eneans 266
5.4.10. Power Supply and Management.............uueeiiiiiicic et mmmmm e 268
5.4.11. COMMUNICALIONS. ....cciiieeeeiiee e e eeeee ettt e e e e e e e e e e e e mmmmn bbbt e e e e e mmmmn e en 268
T O |V = = = PP 270

LS 300 G F o1 o 274

TR JN =T (07T o] 1o o T PSPPI 278
LR T80 I =2 o 1o o R SUPSRRR 278



SPARC <9

The Partnership for Robotics in Europe

5.5.2. Key Techniques and Methods ...t 278
5.5.3. Expected SteP ChanQeS.......uuviiiiiiiiiiiiiis e e 279
5.5.4. Benchmarks and MEtIICS.......uuuuiiiiiiiiiiiiiit e 279
5.5.5. Dependent DOMEINS. .......ccccouuuuriiiiiiirtaaaae e e eeeeesaesaas s s mmmmnee e e e e e e e e eeeeeeeeeeeemnns 279
5.5.6. Impact on Domains and ProduUCTS............coouiiiiiiiiiiiceeee e mmeeeiis 279
T R ST =1 0151 o P PP P SO P P PP PO PPPPPPPPPPPPP 280
5.5.8. INEIPIretation ......ccoviiiiiiiiiiiei e ceeee et bbb e e e 281
5.6 NAVIGALION. ....oiiiiiiiiiii ittt i £ 283
5.6. 1. DESCIIPIION. ...ttt ettt e e mrenn e e e e e e e e e e e e e e e e e s s s s mmnnneseeeeeeeeeees 283
5.6.2. Key Techniques and Methods............coooiiiiiiiiieeeee e 283
5.6.3. Expected StEP ChanQeS.......uuiiiiiiiiiiiiiiii et e 285
5.6.4. Benchmarks and MEtIICS.......uuueiiiiiiiiiiiiiis e e 286
5.6.5. Dependent DOMEINS. ........ccccuuuuiiiiiiiiiiiaaaae e e e e e e e e e e e sa s s s mmmen e e e e e e e e e e eaaeaeeeeeennns 287
5.6.6. Impact on Domains and ProdUCES...........ccooiiiiiiiiiiiiceeee e emeeeiiis 287
I O To | 0111 0] o HO PP PPPPPTPP 288
5.7 L. DESCIIPIION. ...ttt ettt e e e st mrenn e e e e e e e e e e e e e e e ees e s s s mmnnneeseeeeeeeeees 288
5.7.2. Key Techniques and Methods.............oooiiiiiiiieeeee e 288
5.7.3. EXpected Step ChanQgeS.......ciiiiii it 291
5.7.4. Benchmarks and MEtNCS......uuuuiiiiiiiiiiiiiiis s 295
5.7.5. Dependent DOMAINS. .......cciiiiiieeeiiiie it eeeee et e e e s e e e e e e e e s mmmnn e e eeesaenb e s e e e e e e mmnn 296
5.7.6. Impact on Domains and ProductsS................eeiiiiiici e 296
(G 1T 0 V7= 11 o o PSP 297
6.1 Standardisation, Benchmarking and Regulatian.......................meeeevvvnnnnnnn. 298
0 I A O A= V= PP 298
6.1.2. EUrOPEaN STAtUS.......uuiiiiiiii i ettceeme et e et e s e e e s et e e e e e e wnnmm e eeee 298

at A&t Et &YUPSDwV Sa>AD >0C APOXUJ@YXJPOV XP XI
............................................................................................................................... 300
6.1.4. StandardiSatioN ArEaS...........eueeeeeeiiiii it eerreeeeieieieeeeeeeeeeeeeemmmm bbb e eeeeeeennn 302
6.1.5. Main international robot standardisation projects ............cccceeeeiiiiieicccceeeeeee, 306
6.2 MAR Technology Readiness Levels (TRLS).......ccovvuiiiis e 310

MAR 2016 (ICT-25 & ICT-26) viii



SPARC <9

The Partnership for Robotics in Europe

{Note: This release of thtMAR is designed to cover the Robotics and Autonomous Systems part of
the ICT Call in Horizon 2020, specifically the tatgeset within ICT-25-2016-2017 and ICT-26-
2016 of Horizon 2020. The MAR will be updated during 2016 to cover the targets for 2017






In this MAR Releaseu

This version of the MAR relates to the Horizon 2020 Call ICT-2016 ICT-25 & ICT-26. It

contains the following changes from the previous MAR release

Introduction
Clarification of the role ofTechnicalCapability Step Changes and the role of Ability Levels
has been included.

Domains
Since there is no Domain prioritgpecifiedin ICT-25 & ICT-26 all of the Domain sections
remain as an illustration of the breadth of robotics applicatio®ne additional donain
section has been added on Mining Robotics.

Robot Categories
There is a new Robot Category section covering Wearable Robotics. This is a topic area that
has grown significantly in the past few years. A brief section on Smart Cities is added to the
Operating Environment section, which also introduces the concept of Collective
Environments.

Abilities
The Ability section remains unchanged except for minor corrections.

Innovation

The Innovation section remains unchanged except for a significant updtde the
descriptions of each TRL level to provide more detail at each level.
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1. Introduction

This Multi-Annual Roadmap (MAR) is a companion to the Strategic Research Agenda (SRA)
providing a greater level of technical and market detail.

It is updated annually as priorities, technologies and strategic developments shape European
research development and innovation (R&D&I). The annual update follows a process that
utilises the expertise within Topic Groups formed by euRobotics aisbl and seeks open
consultation.

The priorities for R&D&I funding, including near market activities, will be derived from the
MAR as a part of the annual review cycle. The MAR is referenced within the Horizon 2020 ICT
work programme document. The work programme shares a common descriptive framework
with the MAR and the MAR is used as a reference document forproposers and evaluators.

Robotics is a diverse field and this roadmap relies on expert opinion in each domain and
technical cluster to provide and verify the information within it. The annual review process
examines each key technical and market area tcensure material is brought up to date at least
once per annum.

You, the reader, are encouraged to engage with this process and to contribute your
knowledge to the content of this document. It will then reflect and sustain a live discourse on
the current state of robotics technology. You can do this by joining euRobotics and by
contributing to the associated Topic Groups.

MAR 2016 (ICT-25 & ICT-26) 1
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1.1 MAR Content

The companion to this document, the Strategic Research Agenda (SRA), provides a high level
strategic overview of the European robotics community and its objectives. It also provides a
descriptive framework for robotics, its market, technology and robot types. This framework of
description is used extensively in this roadmap.

This document, the Multi-Annual Roadmap (MAR), is aletailed technical guide that identifies
expected progress within the community and provides an analysis of medium to long term
research and innovation goals.

This document aims to provide the following:
9 Further details of the applications and markets outlined in the SRA.

9 Background and progress targets for the technologies outlined in the SRA.

9 Basic information about the Public Private Partnership (PPP) and the Horizon 2020
instruments.

1 An overview of potential impact on market domains of step changes in technical
capability and system ability.
1 An overview of applications and targets for progress in each area.

1 An overview of the contribution robotics technology can make to the European
Societal Challenges.

1.2 Reading the Roadmap

Each person will read this dacument, and the Strategic Research Agenda, with a different
perspective. In creating this resource the aim has been to take these different perspectives
into account.

1.2.1. Why read this document?

Do you work in an industry or service sector where you think robo tics technology can be
applied?

Then you may wish to start by identifying your particular market sector and working
through the applications to uncover the types of robots and technologies that might be
applicable to your market.

Are you a researchertrying to understand the level of capability of a particular robotics
technology?

Then you may wish to start by examining the technology clusters to find the technology
you are interested in and then exploring the current and expected future capability igad
impact on applications. You may also be interested in the general system abilities of robots
to understand how the technology you are interested in might impact on these abilities.

Are you a researcher who believes that they have a technology that could be of use to the
robotics community?

Then you may wish to start by looking at the technology clusters to see if your technology
can be fitted in. This may give you new ideas, or help you identify others providing similar
technology. It may also lead yoto which application domains may be the most likely to
exploit your type of technology.

MAR 2016 (ICT-25 & ICT-26) 2
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Are you a policy maker trying to understand the European robotics community?

Then you may need to read the Strategic Research Agenda to gain a background
understandirg of robotics and its application. If you have already done this then you may
find the sections in this document on markets useful in order to understand potential areas
of application.

Are you involved in financing or managing start -ups and wish to understand the
opportunities in robotics?

Then you may want to look at the different market domains and see where you can find
opportunities, or may be you can identify a new area of application. You may also wish to
examine the different technology sectors t@s where current development is taking place
or examine the current set of research priorities.

Are you a potential user of robotics technology and wish to understand the general
capability level of robots?

Then you should examine the Abilities section again an understanding of what can be
achieved with current technology and what might still lie in the future. Similarly you should
examine the market domains so understand how robots are being applied in different
industries and what the future might hold

MAR 2016 (ICT-25 & ICT-26) 3
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1.3 Understanding the MAR

1.3.1. MAR Background

The MAR and SRA together provide a framework within which proposals aimed at the call
ICT-25 & ICT-26 in 2016 should fit. In particular proposals should demonstrate:

1 A clear exposition of any step changes in technobgy that the proposed project aims
towards

1 The identification of Ability Levels that represent the current state of the art within the
application area of the proposal, and a clear statement of the Ability Levels that will
result from the proposal.

1 An understanding of the target market requirements, even if those are not to be fully
met within the proposed project

1  An realistic understanding of the starting TRL of the proposed project justified against
the TRL descriptions in this document.

1 A target for the end TRL, together with a convincing description of how such a
progression towards the proposed market goals can bemade with the proposed plan
and resource.

1 A convincing delivery mechanism for achieving the impact claimed for the proposed
project

The reseach and innovation actions detailed in ICT-25 & ICT-26 of the 2016 Horizon 2020
Call are based on this Roadmap which describes the progression of technologies and
applications and the links between them.

The goals of the Roadmap are:

9 To provide a common framework of description for robotics within Europe.
9 To provide a clear set of goals for market relevant technical development.
q To illustrate the relevance of these goals with respect to future market opportunity.

The descriptive framework used within the MAR allows comparison between and within
) projects when referring to robotics technology and

Domains systems and helps to link technology development with

user driven market needs. This is a conventional Road

mapping activity with market domains setting

requirements and technologies driving capabilities that

fulfil those requirements. The approach uses non-

domain specific and nornrtechnology specific System

Requirements Abilities to map market requirements to technology
capabilities and vice versa. Thiscommon goal approach

System Abilities helps identify the cross cutting technologies that impact
on multiple market domains while allowing unforeseen

Capabilities technology developments to be integrated by referring

to System Ability independently of technology.

The roadmap identifies opportunities for innovation,
current technical capability and sets out the R&D&I
agendafor each Domain.

Technologies

MAR 2016 (ICT-25 & ICT-26) 4
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1.3.2. Structure of the MAR

The MAR primarily covers three areas: Domains, System Abilities and Technologies.

The MAR should not be viewed as a linear document, each section should be taken in context
and treated as a point of reference. The Domains detailed in the MAR are those highlighted by
the SRA as being where Robotics Technology will have a high level of impactEach System
Ability and each Technology is detailed so that high level targets can be established.t is not

the intention of the MAR to be encyclopaedic. It does not detail techniques and methods
within each technology, nor does it attempt to detail all possible end applications for robotics

technology. Its aim is to provide a strong indication of direction and priority.

Domains are based on the different business models which in turn capture all parts of the
market for robotics technology. The Domain overview moves beyond the simple division of
markets into Industrial and Service and acknowledges the wide impact of robotics
technologies and the importance of vertical end user markets.

End User Market Domains
Y

Technologies

Robot
Markets

Robots

[e1nJawwo))

Suunjoejnueln
24n}NJLI8Yy
Jawnsuod)

dsues] ® so1si807

Services

10

Domestic Appliances Mining and Minerals
Assistive Living Utilities and Service
Surgical Entertainment Construction and
Therapy and Rehabilitation Education Demolition
Training Inspection and Monitoring
Assistive Robotics Marketing

Civil Infrastructure
- Environment
Production AI‘E\:';;ELC’LE Search and Rescue People Transport
Food Law Enforcement Goods Transport

SME Manufacture EOVES‘EW Emergency Services Warehousing
Fisheries Science Support

System Abilities (Adaptability, Cognitive Ability, Configurability, Decisional Autonomy,
Dependability, Interaction Ability, Manipulation Ability, Motion Ability and Perception Ability)
provide an application, domain and technology independent way of characterising whole
system performance and through the definition of levels identify the different abilities th at
robotic systems can possess.

MAR 2016 (ICT-25 & ICT-26) 5
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Failure Dependability

Functional Dependability

Environment Dependability e
Interaction Dependability Configurability —
Component Adaptability
Dependability Adaptability Task Adaptability
Robot Robot Interaction
Human Robot Interaction Safety
- ) ) Interaction Ability Sy??e.m Motion Ability Constrained Motion
Social interaction Duration Abilities Unconstrained Motion
Social Interaction Range
Manipulation
Ability Grasping Ability

Social Interaction Role
Holding Ability

. Handling Abili
Decisional g Ablity

Autonomy

Human Robot Interaction

Perception Ability

Perception Ability

Tracking Ability . "
Recognition Ability Cognitive Ability

Scene Perception
Location Perception

Action Ability
Interpretive Ability

Envisoning Ability
Learning Ability
Reasoning Ability

Technologies are divided into clusters each characterised by a purpose; Systems
Development: Better systems and tools; Human Robot Interaction: Better interaction;
Mechatronics: Making better machines; Perception, Navigation and Cognition: Better action
and awareness. Details are given of the underlying individual technical components in each
cluster and of metrics and benchmarks that may be used to establish the state of the art and
thus future progress. The MAR does not detail methods or techniques within these
technologies instead it examines what technologies deliver to systems and the links both
between technologies and between technologies and applications.

Technology

Systems | System
Cluster ~~_
SyS tems 5 Modelling and
TeCh n 0’ Og y Development Knowledge Eng.
Combination ) Systern Systerns of
Integration Systems

Interface
Better Systems
N et
Safet: :
i Interaction
Human Robot
Collaboration

Better Interaction
il Mechatronics

Interpretation

.
Materials

Management &

Better Machines

Perception

Sensing

Natural
Interaction Knowledge

Representation
e & Reasoning
o Cognitive
Cognition
Learning,

Development &
Action Planning Adaptation
Motion Planning

Navigation Better Action and Awareness

Localisation

1.3.3. Technical Progression in the MAR

The MAR identifies several different types of technical progression:
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1  Step changes inthe capability of individual technologies
1 Improvements in System Ability Levels and Parametersn specific applications.
1 Advancement of TRL levels applied to a particular module, system ompplication.

Technical step changesrepresent significant advances in technical capability and are likely to
impact across different market domains. Step changesare either; multiplicative advances in
technical capability in terms of quantifiable metric changes (for example a system being able
to recognise 100 everyday objects where the state of the art is 10 objects); or a categorical
step change in a technology that radically alters what can be achieved at an application level
(for example moving from graphical user interfaces to more intuitive physical interaction
interfaces). Step changes are expected to have an identifiable impact on applications and
markets.

System Ability Levels provide a way of mapping system ability in one of the nine key system
abilities The abilities are described in detail in the SRA and MAR. Each is assigned a series of
levels. Ability Levels provide a progressive characterisation of what any system might be
required to do. They do so without reference to the technologies that cr eate the Ability and
without reference to the application . Ability Levels provide a way of characterising systems in
terms of the requirements of a particular application. They allow proposers to declare the
current state of the art and the intended goal of a project in a uniform way.

The TRL level names follow the naming convention established within Horizon 2020. The
MAR provides some examples of these level names within a robotics technology context. It is
particularly important that there is a common un derstanding of the nature of each level as this
has a significant impact on the viability of subsequent technology transfer actions.

1.3.4. Use of the MAR in Proposals

The MAR is explicitly and implicitly referenced within th e Call Text. The meaning of many key
phrases in the Call text are contained within the descriptive framework of the SRA and MAR.
It is expected that proposals will directly refer to the relevant sections of the MAR that they
impact on. By referencing this defined framework proposals should not need to detail and
justify their context and impact unless their context differs from that contained within the
MAR. Since the application contexts within the MAR are constructed by domain experts these
represent currently held and realistic viewpoints. Specific information about the current Call
can also be found within the Q&A document published alongside the Call Text.

With respect to Technical Capability Step Changes and System Ability Levels it is expected
that proposals will situate themselves within this technical landscapeby using the terminology
of the MAR to set out both the current State of the Art and the expected achievements of the
proposal. System Ability Levels provide a common framework for expressing the State of the
Art within a given application with respect to the different properties of a system and
expressing the intended end point of a proposal. Should a more fine grained approach be
needed for a particular application area then proposers should use the current sets of Ability
Levels and Ability Parameters as reference points.

Projects are expected to establish a realistic view of their current TRL level based on the key
technical elements within any proposed system. Typically the TRL of a system is that of its
lowest element with re spect to the application target. The real world justification of TRL status
and a realistic assessment of the actions and efforts needed to increment the TRL level are a
key part of establishing the state of the art. It is important to establish benchmarks with
respect to TRL progression The current expectation is that within a 2 -3 year timeframe there
will be at least a single TRL increment achieved. Since TRL increment refers to the progress
towards market it is unlikely, for the higher TRL levels and within Innovation actions, that this
can be achieved without an industrial or end user partner.

MAR 2016 (ICT-25 & ICT-26) 7
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1.3.5. Focus within ICT-25 & ICT-26

The current Horizon 2020 work programme has been developed using input from the SPARC
Public Private Partnership between euRobotics asbl, the European Robotics Association and
the European Commission. This collaboration has resulted in a more focused work programme
taking into account strategic directions identified in consultation with the wider European
robotics community.

When writi ng proposals it is instructive to carefully consider the phrases used in the Call Text
that are designed to establish this focus on a target by target basis. Key concepts underlie this
focus notably the need to demonstrate real market impact, to take into account end user
needs and to make progress beyond the state of the art. Constructing proposals and more
importantly consortia to address a target with the right balance of technical and market

expertise is critical to developing an excellent proposal.

A number of targets within the Call specifically focus on parts of the MAR relating to either
technology capability, abilities or specific areas of technology. The current call does not focus
on specific domains or on specific configurations of robot.

Domains
Impact
Applications
Extend Enable
Abilities TRL Status

apability
Improve Cr eatet Push

Technology Step Changes

1.3.6. Step Changes and TRLs

Technology Step Changes in capability drive up both TRL levels and System Ability Levels. The
effect of any particular Step Change will depend on the application area. Step Changes in
capability extend the ability of applications to achieve specific functions within an area of
application. Technical Step Changes can also raise TRL levels which eventually enable new
products to reach the market. While this is not a fixed rule, in general, multiplicative Step
Changes will typically raise TRUevels and categorical Step Changes will typically raise System
Ability Levels.

It is important to understand the difference between technical capability Step Changes Ability

Level shifts, and TRL level increments.Technical Step Changes underlie both TR increments

and System Ability Shifts and these technical steps may come from robotics technology,
process technology or external technology, (e.g. a new battery chemistry). ATRL incrementis

very likely to require more than one step changein technology, since multiple technologies
will be needed to realise a system. System Ability Level Shifts may result from single important
steps in a key technology or more likely a number of steps in a key technology combination.

MAR 2016 (ICT-25 & ICT-26) 8
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It is this cross dependence betweentechnology steps and TRL and System Ability shifts that
underlies the importance of stimulating and recognising Step Changes in technical capability.
Recognising Step Changes and in particular recognising Step Changes in several technologies
that has a cambined impact will help the TRL push and the Ability improvements that are
generated reach market faster.

1.3.7. MAR Summary

The SRA and MAR provide a descriptive framework for robotics in Europe. Each document is
produced with the consensus of the robotics community. The SRA provides a higher level

strategic overview and the MAR provides in-depth technical detail. The SRA and MAR cover
both application areas and technologies. They can be seen as following a conventional Road
mapping format where market domains se requirements and technologies drive capabilities.

Interspersed between domains and technologies are nondomain specific and non-technology

specific System Abilities. These are used to map market requirements to technology
capabilities and vice versa.

The MAR details different types of technical progression and links them to their market
context. It also details the main application opportunities in each domain and provides details
of the technology landscape for robotics.

These documents are not intendedto be encyclopaedic but are instead designed to provide a
comprehensive overview of research and innovation opportunity within a European market
context to support th e Horizon 2020 Calls.

MAR 2016 (ICT-25 & ICT-26) 9
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2. Markets and Applications

Robotics technology can be deployed in a wide range of different market domains. Each
domain has its own needs and requirements. These must beaptured and assessed in order to
direct R&D&I funding where it will have the greatest impact.

The robotics market place is also complex involving a diverse range of opportunities.
Organisations may create value by concentrating on specific end applicatims, supplying
different types of robot, modules, sub-systems, tools, or providing services within the market.

It also includes dedicated supply chains, design services, and research and development
organisations. Providing a coherent categorisation of the potential in each type of market is an
important step in evaluating the potential for robotics and robotics technology.

The SRA provides an overview of the major application domains and the Roadmap provides a
breakdown of the different areas of activity. T his illustrates the opportunity for innovation and
provides a basis for identifying linkage between current and future technology capability and
market impact.

Within the Roadmap this market characterisation needs to be accessible to different
observers. Cbservers from outside of the robotics community need to be able to understand
the potential impact of robotics technology in their own market sector. Observers from the

robotics community need to understand their context within the internal and external

markets.

Each market domain will present barriers, both technical and nontechnical. Identification of
these barriers will be the key to maximising the impact of R&D&lI initiatives.

In order to fully develop a viable market in Europe each possible domain whee robotics
technology can be applied must be fully explored so that new markets are not left
undiscovered.

2.1.1. Application Domains

Markets can be presented as a series of individual market domains clustered under a set of
high level categories. Each high level category representing a similar type of market
opportunity.

These clusters are based on a humber of common characteristics which broadly apply to a
class of market domains.

These characteristics are:

1 The business model used todeliver and deploy robotics within the specific market.
1 The types of end user
1 The broad legal infrastructure that applies to the domain.

Based on these characteristics the high level market domains are:
9 Manufacturing Domain

Healthcare

Agriculture Domain

Civil

Commercial

Transport and Logistics

I Consumer

= =4 -4 -4 =4

Under each of these categories are a collection of individual subdomains that characterise
the activity within each domain.

MAR 2016 (ICT-25 & ICT-26) 11
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2.2 Manufacturing Domain

2.2.1. Domain Overview

Robot technology has become the backbone of may large scale manufacturing industries. In
order to compete globally manufacturing must be both competitive and agile. Robots are the

key drivers of flexibility and competitiveness and will be instrumental in bringing

manufacturing back to Europe.

As the pressure to automate moves beyond the traditional manufacturing industries such as
automotive and electronics, the need for flexibility in these automation systems grows,
particularly for SME manufacturers. Meeting these needs will require new technologies and
new working practices.

V &YUPSD VXUJzZzDV XP JOAUD>VD XI D zZ>aYD >CCDC @

2020) it will be competing not just with low -wage economies, but also highly automated
economies. Leadership in robotics will be a key differentiator in driving up the productivity of
&YUPSDwV N>OYE>AXYUJOH @>VDt

2.2.2. Current and Future Opportunity

The current market for robotics technology in manufacturin g is concentrated on large scale
manufacturing industries that have high levels of automation. However it is widely recognised
that the impact of robotics technology on manufacturing must widen its base to address a
broader range of manufacturing. For exanple by addressing SME manufacturing, systems able
to handle soft materials and millimetre scale assembly operations amongst others.

New automation concepts such as Human Robot Collaboration (HRC) and CybefPhysical
Systems (CPS) are recognised as having ¢h potential to impact and revolutionise the
production landscape. Increasing the flexibility of industrial robots and providing automation
systems that provide faster more intuitive configuration are important goals for future
production systems.

Robotics technology will impact on these areas in the medium term;

i lean and agile manufacturing,
9 miniaturised assembly,

9 introduction of Cyber-S1 ] VJIA>4 SUPCYAXJPO V] VXDNV 2 #36«

programme in Germany,

9 introduction of intuitive and adapt ive manufacturing systems including intuitive
programming and tasking,

9 deployment of Dual-arm, lightweight, low-cost compliant manipulators,
increased cooperation with humans including physical cooperation,
9 novel business models and deployment strategies.

=

2.2.3. Barriers to Market

The application of robotics technology to manufacturing is a dynamically developing domain.
For European manufacturing industry to thrive amongst global competitors, it is necessary to
overcome various barriers to growth:

1 User awarenessof robotics technology capabilities

9 User concerns about system complexity

9 Cost of ownership and return on investment

1 Flexibility and adaptation of systems to changing needs.

MAR 2016 (ICT-25 & ICT-26) 12

E |



SPARC <9

The Partnership for Robotics in Europe

2.2.4. Key Market Data

The annual World Robotics Report of the International Federation of Robotics (IFR) provides a
comprehensive overview of the robotics business worldwide, showing breakdowns in
geographical regions as well as in application areas.

2.2.5. Relationship to other Domains and Markets

Within a European context there are sttong APOODAXJPOV >0C V] ODUHJDV [ J
XI' D '"YXYUDy 333 >0C &''"5 g XI D x&YUPSD>0 ' >AXPL

(www.effra.eu).

Within the market domains defined in the SRA Manufacturing will impact on the production
of goods in all other domains. However the strongest linkages are with the Robot Markets and
in particular the market for robot arms and the markets for Systems Development tools. With
the advent of smart manufacturing robots these linkages will expand to encompass user
interface systems and wide area sensing.

226.&YUPSDwV 3a>AD JO XI D .>UMDX

Europe presently has a leading role in industrial robotics, supplying the world market: but this
position is vulnerable. Aside from well-established Japanese suppliers, new companies are
entering the European market.

The typical business model of the established suppliers of industrial robots is to work closely
together with system integrators. In this way, the suppliers concentrate on the technology of
the robot manipulator and controller and the application -related know-how resides mostly
with smaller companies doing the integration work.

This method of doing business works well across many market domains, ranging from food &
beverage to automotive. Future markets may need to review and adapt this way of working to
accommodate new boundary conditions. Examples could include application rental
agreements, payon-production, equipment leasing arrangements, etc.

Finally, the larger of the equipment maOY E>AXYUDUV >UD >AXY>aa] xHaP @:
only the European markets, but also markets abroad.

2.2.7. Key Stakeholders

There are a significant number of European based companies that have a global reach in the
manufacturing sector. In addition there are significant end users of large scale manufacturing
systems within Europe. Europe also has a high proportion of SME manufacturer end users and
there is an open market within Europe to exploit these strengths. In addition to the robotics
suppliers there is also a well proven network of service companies that install and configure
systems.

The strong market for manufacturing and for robotics technology has been supported by
outstanding research and academic organisations distributed throughout Europe. Thee is a
strong research base and extensive opportunity for technology transfer.

This is a well established market with a well defined structure, however there will need to be
awareness of the disruptive nature of new technology in smart manufacturing such that
market shares can be maintained over time.

! See web site http:/www.everything _-robotic.com/2012/11/1000 _-robot-makers.html, visited 2013-
09-09.
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2.2.8. Current Key Projects

The following projects funded under FP7 have the potential to impact on this domain.

TAPAS

FIRSTFMM

CustomPacker

KAP

RoboFoot

COMET

Dynxperts

AIMACS

HARCO

LOCOBOT

PopJIM

FAB2ASM

AUTORECON

PRACE

THERMOBOT

MiROR

MAINBOT

CableBOT

PAN ROBOTS

MEGAROB
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Flexible Skill Acquisition and Intuitive Robot Tasking for Mobile
Manipulation in the Real World

Highly Customisable and Flexible Packaging Station for Midto-
Upper Sized Electronic Consumer Goods Using Industrial Robots

Knowledge, Awareness and Prediction of Man, Machine, Material,
and Method in Manufacturing

Smart robotics for high added value footwear industry

Plug-and-Produce Components and Methods for Adaptive Control
of Industrial Robots Enabling Cost Effective, High Precision
Manufacturing in Factories of the Future

New Machine Functionalities Through Process Dynamic Stability
Control

Advanced Intelligent Machine Adaptive Control System

Hierarchical and Adaptive Smart Components for Precision
Production Systems Application

The Toolkit for Building Low Cost Robot Co-Workers in Assembly
Lines

Plug and Produce Joint Interface Modules

Efficient and Precise 3D Integration of Heterogeneous
Microsystems from Fabrication to Assembly

AUTOnomous co-operative machines for highly RECON(figurable
assembly operations of the future

The Productive Robot Apprentice

Autonomous Robotic System for Thermo-Graphic Detection of
Cracks

Miniaturised Robotic systems for holistic in-situ Repair and
maintenance works in restrained and hazardous environments

Mobile Robots for Inspection and Maintenance Activities in
Extensive Industrial Plants

Parallel Cable Robotics forimproving Maintenance and Logistics of
Large-Scale Products

Plug&Play robots for smart factories

Development of flexible, sustainable and automated platform for
high accuracy manufacturing operations in medium and large
complex components using spherical robot and laser tracker on
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overhead crane

FoodManufuture FoodManufuture.eu

2.2.9. European Products

The maturity of this market and the strength of European companies in the global market

mean that there are a significant number of products designed and produced in Europe. These
products are being augmented by smalle lighter more compact manufacturing solutions

suited to SME manufacture.

2.2.10. Manufacturing Sub-Domains:

2.2.10.1 Production

Sub-Domain Overview

Mass production systems in the aerospace, automotive, electronics and domestic appliance
sectors have been a cornerstone of the robotics market for several decades. This industrial
robotics sector is an important and major source for revenue and investment The market is
mature and well understood. Sales are mainly to larger manufacturing operations and most
often represent repeat orders for faster, better more efficient assembly robots.

Current Opportunity

The push to increase employment and increase comptitiveness will open the market for
increased automation. European companies already operate in a global market and
maintaining their current market share will require R&D&I investment.

Future Opportunity

It is widely acknowledged that this sector will expand through the integration of service

robotic technologies and through the deployment of robots into novel areas of manufacturing,

into SME manufacturing and into areas of manufacturing that require more complex materials
handling such as the food industry.

Key Market Data

The IFR report on World Robotics provides an overview of the key market sectors that use
robots in production. The main markets are:

9 Electronics assembly

1 Automotive parts manufacture and automotive assembly

9 General production of metal, rubber or plastic parts.

9 Food processing

Production in SMEs now accounts for a significant proportion of the manufacturing in Europe
and represents a new market for the application of robotics technology.

2.2.10.2 Food

Sub-Domain Overview

Increasing concern about food cost, traceability and security have impacted on all aspects of
the food chain in the last decade. There has been considerable interest in the application of
robotics technology to different aspects of the food production industry, from farming to the
preparation of food for consumption.
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Current Opportunity

Many applications for robotics technology have been proposed in the food preparation
industry, with new applications typically concentrating on areas where there is a high level of
manual labour or where there is a need for responsive production with a fast turn-round or
where contamination is a significant risk.

Areas considered include deboning meat, the preparation of readymeals and the packaging of
delicate products. There is already considerabé automation in many areas of the food
production industry where the uniformity of product and high volumes can justify the
investment. Where there is a significant variation in raw materials and a high preparation
overhead, or where the speed of processirg is limited by human factors these are areas that
have attracted robotic solutions.

These applications often present significant manipulation and quality control challenges where
exact qualities of additives and flavourings must be made to each product orwhere multiple
items of differing shape and texture must be assembled, for example in sandwich making. The
advantages to the food industry lie in higher levels of adaptation to demand, improved
consistency, longer shelf life and higher levels of hygiene.For example robots can be operated
in an inert atmosphere to stop oxidation, or can be consistently cleaned to avoid cross
contamination.

Future Opportunity

Future opportunities in the Food industry are likely to focus on the lowering of production
costs and meeting hygiene and regulatory standards. and the speeding up of processing that is
currently limited by human factors. At the retail end of the market there may be niche
applications for on demand food preparation, for example in the production of ready-meals
(e.g. Pizza, or microwave meals) to adaptable specifications. These systems would allow a
customer to specify the inclusion or exclusion of specific ingredients, for example to account
for allergies or taste, this would also allow the system to individually price meals.

Much of the development in this sector comes in the form of specialised manipulation and
ingredient handling technology as well as dealing with the high flexibility demands arising
from short product life and the very short product r uns typical of a SME food manufacturer.

Key Market Data

The European food industry can be characterised by the following:
9 Largest European Manufacturing sector (14.9% of turnover and 12.9% of added value

for EU manufacturing industries)

Leading employer in EU manufacturing sector (4.25 million)

7YUOPZDU ¢ &ZqA £E @O

14.5% of household expenditure

&\ SPUXV ¢(Eat c@0

7U>CD @>&a>0AD ¢ A£Et C@O

287,000 companies

99.1% SME

1 0.53% of turnover spent on R&D

{Source: Data and Trends of the European Food @nihk Industry 2012£ FoodDrink Europé.

=A =4 4 =4 -4 -8 4

Relationship to other domains

There is linkage to the Agriculture sector specifically in the balance between the preparation
of ingredients at harvest vs preparation prior to food preparation. There are also links to
marketing robotics and to Domestic Appliances where the food preparation process might be
split between in factory and at home.
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2.2.10.3 SME Manufacturing

Sub-Domain Overview

It is widely understood that SME manufacturing is an important manufacturing sector within
Europe. SMEs are the engines of innovation within Europe and represent the seed corn of
industrial growth. The EC recognises this:

X: 1 >X YVY>aa] HDXV &aPVX JV XI>X NPUD XI >0 114 P
(see definition of SMES). They provide two out of three of the private sector jobs and
contribute to more than half of the total value -added created by businesses in the EU
Moreover, SMEs are the true backbone of the European economy, being primarily responsible
EPU [ D>aXl >0C DAPOPNJA HUP[ XI g OD\ X XP XI DJU MD

http:/ec.europa.eu/enterprise/policies/sme/facts -figures-analysis/index_en.htm

Addressing the manufacturing needs of SMEs is therefore an important step change in
capability for robot technology suppliers. These needs centre around the following factors:
1 The need to design systems that are cost effective at lower lot sizes.

1 The need to design systems that are intuitive to use and are easily adapted to changes
in task without the need to use skilled systems configuration personnel.

1 The ability to work safely in close physical collaboration with human operators.
In addition to these important design challenges there is also a need to address the

dissemination of good practice and knowledge about automation to SMEs. This is made more
difficult by the geographic spread of SMEs and the diversity of their requirements.

Current Opportunity

There are relatively few robotic systems designed specifically for the SME market. The current

opportunity relies on the acceptance of robotics as a means of production within an SME
DOZJUPONDOXt 6. &wV >UD X] SJA>4a] YO[J&aaJOH XP J
terms of cost saving or revenue generation. The specialised nature of most SME manufacture

means that solutions must be highly adapable and deployment must be low cost.

There is also an opportunity for using robotics technology in the automated testing of
products, emulating physical user interactions to provide life cycle data.

Future Opportunity

Future opportunity will depend on mod ularity and adaptability. Both adaptation to individual
tasks by unskilled users and adaptation between different tasks as the manufacturing output
shifts between product types.

Barriers to Market

SME uptake of new manufacturing technology will depend strongly on perceived economic
benefit or competitive advantage.

2.2.10.4 Soft Products

Sub-Domain Overview

The manufacture of clothing, shoes, and goods made from flexible materials presents novel
and complex problems relating to localisation and adaptation to parts. Combined with the

need for precision fixing required to manufacture a product where look and feel are as
important as function this area presents significant challenges.

In the wider context of bringing manufacturing back to Europe the garment and shoe
industries while still strong within Europe no longer have a mass production base in Europe.
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The presence of leading global brands in Europe should provide an incentive to investigate
how robotics technology can impact on this type of production.

Current Oppo rtunity

There is limited deployment of robotics technology in the manufacture of products that
involve soft materials. Most notably the food and garment industries are currently labour
intensive. While there is limited deployment of robots within the food industry the garment
industry is still dominated by hand assembly.

Future Opportunity

Particular opportunities exist for specialised soft materials handling processing both in terms
of mass production and bespoke production. There are also opportunities in the mixed
processing of soft and hard materials where one is used as a coating, fixed by gluing or defined
pressure.

Barriers to Market

The ability to predict the behaviour of flexible materials while being handled and grasping
technology are the main technical limitations. In mass market applications the loss of capacity
to the far east has reduced the manufacturing base within Europe from which adoption of
robotics technology might seed.

2.2.10.5 Craft and Bespoke

Sub-Domain Overview

There is an increasing markettrend to use the internet to allow customers to customise and
adapt products prior to purchase. Robotics technology may be able to increase the levels of
customisation while retaining low costs, and may also be able to reduce time to delivery by
allowing cost effective manufacture to take place closer to the customer.

Similarly there are many areas of high value production which rely on craft skills. If robotics
technology is able to lower the cost of manufacture the high value margins may present an
opportunity.

2.2.11. Key System Ability Targets

2.2.11.1 Configurability

The main requirement is being able to reconfigure industrial robots and their applications with
regard to both software and hardware. The hardware may include peripheral devices, such as
sensors, but may also include the kinematic chain of the manipulator itself. Software
configuration may take place during or prior to installation or as a result of the end user
selection of operating parameters. An important step change in usability will come with the
adoption of Intuitive programming

Within certain environments systems are at TRL9 for Level 3 (Runtime self configuration) for
limited mechatronic reconfiguration such as tool changing.

Mechatronic Kit (modular set up for robots): | Configurability Level 2 - User Run-time
Configuration for a wider range of mechatronic
options that are user configurable.

Introduction of Intuitive programming Configurability Level 2 - User Run-time
methods: Configuration
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Standardised interfaces for modular
controller software:

Configurability Level 3 - Run-time Self
Configuration for software configuration in plug
and play architectures.

Autonomous configuration of safeguarding
strategies:

Configurability Level 4 - Autonomous
Configuration coupled to Safety Interaction
ability at Level 3/4.

2.2.11.2 Adaptability

The requirement is for the robot to respond to changes in the operating environment include
the ability to self -learn and apply auto-configuration strategies.

Adaptive control systems are deployed in some large scale manufacturing systems (Level 1/2).

Self-learning robot with prepared strategies
provided in Knowledge Databases:

Component Adaptability Level 3 - Process chain
adaptation.

Self-learning robot utilising reasoning
algorithms:

Task Adaptability Level 2 ¥ Single task adaptation
coupled to Cognitive reasoning ability Level 3 -
Basic Environmental Reasoning.

2.2.11.3 Interaction Ability

In manufacturing applications robots need to be able to interact with operators, other robots
and other systems within a production environment. The main requirement is for these
interactions to be safe, intuitive and appropriate. A step change in ability will occur with the

adoption of intuitive tasking interfaces.

Systems are deployed at TRL9 for Hunan Robot Interactions at Level 2, some limited
deployment exists in particular applications at Level 3 - Direct Physical Interaction. Most
current systems are at Level 2- Basic Operator Safety for Safety Interaction ability.

Safe physical interaction.

Human-Robot Interaction Safety Levels 3-6
depending on the level of operator risk.

Autonomous interaction with other
robots:

Robot to Robot Interaction Level 4 - Team
communication.

Human-robot collaborative manipulation,
load-sharing:

Level 3-5 of Human-Robot Interaction .

2.2.11.4 Dependability

Today, the state of the art is a Mean Time To Failure (MTTF) of approximately 10 years for the

robot only. The limiting factor for current applications is very often the periphery and

integration environment. The relevant interpretation of x CDSDOC>@J4aJX]y JO XIJ
maintaining uninterrupted productivity, minimising necessary downtime, and intelligent

recovery procedures.

The majority of deployed systems have dependability at Level 2- Fails Safe.

Capability of detecting upcoming failures
enabling preventive maintenance:

Dependability Level 5 - Task dependability
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Self-maintenance between robots. Dependability Level 5/6 - Task/Mission
dependability coupled to Robot Robot Interaction

Level 5 - Team coordination.

Maintenance performed on robots in
hazardous places:

Cognitive Action Ability Level 7 - Dynamic
planning coupled to Robot Robot Interaction
Level 5 - Team Coordination.

2.2.11.5 Motion Abili ty

The primary requirements for motion ability relate to the kinematics and dynamics of
manipulators as well as the positioning and navigation of autonomous platforms in a
manufacturing context as well as mobile manipulation for logistics tasks and for advanced
reconfigurable work cells.

Current deployed systems are TRL 9 forLevel 3 - Open path motion.

Constrained Motion : Level 2 - Reactive
motion

Mode Switching, from flexible motion
(Human Interaction) to fixed motion
(Autonomous), e.g. variable stiffness,
controllable stiffness:

2.2.11.6 Manipulation Ability

The requirement concerns the ability to handle material objects and tools in a manufacturing
context. Adaptability and robustness are primary goals along with the need for accuracy and
repeatability.

Currently deployed systems are at TRL 9 are typically atLevel 3 - Tolerant grasp.

Some systems exist atLevel 4 - Tolerant grasp with sensorsbut without wide deployment.

Cognitive Object Interact ion Level 2 -
Property Identification coupled to Level 8/9
of Object Recognition, and Level 5 - Flexible
object interaction.

Manipulation of flexible objects:

Free-form, shape-adaptable manipulators
and grippers:

A combination of: Level 4 ¥ Dynamic
holding of modelled object, Level 5 -
Location unknown pick, Level 4 - Compliant
placement

2.2.11.7 Perception Ability

In this domain perception ability requirements vary significantly with application domain. Of
primary concern are a suitable choice of sensing modality, efficientsignal and data analysis, as
well as generating the maximum information output from the data at hand. Guaranteed safe
perception is also a key requirement.

Most deployed systems are at Level 2 ¥ Low Level processing parameter sensing a limited
number are at Level 3 - Multi -Parameter Perception,

Accurate positioning of mobile systems, fast
calibration, self-calibration; consistency of
coordinate systems in sensors, platform,
end-effector, fixturing, etc:

Location Perception at Level 2 - External
beacons provides external reference points
for position, level 4/5 provides for mobile
platform localisation where there is an
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integrated arm.

Integration of multiple sensors: Perception Ability Level 3 - Multi -Parameter

Perception.

Classification of status of perceived
information, e.g. quality information, error
conditions, etc:

Dependability Level 5 - Task dependability.

Context-aware perception to reduce
uncertainties

Perception: Object Recognition Level 6 -
Context based recognition

2.2.11.8 Decisional Autonomy

The primary goal is to increase the level of responsibility in the control processes of the
production system. The resulting autonomy is focused on reducing energy consumption,
increasing throughput, and providing context aware task control in the interaction with
operators.

Current deployed systems are TRL 9 forLevel 4 - Simple autonomy without environment
model

Reacting to perceived status of application
(error condition, production conditions, etc.)

Decisional Autonomy Level 7 - Constrained
task autonomy.

Online rescheduling of tasks in HRI scenarios
based on task,ergonomic and safety
information.

Decisional Autonomy Level 7 - Constrained
task autonomy coupled to Safety Interaction
Level 4 - Work space detection.

Energy efficiency criteria for path planning:

Decisional Autonomy Level 7 - Constrained
task autonomy

Decentralised production knowledge and
decision-making instances to augment
robustness of manufacturing task:

Decisional Autonomy Level 11 - Distributed
autonomy and Human-Robot Interaction
Levels 3-6 depending on system complexity.

Self-evolving systems capable of
autonomous manufacturing decision making:

Decisional Autonomy Level 11 - Distributed
autonomy coupled to Cognitive Reasoning
Ability Level 8 - Task hypothesis and
Acquired Knowledge levels 9-11.

2.2.11.9 Cognitive Abilities

In the context of manufacturing, the greatest potential is for functions that contribute to a
reduction of programming and configuration requirements in deployed systems. There are
clear benefits for small lot size systems in reducing the time and skill needed to reconfigure an
adapt systems to new processes.

Current Deployed systems are at TRL 9 forLevel 1 - Sense data knowledge of Acquired
Knowledge, Level 2 - Task context interaction for Cognitive Human Interaction, Level 1/2 for
Interpretive ability , Level 3 - Sense driven actionfor Action ability, Level 1/2 for Envisioning
ability, Level 2 - Pre-defined reasoning for Reasoning.

On the fly exchange of hardware (robot) Mechatronic Configuration Level 3/4 coupled
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(enabled by abstracted task representation
with context -aware self-configuration).

to Decisional Autonomy levels 5-7

Intuitive Human Robot Interfaces for use and
configuration, teach or specify task using
domain specific terminology:

Human Interaction Level 2 - Task context
interaction,

Standardised data model for robot,
application, environment, etc:

Cognitive Knowledge Acquisition Level 6 -
Knowledge scaffolding.

Motion planning for HRI vs. motion planning
for autonomous operation, plus orderly
transitions between the two:

Action Ability Level 4 - Optimised action or
Level 5 - Knowledge driven action,

Robustness in the face of uncertainties.

Cognitive ReasoningLevel 4 - Reasoning with
conflicts.

Verification of contextual expectations
against current data, leading to maodifications
of motion strategy (supervisory control):

Cognitive interpretation Ability Level 5-
Structural interpretation coupled with
Decisional Autonomy Level 5 - Simple
autonomy with environment model .

Learning through human-robot and robot -
robot interaction.

Human Interaction Level 2 ¥ Task Context
Interaction, Knowledge Acquisition at Level 6 -
Knowledge scaffolding, and Robot Robot
Interaction at Level 5 - Team Co-ordination for
Communicated Adaptation between systems.

Autonomous interpretation of situation,
constraints and relevant part of production
plan:

Cognitive Knowledge Acquisition Level 4 -
Deliberate Acquisition coupled to
Interpretation ability level 5/6.

Situation interpretation through
heterogeneous sensors to enforce a correct
safety behaviour in HRI:

Safety Interaction ability Levels 4-7 depending
on work context.

Human-robot interaction with open -end
learning process; robot apprentice learning
from experience, from various workers,
abstraction, etc:

Human Interaction Level 2 ¥ Task Context
Interaction coupled to Knowledge Acquisition
Level 4-6.

Cloud-based cognition with access to remote
robot experience and ability:

Cognitive Acquired Knowledge Level 8 -
Distributed Knowledge.

Information perception, management and
interaction of individual robots within the
overall manufacturing environment (sort of
along the cloud manufacturing idea in
dealing with digital resource management):

Cognitive Acquired Knowledge Level 8 -
Distributed Knowledge
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2.2.12. Key Technology Targets

The key technology targets for the application of robotics technology in manufacturing need
to concentrate on systems with the following properties:
1 intuitive handling,
easy to use,
easy to (re-)configure,
adaptable,
provide safe perception and safe actuation with certified components and systems,
provide an ergonomic design for human interaction
are energy efficiency, provide energy autonomy and short charging cycles
provide privacy for personal data gathered during human interaction.

=A =4 =4 -8 -8 8

2.2.12.1 Systems Development

There is a strong relationship between the manufacturing sector and the Systems
Development technologies. Large productions facilities involving multiple robots and multiple

types of robot, for example part delivery AGV systems and robot arms used in assembly, are
highly complex. There is a strong imperative to manage this complexity as efficiently as
possible and the Systems Development technologies that impact systems integration and
deployment are a key part of the delivery of robot manufacturing. The challenges of additional

flexibility, and the increase in collaborative working present a challenge to systems
development technologies that must be addressed if the expected deployment of smart

manufacturing systems is to be cost effective.

Systems Integration

Multi human ¥ multi robot stations with seamless integration of humans and robots in the
same production line.

Modelling and Knowledge Engineering

Modelling technologies are a central aspect for modern application development. They avoid
premature investment and unnecessary changes to hardware aspects of the application.
Advances in the degree of realism will further contribute to this gain of application

development efficiency.

Mid term

1 Standard software for modelling environment / robot cell / robot line, including
sensors and actuated components.

1  Physics engine for reattime information on physical quantities in robot application.
Long term

9  Multi-physics enabled model of robot application, including all relevant effects (e.g.
solid, fluid, electrical, magnetic, thermal, etc.)

1 Reattime availability of all relevant physical information on environment and
application, to be used as a basis for reatime adaptive motion planning, prediction
and control.

1 Domain-specific ontologies for application description

MAR 2016 (ICT-25 & ICT-26) 23



SPARC <

The Partnership for Robotics in Europe

2.2.12.2 Mechatronics

Mechanical Systems
71D HP>4V EPU NDAI >0JA>4 V] VXDNV CDVJHO A>O
VXUPOHDUVYy't

1 Appropriate design for physical interaction, design principles for safe interaction

1  Zero cable robot

1 High performance robot based on low-cost / low -accuracy components

1

Appropriate design of drive components and kinematic structures for physical
interaction, design principles for safe interaction

Actuators

1 Low-cost, modular drive systems with integrated sensing (e.g., position, torques)
Low-power consuming drives and control methodologies

Multi -fingered industrially proven robust grippers

Safe components (SIL / performance level D)

Light-weight, intelligent structures (with sensors integrated)

Lightweight actuation principles, high power density, low-friction gears with high
transmission ratio

9 Direct drives for high loads

=A =4 =4 =4 =4

Sensors
1 New safety-rated sensors for Physical Human Robot Interaction (e.g. Capable of
returning positions of objects / operators in scene)

9  Sensor redundancy for safety-rated applications, e.g. Information fusion from diverse
sensing types

1  General 3D Work/Object scan and monitoring for real -time path correction

1 Use of information available in the area from distributed sensors, e.g. to treat
occlusions and lift perspective redundancy of 3D perception

1 New control paradigms with constraint -based optimisation and use of task redundancy
for best trade-off among different objectives (e.g. productivity, manipulability, safety,
ergonomics...)

1 Sensorbased control with adaptation to unforeseen situations (e.g. obstacles,
humans...)

I Online control-based dynamic path re-planning (e.g. from sensor information)

Increasing sophistication of control approaches canserve to increase the level of robustness
of applications, particularly in the event of uncertainties.

Sensors and Sensing

One essential ingredient of any approach to add more and new functionality to control,
motion planning, application adaptivity, etc. is always the availability of an increased level of
information on the environment and on the application. Therefore, advances in sensors and
sensing are a basic enabler for such progress.

Power Supply and Management

Wireless power transmission
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2.2.12.3 Human Computer Interaction

Safety

To avoid additional hardware such as fences and fixed guards, future applications will rely
more heavily on sensorbased support for safety functions as well as safe behaviour of
industrial robots. While this can make possible various degrees of direct human-robot
interaction, it also can serve to make application layout more compact and costefficient.

1 Methods and tools to adapt robot motion to injury risk knowledge (see TG pHRI)

1 Intelligence and decisionrmaking capability for autonomously generating dynamic safety
zones based on live robot movements (as opposed to preprogrammed motions).

2.2.12.4 Perception

Sensing

1 Use sensor information redundancy to detect faulty situations (e.g. sensor failures,
control failures, etc.)

1 Combination of various sensing technologies to achieve safetyrating of the information
1 Bringing new sensing capabilities into routine industrial use as safetyrated systems

Long Term
1 Self-calibrating safety sensors

Interpretation
9 Combination of various sensing techndogies to achieve safety-rating of the information
1 Integrate new sensing capabilities into existing systems as safetyrated systems

2.2.12.5 Navigation

Localisation

9 Task appropriate indoor positioning in industrial environment, e.g. combination of
platform + manipulator

Motion Planning

9 Capability to autonomously generate alternate motions to avoid collisions (safety rated
algorithms)

1 Autonomous path planning with obstacle avoidance in cluttered environments

1 Reactive motion planning, i.e. online planning revision, lased on current sensor
information

2.2.12.6 Cognition

Learning Development and Adaptation

1 Learning Affordances for Robot Object Interaction.
9 Task learning by demonstration, humanrobot and robot -robot interacti on

Natural Interaction

i Passive and Active Safety ofMobile Manipulation in Human Workspace
9 Ergonomic Evaluation, Analysis of Workspace Sharing Systems

1 Instruction and Assistance in SemiAutomated Assembly Processes

1

Intelligence and decision-making capability for autonomously generating dynamic safety
zonesbased on live robot movements (as opposed to preprogrammed motions)
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2.2.13. Technology Combinations

Flexible Grasping

Systems which are able to grasp arbitrary objects of varying geometry and weight while
requiring only few to no user input. The grasping system will be able to generalise knowledge
from previously learned grasping tasks to novel grasping situations. It will be able to handle
objects, unknown objects similar to previously known objects, and also flexible parts. This
capability is brought forth by a combination of grasp planning + cognitive abilities +
sophisticated sensing means.

Model Driven Engineering of Complex Systems:

Providing an engineering environment for a robot designer that dramatically improves the time

and effort required to program and design a robotic system to tackle a new task. The robot
designer will be empowered to efficiently reuse components in new and creative ways, while
at the same time most engineering tasks like robot program generation will be performed
automatically by the underlying framework. The robot designer can therefore concentrate on

the creative tasks while many engineering tasks are automatically handled by the software
framework. Here, we see a combination of systems engineering and integration + modelling +
knowledge representation.

Mobile Manipulation:

The goal is to develop systems which can support a human worker with manipulation tasks.
For seamless and flexible operation, the system has to be able to execute complex
manipulation tasks in unstructured and dynamic environments. This brings together

technology targets in motion planning + safety + collaboration and interaction + learning and

adaptation.

Passive and Active Safety of Mobile Manipulation in Human Workspace:

Seamless and safe humasrobot interac tion on the work floor. The development of new safety
concepts for human-robot interaction is based on existing industrial standards and regulations.
The realised safety will conclude as well avoiding static obstacles (e.g. tables, etc.) as well as
reacting actively to dynamic obstacles (e.g. humans and other robotic systems) that are
moving around in the environment. With active safety the robot will avoid the human
operator, thereby trying to continue to fulfil its assignment. New planning and control
paradigms, where different objectives are concurrently optimised, need to be addressed.
Here, we draw on the technology targets of motion planning + safety + collaboration and
interaction + learning and adaptation.

Ergonomic Evaluation, Analysis of Workspace Sharing Systems:

Define ergonomics requirements for a safe humanrobot interaction. These requirements will

function as guidance for the development of the mobile manipulator and the workspace for

collaborative manufacturing. The design process will be \alidated against the defined
requirements and updated to uphold the ergonomics principles. Ergonomics requirements will
also serve as one of the objectives to be optimised with motion planning, through e.g. use of
intrinsic kinematic redundancy or task redundancy of the manipulator arm. Relevant
technology targets are collaboration and interaction + cognitive abilities + sophisticated
sensing.

Instruction and Assistance in Semi-Automated Assembly Processes:

Holistically improvement and facilitate a flexible development of the robot systems in co-

existence with the human. These cooperative processes have to address safety issues, and the

robot system has to be highly flexible to be able to fulfil new tasks. Thus the main goal is the
development of a systemJ OXDUE>AD XI >X SUPZJCDV >0 JOXYJXJZD
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in assembly sequences without the need of professional trained robot programmers.
Important technology targets for this objective are collaboration and interaction + safety +
motion planning + sophisticated sensing + cognitive abilities.

Rapid Deployment in Realistic Industrial Environments

A key capability is the ability to quickly deploy robotic systems in realistic industrial

environments. A large portion of the cost of automation solutions is spent on deploying

solutions to new customers and under slightly varying requirements. Current deployment

strategies rely on a long setup process by experienced system operators and are generally not
automated. A key mid-term goal will thus be reducing the time and effort spent by operators

in configuring a perception system to operate in a new application domain or a new
operational environment. The major technological advance in this respect is expected to come
from better learning capabilities and more robust solutions for interpretation, as well as

synergies with more robust mapping and localisation systems in semistructured dynamic

environments. Important directions to investigate include limiting dependence on costly

infrastructure solution s, increased transferability of experience, lifelong learning as well as
learning by demonstration.

2.2.14. Product Visions

There are a number of different product visions in the manufacturing sector, these relate to
the breadth of the sector and the different driving forces in the market. On the one hand
systems need to be developed that improve cost vs performance in the traditional
manufacturing sectors so that Europe can retain its current market position. On the other
hand new markets based on increasing hman interaction and more flexible adaptation and
configuration suited to SME manufacturing processes represent an important and growing
new market.

The key product vision in manufacturing is of a robot able to safely operate in an semi
structured environment in physical collaboration with human operators. To be configured
using intuitive interfaces by operators rather than by specialised programmers. These new
systems need to have flexibility not only with respect to the user interface but also with
respect to the task. Generic grippers, gripping strategies and planning and control systems
able to adapt to different optimisation parameters, and to dynamic environments without
compromising safety.

This vision involves the integration of a much broader range d sensing and interpretation
technologies with advanced systems development and human robot interaction technologies.

As with all technology related to manufacturing the R&D&I activity must result in deployable
systems that provide an economic advantage.
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2.3 Healthcare

2.3.1. Domain Overview

Healthcare and Robots

Due to demographic changes in many countries healthcare systems will come under increasing
pressure as they deliver healthcare to an aging population. In addition demand for care is
increasing as improved procedures lead to better outcomes over a wider range of medical

conditions. Costs are similarly increasing while the proportion of human caregivers will

decrease over time.

The application of technology, including robotics, is generally seen as part of tte solution. For
the purpose of this document healthcare is seen as a combination of three subdomains:

Clinical Robotics:CDEJ ODC >V UP@PXJA V] VXDNYV Xl >X VYSSPL
Primarily in diagnosis, treatment, surgical intervention and medcation, but also emergency
healthcare. These robots are operated by clinical staff or other trained care personnel.

Rehabilitation: covers post-operative or post injury care where direct physical interaction with
a robot system will either enhance recovery or act as a replacement for lost function (e.g.:
prosthetic hand or leg).

Assistive robotics:this covers other aspects of robotics within the healthcare process where
the primary function of the robotic system is to provide assistive help either to carers or
directly to patients either in hospital or in a specialist care facility.

All of these sub-domains are characterised by the need to provide safe systems that take into
account the clinical needs of patients. They will typically be operated or set up by clinically
qualified staff.

Healthcare Robotics; more than just technology

Besides the development of the robot technology itself, it is crucial that these robots are
deployed as part of a clinical or care process. System requirements should be driven bglearly
identified User and End User needs. During system development the demonstration of added
value is crucial for eventual market success. Achieving added value requires direct
engagement with care professionals and Users during both the design and dployment stages
of development. Developing systems in the context of their final use gains the commitment of
stakeholders. A clear understanding of current care practice, the eventual need for clinical
staff training and the wider aspects of information handling that these applications may
require is important for the creation of a deployable system. The introduction of robots into
healthcare will require adaptations to be made to care provisioning. This adaptation is a
delicate process in which technology and care practices influence and shape one another in
both directions. Therefore, from the start of technical development this mutual dependency
needs to be carefully taken into account.

The development of healthcare robotics covers a very wide range of different potential
applications. These are set out below in the context of the three sectors identified above.

Clinicalrobotics:

Within the context of Clinical Robots there are multiple application areas. These can be
categorised into:

9 Systems that directly extend surgical dexterity and efficacy,
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1 Systems that enable remote diagnosis and intervention, both over long distances and in
intra-corporeal settings.

9 Systems that assist during diagnostic procedures
9 Systems that assist during surgical procedures.

In addition to these direct clinical applications there are a number of auxiliary clinical
applications such as sample taking, laboratory tissue handling and testing as well as related
clinical services.

Rehabilitation robotics

Rehabilitation robotics covers prosthesis and devices such asrobotic exoskeletons or orthoses
that train, support or replace impaired activities or impaired body functions and structures.
Such devices may be used in a clinical or nofclinical setting but are likely to involve clinical
input to parameter setting and progress monitoring. Post-operative care particularly in
orthopaedics is projected to be a major area of application.

Specialist support and assistive robotics

This covers clinically based assistive robotics that are designedto help perform routine
functions. While assistive robots can be found in both specialist and domestic healthcare
settings. There are significant differences in the design and deployment of robot systems in
these two different environments. In a specialist healthcare context, such as a hospital or care
home for the elderly robots will be operated by professional staff and will need to conform to
clinical and healthcare standards and certification. These obots will support employees of
these healthcare indtitutions in their work, specifically caregivers. Such robotic systems have
the potential to enable caregivers to spend more time with their patients, to reduce physical
demands, for example in patient lifting and to provide assistance in routine services.

2.3.2. Current and Future Opportunity

Robotics for healthcare presents a major research challenge due to its multidisciplinary nature
and the strong requirement to deal with and in many cases physicallyinteract with humans
who may also be in a vulnerable state.Users may also havevarying levels of expertise and
capability which must also be taken into account. The following sections overview the main
opportunities that exist in the three healthcare sectors.

2.3.2.1 Clinical Robots

This coversrobotics for surgery, diagnosis and therapeutic processes The potential market for

surgical robotics has high value Robot-assisted capabilities could be used in virtually all
pathologies and medical specialities, ranginghrough cardiac, vascular, orthopaedics,oncology
and neurology.

On the other hand the technical constraints are numerous and multi-faceted including
constraints on size, capacity, constraints following from the hostile environment and the
limited number of technologies that are currently available off -the-shelf for clinical use.

Apart from technological challenges there are also major commercial hurdles as the US holds a
firm monopoly in the field with a broad coverage of IP. This situation can only be circumvented
by developing radically new hardware, software and control concepts together with financial
instruments to support costly but necessary developments and associated clinical validation.
Typical areas of opportunity are:

Minimal Invasive Surgery (MIS)

Gains can bemade by designing systems able to improve dexteity, increase efficiency or
augment procedures with additional feedback (e.g. force) or data presented during the
procedure. Market deployment will also depend on cost effectiveness, reduced set-up times
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and a reduction in the level of additional training needed to use the system. Any system must
show a clear added value within a surgical context. Validation of clinical outcomeis essential
as is acceptance by surgeons.

Compared to other minimally invasive surgery approaches, robotassisted surgery potentially

gives the surgeon better control over the surgical instruments as well as a better view of the

surgical site. Surgeons no longer have to stand throughout the surgery and do not tire as

quickly. Hand tremoUV A>0 @D EJA&AXDUDC PYX athidisigadidulari@] X1 D
important in micro scale MIS such as eye surgeryln theory the surgical robot can be used 24

hours a day by rotating surgery teams.

Robotics can offer faster recovery, reduced scaring and trauma, less tissue damage and lower
exposure to radiation. Robotic surgical tools can help lower the mental load, reduce the
learning curve and improving the ergonomics for the surgeon Therapies that lie beyond the
borders of human capabilities may also become possible through robotic technology. For
example a new generation of flexible robots and instruments allowing access to sites deep in
the human body reducing further the diameter of the entry point into the body or requiring no
artificial entry port at all.

In the longer term cognitive assistance during surgery may reduce complications by increasing
the flow of appropriate information to the surgeon. Other potential benefits include the up -

skilling of paramedic staff through the robotic imp lementation of standard clinical emergency
procedures in the field and the delivery of tele-surgery to remote sites.

Specific opportunities can be identified:

1 Novel compliant instruments that provide an inherent level of safety yet achieve
manipulation capabilities approaching those of rigid instruments. Through novel
control techniques or dedicated mechanical means (which can be embedded inside the
instruments or provided externally) the behaviour of these instruments can be
adjusted in realtime so as to exhibit compliancy or stability when needed.

1  The introduction of advanced assistive technology that guides and warns the surgeon
CYUJOH VYUHDU] APYAC VJIJNSaAaJE] VYUHJA>a4&a X>VMV
>VVJIVX>0ADw VI PY aygwitbibe/surddon sa Ehat St isXitui@e daddX
unambiguous in use.

1 The application of appropriate levels of autonomy in surgical tasks up to the fully
autonomous implementation of specific well-determined procedures: Application
examples are: autonomous audopsy, blood sampling (Veebot), biopsy, automation of
S>UXV PE VYUHDU] i VYUHJA>4 X>VMV 2 MOPX X] JOH
potential to improve efficiency.

1 Smart surgical instruments directly controlled conventionally by the surgeons. These
tools are in direct contact with the tissue and they up-VvMJ aa > VYUHDPOwV CI
manipulation. Miniaturization and simplification of future surgical instruments as well
as availability of the surgical procedures inside and outside of the operating theatre are
the main drivers of such technologies

Training: Providing physically accurate models delivered through haptic tools to the surgeon
have the potential to improve training both at an early stage and as a means to assess
consistent performance. The ability to simulate a wide variety of conditions and complications
can also enhance the effectiveness of this type of training. Current limitations centre on the
quality of haptic feedback, and the resulting difficulty that this has in demonstrating
performance gains from of this type of training.

Clinical samplingThere are numerous areas of application for autonomous sample taking from
blood and biopsy samples to less invasive autopsy analysis.
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2.3.2.2 Rehabilitation robotics and prosthetics

Rehabilitation robotics covers a range of different forms of rehabilitation and can be divided
into distinct sub-sectors. Europe has strong industries working in this sector and improved
engagement with these will enhance technology transfer.

Rehabilitation aids

These are aics that can be used posttrauma or post-surgery to train and support recovery.
Their role is to promote healing and enable faster recovery while protecting and assessing the
user. Such systems may be used within a clinical setting under supervision or throgh self
motivated exercise where the device controls motion or restricts motion as appropriate. Such
systems are also able to provide valuable feedback on progress and monitor outcomes more
directly than clinical observation.

Functional replacement aids

The function of these robotic systems is to replace lost function. This may be as a result of
aging or traumatic injury. These devices are designed to improve mobility and motor skills.
They may be worn as a prosthesis or as an exeskeletal or orthotic device.

In developing rehabilitation systems it is critically important that existing European

manufacturers are engaged as market stakeholders and that relevant clinical and clinical
delivery partners are engaged in the development process. Europe has worldleading

manufacturers in this area.

Neuro-rehabilitation 2

A limited number of Neuro-rehabilitation robotic devices are currently used, whereas

widespread usehas not yet been achieved Robotics is proposed for post-stroke rehabilitation

in the post-acute phase and in other neuro-motor pathologies, such as Parkinson disease,
Multiple Sclerosis, and Ataxia. Positive outcomes using a robotic approach (equal or better

than traditional therapy) in rehabilitation are starting to be confirmed by studies on functio nal

assessment and, recently also by some studies on brain plasticity by neuromaging.

Integration with FES has been proven as an amplifier of positive outcomes (both for the

muscular, peripheral conditioning and for central motor re-learning facilitation). Immersive
exercises with biofeedback and gaming interfaces are beginning to be considered for

deployable solutions but these systems are at an early stage of development.

In order to develop workable systems a number of issues must be addressed. Thesare; lower
device cost, proven clinical utility, a well defined patient assessment process. The ability of
systems to correctly identify user intent and thus prevent injury is currently limiting their
effectiveness. Control and mechatronics integrated to match human performance capability,
including cognitive load, are at an early stage of development. Improvements in dependability
and working time must be increased before deployable systems can be developed. Acceptance
by therapists and reduced setup timesare also key design goals.

Prosthetics

Considerable progress has been made in the production of smart prosthesis able to adapt to

XI' D YVDUwV H>JX >0C XI D DOZJUPONDOXt 5P@PXJAV 1| >
awareness and increased dextety and control particularly in upper limb and hand prosthesis

and in controlling foot placement. Particular areas of development include adaptability to the

individual, semiautonomous control, provision of artificial sensory feedback, improved

validation, improved energy efficiency and self power recovery and improved myoelectric

>The COST network TD1006, European Network on Robotics for-tdatailitation provides a platform for
exchangingtandardisation of definitions and approaches across Europe.
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signal processing. Smart actively driven prosthetic and orthotic devices will enable a larger end
user group to utilize the benefits of such systems.

Mobility support systems

Patients with reduced physical function, either permanent or temporary, can benefit from
increased mobility. Robotic systems can provide the support and exercise needed to increase
mobility. There is already some early stage deployment of such systems.

In the future it is possible that such systems may be capable of compensating for cognitive
impairment preventing falls and accidents. Limitations as to end cost and dependability
currently exist as do the practical wear-ability of current systems for long term u se.

In many rehabilitation application areas there is the possibility of using natural interfaces such
a myoelectric sensing, brain signal detection or interfaces based on speech and gesture.

2.3.2.3 Specialist support and assistive robots

Specialist support and assistive robotics can be divided up into a number of different areas of
application:

Carer support systemsSupport systems used by carers interacting with patients or systems
used by patients. This may include robot systems that deliver medication, take smples,
improve hygiene or the recovery process.

Lifting and displacing aids Patient lifting and positioning systems have wide ranging utility
from precise positioning during surgery and radio therapy to assistants for care staff in getting
people in and out of bed and in transporting them through hospitals. Such systems can be
designed to configure to specific patient conditions and can be used to provide patients with a
degree of control over their own position. Limitations are caused by the need for full safety
certification and the safe control of forces sufficient to move patients without causing injury.
Energy efficient structures and space saving designs will be critical to effective deployment.

In developing assistive robotics it is important to adhere to a number of basic principles.
Development should focus on support for functional deficit rather than specific conditions.
Solutions must be practical within the context of use and provide clinically valid benefits to
the User. This may include the wse of technology to motivate patients to do as much as they
can for themselves while ensuring safety. The deployment of such systems will not be viable
unless they reduce the burden on care staff, provide an economic case for deployment and are
reliable and safe in operation.

Biomedical laboratory robots for medical investigation

Robots are already used within biomedical laboratories to sort and manipulate samples during
testing. The applications for complex robotic systems extends beyond this to improved cell
screening and manipulation for cell based therapies and selective cell sorting.

2.3.2.4 Medium Term Requirements

The following list provides a snapshot of the expected progress points in Healthcare robotics
that are expected in the medium term.

1 Leg exoskeletors that adjust behaviour to the individual behaviour and/or properties
and optimize their support according to the user or environment. Systems can be
adapted by the user for different environments or tasks. Application areas: neuro-
rehabilitation and worke r support

1 Robots to be used in autonomous rehabilitation (e.g., gamebased rehabilitation, upper
limb post-stroke rehabilitation) should understand the user needs and reactions and
adapt the therapy to them.

1 Robots to assist mobility and manipulation should be able to interface naturally with
SDPS4D >0C HY>U>OXDD V>EDX] >0C PSDU>@JaJ X]
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1 Rehabilitation robots designed to promote sensory-motor integration by providing
bidirectional communication, including multimodal command input (myoelectric
signals, inertial sensing) and multimodal feedback (e.g., electrtactile, vibro-tactile
and/or visual).

1 Arm/wrist/hand prostheses which automatically adapt to the patient, enjoying single
fingers flexion/extension, thumb rotation, wrist DOFs. These should be coupled with
multiple sensors and pattern matching algorithms to enforce natural control
(continuous force control) over the available DOFs. Application areas: restoration of
hand functions in amputees.

1 Prostheses and rehabilitation robots enhanced with semi-autonomous control to
improve performance and/or decrease the cognitive burden to the user. The systems
should be capable of sensing and interpreting the environment with some level of
reasoning to allow for autonomous decision-making.

1 Prostheses and rehabilitation robots that exploit vast online resources (information,
storage, processing power) through Cloud Computing to implement advanced
functions that are far beyond the capabilities of the on-board electronics and/or direct
user control.

1 Low-cost prosthetics and robotics designed through new additive or generative
manufacturing methods (3D printing).

1 An at-home therapy relieving the intensity of neuropathic pain or phantom limb pain
by means of advanced interpretation of the residual muscle signals, and with the aid of
a robotic hand (less dexterity needed than in the previous case) and/or a VR
environment.

9 Biomimetic control for physical surgeon robot interaction.

1 Adequate mechanical actuation and sensing technologies for thedesign of dexterous
force-feedback miniature robots and instruments for advanced and enlarged Mink
invasive surgery application.

1  Power harvesting for implantable micro-robots.

1 To get a biomimetic control of rehabilitative exercise: integration of volition al residual
subject motion, eventually supported by FES to enhance motor relearning, with robot
control

1 Development of clinically applicable methods for movement restoration that reach
beyond the commonly used state-machine, manuallytuned paradigms. Thisincludes
closed-loop model-based control utilizing identifiable real-time neuro-musculoskeletal
models.

At low TRL

1 Automated (cognitive) understanding of intended task in actual environment. Seamless
SI']VJA>4 |1 YN>Oj UP@P X APPS Dtd dirkcie® Ity anJa@ditiesnBlDHY 4 > U
control interface. Fully-fledged, non-supervised adaptability to the patient. Reliability
of intention detection.

1 Development of energy efficient driving mechanisms for actively powered prosthetic
and orthotic devices.

2.3.2.5 Future impact and dependence

The current picture arising from the prevalence and incident rate of many impairment and
disabling conditions combined with our increasing ageclearly indicate a potential crisis point
where available human resourceswill become insufficient to aid a large number of elderly
individuals at high risk of stroke, traumatic brain injury and so on. This deficiency will impact
care and rehabilitation. As robot technologies develop improved capability, there is an
opportunity to utilise them within the care and support network to alleviate these shortages
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To date uptake has been slow, but also the technology has not reached a tipping point where
it is able to cost effectively fulfil functional requirements. F urther work is needed to ensure
that European careprofessions canutilise the most advanced technologies, includingcomplex
prostheses (dexterous hands, fularms) and other upperlimb robots (hand and arm
exoskeletons), walking and rehabilitation robots, as well as using clinical robots to their best
advantage. In considering provisioning an additional dimension focusing on care and
rehabilitation at home present a substantial opportunity . Coordinated effort in this area is
required to ensure support technologies can be usedat home thus reducing hospital stays and
reducing pressure onlong-term bed occupancy, while also considering the potency of these
technologies for prevention in the ageing well.

The market for robotics in healthcare has a huge potential and Europe is well placed to bild a
global industry both because of its strong interdisciplinary research base and because of its
publically funded healthcare systems.

2.3.3. Relationship to other Domains and Markets

There is a strong relationship between Healthcare and Assistive Technologyin the Consumer
Domain. The dividing line between these two areas relates to the user. In a clinical setting
robot systems will be controlled or set up by clinically trained staff for use by an individual. In

a Consumer, or more specifically a domestic sding, the robot systems will be set up and used
by untrained users and will not require clinical expertise to operate.

Within specific areas of Healthcare there are relationships to other areas of robotics based on
manipulation ability. However in general the Healthcare domain has specialised requirements
with respect to materials, certification and safety that are not replicated in other Domains.

2.3.4. Unknowns

Standards, regulations and ELS issues are not taken into account in this document. The
consideration regarding these issues are addressedn the section on standardization, and in
sections relating to Ethical, Legal and SocieEconomic issues.

There are specific areas where Healthcare Robotics may have unknowns:

There are significant differences in the legal frameworks and financing models for providing
care in individual European countries,and in the provision of assistive devices andtechnology
at home and in residential care facilities There is a possibility that these differences could
become more diverse as each national system adapts to the provision of autonomous systems.
This may require European wide harmonisation to ensure the market does not become
fragmented.

The implementation of robots in a health care context concerns much more than "just’ the
technical development. Tailored development, driven by care needs is the first step but after
technological realisation it is the demonstration of add ed value that is crucial for success. This
added value cannot be shown without involvement of care professionals and End Users. It is
also likely that the modification of current care practise will be essential in order for the robot
to be effective this in turn will requ ire training and education of clinical and care staff.

Demonstration/verification of cost effectiveness in terms of added value but also of cost
benefit will be required before large scale financial commitment will be made. However it is
unclear how novel and inventive products can be trialled and proved without initial
commitment.
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2.3.5. Key Market Data

2.3.5.1 Surgical robots for surgery, diagnosis and therapeutic processes

Surgical care is an integral part of health care throughout the world, with an estimated 234
million operations performed annually. Each year, approximately four millions minimally
invasive procedures performed worldwide are candidates for use with a robot.

The surgical robot device market estimated at $2.4bn in 2011 is anticipated to reach $8.5bn
by 2018 as next generation devices, systems, and instruments are introduced.

The surgical robot market is heavily dominated by the US. The main US provider is Intuitive
Surgical however a limited number of US companies also show growth potential such as
Hansen Medical, Accuray, Stereotaxis and Restoration Robotics. A handful of European
companies are active in the field. The most well-known European company was the UK-based
Acrobot, however it has now been acquired by its main US competitor. Other systems include
the ROSA system (MedTech), the iSYS robot (iISYS MedizinTechnik), the Freehand (Freehand
2010 Ltd), Novalis (Brainlab) the Viky endoscope holder and the Jaimy robotic handheld
instrument (Endocontrol) and Neuromate (Renishaw).

The surgical robotic market is also dominated by the US where 70% of the installed base is
present. Europe has about 20% of the installed base, the remaining 10% can be found in the
Near and Middle Eastregions.

The financial results of Intuitive Surgical are impressive and demonstrate the importance of
the market for surgical robots, but also the importance of a carefully managed patent
portfolio . In 2012 revenues were $2.1bn, up 24% from 2011, and the operating profit was of
$878m, up 26% from 2011, 40.3% of sales. In 2013, the revenues of the first half are $1.9bn,
up 15% from the first half of 2012. There are 2,799 da Vinci robots installed worldwide, of
which 2001 in the United States, 443 in Europe, and 355 in the Rest of the World. These
robots performed approximately 450,000 procedures in 2012, up 25% from 2011.

Some specific market figures are listed below.

1 The estimated annual market of robotic surgery is predicted to exceed the $4bn in
2016: robotic surgery was first commercially introduced in the year 2000. In only ten
years it has grown to a one Lllion USD industry.

1 Imageguided surgery and intra-operative use of imaging techniques forms a
compound market of nearly $1.3bn in 2013 in Europe. The market is expected to
increase with an annual growth factor of approximately 5% in the next few years. Of
such market, interventional imaging systems account for an estimated 85% of the
sales. Surgical navigation systems occupy the remaining 15%.

1 The surgical robot device market is at $3.2bn in 2012 and is anticipated to reach
$19.96bn by 2019 as next generation devices, systems, and instruments are
introduced to manage surgery through small ports in the body instead of large open
wounds.

1 Renishaw Mayfield (CH) has made 40 installations worldwide of the NeuroMate
system for neurosurgery. The turnover of the Renishaw healthcare division is around
£29m for 2012 fiscal year, the market share in the special field is approximately 80%.

1 Endocontrol (FR) has installed more than 120 ViKY endocoscope holders worldwie
and the company has today 20 employees.

1 MedTech (FR) has installed 20 ROSA systems for neurosurgery worldwide. The
company has today 20 employees.

T 71D UYOOJOH APVX PE XI D .>*"PU 2*-« APNNDUAJ>
SavyYV ¢ EAq AtdnAnceC|R total BD>syist®ms are installed.
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2.3.5.2 Rehabilitation robotics and prosthetics

Robotics in neurerehabilitation (from COST MoU): It is estimated that in the EU the proportion
of the population aged over 65 will rise from 17.1% in 2008 to 30% in 2060 a nd that the
proportion of persons aged over 80 will rise from 4.4% to 12.1% over the same period
(EUROSTAT population projections). Neurological conditions, especially stroke, are a major
cause of disability among older people. Incidence of a first strokein Europe is about 1.1 million
and prevalence about 6 million. Currently, about 75% of stroke sufferers survive one year
after. This proportion will increase in the coming years due to steadily increasing quality in
hyper-acute lifesaving practice, follow-up acute and sub-acute care, and lifelong management
of these conditions. Despite these positive developments in stroke care, approximately 80% of
stroke patients experience long-term reduced manual dexterity and half of all patients with
neurological conditions are unable to perform everyday tasks. In addition, Cerebral Palsy (CP),
mainly due to congenital brain damage, is the commonest cause of motor disability in early
childhood and its rate is between 2 and 3 per 1000 live births. This rate increases b 40¥100
per 1000 live births among babies born very early or with very low birth weight and therefore
they represent the population with highest rate of neurological disorders. Diagnosis and
management of stroke in childhood can be difficult because of the diversity of underlying risk
factors and the absence of a uniform treatment approach.

Spinal Cord Injury:1,200 new injured persons in France per year with 39% tetraplegia (21%
compléte) and 61 % paraplegia (compléte, 48 %; incompléte 13 %) and a currenpopulation of
about 20,000 persons.

[Friggeri 2006; from TétrAfigap

enquiry http:/www.paratetra.apf.asso.fr/IMG/pdf/Portrait_chiffre_des_blesses_medullaires.p
df].

In US approximately 12,000 new cases each year, population having SCI estimated to be
approximately 273,000 persons. Since 2010, the most frequent neurologic category s
incomplete tetraplegia (40.6%), followed by incomplete paraplegia (18.7%), complete
paraplegia (18.0%) and complete tetraplegia (11.6%). Less than 1% of persons experienced
complete neurologic recovery by hospital discharge.

(US data:
https:/www.nscisc. uab.edu/PublicDocuments/fact figures docs/Facts%202013.pdf).

Poststroke rehabilitation robotics. Each year approximately 500,000 people experience a
stroke in US and about 1,1 million in Europe. Stroke has been identified by the World Health
Organization in 2008 as one of the five main chronic diseases and its incidence is amplified by
ageing. Consequences of stroke are often related to impairment of upper and/or lower limb
motion. In the ideal scenario that all of the stroke patients shall be extensively treated in
clinical canters with robotic machines (either end-point manipulators, cable suspensions or
exoskeleton robots) - we can estimate the market turnover based on the following
assumptions:

It is possible to estimate that a rehabilitation centre can treat around 200 new patients every
year; each centre will have at least 10 devices for lower-limb rehabilitation (reasonable cost:
¢ /EE AoMeach device), 10 robotic trainers for upper-limb (reasonable cost:¢, E Afdt each
device) and 10 robotic trainers for the hand (reasonable cost:¢, E Afdvieach device);

The average life of each robotic device is about 10 years This provides an estimatethat every
year this market has a potential turnover of about ¢2bn Limitations of this estimate do not
consider that most of the market opportunities will derive from the fact that these devices will
be continuously updated so clinical canters will stimulate development of new software,
human-robot interfaces and sensory apparatus for monitoring patient bio-signals.

Robotic treatment of special diseases such as autism in children has been successfully tested
in EU and national projects. There are more than 60 million persons affected by autism in the
world, presently treated, when treated, only by human therapists.
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Lower-limb prostheses.Incidence of all-cause lower-limb amputations changes significantly
among countries, races and genders. For instance, altause lower extremity amputation

incidence in Japan is about 0.4 over 10,000 (ten thousands) inhabitants per yearywhile in UK is

about 2 over 10,000, and in US, it can reach peak values of 10 over 10,000 per year, To better
quantify the incidence of lower -limb amputations and have a dimension of the problem, we
should realize that every year ¥ only in US ¥ about 150,000 people undertake a lower-limb

amputation caused by a vascular diseasehftp:/www.amputee -coalition.org).

In order to estimate the potential market for robotic lower -limb prostheses, the following
assumgpgions can be made

in Europe and UShere are every year 30@00 new potential users;

1
1 majority of users will be transibial amputees (80%);
1 the smallest fraction (20%) will be trarf@moral;

1

a reasonable estimate of a robotized ankieot prosthesis can bé&:A A M
f areasonable estimate of a robotized kneskle-foot prosthesis can bé: A E M

Upperlimb prostheses There are some new 50 to 270 new upper-limb amputees every year in
Europe, making it for a stable population estimated around 1900 traumatic upper-limb
amputees and 94 000 total upper-limb amputees. Transradial level (below-elbow)
amputations account for 57% of this figure, while trans-humeral (above-elbow) for 23%
[Micera et al., IEEE Rev. Biomed. Eng 2010].

The price of, e.g., the average seHpowered hand prosthesis is extremely hard to estimate,

mainly since such devices range from onedegree-of-freedom open/close artefacts (e.g., Otto

"PAMwY 6DOVPUI >-@tcul&ed,Drdi-fngere® mesShardchl hands equipped with

wrist motions. It is expected that the latter kind of devices will be the major players in the

mid- to long-term future, as they go towards the reinstatement of a significant fraction of the

lost functionality of t he human hand/arm. Each such device (even at the markefproduction

abzbDaq Dt Htg 56- 6 XDDS DUMMB mbdels)inightddogt in P&rangdof A1 " J P
¢ Chogto ¢ EAq.AAA

Even if only the cost of the hand prosthesis is considered, that is, nedecting the associated
A>UDq | PVSJX>4JV>XJPO >0C N>JOXDO>OAD APVXVg >
YSEUPOX >0C CAA&. ¢ DZDUionlycor@uengh®EuppejnDnarket. 71 J V

Neuropathic pain In 82% of amputees, phantom-limb pain appears soon after the operation,

and persists after six months in 65% of the cases and after two years in 59% of them. Levels

PE S>JO CDVAUJ@DC >V xVDzDUDq CJV>@4&aJOHy JV UDS
years, independently of age, gende, level of amputation or age after 8 years old. It is

sometimes reported in individuals born without a limb (agenics), and it is so far essentially
untreatable, since there is no application place for drugs. Complex Regional Pain Syndrome

appears, on the other hand, after the healing of trivial operations (e.g., bone fracture) or

associated with peripheral nerve injury (2-5% of the cases) and hemiplegia (1370%). CRPS is

a highly disabling, untreatable, unbearable for of pain whose aetiology is still unknavn.

CRPS incidence was estimated in 2007 as of 26.2 per 100,000 person years; combining this
figure with phantom -limb pain figures, restricted to the case of upper-limb amputations, yields
about 34.000 patients in Germany only every year.

2.3.5.3 Assistive robotic s for caregivers or patients

Robots to support caregivers in their work .

The World population aging 2013 study (United Nation) clearly demonstrate the need to
structure a silver economy (senior people, retirement houses, hospitals, home with a
minimalistic medical infrastructure -government incitation for old people to stay at home to
reduce budgets- medical institutions) that encompasses the society aging phenomenon
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coupled to the need of reducing costs in medical and paramedical institutions. On a global
and European level the aging population opens an alley for companion robots dedicated to
wellbeing/telepresence/personal care robots.

Care personnelare increasing in average agee.g. in Germany number of careworkers above
50 years old almost doubled beween the years 2000 and 2009

Care workers are among the professions with the highest numbers of sick days¥¢ in Germany
on average 25 days per yeatr,

{see http:/www.spiegel.de/wi rtschaft/soziales/0,1518.705576.00.html }.

Cannot work continuously in their job, frequent interruptions of working periods can be
observed that add up to 47% of their possible working time, {see http:/www.iwak -

frankfurt.de/projansprech/Berufsverbleib.htm . }.

Average time of care worker in one job is only 8.4 years. One of the reasons is frequent
number of ergonomically unsuitable movements, e.g. bending upper mdy up to 1300 times
per shift®, 1 in 10 nurses suffers from chronic back pain through handling patients. 33% of US
population are obese. Carer injuries in theUS cost an estimated $20bnper year.

71D PO4a] xUP@PXJAy CDZJADV VYSSPUXJOHinlargeUD VX> |
| PVSJX>4V [JXI] NPUD XI >0 aAA @bcvt )P[DzDUq XII
APUUJCPUV PU SUPZJCD UDTYJUDC A>UD YXDOVJavVv JO P

Robots for people with medical conditions or handicaps

EU-SILC Data from 2006 to 2008 show that on average over 30% of people aged over 75 say
they are restricted to some extent, and over 20% describe themselves as severely restricted.
Inthe 85-and-PZ DU >HD HUPYSq vVDZDUD aJNJX>XJPOw JV NPL

An estimated 9 million people in the EU need help getting out of bed.

Current products for end users are mainly dedicated to supporting handicapped people: e.g.
wheelchair mounted manipulators or feeding devices. However, also larger person groups e.g.
elderly can profit from such devices. The deterioration of functions caused by ageing
frequently leads to diminished sensory motor functions. The ability to reach and grasp,
especially above shoulder level, is often reduced due to muscular weakness or the effectsof
motor control problems.

The World robotics study 2013 registered only around 150 units for elderly and handicap
assistance sold in2012; however, more than 6,000 are predicted for 2013 -2016.

Market estimation for robotic wheelchairs (mobility assistancD« JV | DUD UDSPUXDCt
allowed an average of $11,507 for complex rehabilitation power wheelchair packages that

cost suppliers an average of $5880 in the first half of 2007

y http://oig.hhs.gov/oei/reports/oei -04-07-00400.pdf

Over 200,000 people in the United States use electric-powered wheelchairs (EPWSs) as their
primary means of mobility 3.3 million wheelchairs are used daily in USA. Fehr et al reported
that 18%¥ 26% of their patients that used a manual wheelchair could not safely operate an
EPW. Furthermore, a report using data from the United States emergency departments stated
that in 2003 over 100,000 wheelchairs related accidents were treated with 65 ¥80 percent of
the accidents being tips and fall http:/www.ncbi.nlm.nih.gov/pmc/articles/PMC2811532/
This brings to estimate the worldwide market for assisted, powered wheelchairs as more than
1 million units at a cost between $5,000 and $10,000 each.

3 seehttp://www.bgw -online.de/internet/generator/Navi _-bgw-
online/NavigationLinks/Kundenzentrum/Grundlagen __und __Forschuna/Ergonomie/CUELA/

MAR 2016 (ICT-25 & ICT-26) 38


http://www.spiegel.de/wirtschaft/soziales/0,1518,705576,00.html
http://www.iwak-frankfurt.de/projansprech/Berufsverbleib.htm
http://www.iwak-frankfurt.de/projansprech/Berufsverbleib.htm
http://oig.hhs.gov/oei/reports/oei-04-07-00400.pdf
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2811532/
http://www.bgw-online.de/internet/generator/Navi-bgw-online/NavigationLinks/Kundenzentrum/Grundlagen__und__Forschung/Ergonomie/CUELA/
http://www.bgw-online.de/internet/generator/Navi-bgw-online/NavigationLinks/Kundenzentrum/Grundlagen__und__Forschung/Ergonomie/CUELA/

SPARC <

The Partnership for Robotics in Europe

The WHO just launched the new GATE initiative aiming to support people after initial medical
prevention and treatment has been taken care of. This involves assistive technology including
assistive robots

2.3.5.4& Y U P SlacwiX the8Market

Europe has considerable expertise in Healthcare robotics® as is clearly highlighted in the
EuroSurge CA results. Europe has pioneered this application area with first assistive robots
apDt Ht 6 S>UX>AYV J O -Oxobtproted®ypd Ainosfuged B J1808)X pritary U D
rehabilitation robots and early surgical robotics experiments. The first surgical robot used on
more than 100 patients was the robot designed in 1989 in Grenoble by TIMC-IMAG for
stereotactic neurosurgery. This was also tte first robot to be able to work in an operating
room. The first patient was treated in 1989. Since then more than 1000 patients were treated
with this first prototype. This first system was the direct ancestor of Neuromate®. Some of

the first tele surgery experiments were performed in Europe, e.g. with the Artemis surgical
system developed by Karlsruhe Institute of Technology, Germany in 1990-1994. Also, the first
transatlantic surgery the so-A>a4a4aDC x- JOC@DUHI PSDU>XJPOy XPPM
Strasbourg and New York. It was conducted by a team of French surgeons.

However European industry despite having global medical companies has not to datefollow ed
this pioneering work and still lacks visibility. Therefore it is crucial that Europe dramatically
raises efforts to ensure that European Healthcare robotics research is actually transferred into
products so that European citizens and the economy in genera can benefit from this.

Clinical Robotics

There is extensive research activity and expertise present in European academics. Also, several

European companies such as Storz, Philips and Siemens are involved in the supply/value chain.

In addition, thereis> S>UXJAJS>XJPO JO XI D VYUHJA>4a UP@PXJA
as Endocontrol, iSYS and MedTech. It is therefore ofcritical importance that on the short to

mid-term a high potential niche of robotic surgery is found and occupied by a European

company.

Some of the largest providers of self-powered upper- and lower-limb prostheses are located in
Europe ¥ examples are Otto Bock, RSL Steeper, Touch Bionics and Ossur. Research in Europe
on prosthetics is world leading and establishing links betweenthe academic community and
these current market leaders will help to simulate technology transfer.

* http://newsletter.aaate.net/?q=node/43
® http://www.eurosurge.eu/eurosurge/
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Rehabilitation Robotics

In rehabilitation robotics Europe is well positioned with key players in the market such as
Hocoma, (market leader), Reha Technology, Tyromotion, and many others. However, US, Israel
and Japan are currently dominating other specific areas as e.g. the lower extremities
exoskeletons market. Here, despite a number of strong research projects running in FP7, a
stronger commitment by the industry needs to be facilitated by the H2020 PPP. The area of
domestic/tele -rehabilitation needs to be strengthened both on the research and the
commercial side, following the policies on e-health and e-inclusion. There is a clear potential
for lowering societal challenges and increasing accessibility to modern and impactful
rehabilitation.

Some of the largest providers of self-powered upper- and lower-limb prostheses are located in
Europe ¥ examples are Otto Bock, RSL Steeper, Touch Bionics and OssliResearch in Europe
on prosthetics is world leading and establishing links between the academic community and
these current market leaders will help to simulate technology transfer.

Assistive robotics

Robots supporting care personneGVs are used in some large hospitals and many of the
manufacturers come from Europe. However, also new products from the US such as the TUGs
manufactured by Aethon, are starting to be introduced to European hospitals. Initiatives to

reduce the size of currently used AGVs and enhance them towards more flexible and compact

systems able to navigate not only in separate but also in public areas can be olerved in

several European countries. Some Japanese developments of robots operating in public

buildings can be observed as well, e.g. for cleaning and transportation. Some of them, e.g. the

| PVYSJX>a CD&aJzDU] UP@PX x) PVShyech@ogy3 >0>VPOJAq >U

Additional support systems for care staff are currently being developed in Japan, e.g. a robotic
lifter by Muscle Corp. or a standing up assistant by Toyota. Emotionalsupport robots such as
Paro had their origins in Japancan be found in usein Europe.

Robots supporting people with medical conditioriBhere are a number of companies providing
assistive robots for the handicapped in Europe. For example the first robotmounted
manipulator, Manus, was a European product now being followed by iAm in the Netherlands.
Additional solutions come from Canada (Jaco) and are also sold in Europe. Feeding robots
have until now been mainly a Japanese product, but new European systems are now getting
introduced, e.g. Bestic in Sweden. Similarly, telepresence robots have made their way from
the US. More advanced communication and interaction robots as well as socially assistive
robots able to interact with their user in an intuitive way are a strong research topic in Europe.

2.3.6. Key System Abilities

Summary

Intuitive user interfaces, efficient and effective operation, high functional dependability, good
sensing and interpretation of the working environment.

The following tables describe abilities for Healthcare robotics applications and the levels
(performance) required for these abilities. Levels are defined in the chapter 3 of the MAR
a System Abilitegy «t 71 D abDzDaVv CDEJODC

2.3.6.1 Configurability

Description of the ability Domain System Abilities level required
Assistive (A),
Surgery (S)
Rehabilitation (R)
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Intuitive configuration AR Level 210 3

mechanisms and modular S Levels O to 4 - Intuitive and Minimal user

systems. Minimal user knowledge requirement

knowledge requirement.

Automatic system configuration | A, R Level 3

based on learning S Levels 3and 4

Tools to identify suitable A SR Level O

configuration of the robot

based on required functionality

2.3.6.2 Adaptability

Description of the ability Domain System Abilities level required
Assistive (A),
Surgery (S)

Rehabilitation (R)

Adaptation to users (patient,
surgeon, caregivers) and

AR

Levels 2 to 3

_ S Levels 1 to 3 ¥ for automatic procedures
environment or tasks
Levels 4 ¥ patient anatomy or movement
adaptation/compensation
Level 4, support surgical situation
awareness
Auto-adaptation to user learnt AR Levels4to5
profile S Levels 3t0 5
2.3.6.3 Interaction Ability
Description of the ability Domain System Abilities level required
Assistive (A),
Surgery (S)
Rehabilitation (R)
High performance capacities to interact R Level 2
with user and environment A Level 4 (e.g. semiautonomous
operation of assistive devices)
S HRI Level 2¥ real time force
feedback
Levels 3to 6
Transparency of the interaction between A'S R Level 2
the user, the robot and the environment.
Multimodal feedback (including force A'S R Level 2
tactile, vision, sound, olfaction, etc.)
Interaction among robots committed to an A, S
overall procedure
Integration with residual volitional user S,R Level 2 and 4
control of the motion, eventually enhance
by Functional Electrical Stimulation
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Description of the ability

Domain
Assistive (A),
Surgery (S)

Rehabilitation (R)

System Abilities
level required

Intrinsically safe systems A, S, R Levels 1 and 2

Resilience/Robustness tosensor failure | A, S, R Levels 5 and 6

Prediction and identification of future AR,S Level 5 and 6

failures to inform the user and activate

maintenance

2.3.6.5 Motion Ability

Description of the ability Domain System Abilities
Assistive (A), level required
Surgery (S)

Rehabilitation (R)

Ability to follow human dynamics and A SR Levels4 to 5 of
perturbing physiological motion. Constrained Motion
Capable to produce smooth humanlike | S, R Levels 5, 6 andl to
motion integrated with residual user 5 of Constrained
controlled volitional movements Motion
2.3.6.6 Manipulation Ability
Description of the ability Domain System Abilities level
Assistive (A), required
Surgery (S)
Rehabilitation (R)
Increased dexterity in narrow spaces A'S R Unconstrained Motion
Level 4
Dexterous manipulation with limited S Unconstrained motion Level
encumbrance device. 7
Versatile and polyvalent tools recognition AR Handling Ability Level 4/5
and objects manipulation
Grasping / manipulation of soft and delicate A'S R Handling Ability Level 4/5
objects
2.3.6.7 Perception Ability
Description of the ability Domain System Abilities level required
Assistive (A),
Surgery (S)

Rehabilitation (R)

Detection and tracking of typical
household or care utensils

AR

Levels 1 to 8 - perception ability
Levels 1 to 4 - Tracking Ability
Levels 2 to 12 - Object Recognition

Real time perception and A, SR Levels 3 to 5 - Tracking ability
following of patient state Levels 4 to 13 - Object recognition
(movement, metabolism, fluid

flow, etc.)
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Description of the ability

Domain

Assistive (A),
Surgery (S)
Rehabilitation (R)

System Abilities level required

Real time situation monitoring

AR

(person in conjunction with
environment and objects)

Levels 2 to 8 - perception ability
Levels 1 to 4 - Tracking Ability
Levels 2 to 12 - Object Recognition
Levels 3 to 6 - Scene perception

Multimodal perception, fusion of
heterogeneous sensor
information

A S, R

Levelsl to 5 ¥ perception ability
Levels 1 to 7 - Location perception

2.3.6.8 Decisional Autonomy

Description of the ability Domain System Abilities level
Assistive (A), required
Surgery (S)
Rehabilitation (R)
Situation recognition, capacities to A SR Level6to 9
accommodate uncertain environments and
make autonomous decisions according to
preferences
Adjust training to optimize outcome for R Levels7 to 10
specific user
User/environment automatic recognition to AR Levels8to 10
allow a appropriate/diminishing support
Safe response in emergency AR,S Level 3t0 9
2.3.6.9 Cognitive Abilities
Description of the ability Domain System Abilities level required
Assistive (A),
Surgery (S)

Rehabilitation (R)

Online patient state analysis

A S, R

Context or situation understanding A'S R

Flexibility of assistance solution on R Action ability: Level 2, 5, 8

learned experience by integration of Interpretive ability: Level 3 to 6

robotic support with residual user I I

. Envisioning ability: Levels 1 to 5

capability and support o
Acquiring knowledge: Levels 1 to 4,
Levels 9 to 11, Levels 13 to 15
Reasoning: Levels 7 and 8
Object Interaction: levels 3to 5
Human Interaction: Levels 2 to 4

Online/real time patient state S,R

diagnostics

Online environment analysis and take | A, S, R

up
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Full task and environment A
understanding (in gait)

Automatic assistance merging robdic | A
support with residual user capability
and action

Intention anticipation A'S

2.3.7. Key Technology Targets

2.3.7.1 Systems Development

Systems Architecture

Assistiveand Rehabilitation

1

1

=A =4 =4 -8 A

1

Definition of standards allowing enhanced interoperability of multimodal components
including haptic force and tactile components and plug and play interfaces.

Standardised system architecture, also including interfaces with home electronics,
health care / hospital IT infrastructure and AAL systems

Surgery

Realtime OS and dedicated surgical robotic middleware

Plug and play interoperable surgical robotic standardized middleware
Workflow and ontology based procedure guidance and control

Architecture for linking real -time image processing and reconstruction to robotic
middleware

Medically certified real-time OS and robotic middleware

Systems Integration

Surgery

T
T

T
T

Fully integrated force/tactile feedback devices, self-sensing

Medically certified sensors, hardware components and software libraries for composing
of new (procedure-specffic) surgical robots and devices

Vision-integrated surgical robot control, stereo-displays
Standardized surgical cockpit for multiple disciplines

Rehabilitation

T
T

Systems combining force and tactile feedback

Wearable systems with open interfaces for establishing collaborative body area
networks, including assistive systems (e.g., prostheses) and other generglurpose
sensing and communication devices (e.g., smartphones, smartwatches).

Modelling and Knowledge Engineering

Assistive

T

T

1

Extension of object modelling through computer vision through other forms of sensing
(infrared, tactile)

Database of typical motion and interaction patterns during care processes, format
should allow care personnel to verify correctness of learnt models

From ontological learning to phylogenetic and social learning. Formal methods for
knowledge integration also on a collaborative way with other robots (internet of things
for problem solving)

Models for safety verification, specifically taking into account (all) possible environment
structures, human postures and motion etc. the robot could come into contact with
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Modelling of specific care processes that should be supported by the robot (carer
interacting with environment and patient)

Surgery

1

=a =4

=4 =8 =4 =8 8 -4 -4 - -8 -8 -8

=

Surgical knowledge database and means for retieval of relevant context-dependent
knowledge for online feedback and guidance (suggesting optimal procedure or
intervention approaches).

Ontology to structure the knowledge of surgical procedures

Use of atomic surgical steps and their composition to gengate patient specific
intervention plans

Rules for robotic surgery planning

Interaction of learning and modelling paradigms

Realtime FEM soft tissue modelling,

Modelling of tissue damage for damage detection and prevention
Online reconstruction of anatomic structures

Modelling of intervention on tissue, muscles, organs

Modelling of physiological and biological functions

Intra operative tissue deformation modelling

Compliant robots modelling, flexible robot -tissue interaction modelling
Online identification of human motor control

Task and surgical workflow modelling

Flexible robots-tissues interaction modelling

Task and surgical workflow modelling

Rehabilitation

)l
)l

1
T

T

Better models of human motor control

Guidance cues through overlay technology, library with expert procedure execution
samples

Semiautonomous prosthetic reaching, grasping and manipulation

Interfaces for exploiting the vast knowledge resources that are available online (object
model repositories and know-how instructions)

Afferent/natur al feedback in prosthetics

Assistive

T

T

T

Standardized methods such as Wizardof-OZ to verify target functionality with end
users before starting new hardware and software developments

Use of existing research platforms to verify functionality before building d edicated
assistive device

Design concept to adjust robot hardware and functionality to individual user
requirements

1 Methods to create functional robot design, i.e. visual appearance that mirrors the
UP@PXwV >@)J4&aJXJDV
Surgery
1 Specific design methodologies br sterilise-able and safe surgical robots

)l
)l
T

1

Intra-corporeal robotic system design methods

Multimodal VR training platforms design and validation methods

Public databases of surgical procedures (images, forces, physiological parameters and
other data sources) for requirement distillation.

Guidelines, equipment and algorithms for setting up a Smart OR that gathers all relevant
data for requirement distillation or validation.
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1 Principled methods for analysis of the workspace, surgical workflow, surgical tasks ad
surgical skill for requirement distillation.

1 Reproducible artificial mock-ups that replicate the behaviour of the relevant properties
of real organs or body parts for use in requirement distillation, benchmarking and
validation.

Rehabilitation

9 Specific partial design strategies for system in direct interaction with human limbs or
human organs.

1 Wearable robotic system design methods

Systems Engineering
Assistive, Surgery, Rehabilitation
1 Methodologies for modular and rapid prototyping and benchmarking

9 Software environment for rapid, easy and intuitive simulation and testing

1 Modular system concepts allowing the re-use of hardware components for different
functionalities and users

1 Automatic safety verification for modular robots

2.3.7.2 Human Machine Interface

Assigive

1 System integrated control interface, easy to use even by nontechnical personnel
(Natural) Dexterous interaction with haptic feedback

Co-manipulation

Hands-free operation (speech, body posture, etc.)

Novel kinds of interfaces; sensor data fusion allond OH XP x SUPSPVDy >VVJVX
the user based on observed situation

=A =4 -4 =9

Surgery
1 Forceltactile and haptic feedback with transparency and stability guarantees
Human-machine interaction e.g. in handson-mode and virtual fixtures
Situation reactive human-machine interfaces
Touchless interaction techniques for sterilized environment
Haptic interfaces offering intuitive operation and dexterity similar to open surgery.
Interfaces and technology for rendering palpation interaction in more natural way
1 Augmented reality environment for full immersion of the surgeon and medical staff,
summarizing information from the surgical field and providing guidance for efficient
human-robot collaboration.

= =4 -4 A

Rehabilitation

9 Natural haptic interaction

Implicit interaction; wearable robot as interface

User accepted BCI interface for robot control

W earable multi-sensory platforms

Integrating automatic functions with the manual control of the user (shared control)
Support for bimanual tasks

1 Bidirectional human-machine interfacing to promote sensory-motor integration

= =4 -4 -4 =4

Safety

All
9 Safety certified OS
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Safety certification procedure for software

Assistive

1
1

1
1

T

Intrinsically safe systems (mechanical systems and actuators)

3D supervision systems to ensure collision free manipulation, forrobots in direct touch
with the human: to ensure that contact and / or motion applied to the user will bring
him no harm

Semantic analysis of situation allowing to avoid critical situations in advance

Hardware safety concept including redundant sensing, piocessing devices and certified
safety controllers

Safety verification procedures to comply with ISO 13482 and medical guidelines

Surgery

)l
)l
)l

il
il
il

Intrinsically safe systems (electramechanical systems and actuators)

Shared control with safety features

Safe physicd human robot interaction guaranteed by an attentive/monitored
environment (avoid blocking surgical site by robot for human surgeon emergency
access).

Definition of no -go regions to allow safety during interventions.

Cognitive assistance during entire surdcal task execution

Safety hardware and backup systems

Rehabilitation

1

=A =4 =4 =48 -8 A

Human capacity needed to avoid falls and accidents

Shared control with safety features

Passive autcadaptive restrictions (surgery, exoskeleton)

Intrinsically safe systems (mechanicabystems and actuators)

Exoskeleton robot providing gait and balance safety

Cognitive capabilities for the modelling of situations and action/hazard prediction
Automatic compensatory/recovery reactions to hazardous events

2.3.7.3 Mechatronics

Mechanical Systems

Assstive and Rehabilitation

9 Light weight, energy optimized design
9 Modular design allowing to adapt robot to user requirements
91 Concepts for safely moving / manipulating heavy objects in human environments
i Sizeable and comfortable interactive systems
9 High performance capacities to interact with user and environment
9 Dexterous device with limited encumbrance
9 Practically usable force control and impedance control
1 Intrinsically safe mechatronic systems
1 Development of energy efficient actively driven systems
Surgery
9 Modular surgical robotic systems (rapid prototyping techniques)
i Passive elements to build intrinsically safe mechanical systems
1 Miniaturized (and micro- nano-) robots to decrease surgical or diagnostic interventions
invasiveness
9 High mobility degree (e.g. highly redundant or large stroke) mechanisms
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Low-cost robots specialized in their functionality ¥ preferably for application scenarios
already approved in practice

Reconfigurable and easy to deploy robots

Soft and stiffness controllable robots

Implantable miniaturized robots for diagnosis and therapy
Body mounted robots

Sensors

Assistive

1
)l
)l

1

Safety certified 3D sensors, tactile sensors for collision detection etc.
High resolution 3D sensors, low-cost 3D sensors

Multi -modal sensing and sensors withintegrated processing (e.g. environment
modelling, person detection) functions

Miniaturized/wearable sensors

Surgery

1

=4 =4 =4 -4 -4 -8 -8 -8 - -9

Environment / bio -compatible sensors and electronics (subject to intracorporal
constraints, imaging constraints)¥ either low-cost and disposable or steriliseable

Miniaturised sensors, force sensing, highresolution tactile skin
3D-sensing and multispectral vision sensing

Multi -modal sensing

Sensors for localizing untethered robots inside the body
Vision through blood

Sensors for tumour detection

Wire-less, seltpowered sensors

Body/organ motion trackers

Miniaturized/wearable sensors

Environmental compatible sensors and electronics (intracorporal constraints, imaging
constraints)

Rehabilitation

T
T

= =4 =4 =4 4

= =

Foot-sole interaction force measurement (exoskeleton)

Intention detection through tactile sensing, pressure sensing, optical recognition,
ultrasound images (prostheses)

Sensors for detecting residual volitional control of user

Detailed and continuous sensing of humanrobot interaction forces
Online, smooth sensor fusion

Miniaturized/wearable sensors

Environmental compatible sensors and electronics (intracorporal constraints, imaging
constraints)

Wearable high-density myoelectric interfaces

Comprehensive sensing of the robot state (embedded sensors)user movements
(wearable sensors) and external environment (3D sensors), with sensor data fusion

Actuators

= =4 =4 =4

High power to volume ratio actuators
High power miniaturized actuators
Self-sensing actuators

Human safe actuators

Low-noise actuators
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1 Energy efficient actuators

Assistive

1 Low-cost actuators with limited accuracy and speed (for many applications low
accuracy might be compensated by Software or by user interaction)

Surgery
9 Further reduction of weight, optimization of intrinsic compliance.
9 Further increase of static and dynamic performances (e.g. large displacement over large
bandwidth)
1 Environmental compatible high power to volume ratio actuators (intra-corporal
constraints, imaging physical principle constraints)

Ubiquitous MRI-compatible actuation, sterilise-able/disposable actuation, micro
I ] CU>YaJA >AXY>XJPOgq Z>UJ>@4&D JNSDC>O0OAD >AXY>

High power to volume ratio actuators, high power miniaturized actuators
Large stroke miniaturized actuators

Disposable actuators/robots

1 High power/consumption ratio actuators and mechanical concepts

=

=A =4 =N

Rehabilitation

1 Integrated single-finger and wrist control for highly dexterous hand prostheses

Integration of hybrid assistive devices including Functional Electrical Stimulation

Specific actuation technologies for wearable robotics

Human muscle level force capabilities

Integration of functional electrical stimulation multi -electrodes systems, combining

multiple actuators and multiple stimulation sites to get natural task execution

9 Specific actuation technologies for wearable robotics, such as underactuated
mechanisms

9 Prosthetics with compliant properties and back-drivable operation, allowing precise and
consistent control, which would promote effective utilization of sensory feedback to
the user.

=A =4 4 =9

Power Supply and Management

Assistive
1 Energy-flows optimized design
9 Fuel cells using biological fluids
Surgery
1 Wireless power supply (US, IR, EM) for micresystems
9 Self-supplied (power harvesting/scavenging from patient body) systems
Rehabilitation
1 Power harvesting in the body (RF, EM, movementi «
1 Energy harvesting
9 Fuel cells using biological fluids
Communications

Assistive
1 Interface to home infrastructure / hospital IT

Surgery
9 Tele-surgery over internet/dedicated lines
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1 Real time communication technologies

Rehabilitation

1 Communication between prosthetic devices, direct point-to-point connections or
through Internet of Things infrastructure, to support cooperation during collaborative
tasks

Materials

Assistive
1 Soft, natural materials, easy to wash and clean
9 Possibility to adapt appearance of the robot to user preferences
i Resistant, yet easy to manufacture
Surgery
1 Highest stiffness and resistance materials
9 Advanced materials (rigid, soft, adaptable or deformable, active)
1 Bio compatible disposable materials
Rehabilitation
1 Higher stiffness and resistance

9 Bio-compatible tactile sheets, adhesive glues, tissue engineering

1 Environmental compatible structural material (e.g. bio or MRI compatibility)

1 Light weight materials

1 Wearable high-density myoelectric interfaces (e.g. conductivetextile and silicone)

9 Self-degradable instruments, hysteresis free materials, humarfriendly contrast agents,
Control
Assistive

1 User controlled device providing assistive functionalities for collision avoidance of
enhancing ease of use

Integration of cognition and control paradigms

Direct control through physical interaction or person detection / motion adaptation
#PNSDOV>XJPO PE SDUXYU@JOH SI]VJIJPaA&PHJA>A
1 Active, and safe sensing for environment reconstruction and recognition

= =4 =

Surgery
1 Bilateral tele-operation over (long)distance, guaranteed robust performance, variable
scaled control
#PNSDOV>XJPO PE SDUXYU@JOH SI]VJPaAaPHJA>A
Control of flexible/compliant structures
Shared control & autonomous task executon
Active, and safe sensing for environment reconstruction and recognition
Control of an integrated OR including robots (workflow controller)
Master control for an integrated OR including robots (workflow controller)
1 Integration of cognition and control paradigms

Rehabilitation
9 Dynamic estimation of workspace impedance during interactions and automatic
feedback gain adaptation for maximum performance and guaranteed stability
1 Compensation of perturbing physiological movements
I Shared control & autonomous and semrautonomous task execution

=A =4 =4 -4 -4 -9
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1 Control based on reaktime neuro-musculoskeletal modelling and identification
2.3.7.4 Perception

Sensing

Assistive
9 High resolution multimodal perception and interpretation of objects, environments,
persons and scenes
1 Reliable application in changing lighting conditions, indoor and outdoor environments

Surgery
9 Improved interaction force sensing
tactile sensing, stereo chip-on-tip, high S/N US, vision through blood
Real time perception, following of patient state and full -patient monitoring
Fusion of heterogeneous sensor information
3D models reconstruction from images in unstructured environments as body organs
SLAM of inner body cavities and organs
High resolution multimodal perception
1 OCT integration

Rehabilitation

9 Improved interaction force sensing
9 Distributed interaction force sensing
1 Condition-independent sensing technology (temp/pressure)

=A =4 =4 -4 -4 4

Interpretation
1 Emergency detection and handling

Assistive
1T 6IJXY>XJPO | >AXJZJX] NPOJXPUJOH >aasbr[ JOH XP
9 Learning and detection of objects and / or environment to be manipulated
9 Recognition of more than 10000 objects indoor and outdoor.
Surgery
1 Assessment of clinical state of patient in specific procedures
9 Episode segmentation (workflow) by OR perception
1 Assessment of clinical state of patient during training or use
Rehabilitation

1 Assessment of clinical state of patient in specific procedures
9 Perform clinical assessment of user based on defined procedures and sensors

1 Semantic analysis of the scene and ations, using onboard processing as well as online
resources (Cloud computing)

2.3.7.5 Navigation

Mapping
Assistive

9 Indoor / outdoor 3D mapping
1 Indoor / outdoor 3D mapping and remapping with changes in the environment
9 Local reattime mapping for safe manipulation close to humans

Surgery
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Realtime 3D organ reconstruction from cameras, flexible registration, real-time 3DUS
fusion

3D non-invasive scene mapping including dynamics
Multi -modal registration

Registration of intra and pre-operative maps
Microscope 3D imaging

1 Master/Slave mapping

Rehabilitation
1 Reaktime 3D reconstruction of moving structures while under process

=A =4 =4 =4

Localisation
Assistive
1 Optimal understanding of and interaction with environment
Surgery
9 Shape estimation of flexible, continuum robots, contact / force detection over whole
internal part of surgical robot
High frequency 3D position measurement of patient, organs and robot / effector
Flexible registration and mapping, automatic segmentation of whole patient
True real-time 3D positioning of patien t, organs and robot / effector
Anatomical localization of instruments in the patient body
Intra operative imaging for organ motion tracking and organ deformation tracking
1 Medical imaging registration (intra operative Imaging)
Rehabilitation
9 Sense of verticality and balance

=A =4 =4 -8 A

Motion Planning
Assistive

1 Collision-free navigation and manipulation in dynamic environments
Adaptation of motion target (e.g. approach human, individual preferences)
Smooth, humantlike trajectory planning and motion execution for specific tasks
Semiautomatic path planning merging visual and robot sensors information

Automatic path planning merging visual, robot sensors information and knowledge-
based medical information

= =4 =4 A

Surgery

9 Collision-free multi-arm coordination

1 simulation-based prediction of flexible instrument motion, interaction, contact
estimation

9 Safe motion inside the human body
1 Collision-free motion between robotized instruments and organs
9 Virtual fixtures

Rehabilitation
1 Basic generation of steps, and assuring postural balace, for walking in structured
environments
1 Smooth, humanlike trajectory planning and motion execution for specific tasks
Full generation of gait adequate to task and environment
1 Natural human-like motion automatically planned on target spatial identification

=
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2.3.7.6 Cognition

Cognitive Architectures
Assistive

1 Context understanding, situation awareness
1 Written text interpretation
Surgery
1 Self-aware instruments, Intelligent instrumentation with inherent safety operational
limits, self-exploratory devices
9 surgeon ard OR personnel attention detection
1 Ontologies based workflows

Learning Development and Adaptation
Assistive

9 Supervised learning from experience of hew behaviour, of user preferences

1 Learning by expert supervision, Intention recognition, emergency detection, safety
constraints

9 Reliable object learning, search and recognitio
1 Unsupervised learning from experience of new behaviour, of user preferences

Surgery

1 The system stores a database of previous sessions and is able to change control
parameters accordingto the user (e.g. the surgeon/ patient/ physician) intentions,
characteristics and habits

1 The system stores a database of previous sessions and is able to infer the user (e.g. the
surgeon/ patient/ physician) intentions, characteristics and habits in order to learn skills
and sub tasks

9 Procedure ontology dynamic update
Rehabilitation

9 Automatic adaptation according assistas-needed training approaches
1T 004JO0OD 4D>UOJOHr E&ADNJ@AD aD>UOJOH & 0OD[ S>XXD
1 Previous data are storedto allow the best integration between robot assistance and

volitional residual control, with or without FES

9 Automatic adaptation to individual needs for support or training.

1 Acquisition of stable models of environment and user behaviour to be used for context-
dependent control and prediction of user intentions

Knowledge Representation and Reasoning

Assistive

T x(PPC SU>AXJADYy JO A>UD SUPADVVDVqg JOCJZJCY>a
and pre-active assistance

1 Basic understanding of tasks and enwionments
Surgery

1 Uniform procedure description and classification, online skill assessment and warning
generation

I Automatic deduction of measures of success and benchmarks

9 Object modelling and optimal grasp detection
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Action Planning

Assistive

1 Workflow planning (sequence of tasks)

9 Accurate and secure grasping of all sort of material and objects of different shape,
texture, size and weight

1 Realtime deformable object modelling
1 Automatic set of grasping posture in daily activities, making the system disappearing.

9 Multi -system, user procedure planning and task allocation, online procedure evaluation,
re-planning and instructing, multi-expert diagnosis

Surgery

9 Automatic translation from pre -operation patient-data, description of surgical
procedure, symptoms and treatment to robot programs
Operation and workflow planning (sequence of tasks)
Realistic patient-specific pre-operative procedure training, surgical skil assessment
Image guided semiautonomous robotic surgery
Robotic suturing, multi-instrument grasp/handing down

1 Semiautomatic grasp planning merging visual and robot sensors information
Rehabilitation

1 Basic understanding of tasks and environments (inwalking, reaching, grasping and

manipulation)

1 Understanding of tasks and environments (in walking reaching, grasping and
manipulation)

9 Multiple grasping posture automatically set for some objects manipulation without
direct manual control

9 Automatic grasp planning merging visual, robot sensors information and knowledge
based medical information (surgery)

I Semiautonomous grasping enforced on a dexterous prosthesis
9 Multi -disciplinary/multi -institution procedure planning

=A =4 =4 =4

Natural Interaction
Assistive
9 Multi mod al emotion understanding
Surgery
9 Multi -user tele-surgery, fully immersive operation

1 Emotion monitoring for confusing and alert situations
9 Hybrid human-robot-team tele-surgical procedures

2.3.8. Key Technology Combinations

In most healthcare applications it is the successful integration of all of the different
technologies that forms the most important technology combination. This mist often centres
on the integration of materials, mechanisms, sensing, control and planning. Clinical healthcare
is a highly constrained problem and creating viable systems is a long and complex process
because there are numerous stakeholders in the design.

Particularly important for exoskeletons is the combination of Power Management ¥ Human
Machine Interface ¥ Sensing ¥ Control ¥ Perception ¥ Motion Planning (involves probably
Systems Engineering¥ Learning ¥ Localization). Such integrated systems can be characterised
asx|l YN>Oj UP@PX SI]VJA>4a X>VM VI >UJOHyYy PU
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