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Abstract

Currently, robots play an increasingly important role in human life, as the robots
are capable of safely performing human-robot interactive tasks. As ageing and disability
societies have become a challenge social problem in Thailand and all over the world,
due to the shortage of care workers. Subsequently, to enhance the quality of life of
elderly and disabled people, service robots have been taken into account to support
household chores, particularly passing an object to a human. Therefore, this thesis
focuses on the development of robotic human-like control by initially understanding
how an equivalent human-human interaction can perform object handover naturally,
reliably and safely. The preliminary human-human handover (HHH) tests were carried
out to acknowledge the dynamic behavioural characteristics of the human participants
in HHH. The experimental findings intensively explained human handover strategies,
the interactive force profiles, object handover times, transfer locations, and the
mathematical model of the giver’s arm while regulating the exerted force. The
understanding of HHH behavioural responses leads to the proper design of a
conceptual framework for a robot control system. The substantive tests were
developed, in which a Toyota Human Support Robot (HSR) was implemented based
on human-like behavioural control. Additionally, the robotic impedance control, which
is suitable to control the HRS’s force-position relation while interacting with the human
environment, was used. The optimized impedance parameters were experimentally
identified. The main results show that the performance of the robot impedance control
can be considered acceptable for HHH. This allowed the HSR to successfully pass the

object to the human in a safe, reliable, and timely manner.
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-y n.nl '8 | [z
i o 2
= , 'j." Force Sensor LED Sensor
Sytem Conoter 20 G0
Host Computer (P?smon Sensor)
::Ll:— =
(a) ©)

JUN 2-4 (a) MIneaeenIsANwINgAnTsUANINUszandudasinsvasnisdeinguosyyd

' (%
aa a v s

(b) ANWULVBIINANUNTAAAWT UL DT IALSI [8]

q

314398909 Paramin Neranon wazAme [9] Hilauan1sufdunussauiusening

uywdiuuywd (Human-human interaction : HHI ) e lUsanuuunisyinuliiuueud

9 9

'
=

wielvianunsavinudiuiuivuayedla laginiseeniuuinasanginssuvesysdlunisds

| [y

IngsznineiulagusAmann1sdeassenineiuvewyydaegun 2-5 uagnanlanuindnuae

9

nMseeNusIveIyvdaenanadiuzULUUlILAAYEY McRuer Crossover

I I| )
LN
A = =T L
k IL“‘*—_"‘H::-:} Jrest frez S
1 I —
":_;a- LY X2 ( -

JUN 2-5 urusdnaeensufduiussenineuyudiuuyud [9]
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2.2 MIINUNIUIITAUINTIUA B2RUILITeNeR1uN15d svesTEnI ey s AU ueud
(Background of Human-to-Robot object handover)

1NNSANBINUITEV0Y TYad wasIsewugas wazamg [10] laiauanalinnis

2ONLUUTFUUAIUANNITINNUY B UEUAG T UM T ue Ui lugnavnTsuuUseenaly

[

Tumshausuiuayed faguit 2-6 Tagldnismuauuuudufiuaud (Impedance control)
Tunuidedasldurunaill 6 ssrmdase wwhnsmuaunITiau Ssasfnwinasimu
AUNTNANAAIARTAG JVDIVUNG UATANNITNATAFINTUNITAIUANNITINNIUVBINYY
na IngaslUSo UM UTEUUNSINUTBITEUUAIUANYUEUS LWUU Inverse dynamic control
fiu Impedance control TuNAnN1Y119U Uy Cartesian space nafildAe navein1ssIaeg
M37UYRIsTUUAIUANLUUBN AUt vadLsunaaziiuladndulusuwnduvesauns

LALLSIRUNANUDNTIUINTLYINAUEINU A8 VDILIUNA

Robot

JUN 2-6 MIINUTIAUTENINULELaYUEUn (Human-Robot cooperative task) [10]

N3ANwINUITeVR Miguel Arduengo Garcia kagang [11] nan3t3I1 viugudusng
meluthuagyhanuldaseuaguiavstiuldasdosannsadauszgluusagosld G
fAtedaldiamnnseunmahaulifuusuduinisiaansansadulsey Adudses was
anansaUsEanadmiunsUsEInuAdNilodu (End-effector) 3avimawuusualngiay
1% Impedance control wazunasesusing  Tuusuditeliussqtimmnedsgud 2-7 wa
1# Ao Iunanrlosuuaznsaumavhanudesiy fusudanunsovhaususuussgiiugiu

wazwwannasukaznIaunIsinautansai lunaufsgenwnannasuisale
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.',‘.",Z:L',., Fai X prishuny
l:ﬁ
Swcceed N
fﬂl

Turm wrist
clockwise

‘U 2-7 LLﬁﬂx‘lﬂ\‘iaﬂ‘iﬂﬂJuﬂ'ﬁVl’N'ﬁJ‘U@x‘MUEJUGﬁ’J%Jﬂ'U‘Vlﬂ‘U‘Ui% [11]

INA1TANYIUITEVOS Madan Mohan Rayguru Lagaalg [12] na1fen1simuing
gnslunsusuddmiunsmuaNiuTLY Lagn1ImUALLS Wiliusudasainal
agorafidusntulalafaguil 2-8 {ifeTednseenuuulumanisauguussuuulne G4
wAdAN15YYI93a7 (Time Delay Estimation) wagld Impedance Filter d1dufiaadlunis
a¥alumauuulnl 39idedn Hybrid Impedance Control ¥iliesensauaumuvas

WUDI UL UA

Joint of Position Control

ﬂ :
Joint of Force Control i

JOINT SPACE
Fd (Force Applied) "« Y TASK SPACE
N

JUN 2-8 Schematic Msanuazeanustulalaglduvuvueud [12]
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31NA15ANY191UTTBYDY Wataru Takano kagAny [13] LHUBKUINIINITAIUANNIS
\AAoUlMINIIINMLVRMULUAINATTUTAIEA MLazLSURTe1a1naeuen Taensaing
N30UNTYINUVBMUBUATIIZABUALDILTIUHATE19INA18UN (Impedance control) way

N135u3Aenm lumuAuALmMLe Use waznsindeulmvesiusuddmsulunismauduing

&

a ¥ 6

TidngRnssuadeayed Welrussqgn1sianegun 2-9 uazanmsimuvilijueudanuise

Rolling a ball
Moving a box
Sweeping scattered beads

Sweeping widely scattered beads

Cleaning a table

Us3gn13nalel

T RE R

JUN 2-9 dnwaurnsvinuveueurlunsguduinglaensly Impedance Control [13]

31NN3ANYINUITEVDY Jun Nakanishi kagAny [14] AWBLWININISTHRILITEUUNIS
muRuLEudInszeglng (Teleoperation system) dmunisdsnnssaneisuvesaaurans
AR (Inverse kinematics) Tun1sviausinduiunyed (Human-Robots Interaction : HRI)
Ya3Ufl 2-10 naaInMsAnwIaInsamuEusudLagldsaneifinlunisauauvueudl

o 1 LYY ¥ 1 = a a &) ' a = o A v = o
‘VI’N’]L!TJNﬂUﬂUNHMaQQUNJJ‘UiﬁﬁV}ﬁﬂWW L‘Uu‘lﬂafﬂﬂﬁiiﬂ“lﬂm LLAZUNITNNIUNARIYUARINUY

Uywe
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JUN 2-10 wansdsdnwaignisvihuvesugudinusiuiuiyey [14]

38 V83 Mamoun Gharbi wazae [15] IilunisAinwueuduinsliaiunsasi

nsdsingbiunuywdliegadvssdvinmuasdusssuwd lnensldnsueniuresiueud

Prglunisdaingiioliiuseaniamunntu Fsfnwdsiunisweinisindoulmvesiives

[
a g 1

usudiienaglindesiigninftetaiunsansiaduing uavdsingliknuyudlaegiauiuen
wazihlugignmsdedulakazaiuaunisindeulmivesueud lagldnsseusnnnginssy

INUY Y

L f

)
ACI Object

JUN 2-11 nsnaaesdmiunsnTaduing [15]
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v

UNALIEVBY Prakarn Jaroonsorn Way Ay [16] PUUNNTTDDNLHUUNTBUNTTATUAU

1 (3

Vuguanldamiunmsussnning Mhanuiuiusenitayudiuueud lngannmsiauinis
AIUALLIIMAZAUGINY WathlUasedanasiiuvesjusudfaiusafedwassiuduuywd
agtaendouaziienols Ingldussainateuentunismivaunisindeulmvesmiueud Mg

Weuleeriunisaiuaunsiadeulnilugduuu Pl

A S

JUN 2-12 wanamsvihauvesiuedsiuiuiuiywe [16]

2.3 %ugud Human Support Robot (HSR)
Human support robot (HSR) [17] LﬂuﬁuauﬁﬁQﬂslfﬁmuﬁ’uaEJ'Nﬂf’iﬁmwiumi@JLLa

~ | a P | I3 I3 | ¢ a a
”QEJ'WEJ]Vﬁ@ﬂ']TU'JEJLV]aEJﬂ’]TW'EJTU']ﬁ Lu@ﬂﬁ]’]ﬂﬁuaum HSR LﬂuﬂﬁﬁLﬂﬂﬂ/‘!uaumUiﬂq3Wﬁ’13~lrﬁﬂ

ey

wieudle (Mobile robot) wardwvuiianuisanduivinguisdswadlanesun 2-13 vilv

ansaldnuludinuszdrfukasmshauldegedassuasnainvaleguuuy nelalesn

o v w 1

MSINRILIAINAINITAVDIV U UAME URIUANTTYIIUTUNU LA UAITUES 19U NIMEUTY

$ng msthmenisidneuiuaywd vieusinszianisguainuiuaznisinnissnuguamn lng
HSR Ie§uniseeusulunsinlUldluanuiiguadiaseny uazluthuvesauiinnsdndie HSR
A1350AIUANKIY Tablet PC daguanazaundnlunseuniianunsndoasiuiinveniueus
K11 Skype #38USN15AY qlé’asmdwamaé’qgﬂﬁ 2-14 FsdnuseneuuazuanBeniiddy

Yosueud HSR fauansluiidesialull
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(0)

SU# 2-14 msldfan HSR (a) Hhewderiing, (b) amuauarnmstaald, (o) vihaudu [17]

2.3.1  dauusznaunng q vausud HSR
A9 (Actuator) dninfidmsuduind oulaseas1evesiugud IMiad ouii nse
waeulmle Faueud HSR Twanddell ovduneweslunistuinfouudstaseliadeulmla
I3 I ¢ alg v ) 1 & o Yo o s 3
wuwes (Sensor) Wugunsalnldnsiaduanmuwindeunieinglifuvueus wu 18y
l@mnes (Encoders) 1lwduiesiidrglinsuarduniswesdonainadounlllinesen
< < sal ¥ 4 ! el' o o < 3 £%
Force/Torque Sensor LUuiguiwasngiglins v q Axnseyiiuiduges ndeq

(Camera) Wuduesiielunsnsiadusunisesing W dsgun 2-16
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drumrugu (Controllen) W udruildlunisdenisviranuvesyusudlivieuniy
Inguszasdlasuneumang annsafmuadmnenisihau Taeddeyaranmindenain
wuwehduitoudeyanduilevenlivsuiamavhendu o navueiy

druuszanana (Processor) Wudaudidindriilunisiwiamaidigg filduiaindsu
muAs WisulaiiouaNesveajuoud fiviuindidm Uszuiana dadule Wisuiioy
MABAIUAIUANNITHANINANS LUy

w33 (Software) @a1unsauvsuseianlaviatguuy Ao (1) vonduIsIZUY WWU

¢ A

seuuUUinsvetneuiunes (2) gendwisusvend Ao lUsunsugesvasnouiinmes ol
Nuane lunuideiiasnandsssuuluiinisdniuiueus 3o Robot operating system

< a9 ¥ o [ YY) o ! | | 1% o
(ROS) LJusguuflddmsudnn1snauLasAIUAL dIUA1UBITsUUYUEUAlAE150Y91
Sfiula

Aaviudulate (End-effector) iudiuiiogUanegavaaiueud I dnvuzuansing
[ [y o v 1 a v o =~ < A | £ = I3 =
AunLaN By Wy Nunduiuingaudonman unud Judu Jajueud HSR 98

anwouziduie walliites 2 3 (Gripper 2-finger) VidhmsummBuiuingaaguil 2-15

T8 D,

e
60,

Slim objects Thin objects Wide objects

4y Remote

B Control

Operation

Fetch

recognized object

i
oL ".A -d
JUN 2-15 Aaunsasing 9 vesdiinaudiulany [17]

Y &

IAseasieviugus (Manipulator) @3uUsenauvesvusudnniu dew1sauiulidy

5U19 Usgnaulume §9A (Links) wagdasia (Joints) IngfisAluIeulalouuuureiueudds
5enI98AdYas ol aul N uATIUN 2-16 A1NFUNUIMUEUR HSR 31 8 aerndase
(Degree of Freedom : DoF) Usznauluaae 3 DoF 1§11 (Mobile base) 4 DoF fiuvu (Arm)

waz 1 DoF g (Torso Lift)
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20 5¢ Head3D sensor

Head Stereo Camera 3

G-axis force-torque sensor

3
61

752~1087

340~1030

e Pivot joint :
® Hinge joint :

Drive wheels #9 #10

110 tread size 266

s 1

JUN 2-16 uansdietonauarfeannag IAILIUIUBITUIYeT Yaaviugud HSR [17]

232 AMUENITOLAZAATINANITNNUVDIULUA
] s 1 A o Ao 9 = a Y =
Wueus HSR gnesnwuulianunsanguingnidminuingafe 1.2 Alansy 1ieain
n1seenkuuNIsAd oulmivesiay i liaiunsaaseungunIsnduiuinglate a1uiiani

(P UNT, I AeFUR 2-17

JUN 2-17 MsnBuduing audiAnig [17]

viugusd HSR anunsadadnazuvulvdaiiuaslagean 1.35 was welidwmsunisieu

A 1

sufunywdunzdueg3un 2-18 (@) uazdnisesnuuuliniuniievesuaiunsaiieny

wdugUaeivasaduldsegui 2-18 (b) lnevusudazdfinnusilunisindouiigean 0.8
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Alawns/Alue warissuulssananannuslimungauiunisyiauiug Weanulasnsy

wnglgau

)

L 430mm |
E00mm

1700mm

1100mm
1005mm

(a) YuLDIP TN VDIWUEA UL YE (b) JUNDIATUVUVDIUBUFRAZTOLTY

JUM 2-18 uanen1svinauvesiusudsuiuiuiyee [17]

Y

VuguRasanasuniIuiunieszauld 5 Jawnswazindeunriuiundanudulaliiu
5 931 fanunMsbnveiugud aslinsedeulmvignunazianlundouiu defmvuaiugu

LLANIAINITIN 2-1

M15199 2-1 ToMMuANUFILYeIUEUA HSR

Height @430 x 1005 (~1350) mm
Weight 37 kg
Arm length 600 mm
Shoulder height 340 ~ 1030 mm
Grasped object ~ 1.2 kg weight
~ 130 mm width
Maximum velocity 0.8 km/h
Mobility performance ~ mm difference in level

~ deg slope

2.33  9aWwITUDUBUAHSR
BoNWITUBIV UBUF HSR 9 nWaLIUL ROS (Robot Operating System) 1A59&314

AMNTIUYDITTUUILUAAIRIFUN 2-19 sEUUTaNAwISAzwU I ludszuday (1) Ssuugos
P v | A
nsmuAuaUnIni@iife lassasalaenguuaiasvenawesila (2) maedeulmaivaussuy

goad svinaunuuiigalnduuasuiinesyueud (3) d1ugos vinausEAUgInIegg
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Usznausmenguluun ROS Ardunisuunsuiiamesiususdiguiuuas (4) ssuugosdiuse

Uszanug Ly
| Head Status DisplayJ [ Web-based Ul | [ Python Interface J
GPU board l | Main Computer
5 i
Sensors | servo amplifier |
[ I

Motorl Maotor2

Servo ‘ Servo | ...,

U7 2-19 Tnssaiavasszuumonuas [17]

® szuuAUANNISIAREULNT (Motion control subsystem)
szuumuaunsadoulziliuwuy Realtime Afldanunsadearu HSR Tku Linux kernel
Ingllusunsy PREEMPT RT dusudeansiuaunsalsingguazaiuaugunsaliigg aaeg ROS
1 [3 Y % § o (% s 6" = v 1
warviueus HSR lisunisimuinsulnsaiaesdmsuasawisinaanizdnie i n1s
\AFOUNTDIFIUTBUTIANIY, NMIAIUANNTUWDS, NMIAUALLELLLEDS, LagNITAIUANAIYINY

widu usiu IneazgnaiuAueiu ROS iy

o iZU‘Uﬂ’JUQﬁJQUﬂiﬂj (Device control subsystem)
Juszuunldsuidainssuumuaumsiadeulm Wemuauweslhuemesiaziowmos i
Rsass5 Mdulusinnealunisdearsiavlaeianiy lnesuwuunisdearsasiduiuy Master-

slave

® STUUAIUANNTTIU (Functional subsystem)
sruumuAuNIsnulusgaugang wawiaiusad1dslidansauisve s usuiIumieg

Buwmesinald waziianniauuiang ROS Wisldlunuauuazsuiniswmdeulwiuuudass

VIWUEUA
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L4 iwumuqumi@amiaﬁ’wﬂ%’ (User interface subsystem)

AldanunsanuALLardINsusuAInNnsnan Uit dumesiva Welidesdenisldenu

2.3.4 wnsngniswuas (Transformation matrix)

Wn3ngn1siUas (Transformation matrix) a1nnisd@eInen1svueuduazinalulad

<

[18] Wugadeyanadamansnldszysumiainees Jaduidnsiaunsaldssysmums
wangANsIHTaiuEUAle tneviusud 1 ftulsenaulumenalndiusiie  iviminisessu

fumnudeinsvesuywd nMsinuniinanenisiedsulmitudnduded nsivuaszuy

[

ANALALNTOUDN9DY (Frame) hanInaaun1sy (2-1)

1 Tiz Tz B (2-1)
AT 1 Tz Tz By

T34 T3y T3z P
0 0 0 1
[T Tz T3 . .
= v 4 a . = & a ¢ a
do |21 T2z Tos| lununnimesszyiiamng (Rotation vector) 1o 735 fie lum3nduand
31 T32 T33

Py

i nan?l j uay | By [ ldununninesszysiumis (Position vector) 1o Py, P, P, fid fumid
F,

Tulwalnu X y hag Z auaisu

JUN 2-20 wansineganinmesveanindnisuuadi 2 nseusess

Tng 4T Wuuvsndnisuiasweanssusneds A Weudunseusneds B dslufdenaeulanu

WUVUEUA [A] Wazlunvawiugud [B] AegUN 2-20 uivnningeudeddnuiuniinnii 2

[

a3U#l 2-21 ansadisuaunislanad
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AT = 4T - BT (2-2)

JUN 2-21 wanadiregnannmesveuunsndnmsuUaini 3 nseugness

2.3.5 3af1anivaiuaun (Robot Kinematics)

Jafansvueus (Robot kinematics) :nuiiadeing1n1syusudLazinalulag [18]
Junsfinwinisiedsuiivesiueud Jelunisasisiuuinasseamansvesnalnviueunlunis
WhasgingAnssunsiafeuivedueud ManNITIATIEINgANTTuNITIARaUTIve UL s
o & v Y1 awv ] ¢ a ¢ A ¥ a ¢ ° Y A
Fududaslirfidavasueudundnsizivsonsidiunindnisudasnmuin dagun 2-22
FeianensawInansavile 2 sukuu fie lawuwdndludiant (Forward kinematics)

wazlALuAnddaunau (Inverse Kinematics)

6, : N e
Joint O Forward kmematlcltf I Cartesian
space % -4 ::T space
Inverse kinematics >
M -

a a

JUN 2-22 uanspnnuduiusserinanesiisafiuannduagduifaniuansndue Joint space
ey Cartesian space [18]

1<

lnglatuuandludramid (Forward kinematics) 10UN15ILATIEAAIWAUITDABYDIVIUEUA

a1

fausigmuluauidiutans mniifeyavesrniifaiidiugiu waglauminddoundu (nverse
kinernatics) LUuN153As B WLV iR uUa 8 vewvuueudvs ofl da v une
yniilideyavesrfifadeundulumdesesie ilemmumisvosusazdose daduisnsid
AnugenannIesiitalawindng deddndnnisniedineaniuseneuiulszaunisal

vogldlunsuieymaanan
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2.3.6  N159199UUUULIA - WNng - 88 (Roll-Pitch-Yaw)

a

Junsddauiisudunseumsiedeud [18] n1sdnsdayudnvazddlildiiessuiey

v

A = | =« = = a a' o A Y a
ﬂ']ﬁLﬂﬁ@u‘VlLL‘U‘UMﬂEIﬂJ WU VDIUIDNIDLATDIUUANITUN 2-23 G]'J@EJ'NWLL&@\T‘U%ﬂWﬁ@W\T@Ql‘!NLLUU

Y

158 - Ain9 - v97 (Roll-Pitch-Yaw) Tunstlvoaunioslulszian Fixed-wing kN X az@AniU

=

o w = a ! a A v 4 Q%’ a |
a1iaveas oadusglufianisvesnisiad eun bttt wnu y 93 lluiianiavestn
= a ] [ O A & a a = i LY a [
P303dU N Z s dulnuuuiInmdaminiiuay auuiinaseseglunuissAuieaiy
WUAY N1591989uwuUlsd - ind - 8a7aLNAMUANIULNVBINITRLUTBULNY XYZ 91N

v (3 a 6 [ o £ Yo (% dy [ Y a
wnuelsd (@) wnd (B) waz o (y) auddu dunalainnisnyuanvuziaglinelmin
n1sasunlasvesiuniveinseu wWesaidunisiudsunuinisaedalmdulyaiu
foenswiiiy dmsuumsndueanisdadauuuulsd-ind-seiilunismmrinduuugaudng
waailosanifunisdrsdafisudunsouniouil Tnelsuannvyuyy a Wieuwnu Z aueae

VUYL B BN Y dAvNERD UL Y WIBURNY X Aeaunish (2-3)

Reapy) = RaaoRy.pRey) (2-3)
el
1.0 0 cg 0 SB Ca —-Sa 0
R(x,y) = [0 Cy —=SY|\R»pB) = [ 0 1 OILLazR(z,a)= [Sa Ca 0]
0 Sy Cy =S 0 CB 0 0 1
ot
CaCp —SaCy + CaSBSy  SaSy + CaSPCy
Riapy) = |SaCB CaCy + SaSpSy —CaSy + SaSPCy
=Sp CaSy CaCy

ansnsadwanARPYlalaemsifisuiuaiidn 7;; aglain

T
a = atan2( E)
T11

—T31
cos(a) 147 + sin(a) ryq

B = atanZ(

32
Yy = atanZ( —)
33
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Pitch,
X Roll, a

U7 2-23 dnwaurnsensBayauuulsd-find-sed (Roll-Pitch-Yaw) [18]

2.3.7  wann15¥99aunIn-ansmudsn (Denavit-Hartenberg convention)
Y a s A ° a '3 a N |
wann1sveaauIn-gsmudsn [18] tanlglunsiesieinisedeunvesiusudlag
andanisiasanvusudiilulassainnusenousie desie uazdsruseidiieiu Jawlinves
Joneaunsaidulans desewuunyu (Revolute joint) wazdasiowuuidau (Prismatic joint)

lAgTunausNAIINANIAMUANTOUBNBIUTEIUWsas Uasiafagui 2-24

Axisi—1 Axis i

Linki—1

JUN 2-24 wansditegamsimuntesouazaad [18]

NSAVUANUILLATYVDINTOUD 19D 9UTETNTBsD 998N MUANUNINBIAYUTETMNUNYY

aq v v 1 [ v 1 . 1 ¥ @ 13 ¥ 1 . . o w a
duuflidossusnilutens [ — 1 dudersdaluidudoss @ way { + 1 aua1su lnge1aazd

[ v

YR N0 NDUNLINTONSIRINTALS TUNITAINUANUISAVUTZIVIRIALANINUARIS [ — 1 o

Y

sevintesie § — 1 Audede | wazdisd § og seninadesie i Audese § + 1 91ntuRia1sa

= 1

n1siUAguALMLaLaEN1TINRIeINTaUS 1B agAniulagnsdunIndn1sulas Ay

aunsealull

"IT = Roty gi—1)TTangi—1,0,0 R0t 00 TTan a1y (2-7)
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COSg; — sing; 0 a;_1 (2-8)
Sing;CoSy;—1 C€0SQ;COSyj—1 — SiNgj—; — d;Sing;_q
sing;sing;_; C€0Sg;Sing;—;  COSyi—1 d;COSyi—_1
0 0 0 1
Tnel a; Ao szuzanunu Z;1UEe Z; 1 muunu X;

o A9 YUNWNY Z; WUET Zj 4 1 S0UMNY X;
d; Ao SzuzanuAU X;_ 1 W X; uunu Z;

0; fio yuNUNU X;_q LT X; TOULAY Z;
= o o ! a ! a s acs a ¢
sZiQG\'JLLU'ﬁﬂQﬂﬁ’]')ﬁ]%QﬂLﬁEJﬂ']’] LAUNIN-F1NULUIN WITULE3 (DH parameters)

2.4 STUUAIUANLTILAZALMLS (Force/position real-time control system)
Force/position real-time control Aandnnisaauauitugtuiiddyesiusud Tuns

v sfusudliiUAsuuUaslununsmeuaussieduIndeioanmuandey

funszvhiusiueus dnsueidetagldusinnaisueninnssrifufhauduaisves

| ¢ A cs' d' cs' | ¢
muaumwammmmimaaﬂmLLazmaaumamuaum

24.1 M3IAIVANLUUBNNLAUSG (Impedance Control)
M3vhausImAuTEnI LY Bdlagiueus (Human-Robot interaction : HRI) dnazidu
a v o - ' s vl oA
NsAUANLIIagluFURUUYRIANAUMUNNSIARoUNvaIL U YA Lielilnuseliles
LAZIIUSEU IINNITIATIEANSHUHFuNUS Auveauvuiueus (Manipulator) AUdekInda
(Environment) maié’fmaﬂﬁﬁuﬁuﬁmm Inverse dynamics control in Cartesian space &9

[

rondedegULuUmMmanvesuvunanatl [19]
.o . — T
B(@4+C(qa)q+g(q =u—-J(qh (2-9)
d' d a ¢ = d 3 YR v o ]
e J(q) Ap wnsndanlaileu h ABLINmesvaInN150onusIdulavefvinuaEIy
Uaneuauuninssindadauindoy wag U An NYNIIAIVAN FIUT0kAAILARIT

u=B(q)a+n(q,q) (2-10)

aun15¥ (2-10) As N1sdngULuLvesiImuau U Weglusuuuuawn laed
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n(q,q) = C€(q,9)q + G(q) (2-11)
g

g=a (2-12)

[V ]
Y

- A a s = !
ilo a AedunAnNnesNgNAULNTITA
INNITMIVANUIUNAINNTATUTIWNTEIF AN NUAIUIAILVBILIUNG @115

wanalalag
4=a-B(qQJ " (ph (2-13)

a < a1’ a £ = LYY o [
1NFUNIIN (2-13) ﬁ]%LUULW@NW‘lMLUUL“UQLau bUBDIINENDUVBDILLINFUNT dNUIULIUNEG

WUU nonredundant @1313auaAIAIBUNALAGIL
| -1 . s ~ ; N -
a = Ji (OMg (MaBa + KiP + Ky — MaJa(4,§)4) (2-14)

il My fie wvSndveia K Ao luvsndvesiaving uay Kj, Ao uvsndvuasvesausa

iadeunusingluaunisn 2-21) Wualadeugusne wialadeunvsngluaunis
= o, a a ¢ v Y YR =4 2
1 (2-14) azfuailadouinsgt asluansaassauduiushmiduuife

T —
Ty (x)h = hy (2-15)
Wo T, Ao lunsndnisulasseningaesanlaifyuunuanaunisi (2-14) asluaunisi

(2-13) agla
Map + Kpp + Kpp = MyBi (Qhy (2-16)

B4(@) = J3"(@)B@)J3" (@) (2-17)
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12

e B,(q) fAe wdndanuiiosvesuuunalufita Cartesian space %amm‘%ﬂeﬁﬁazgﬂ
Honulidanduuvan wagamaladouinssavdondunssidu (Full rank)

Tneunfiudaaunisil (2-14) asduanuduiusiignisundulusuuuuveduiuaud
1408 (Mechanical impedance) S¥#i19INABIVOINTIANS MyB71(q)hy Wazinimasues
szpynanszan (B) lu Cartesian dsdufiuaudianunsouansoglugluuuresnandinig
Na YessTULING aUTe Lagfming Ssansasvynginssumanainlilaonse

MnaNuAgIuYsALAaInlAdsuLuUdasrlunTIauss asvilianunsadsuaunis

YBINTAIUANLIUNARUUBUNUAUTIVL AR
MyP +KpP +KpP = hy, (2-18)

Tne?l My Ao lun3ngduuss@ndvesssuuniaianinis Ky Ao wnsnddulsza@nsuey
Y ' v I a ¢ o a s a ay A v o A o
AIMRRINT Kp AR lun3ndduusednsvesauTaineanis uag h, Asusadulannssii
AOAYINNUAINUAIETBIUNAAINFIINRBUNBUBN FIMTUNITAIUANLUUBULAUGLARS

Iiwaguil 2-25

X By iy .
jd" ﬁ]d- IMPEDANCE y INVERSE g MANIPULATOR o o
W’" ) EE— L - -
dr ~d > CONTROL DYNAMICS & ENVIRONMENT o >
A A A 'y T
x, R
.f < DIRECT =
Ry @,
KINEMATICS |-

JUT 2-25 unun nuiond1miunsaIuANLUUBNTike LS [19]

242 32UUATUANLIILUULBNYWETN (Explicit force control)
31UAT8VB9 Alexander Winkler wag Jozef Suchy [20] Waan15LUSoUTENIN9NIS
AIUANKIILUULBNENGTN (Explicit force control) wagsEUUAIUANKIILUUBUNGTY (Implicit
force control) Nd1A® N1IAIUANLIILUUBNGNETN (Explicit force control) ABn13AIUAL

LUURALTE IS aLagimis Tnan1saauausuiiazidunisiSeuiiisunnusiessning
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AUNUIVBIUIUNG %mzﬁuﬁuﬁwLmu'waaLLsuuﬂaﬁéfaamiﬁé’qmﬂﬁgu%daiﬂé'ﬁammm
fumis drumsmvauussezidunsidieuiisussniassiinssifidhaudiulats i
wsafidosmslnruusuidudasungndsaniuazdsludainmunuuse Womuinmen
Fyaraumuauilddmiumuuuauusudselufgufl 2-26 MIruauLsILUUEINETY
(Implicit force control) An1sAUANLIIHIUMAIUANFALILY F93TuANLUUBLRUALY
(Impedance control) Lﬂu?%wﬁwaamsmuammLLUU'S;JW%?G’B% (Implicit force control)
WUIINIIAIUANLIIUULENGNETN (Explicit force control) Wunisarunuusslaensavinli
NARBUALBIYDINNIAIUALLSITIABUT1 157 uAnsAIUANLSILUUBIMETN (Implicit force
control) fianafissnimuinndn 1Fesanagdauiuntsdenuivesiviiaudl u
UaneilenaingliiAnusensgyidudsinnudisuasnudfidesnisneu n&santuieds

doyauandludsiauauimuiaiionunuuwiusuirelUfssun 2-27

Fa Force U X Env. F
—p — Robot — >
Controller FTS

JUTN 2-26 WU MUABNN1IAIUANLILUULENGWATN (Explicit force control) [20]

Axy Position U X Env. F
= Robot >
Controller Controller FTS

I

Force

JUT 2-27 wrunmuionn1smuaNLIIwUUBUNaTY (Implicit force control) [20]

Tnei F Ao nnwesuswazussdaiialdandumesTauss
Fy Ao nnwesuswazusedaiinssisdassuy
u Ao LodmaildansruuAmIUALLT
X Ao AUNLILaLAN1eIRIIuEILUaNY
Xa Ao nswasunUasuntsuasirniswosdiaingu

druuaneNneanns
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AXq Ae M3UArULUAIUTUIILAE IANI9YDIRA YN
drulanenlannszuumuanLs

dMTUNIIAIVANKUUBUNETN Implicit force control WuaggnIinegfuruguAuI

Uszian Faannisaruauiueusdiulagiuazifudnuazves Position-based devices %39

VNULUA T ATUANAIYFAIRIUL AU ITNI15ATUANLIIBT UAEIN1TAIVANTLT BN

External force control %58 Position-based force control

2.4.3 SEUUAIUANLIILUY External force control %38 Position-based force
control
n1saruANilgnimuIIulag De Schutter and Van Brussel [21] Uage1u3T8v09 Eric
Degoulange wagAng [22] Nna1331n157ageanwuussuuauauliiiussansamiafgala
v o ' I B . oA - b = 1o ) a
ADIDIRENITNIANAINNIOAT Gain Tnungauiielissuuiaiesuaviaiug n1susulaey
\ o . o . A A w , . i
A1Aafl (Gain) 1o 9 Tuszuudnagdewanisnevauesitldmilouiu Wy winana Gain 110

Auluszuvazdannuly (Sensitivity) Ao uasdoaltussluUSuiaiiunn uwaynfisal Gain T

A

Arnguiulszuuiaziinnsmevauensiawibitinn1sdu (Oscillations) waziilugaiulyl
iafgsuessruy dmTulkuen1saIuau (Control block diagram) ¥84N15AIUANLIINEUBN
(External force control) Usgneusie 2 guaiuAuidauiufeguaiemivnuusazguuy

ATUANAUALUIRARIRIFUN 2-28

Original robot
controller |— Robot |—

(position servo loop)
Force control T
law
S
+ -
H C

Hy

JUN 2-28 UHUKINITAIVANUSILUY External force control [22]
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Taofi P DR RN S IV G LT NG R
Py fio vimevesusuATidesns
ap fio JULUBITMevesuBusTIldaINAsA U
H, Ae usawaznantagdu
Hy fio usauazaiFioans
S Ao LmEndiimuaufianisueussdmiuauay
AUV ILEUA

2.4.4 32UUAIUANLUY Proportional-Integral-Derivative Control (PID)

2 | v I3 g v
ﬂ'\if"’nUF’]]llﬂ’]5Lﬂa@u1ﬁ3m@ﬂﬂuau@@3835UUﬂ’J‘U?‘]‘lILLUU PID [23] LUUﬁgUUﬁ’JUF’]‘MWELGU

& a v

Auag 19N a18luINITAUGAAIMNTIN T8 WNMTAUYULUR TFDINITNITAIVANLUY
Sealnl (Realtime) Faluwmadianirasensusunmiwesuazsonisldnu lnanisaruay

WUU PID 2ztdun15A1UIUAIAINLARIALAR UTN LN lAR1NAINNLANF 195 NI NANNH 91T

o 1A d

(Setpoint) ffuANdale (Actual) famuanasneeuanAIALAaInndeulivdetasiian

9

[
= 1

AT Usudanamdnesnsyulunisiaganunsauusgealaidu P, Pl uag PD 16 Jusd

@

Audnuwazanuiideansld laeszuuniuauuuy PID Wulumuaunsesil

U(t) = Up(t) + U;(t) + Up(t) (2-19)
t dlys(®) — y(®)] (2-20)
U = Kelyo(©) = yO) + K; [ @]+ K 2
0
-1 d,(t B
10 =er+Kij e(r)dz + K, D (2-21)
. dt
e Ys fio A1 setpoint 7ifaans
y(t) o AfiTala
e(t) A9 ANULANANITEMINeANTid NS UAN93

o~
~

~
—
b
©

AL WINAVBITLUUAIUAN PID

=
~
~
—
b
©

ALDMINAYDITTUUAIUAN Proportional

=
~
~
—
b
®

ALDWINAVBITLUUAIUAY Integral

~
o]
~

~
NI
o)
®

ALDWINAVBITLUUAIUAN Derivative

A1ASTIVBITEUUAIUAN Proportional

&
b
©

K; B ANANTIVBITEUUAIUAY Integral
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Kp g A1ASTIvETEUUAMIUAY Derivative

tuae T Ao Lavailiaanaziianlunisgu (Sampling time)

[

2.5 NTaANBUAYYIUVBIRINTDIFRYYI (Filter)

v v

2.5.1 fiansaedaysy1eumIUaAT (Low Pass Filter)

dmiudunauniseudeyadyaiuaindiguiresintsduniazate 9133zdady

'
| v

AanainUnadendudde 3981938 ueg iuUseAninmuesi e uwes e uloyanse
Usgdnsnmweslulaspreulnsiaes Sniinisduresiueudioddanuiaiiensvzdinanie

N3TUMIUSTULSaM fadudaldmnsosdeymianinudan Low-pass filter Fadufinsad

aunsandndygasuniuninnnuigeesn duanudniagiiululanagun 2-29 vilila

o | saa Ao
ﬁ@qpaﬂUﬂqiﬂﬁUﬂNWUﬂu@WN@mﬂqWW@mu

1 3
3dB
— *— Cut-off
frequency
0
fc

'gﬂﬁ 2-29 ns1luansALAREIY (Low Pass Filter)

a

st anwnsathlddszenlelulsunsuiemdndygradnilainuise

SUNIUTEUU 995 UeLAMEaNNITNIAtInfans Asaunisn (2-22)

y(m) = ((@) x x(n)) + ((1 —a) x y(n — 1)) (2-22)
Taeh y(n) Ao Agnnsasas ad e Tuseudagdu
y(n—1) flo Agnnsasualusounounin
x(n) Ao Anauldanuwesluseuagiu
a AD ANASTIVDIFINTDY FeTAITEININN 0 - 1

2.5.2 fnsasnaaenaau (Moving average filter)
9UITYV8Y Pengfei Luo wazauy [24] n1519A1n599ULUU Moving average filter

dwsunsosdygradansililoan (Ultraviolet : UV) Tnadansasiuu Moving average filter
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findnnstunisiiudeyananermnuduiuidesnisiiuimeaads Tuyn 9 asswesdayadn
\Tanvesnd a1t AnsIEiazgnatean NUUALA NN TATIEY
W onsesdyaaisuniu (Noise) 71 L daen15eenaeg Uy 2-30 (a) wagduundya i

dansilaletan (Ultraviolet : UV) aonmiumafising q dagud 2-30 (b-d)

RIGO|

CHI 100V 2.000us

(@) dyaudanilodnfiilidayamusuniu (Noise disturbed signal)

12 T 12 - - 12
Sos l‘ b .1 s 208
Foo LA HLEL
s 0s JﬂlW H ‘ = = 04
NI WANAVAY iy
0 200 400 600 800 1000 0 200 400 600 800 1000 0200 400 600 800 1000
Sample Number Sample Number Sample Number
(b) 8.3 MHz (c) 16.7 MHz (d) 25 MHz

JUN 2-30 dygyrasdeansvidwasdayayiavisanvasinunisnsesdayao [24]

Wnstanunsadluussndldlulusunsudmsurinlrdynsuseuiu lngaunsaessue
lalaesaunisi (2-23)

1 (2-23)
|=—= x[i+]
ylil=+ . [i + ]
j=0
o x[i] fio Ao g i
yli] fio dryaunauieondafi i

e Fuudeyaitinsosdyn e
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2.6 N15ATIZIHAZNISUTSRUNINEDA

2.6.1 N5ATIZRAIAMULUTUTIU (Analysis Of Variance)

£%
=

Huismsfigatimanuuandnswesaidevnada (25] Aiaundulasvdnnnslunis
AAs1eh Ao wonAnuuUsUTIuvesleyasenidudiug muaimadsil
ALY TUTITIVa18LAAINATULUTELRINATNAADY, AU SHUTENI N2
ypaes, way ALAANAINAINNTTINAY \Teuduaunsliwsdl
Total = Treatment + Experiment + Error (2-24)
Tnevedesisauufgiuresnideladd
1) MvueauudAgiulunmesey
AUURFIUNAN (Hp) 1y = Uy = U3z = === = Uy
auufigIuses (Hy) : ddniedvedaiios 1 gilunnssiu
Tnodl u AeAadvesngusiogns uaz n Aestuiungusioeis
2) fmunssuteddey (@) Tuendsedld 0.05 wunennud femeRanarnld 5
Wosidud

o

3) dramudAylaann1sAuau (Sig) veslusunsy SPSS uUssuisuiu m

[ YY)

seautieddny anen Sig. deundn & xdeinveusyu auuRgIUMAn

2.6.2 NMFIATILINN50A008 (Regression Analysis)
= = = o U s U YV [ [ U [
Aon1sAnwIAUELTUSYRIER LYY [26] @mnsaldlanuransdnwayanudunus
wazUSIaIAILUS
NIINAADUNEIAYNINEDH

1) T-Statistic LT 215718 Model 1Ua29A el gAUN1ad i A1Asfl (B,) waz

Y o w 1

uUsEAnsveiIwUsBasEna (By, By Bn) HTEEALHD Model w3l Ing

o

HO:ﬁi =0

Hl:ﬁi #=0
a1a1 T Alaannisauan Weenien T filaainnisns Tdedngeausuauufgiu
nan

a ¢

2) F-Statistic {usfigauilumatuiirnnuaaiaedeusinualn lnensaunigi

Y

[

1
fatl
Hy: A1ANAaaLAaoulAAT U o UNSRLANIINFlUsDasy

H,: AAuaanaindauiliindudiutlosunanniuysoass
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dvnnwudn e F-Statistic fiAdandn A1 F ildainaiss feldiieeuiuanufsu
udn watleatudauianaings

3) R udfivsvenideyafvasnsieseitumzauniol Tnedarsening
0 - 1 dmndiandlng 1 wnwiluinsTieseiagivssansamannwingu

Tnevilumsiian 0.6 Tuly usdlulafinginassiuuueuniedn

N g2 ]
R? =100 x (1 —a— l(‘yl W) % 2:22)
=1\

2.7 anuuaaanelumsineusiuiussniteyediuiueun (Safety for human robot
interaction)
o ] ) i | ¢ A W A - - Y
nsvinuTINiuTEnIugudLazIyed Inannisvsededsruniduaina wiedesiuy

é’um’mﬁLﬁmmﬂmmEifﬂ‘waﬁmJmgﬁuauﬁﬁwmmaﬁmqmmmiim [27] Iﬂﬁiuﬂ’]iﬁ%‘i’]u

L% U

YoyjueudluIIdetfessuuiidenadasiutedsrusely

2.7.1 Safety-rated monitored stop (SMS)l91ilovigan1siad oulmivesusudly

'
wva o |

Hunvheusniuneunduiiinuazidig nunhauswiuieldneuiussuurueud wag

Y

aulnasa.
2.7.2 Speed and separation monitoring (SSM) iﬂumiﬁﬁizuuﬁusuﬁuaz

Y a va A PN k4 U &J A o ! LY 1 = r-:ll ! 3
QUQUWQWU@"I"\]Lﬂﬁ@umlﬂWi@@Jﬂ‘LJIu‘WUVWIN’WUﬁ?lIﬂu IUig‘Vi’J’]\‘lﬂ’]iLﬂﬁ@UVl“UEN‘VJUEJUGﬁZ‘UU

v

yugudarliidlnaguiianuiuniisseensuendesiundmualy

[y

2.7.3 Power and force limiting (PFL)l4lunsalfissuuriuguddaslasunisesniuy

v v

WeanaudedliiugufuRuegaiigane ngliiuadaTiiavesnamndedulddmsu
NSHUNALUUAIAT LaghUutIAs1IMUAAmUAlagNSUTEEUALESN.
wnsgruanuvasniedmsuiueuaddlasunisuilunaginuilud wea. 2549 waznis

1Y

WasunlasidrAgyiiaail [28]
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2.7.4 New modes of operation aya1al#iuiasgiuisrdostuiiufivisures
yupud LU MseenuuunIIeuANYusudlinus iU TRnuesnuslufiuiins
MR I

2.7.5 Control reliability #nsudluszuumuauidsazdreliaunsomuauliiani
Uasnfas savsivesdmiusendiifiviuady maduasliviessuudidnnseiind uas
walulagiazatne

2.7.6 Safeguarding and clearance §in1sUszifiunanudasadoiofinisviey

wendavaly Inedinisivandeyania o wu aifasgnuesiueus wiennusgedn

2.8 sruulfuRnisdmiusiueun (Robot Operating System : ROS)
spuvUfuAnisdmiuyueud vi3edideuiSeniuin ROS (Robot Operating System)
[29] fe sruUUFURNTE S UusuATIDuiunsvaslutiagtiu fszuufioenuuumsesiu
msvhauludnvazianzdn Tnsdwlngjusudsuln q senuvuidlelildnunazsesiu
nsvhaTuUL ROS wiariedu gauduiiiulddaie ROS farmBangulunisviaugs iesn
Tuthgtuiy inszssuuusuiasuszneuludmevainuansdiu laaduszuulaseadng
FTUUNITUBIRENIN, UV, seuulaiussivg (Al : Artificial Intelligence), uae
szuuvdudutag Wudu dniammatsauldlunswamnssuudiam i wu nnsimm
yusudusmsiagldnumeluiiulasdlsidunisyinaundng fie anunsadunigludiuwuy
Salusfi annsaduidsinoidss anuywdaunsavduiuinguiedsues dsvuvandilunih
vosi{ldary Uniamuudazau dendinnudsivgluudazdiuunnsieiu somguaniui
na1737 ROS gneenuuua ieuftgmdnadu Tinquaumaridanunsavinsusauiuuas
wistuloedetunaziule dumaing (Package) MAsfuusudlhdonldunueuazidu
gevdwIslamurese (Open source software) Svunayuwuniodnimuinireuanann i
nszyfa-nou dmiu Besjusudlasiannglrdmiuauiiae tyilunisldou lassairanns
13109 ROS 92 31udu Node Fausaz Node azdeansiuru Topic wag Service lny

7111 ROS master WHufdanisvianuadisgun 2-31
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Computer 1

o = Registration =t Registration ¥
' ROS ' ROS
e-Messages of . Messages -
Node 2 ‘Node n

Messages
gﬂ'ﬁ 2-31 ununwnsdensieves ROS [29]

2.8.1 Transform (TF)

]

Transform 138 TF {uuiiainaves ROS fignesnwuuniiielddmsunsinniunis
=

[

WaguwUassennaunsu (Frame) laqiwousanu lngaziduusdfgyas dunds (Position)

o

Wa¥N1331963 (Orientation) UM 2-32 wansfiafieg N suaninaves TF lussuuvueus.

SUT 2-32 Msuans TF 999380Usiueus [29]

Tngszuurueudnaly Snazdilsufida (Coordinate frames) 3 fiAfiUAuLYaInaDALIAN
WU suvedlan (World frame) insuvasgiuyueus (Base frame) 1suvesiiody (Gripper
frame) il5uR Y UEUA (Head frame) tludu windosnisAnmuslsuvaiinasaiia
Jldsuenaazdosinis sutuunsnsivesingegludnvazlnudloifisuiumsuvesgiu

vueud sunilsdagiuveavsuvesgiuueuded nsslunuveamsuunui 1udu tioazld
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AILANNISIAGEUNRAENSIPGUlITRuBUALALUUgNABILAzUUSEalNY (Real-time) R
ndudedld TF fanunsafianunsiddsusdasssniransunuuisealn (Real-time) uay

anansavnaulalussuunszane (Distributed system) Nanunsaldausaniu ROS lananeae

2.8.2 The Unified Robot Description Format (URDF)

The Unified Robot Description Format (URDF) L4 ugvuuuldd XML (Extensible
Markup Language) 714w ROS Lﬁaa%maaqﬁﬂizﬂauﬁwmmmﬁuauﬁ 19 A9A (Link) 90
7o (Joint) ¥u1a (Dimension) Lowlwas(Sensor) 5ud4@11150 58U AMANTANIaAERS
(Kinematics) waz tawndin (Dynamic) va38aAUsENaUAIN9UIUEUA 1Y 198 (Mass) AL
d08 (Inertia) 7w (Damping) Audeaniy (Friction) sudu Tulwd URDF azdas
JEUANNENTUSTENINNA (link) wazdaste (oint) Turueuduasduiinlngaeuuana URDF

AaguR 2-33

Ul 2-33 Unsaslunasiuesusisne URDF [29]

ndsanlelad URDF vesvjususd dnnilaunaina (Package) #ldlunsifiudianiug
(State) A19°U09UEUATIS (Real robot) 1 BIMNTMLIBINDIABS ATzEzmaTiauLLes
gruAlsuuazuandlulusunsudiass (Simulation) ves ROS TduiusAulumaruEUFATIS
a¥13 A Robot state publisher LuuiiAng flanunsndsaanuzagiuvesjusudlieglu

sUvea TF Mudwhumisly 3 Sfflefiagls ROS anunsath TF Wl9ldRwandluguil 2-34

fjoint_states /robot_state_publisher It

guﬂ 2-30 WNUHILERINTSYIN9TUTDILAALNY Robot state publisher
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2.8.3 You only look once (YOLO)
You Only Look Once (YOLO) [30] Aalassunsussaviiisy Deep Neural Network
(DNN) flddmsunisandringainnim uazanunsonsaduinguuy Real-Time léuu Pascal

)=

Titan XUszanawanInit 30 FPS uazdl mAP 57.9% @3y COCO test-dev tTund «ly
Sane3iiu (Algorithm) N1505233UTRQUUY Real-Time Afll§uaziianuusiudioglusedv
TR
szuUATdUAUiUFULUUTBsTLen s efsr i ad funisn ey
mnlduuudasamansquuunazdduwmisivainvats axvilinsmsaduing dansusiug
wargnieanniudie ssuunsnsadaginsienesizuamiasdavanemy lnediasei

4

MnvuInLazaNs e uesingui elinsiaduingldgndes YOLO 9t14 Single neural
network Tun1531A5712% 0 1M @9 Single neural network A8 FAAS VLIV IN19FY
Jyuszivg (Artifical Intelligence : Al fianunsntlussgndldiuanumansduldegnad
UsEAnSa1m 1 NM53UNIULUU MIATUAN NSMIANUMINZEL N13TANAN wazdns

¢ 4' & = = a ¢ vy Y] PN
ATNATTUATNLNDAITHIINLID thﬂf\]wﬂ’l‘nLﬂﬁwmumimmmamﬂl’gmEJ(N;J‘U‘VI 2-35

Scale 1
3 Addition 82 Stride: 32

Residual Block e
=
Detection Layer Scale 2
94 Stride: 16
Upsampling Layer -
er Layers

YOLO v3 network Architecture

SU# 2-35 JULUUNTTILASIEY Single neural network Y9 YOLO [30]

INNITNUNIUITIUNTIUNTATTNTENINNY LI AUNYRE (HHH) nudlaseasnanig
ca W = 1Y) ° a a cu o awv
n1enIMveInywdianyazmileouiuLuuItaesduiuaugasina13lilusnuideves MM,
Rahman wazAny [6] FIN1598NKUUTZUUY LEUA la1u1savinausiuduaywd lasndud
IrADIFNYIANYLNITINUIINAUTERINYEdNaw [6-9]
INNIINUNIWITTUNTTUNSALTRGSENIauywdiuviueus (HRH) wudnaglduseves

uywdninsziheadiihnudiuvarsvesusuiidudiiudsmunudmsumuaunginssu ves
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Viugud [10-16] sadedimsvssendldinadia wu ldmaliansvuisian [12] visewugasau
9 LU LBUERINITATIATUNIN [13] wag [15] Saueae ielviviusudiiuseansainnisviieu

] Y ¢ al £ a 1 v v & @) a advao o
JIUNUNVHNUYYINUINTU "U’]m/lﬂa’?’liﬂsﬂ’]\‘l@]uu"ﬂ%L‘U‘Llﬂi’e)‘ULL‘U’JF’]WV]N’J‘-UEJ‘U%UWIUUﬁBQﬂGﬂGmu

Y

PBNLUUNITNARDIVRINITANWINGANTIUNITAITAYTENT1eN L wdiuNy v (HHH) waz

q

U nAlEIsNIIAIVANLT AR LAINAITNUNILITIUNTTU [10-16] ua [19-23]

d1115UN50NLUUNITNARBIVRINTITANINGANTIUNSAITRG Ten Ty wd TUviuaud Loy

UszgnaldnisanneudyaaiiionIndyaianisuniu (Noise) Mlaannwulwesang 9 sauds

aaa L4

‘Lr’]ﬂ’]ieJLﬂi’]%ﬁLLaSﬂ’]iﬂ’igLﬁu%’]ﬂﬁﬂquf\]umaﬂﬁiﬂﬂﬁ@ﬂ 1Ag5198LD8ANITOBNLUUNIT

yaagAznauundnll
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unil 3
ABNIANTINUIeY
Tuuniaznanieniseonuuuszuvdfauiusseninuywduazanug (HHD), szuuUi
Futussevinayuduagyuoud (HRD), Unsaliily, wazmsdenlosweniund saudsedune

'
a va v o

yquiuasvdnnafudnigisoiunlddmiumsfnulumiaded Weihlusenuuunsou
n1sviulunisdedagliduyueus HSR Iiarursavinausududvuywdlaognad
Usgdnsnm idusssunnazlasnsonnuywe samfsdingAnssuililndifssiuaywd Tag
iAdeilldfaugenuifvesiusud HSR dun wianansnmaduing (Yolo), ufirinanis
muamwu@mﬁmueﬁ (Impedance control), wRanansinaeud (Hybrid inverse kinematics
uag CBIRRT2), WazuiAnaulgesianse (Force sensor) uagimundanasiiulunisaiuay
susudliausadsuuunsyininures HHH Tu HRH 18 fsiluunil 3 Bessudouisidoey
nandsnuiamuadildvilunuided laademazdsenoude (1) msleseiussdmiuns
almumq%M?'Nuqu&]{ﬁumuiwf (Force analysis of human-to-human object handover),
(2) NMT0BNRUUTTUUNITANYINGANTTUNTAIINGTENTINUYwdiunywd (Human-to-human

[ 1 &

object handover), (3) MIBBNLUUTZUUNTANINGANTIUN AT TENInauyud fuueud

(Human-to-robot object handover), (4) E‘LJLLU‘tJmSL% puleamonias (Software architecture),
(5) 9aA1@NS VO UBUBUR HSR (Kinematics of HSR) wag (6) n1sAruAuduiuaug HSR
(Impedance control) 3sfiswaziBandiail

va o

NN LAANEIITeRlanaluunneuntl nuidinsldusaagiianiaves

wstlunisdedng dnuagvisesunswesing sutmgnssulunsdaingiunnsieiuy tieain
AT IfITedeINIAnwINTdtIngNazdeTng lalaeideuwuunisdeedly 3 dRwilauiu

N15d9903luTINATI Lagliv U UA AL TONBUALDIM BLIIAIUNITAIUANKUUD LN WAUD

(Impedance control) wagluraususail x M3unuAUMEUTUEUA) QNUININIITN

' (%
= 1Y Y

dieldlunisauaunsangleuing Tngildisunsadunsinszuen Fewazinisdeingiu

T AR InTIMIansRINAUN uanene3un 3-1 (a) vl IdeazdeuinnsAnuiuag

Y

AT TVBINTATINgTEMINUYBIi UYL [RUNaNSAN YNNI 1INTOURLIAATLUNTT

v 1

AIUANUEUAdTInglALNLYEE (HRH)

PnMIngIdelaAnwanidenlananluunteuntt nudrdnsldusuagiianives

wstlunsdedng dnuagvisegunswesing swdmgnssulunsdaingiunnsieiu tieann
AT HfITeAeINANwINTdTIngNazdving lalaeideuwuunisdsvesly 3 dRwilaudu

n15d9veeluTInaTe Inglivusuda111500 0 UAUD IR BUTIAIENITATUANKUUB U LALD
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(Impedance control) uazluvazussil X (M3ouNUAMUNEUVBIUEUA) LQNUININIITU

o =

dieldlunsaununsanaleuing Sngildiisunsadunsenszuen Fevae insdeinguu

9 9 Y

Y YVa o

o v & & o & o Y ° % ° =
'JG]E]‘"USWaﬂfﬂ\1@]3\1‘1’15@@]QQWﬂﬂUWULaﬂJ@@QEUW 3-1 (a) WWIW@JQQEJ"USG]E]\TVI']ﬂ']iﬁﬂ‘U']LLaS

TATILVUTIVRINTATINYTENINIYERUNYEY ot man1Any a1 ansauLIAntunIs

PIuANYiEUAIngLANYE (HRH)

3.1 M3AATIBRUSIEmIUNsdeTngsendnayediuuyed (Force analysis of human-
to-human object handover)

WU9Ruia i la0 98 NwuLYILsITAATUlY HHH n1sveasstaSunedawuudnand

' '
a

NIAMAFIANT LA 8ITURTIVBUT S (Giver) wagTU (Receiver) arunsnaduielaney

lppgunsu@enansgun 3-1 (a) fansanmgAnssunsdeingsevinayuwdilagiuegiuuse (f)

'
| a

Neonusainlningueioud duiuauduoauvunyyd Usenoumediulsuia (m) A1aanves
a o | a . e Y & ] o o
a04 (K) wagmanyad (B) Ine? X, X, way X ABNISATEIN AIIULET WATAIINLTI AINAIRU

Fefuuuuassmataveuunssuansdiaunssielud (31]
frn(@®) =m(0)x(t) + c(O)x(t) + k(t)x(t) (3-1)

Nnaun1sh (3-1) Feeglugluuvulamunadaiieaunsaaeulvegluglvadlaiy
wakuulisieiiies (Discrete-time) lonsaunisauans lneaianlaainnisgudiegiamng
T ¥ (Sampling time) fgdnuausiogsisnun n M Nlissillowudazdingis (Number

of samples) MuaIAU

fn(m) = m@m)i(n) + c(m)x(n) + k(n)x(n) (3-2)
TR8AUNA
x(n) = w] (3-3)

el

x(n) =

[x(n) — x(n — 1) (3-4)
T
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Yraunsi (3-3) wag (3-4) wnuluannsi (3-2) agla

fan(m) = m(t) {[x(n)_:z(n_l)] - [x(n;;)_l]} + c(t) [M] + k(n)x(n), (3-5)

fo(m) = a1x(n) + azx(n — 1) + azx(n - 2), (3-6)

Tnen

2 — -
= mm)+c(n)+k(n)T ]’ a, = [ Zm(;lz c(n)], LAY az = [m(n)

T2 T?

£

fg

(a) AMUAMUNIUTDIVLNY BV R TR (b) WHUNNBATEVRIINY

=

JUT 3-1 lwawadnaeudena [31]

N1 ST ndmTUNTaanaUTngAsnsslukuInny X laowsaufdunus

(Interactive force) Yo dsuagy SuNNTeyinainquanssig f; uag f, Mua1aU wsIUg

Y 9

v o € A A o o Y x o y Y
duUS (Interactive force) MYINTULUILAY X WATUAY Y QNUAAINEY fi5, WAz f;, wIIiin
AIBLYULLOTNANBUAUVDY ATl minid0 multi-axis WUU Real-time A8 f¥oqs W8 fireqs

(AR YUDILIILUILNU X LAZAILRAIVDILIILUILAY Y AIUEIGU) Ingnaun1snngau

1<

WUt IaksagAsviMsluked (MTensnsaraudvesgUasalin) Alvdandugudneu

[

WAL FIUUNITATIEMLSLUULAUNTNANUNTOWAI AR L NUAINLSILUUDATEAISUN 3-1 (b)

Y

MNnanudiusvesusaildannsdeinglunuuny x agld
fine = fiteas() = f3(£) = fr(©)-. (3-7)

MnMsisanusslumsdeingluiuinui (f),) 3INNITAGOULTINNNEANUUY

lawfin aznudrguuuuuaziieniesinginsiUisuulasisndndesdaieu dutimin
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[
LY I |

uv03Tng dedunismaseddunuifeiaziodn wselunsdweuingluuuins (Vertical)

9

wadlauatasi 3alad1UmdnTINeesing (f,,) JAnvirduussiuinsgyiiuingluwuiss

9

(Vertical) 713anin Holding upright forces vosds () wazdiu () Faaunsi (3-9)
fmg (@) = w1 () + wy(2) + wy(0), (3-8)

317

fng(@®) = £/ () + 7 () (3-9)

1 [y [

Y Yavidududsdadandnasodsu A

a o Ly 6 ] (Y og
wsaufduiuslumsdsauinglunulss (),

AUN1T (3-10) 1087 fiiqs ARANSNAUYDBIUMUA (Wy) 300 (frigs = W1)

int (©) = fireas(®) = ws(t) = w2 (t) — fpias(t) (3-10)

'
a Ya v

31nn1sAEITelaAnwaziiaseinsalunisdsingseninsuywdtuayvduazAnw

Y

1%
ya o

18n19398suIduR A lananluunneunind §i3edslaeenuuunimeassld 2 diu

Y

wan (1) N1s@nwingAnssun1saedngseninauusdnunywd (HHH) wWevinaudlads
WOANIIUR19 RNy wed 1y usslunisdeing, sseevitdlunisdelng, szuzanugalunisds
woAnssuuazvimglunisdsing Wudu nasnnisfnwazdudeyailidwivasuliiv

' ¢ v ° a A a a ) & = a
Wugud HSR AN 15vuLasngAnssuf e ulAeaiunuwduInian n1smaased
(2) msfnwmgRnssunisasingszninuyuwdivuyed (HRH) azilunisfinyinisaiuaunis
wmdeulmasindeunivesiug Uil ugenndaiulsnIeuanNuINTEy sadefnwIng
AuAusivefusudliiassnnudemensedudunseneanimuaindeunasuyud ey

nanlumvedaly

3.2 N1999NKUUTEUUNITANHINGANTIUNITE TN TENINUYwan ULy (Human-to-

Human Object Handover)

1%
£y 6 f v

lunsfinwngAnssunisdeingseninauyuwdnuuywd (HHH) 1 Tnedingussasanall

9 9

(1) ATI9AUARMUNGANTIUNTATINUDMYBIRaTILATIERULMUIveIgaaelowing Uy

o

a1gloudng, (2) Wilamuduiusvesussufduiusuuulauniinvessds (Giver) uavi Su

[
[

(Sender) wauzanglauingnIusgfunisivdeundasiminuesing, uag (3) mUANLTIU]
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uiusneuldey ingieas1auuuTnaenendinmanSYaawIUYaHds (Giver) lngingilday

(%
(Y

d
gNAAAILYULYDTTAKTY ATl minid0 multi-axis ATINANVBIVIARIFUT 3-7 LI OATIITU

v v

uveansenlglunisdaassuing uaslivuinnisildounlaunauesvinfaue 0.25,

o

d
0.35, 0.45, Lar0.55 Nlansu vaueLAEINUNaBY HSR-3D-depth NgnAAFAIUTLINAIUITIVDY

YUBUARIFUN 3-4 2891159 T199UTPEEMav0evRRddLazEsU Augslunisdaing souds
GT U v

Wwvlssiedeuil wazanuiilumaindouiivesingiainegsnisduinquansfeguil 3-5
foyailinneusesiansuassumeinmatuingisgninduinyUssananaluroufnines
Fasuit 3-2 Tnedoyarisunazgnussidiuuas Tinsgvineadits Usenoudae n1sinsizsian
AULUIUTIU (Analysis Of Variance) Lazn153tAsIzsn1sanaes (Regression Analysis) e

ﬁqaﬁmmmL.mﬂ@hwaqﬁ’mﬁswmaﬁa WALANUALNUSVRIADIFILUST ANUAIRU

HSR-3D-depth

| ¢

Lk

Ethenet

Robot

Operating Ethenet

ATI Controller

System

Computer PC

JUN 3-2 sUwuunsideulesuadsyuy HHH

3.2.1 LHULYDINTIVIALTILAZKTITA ATI: 6-AXIS FORCE AND TORQUE SENSOR
(MINI40 IP65/1P68 SERIES)

o [ =3 a o ®

dmumsanwiuaznaassvesnuided duduazdesiigunsnifianunsninusefiuinm
fnnfifesdaieu iledesmauussiusudnssvhonzdweutaglituayed fenuadeidld
WU TALTIazusila (Multi-axis force/torque sensor) ?Jlﬁa ATl Gamma AR 3LG S
154 (Stiffness) a9 Lidusam1a3 (Damping force) Taffon15inA1vaIRsIlugI9TTELLIA
& 9 %ﬁmmgﬂé’aqmﬂﬁu WULLDTAIUNITNTINTALA 6 A1 A ANYBILTIIULLILAY X, Y,
wae Z (Fy, Fy, wae F; ) warA1veLTUalulwILAY X, V, uay Z laun (T, T, waz T,) T4

YBINITIALIMUILAY X bag Y + 60 1IAU A Naziden 0.02 T1IAU kIuUILNY Z 180
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sy fieuaviden 0.04 sy LAz UngeanRuILAY X, Y, kag Z + 4 Tidusiewns i
ANUAELEYA 0.0005 TIAULLAT

SEUUTOUTULDS TARTILazusITA85095UNISE 0d15UUY EtherNet/IP (Ethernet
industrial protocal) #d1fuldfiu DeviceNet vosszuu Net F/T SeUsenausae iwuweesin

wsaazusaln aneeusie wavnaed Net box fagui 3-3

Transducer\

‘.g//NETB Box \

Ethernet
Connector

Threshold CAN/Power \

Relay Connector
Connector

5U# 3-3 m3iBen The Net F/T system fu Lauiwos [32]

Separate Transducer Cable
Transducer Connector

3.2.2 WWULYBSASIAIUAIN Asus Xtion Pro Live
v aa 5 a I Y ! & A . . d' 4 aa
Ndoefnc 1@y UTIIMAIUTIVRUEUA AD Asus Xtion Pro Live fianunsalininiid
YUIN VGA 640x480 waziiauaztden 30 WsumAaduIn (fps) 138 QVGA 320x240 1A

aviBun 60 wisuseIuf (fps) Fasuil 3-4 azusenaulusne (1) TUswnwes IR (2) nded

Y

[y =

RGB (3) Na9d IR LaZa1u150A5193UANNANLEDY 16 TN Aia1u1souandA1Amnuazdenla iy

SLAULARLUNT

'gﬂﬁ 3-4 WUBINTIVIUNIN Asus Xtion Pro Live [33]

3.2.3 52UUN13A59UING (Object detection system)

(%
a Y

\Haanenaed HSR-3D-depth MIgNAAFIUSINEINIIVBIUEUA HSR @11150715299U

Y

09 wazaunsninTEAuANa NI eTreEr1eITngIs Ui uAIi usudla 9launun

v

Uszgnaldlusuided

[ a

33U 3-5 uargun 3-6 Tun1InTIaTudUNLeadds (Giver) H5U
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(Receiver) uaginguazaslouinguuuiiealmi (Real-time) Inog3doussyndldlausnd
(library) 74891 YOLO object detection YU gNATILLNANINADIVBIULUR NaIFe
wdesihmshaanudntazanuniisiiinnigavesndosiiazyinnissuenld sufisuiy
YPUIANTEILAUAZMTUANIN NGBS YOLO lliiismindruiinssiutuszosvinais s
lovusudnsraduingld YOLO azvhmsasanseudenseuing uasdunamyninaisves

o = & A v oA < ° Y
ft) Lmaqﬂﬂﬂﬂawumaawlﬂﬂ@ 9 VAINTUEAININYBY YOLO Nd1UTaAIUIUNGULINN

SrErNITATOUNITOLINgLa

Ligbd_s .sor_rgb_frame

1 i

JUN 3-5 A1ae1an1305333UTnguasiueud HSR (Object detection)

Y

et @R PHLHTY

(x=115.v=50) ~ R:189 G:204 B:208

(@ NMINTIRTUAUNUIVDINY BILAZUIN
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/home/dongyang/darknet_ws/src/dark

FPS:49.6
Objects:

person: 89%
person: 86%
bottle: 40%

WWBEBNNNNNNNNNN

object
(b) WARIIIUIUTINTIATULR

(©) wanulasidusmnuniugilunisnsadu

JUN 3-6 Mg 19uanIN15991UVee YOLO

o/ o

3.2.4 INQAINSUNISNAABY

q
[

nafgneeniuuliddnyuzad18iuvInUIAIgUN 3-7 RandvuaduEIuaugna

9 Y

60 Hafiliins ANYIVBININYTT 270 Hadluns 1178 0.25 Alandusiu Asgun 3-8 (b) lawae

NBULDTTALIFARIBENTINANVIAMEIUEA Teansdsgudeas Tnglannsaiusiale

q

[
1Y

Aaue 0.25 - 0.55 Alansu neiuunalansias 0.1 Alansy wazildUnnuuia

Bottle object

Multi-axis — 17
force sensor

Masses added

sUN 3-73mgnldlummeaes

(@) (b)

UM 3-8 (a) dUs walangNununuunen (b) anwuLYIvIn

Y



49

@ ©)

PN = ! c o v A a
JUT 3-9 (a) Mudnszninaueesinusuazuin (b) Meulaneiiaiuyiaresin

3.3 AM99ANKUUITZUUNITANEINGANTIUNTTHIINgIendnayudiuiueud (Human-to-
Robot object Handover)

TumsAnyimgfnssunisasingeninamyudduyueud (HRH) 4 aligidnsaunis
naaewhnIsUTAgaINYusud nsouLuIAnnIsAIUANY uBuRBangAnssudulduain

nsfnwIATIsINaNITeaadly 3.2 MatiszuunsmuaNueudiEsaLAaeuln IS

vy
a v ad a v

nsphtudeserfowugeinsiainusgninnanuiiindeiiovesiueudnigun 3-10 Yayaila

Y
ggndaluussinanafineuiianesalgdanaiiunisauAuwuuduiivaud naufiagdaly
PuAUNIsAdouNLaziAdaulmvesiueud Wislmjusudvinuldaenadesiuusiniguen
el' o 1 Y d' a o ! 3 a [ 1%
Au1nsevi1 lunslduiianNg Impedance control MignAassluviugusd vauzLAeItundes
HSR-3D-depth agviin1snsiadusiunianisiedeuiivesinguarAusInsindounvesing

Tnensifeusesyuuanilufaguil 3-10

HSR-3D-depth

m Read_ro=. sersordling

nead;r;w:%camera_link
"head_cen®_ c3mera_ fraifle

head_\}’i
7 ol

HSR

| Ethenet

Robot
Operating

System

Computer PC
T

JUN 3-10 gUuvuNs¥euleerasszuu HRH
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TnguHuTILanINTITYIIULAEAITATUANTZUVYBIYULUS HSR Lansagul 3-11
Usgnaumigguaiuny 2 qﬂﬁ%’auﬁ’u NaIAQUUUAIUANAINNSIVEILUEUA wazguans
muAuusazisslnvoniueud TasEuduvusudazindeuiinauuauasfinmaweandnmis
fignrvualineudu (Vy) deamsrililunisied oud fnsiUd sunvasniuinadu

Wewnannswdsunlawesnuss anusaildadssiasgnaiuaualedanuau PID

[
(%

iielvinsirdeufivesjusudiinnaiiosnin lnovusudaziidulAanes (Encoders) Mifns
fuoesvoniusudilevimininsainausivesnsmyuvesde dsndusanseyingi
yhadulans (F) Unuuasiismesaussilinneuseiniaiausuasussdaiigniass
fdeflovesjusudazgnihuiuisuiiivuiunssiignimunl inousunieussrsdaiidiniu o
ey (Fy = 0 N) Tnsussuazusadafildaniuieudiou (AF) dasdufudsmunumningsy
yosueud nafe uswazussdnildaniSoudiou (4F) asgmirlumuinsiuiufiuys

Y0958 UUMAIUANBNTIuALY Welildausuasiianianismaaun (AV;) fdenndeariuuss

a d' o Ao o ] I < o ay vy Y
wagirnausasnseyiidwinudulate lay 1 Aeanusilagduilaandiaiuau PID

|| Encoders |
Predefine robot
Start Velocity
Vs
] Vd PID | Vs
o E @ Vd |
g 2 Control 1
£ 2 avr ,
E g
© [ 9]
5 9 Impedance ;
¢ 7 :
a Control H5R Robor
AF
Fa=0N F F/T Multi-axes
AL
Controller Wrist F/T sensor

JUN 3-11 urun mdeuleansinenues HRH

3.3.1 STUUAITATIVULI (Force/Torque system)

oS iusaigninmeegluuinaderevowininnudiulaty wasiufirinadingu
msldnueueesinus fadueumeifiannsaiausddd 6 uny uazausauanadfirnig
Yousafinsevisamumaslatiiu RVIZ 3dlueddei esldusddneulunuinnuuey fe use

A1 (Tension force) wag UseUU (compression force) AegUN 3-12 Uag3uin 3-13 auasu
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U 3-13 F0819LARIINAANISUDILTITU

3.4 gﬂLLuunﬁLfifauTmezj'eJWLL'ﬁ (Software architecture)

3.4.1 sUnUUMITenleswenuasvasn1sAnuINgAnssunisdedngseninauyudiu
uywe (Software architecture of HHH)

dmiunsinwsufdunusvnsyinnsamauTng senINuy g ULy Yy WUesInw
%m'aéhsma'mmuquﬁm%’uﬁaﬂ%mmé’zgmmmm’i’mﬁﬁmmLLaJ'uEJ’W waranansndeansiu
ROS fiAnsafuneufinmes Ingldufiinanisieas TCP/P uasdinisldisueesnsadunm
HSR-3D-depth Aidneguinadwhveiususd HSR dmdumanmadurazinnuing luns
mlusldnnudivesinglurasindeufiserinevhmanigloutng amiudoyarsgnadluss
AeummRSHIUA1Y LAN w3a WUy Wireless Lilovinnsiinsgyidoyaneludaguil 3-14 7
uansfeguiuunsidenlesweniad TasnmsmuaunisiauvesssuumsAnymgAnssanis

dedngsenirauyudiuayed (HHH) 9 gnenuauniglassuuddfnisviueus (ROS) Tsunsy
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YN INUATLH DIVIINUNTOUN U LALH DIUORNTINISTE DAIT ASTI TINITAAG IALNS

LS EUNSDUANMTUNITNAADY TULARZNNTIVYE D8N DUNUNILA

Head
3D sensor

1w

[Diagnostics] [Navigation

I
GPU: Graphical |
Processing Unit }
I

[Controller] [Manipulation

=\

Routing algorithm |
TCP/IP protocol |

|

|

Device drivers
and Amplifiers

i
I
} Real-time
| Controller
|

External PC

Data processing
(Object tracking)

(Interactive Force)

Routing algorithm

I
|

|

I

i

|

|

I

| .

, | Data processing
|

I

|

|

I

I | TCP/IP protocol
|

) —1 Firmware

A
l TCP/IP communication

f Sensors Y e
L(Force/camera Sensor/..)} [Servo motor 1,2, } - \:_7)

'
=

U7 3-14 sUnuumsidenlesseniag HHH [31]

3.4.2 sUwuunsi¥adlesganulfvan1sAnenginssansdeing sendnayediu
Wueud (Software architecture of HRH)

dmsunsiaussUfaunusvagyinTsaaeuTng sE RNy BIR UM LE UL ULY 0T IR WSS

Y N ' I3 \ e Y] v aa ) . Y] ‘:ll
GUE]lIEJSUENVIUEJUGWgﬁﬂﬂiuqmaqummqmiQWWNﬂ']']lILLlIUE’J'] LazaIUITadad@1 Ny ROS

=b.

[
Y I a 1 LY

a o a s = o s o Aa
FAPNNUABDUNILEI DT LLﬁ%llﬂ"liGLsUL%UL%aimiqﬂfﬂ‘UﬂWW HSR—3D—depth NANBEYUILIUTIUNIVDY

Y

Vubus HSR dusunisasiaduskazinaining lunismlusidanuiivesingluves

9 9
r-ﬂ' d' 1 [ ! (% gj 4 ] (Y a 6 1 b=}
WmasunisEnitwinisaglowing Antudeyavzgndludinouiunesuiuaty LAN w3
LUU Wireless L 81N1536A5 18 LATIE3 1998390 HITEIMTUNITAIVANNITNII UV
= a 1w 1 6 | (3 dy ¥ a va
nsAnwngAnIsuNsasingsenisyudiuueud (HRH) 4 gnanuauniglassuuuiinig
] s 1 o s ° P o o = v a o =
Vugud (ROS) TUsuNsugesananazd e unsouiulasdnsINsdoa1snesnsi 4 gud
3-15 uaglduniaing Impedance Control Tuvusuddmsuusudsuamisiimes ngld

wadaUSUgUA TUALASIZRNISIIANNAUNUS
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—l HSR system ‘—

~-[ROS f--=——=————————=--------—1
: GPU: Graphical :

| (Diagnostics) ( Navigation ) Processing Unit |

| |

------------ » | - - Routing algorithm :

1 | Controller Manipulation TCP/IP protocol |

| |

I

|

Real-time Device drivers :
Controller based Force t---- . !
. and Amplifiers | 1
impedance control |
_______________________________ |
|

|

I Servo motor | |

Force/torque sensors (hand wrist) 1,2, .. |
HSR-3D-depth camera !

Sensors: Gripping force sensors

HSR Robot

'
=

U7 3-15 gUnuumsidenlessenias HRH [34]

3.5 @FENTYRIUBULUA HSR (Kinematics of HSR)
3.5.1 53UUSANIsARINTaNEanes1eNE (Whole-body cooperative
manipulation system)
viugus HSR agldnalnnisduirdounuuder (dual-wheel caster-drive) fauansguil
3-16

?\1:

=

5UN 3-16 nalnnstunfiouwuuden [17]

nsauAIMsIAdeulmviasengazgnesuenie 3ladey (Jacobian , /) fdaunisi (3-11)

[T TH T TH 1 (3-11)
—cosfy ——sinfy —=cosfy +—sinfy; 0
2 w 2 w
_r . TH T TH
J= 551n9H+Wc056H EsmHH—WcosHH 0
r r
— -— 1
L W W .
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Tnei r Ao SAtvesde
O fB LUVDILNUNYY
w AD JLUTWITLNINNGD
H AD TEELUINNLAUNAAIAIDUNEAN

ladeu (J), AusweadonI,dod1 wasuAuyY (Wg W ,Wy) ILYNANUANIAIN

m’mﬁ’mm&f’;ﬁuau@? (X, y, 0) dsaun1sn (3-12)

WR x (3-12)
@ =]y
Wy 0

'
€ al a

aun1sladsuiannsommuininndeudivesueud i finsud suulasmging sy
naenaild esmnidunalnlelaindeannsamarundlénniiens anniseonuuui v
Tiusudaiunsansiunisishnudiuvatgldvainnats esainasieusudiu
58%719§1U 4 DoF ¥osuyuUay 1 DoF ¥esd1da tnegudl 3-17 wansfsszuudnnisain

Juilovosiueun HSR

Object Recognition

Object Pose T,

h

Grasp Pose Generation

GripperPose T,

r

Gripper Pose T,

Motion Plan Hybrid IK

€

Joint Angles @

Joint Trajectory @

¥ Kinematic Joint Trajectory g | Time Optimal path
Iy parametrisation
Time optimal path®

Joint Sequence Play

€

Odometry V Laser Odometry

JUN 3-17 UHUdsafuseuUdnn1sANsIndavesiugud [17]
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Oms%'uif’i'mq (Object recognition)

5

ALMUALAZNITIULIVDIRgATIITULANNA B wLasANEN W30dY 9 Tusgiu

Y

TngUszaanfoinsly uazan nwngen

©9119119%89R N9 UuduUa (Grasp pose generation)

[y

A1AUYBITNUIUTIINAIUEIUUaE T, = {Tel,Tez,__Ten}Imaﬁ T,, ADVIINN
YaIRnUEdIUUaeN 9N InEUIUTRg Fduuvinnidlunisvguiuing Q)

[
[y

wPUBLTUMALILG LazluINSATeUNvewIudIuUae

® 115719uAUN15AARULAY (Motion planning)

a A o

dsllazAwiantnsedeulnveiasieiniy N1sAAsUTIveIgIY TINEINITRENEBINS
FuAUIngNIeuen LazAllueuiodzukuLazAd ouilUgWnfents Jeagldnanves
s Y . . <) & A d'
FAUAIARSNISHNRY (Inverse kinematics) WuNUgIWIUN1T0RNKUUNITIAROUNLAZINUAY
F9vgldiralunisuszaranaidunaiuiu Tnwauidavauidanasnud uunluddedn

FauansnIsunAuLuUlauia (Hybrid Inverse kinematics) [iinanliain1suszaiana

e n1saliunisAaaulul (Motion execution)
a d‘ d‘ d‘ 1 '3 |d‘d
auN1IMLITVIAinveINIsnAsuTLazinfisulveueud AsgnuUasaunisiniid
v a v ° P a A v Y A o
nandnigItes Ingasivuanafimvinzauuazings lnedsldwugesinssoziiatiun

Uszananasiunansnuaiialilaninuslunisieasud

® CBiRRT2

CBIRRT2 gnesnuuuniiedinsiei uilviyvinazdszanananuifinududon §u
deunnanmuandou dosidn viedeulusing 4 wielvussgaisiaiusgenniga g
CBIRRT2 1uiulsvesdane3fiuuuuassfianie Rapidly exploring Random Tree (PRT) i
annsnTinTsimsuuunshauldannnsiinuedt Sansagilisaneifuiussaua
agneflUsyansnnasdedldudn Task Space Region (TSR) waztfulunudeulafesieluil
(1) 1n1wruiiegslumsAumsuuuum sy uag (2) fuuadouludaldluszming
AuvgULUY Mevhauves CBIRRT2 dmsuszuudanismaiadeulmussiugudsoufianied
nMsdnEaEnITie 2 wuu (1) wndeudelusadmungliunyiiandululd Tnsgiuves
viugusiazdnisind euildesfiaaidululs daguil 3-18 (a) uaz (2) g1uazipdeuilluss
Wngundigawifesdululd Tnguuvesjusudagedouilum ingesfigawindiiuly
¥eaguil 3-18 (b) Fennsiad eulmvesuvuuaznisiad sulmvesgiu Sududiezdesld

FAUAAATUUUNNNY NTINUHUNTIAREUN kagsragviaiminzaudmsumsuduiuing
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\x,‘

(a) (b)

SUN 3-18 WEINAENSVRINITINALIDNSIAGBY (a) NM1svinudnUaelunuLdunse e

Y

(b) FnzAdeunlUmudulAvnay Ineivune1daseuadgiu HSR [17]

® Hybrid inverse kinematics
Mynsurumsiadeul Tuszuu CBIRRT2 azthvaumansuuunniiunfuumanee
pdudelildiannadoulmiinfian fwedoulduuamsfnddinsesiunniuanisind
Junepdinenans HSR TuwinsAan1sins1zid1siu 8 DoF (5 arm DoF +3 base DoF) uax

funnmsfnanunsalmjusudvihulamunsauiuniilan

®N52UVBINITMNUANITIAMBSIEUNIIAIIMNNZENTIgA (Time optimal
path parameterization : TOPP)

lnenaluviuedazindauiilaeg1siuguazaanad 0afuIn N1LsvIANAT03319NY

(%
Y o

& Y _ a N o W 3 = A D
nanuaduduszfoiansundndiiavesuanosuazisadsaniu el HSR 1dnalnnis
Juindeudeg Jalianuduiusveasdediinvesninusy wasuselavesdedadiznisidudou
dmiuniswasunlasanuiiaznisuyy Jadwieseindmsunisiivuan1dinees

ANISITBIUBUA HSR fatiu TOPP Fagnesnuuuniitendlaleymil

® | aser Odometry
M N A g ] ~ a o [ [J 1A | 2
ﬂ'ﬁLﬂaE)‘LWI‘EJ’E]\“IE’]UVILUUﬁ?UMUQ%@Q@Qﬁ’]@ﬁi% (DoF) ﬁ'ﬁ/ii‘U’J’NG\’]LLVUQM@“UENV!UEJU@

\eannieuldniaes (Encoder) Nfnagfivtaweshifinuusiugme Faldiwugeiinszesnig

(%
(%

M¥87119U903 LIDAR (Light Detection and Ranging) MQNAARAIDYNF IV ULUALAAIAS

Y 9

U1 3-19 dmsuinszegnaazusulgeanuwiuglunsindounvesgiuyiueus HSR

€aN
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Laser range sensor

U7 3-19 1wulwe$ LIDAR [17]

3.6 N13AUANBUNLAUY HSR (Impedance Control)

NSATUANWUUBLALALY [35] AD NMSATUANLITIAUEINaYRIRIIUdINUaTY Vs
] s o v v o & i v ° | ] ¢ an s v
yusuanaunsausulalagldanuduiusseninsussldnousaviunivaaiueud 35iagly
n15UauAIIINAUAIMSTUNITAIVANLULBLRLALS L et lUATUANAIILLANGI9TEWINY
AUMUTIADINITLAZAILATS

N15AIVANBUNKAUS AD TTUUAIUANYUEUALUUTINAYDIVUEUA Tausaninuala

v v 6 ! < o o v 14

INANUANTUTIENTIIANWTY () wasusanieuen (F) leemludnuugniddaseaiiaves
Vugudazfisuwinny fleidusyiusnisateloudiquil 2 ¥a3 uia (Mass), @U34 (Spring),

wagfanussduazIiounIanInUae (Damper) AUN13YBITEUUAIALLUUBLLAUGASABlUL
My(X —Xy) + Da(X —X4) + Ka(X — Xz) = —F (3-13)

AnnsedaunkuUTEalndvesivudIuaIevemuELs da1unsanuaulafieALLTs

25
X=X4+ M7 [-F +Dy(X — Xg) + Ka(X — Xo)] (3-14)
Tnei M, Ao lWySngANUReY (Inertia matrix)
Dq A9 UNINGAIMUE (Damping matrix)
Ky Ao LVSNGANANULTUBIAUSY (Stiffness matrix)
X, X, X A9 ANFIWIUY, AIIUL57, LATAIIULTI B VaUS LU

VBWULUARUFIU
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Xa, Xa, X4 Ao AWy, AINUL59, WATAIIILS T BINTT
AIUANY

F Ao wsIneuend lda1nfavheudIulatsves
Yugus

TuuAdefazmanudunusvaan1siua suwladwsanvununisilasunuassnd ad
A1ATIYEIAUTY (K) wagdamidag (D) LiveAuAuNgANTSUYRUEUd [34] FaNTAaean 4.2.1
wag 4.2.2 Ingaunisn (3-14) @18050MaAMNUATNNITAIUANVLUEUAAIENITAIUANKUUBUT

L.Lmuéz?léfﬁagﬂﬁ 3-20

F
X _—
» D Controlled System
— + _ + 1
x, + S A J + ¥R AN ]
B K, e R M e e G - e =
s A . L < .
D «

JUT 3-20 UNUNTHUAAINTAIUANLUUBUTLALS [35]

IINNITNUNIUITIUNTTY LALHET LAIINTHATILIRITIVRINTITANING TENTNUYBE U

& i | @ & y = i =i a3 @ Y =
wywdnudn usslumsdeingluwunds () wailouas nandneumtingInvesing (finy) §

Aifunssfisnnseyiiunglunuad (Vertical) NAnaNNT AU ITedeaniuUNg
neaedld 2 @ Av (1) N1sAnwngAnssunisdaingseninsuyudiuuywd (HHH) waw(2)
n1sAn¥INgANTIUNTATINgIEnIueudiuLyed (HRH) lnedinsesuieseastdendng 9
Usznausig 3nmsmeass n1sined nadeulsarenluad gunsaiiild wazseuusia 9

WY STUUATIITUIRG TEUUATIVIALTY UAENITATUANNGANTTUUUAMIENITAIUAY BT

q

%

LAUTFINNANNIAT199U TA8N1SANHINITNABDY NITILATITINITNARDY LATNANISNAADIAY

nanluundaly
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a
uni 4
ad
AN1INAADILLASHANTINAG DN
UNiazeiungitin1maaes, KAN1TNAABY, LALNITILATIZINANITNARBY d1MTUNIS
PONLUUTFUUNMIAIUANTNGANTINYeIueud HSR Tunisdaingliwnuywd (HRH) [36] lng
1 (3 v IS a 1w A N LY L4
VULURIEABIUNGANTTUNITANINY VNG UREINUNYWE [37]
31nfina1dtiluunnaumin n1sfaglivueudaiuisavinnuswiuivysduasd

woAnssuiiiipuifssivuyedladu sudunasdesdnuinginssuriinianisdsingssning

& o (3 1 o 6 Yo & a 1 a (% ¢ v &
wywdnuaywd (HHH) newihudssyndldlivusudinginssuuiediuuywy aelu

¥
a v A o

NuITelideinisesniuunsmeassld 2 du fe (1) MnvIngAnssun1sdeingsening

uywdiunyed (HHH) dssuludausdlunisiuinguazdaing vanlunisdeing anudalunis

deing sundsvesdusasduneyininisdaingseniniu lnedeyanlaninnimeassiiag
W unsauuuinuAndImsunIsesnkuussuUNITAIUANTING ANT TNV ueUATAT
NoANITTUVIIMLazlATIET NI uBALIuLY e ey (2) N15AnvINgANTIUNITEY

[y

] fou 1 ¢ & I = «
mg sz Ediuiueusd (HRH) laenisveassiasidunis@ineszuumununisiedouln

| 13

YDIYULUAMIYNTAIUANKUUBLTLAUT (Impedance Control) NM13AIUANTALFIBAMUALTS
avgndaruluguywdfvineusududuyususd (Impedance Control of Human-Robot
Cooperative Task) st umazaukardussaniamm nsauaukswuUdnfiunuddazeyly

sUkvuTlanFueyiusn1sanelaududun 2 vasszuunda (M) au3e (K) wazdivuas (D) Aelu

(%
A A

mMsnaassiliadigauszasd AedeansmaArvewniinesing Avszaudmiunsauau
I8 ImEJL'ﬁaqé’mmi‘]uﬂ'ﬁmﬂ’a’mﬁmﬁuﬁ‘mmmiuJ?isJuLuJamqLLiaﬁﬁﬁuagjﬁumiLU?{sume
AAsTivasaUTuardimiag Msvnaesiasfvuslfinaiaiad osmndmiinvesuuves
vugud HSR dArmafinasninal wdsaniildmsfimesdnanauililds suuauaunis
indeulmuvsniusdiinouaussionsdunisdsingliuyudiliminzan nande svuunugy
nsiedeulmveiusud HSR dmiunsdaeuingliuiuysdionismueuuuuduiiuaud
(Impedance Control) 9gfasaunsnauAyusudliingAnssunisdeingiifisuidessiu
uywdoradusssumiiniian anfunansveaassdananazgnihunisudieuiunis
NPABILIN Ao NMIANYINGANTTUNTATTRgIEMInsud fuNywe (HHH) WelFouliiey
UsANSA1nNI5YINIUTRIUEUA HSR 2INN1500NHUUNTOURLIANUAAYEINGANTIUNTAS
Inguesnywd Miusgansamunndesiiesle

ANTINYeINIAasIkULdy 5 nIneass Inensmaassidnyinisiiausuiy

[y

serinauyudiuaywd (HHH) 3 nsmaaes Usenaume (1) Anwikaginsigriadungingsy



60

YoauU v vuryIIN15d 930 (Behaviour sequence of HHH), (2) N13AN¥ILaEIATIEY
munisvesnsatelowinglunisufduiusiuseninayudiuuyed (The location of the
object transfer in HHH), (3) N1sAnwuardaseiussfduiusluvazaislouing (Analysis
of the bilateral force in the transfer phase) Lagn13MAa8IT 98 AnW191NN1TUF AU
FufusEIIusuAtutyed (HRH) 2 N15vaaed Usenaunie (1) Anwiuagiinsnenssuy
AIUALNGANTTUVDIVUEUANIENITAIUANKUUBUNUAUS (Impedance Control) Yavueus
d1mTuni1sdeingiknuyed (2) 99NLUUTEUUAIUANNOANTIUVBIV UL UARILNITAIUAY
WuUBNAikALg (Impedance Control) 3MNNTOUKWIANNANYDINGANTTUNTAINg VR Y

ielviugudiingAnssumsdeingedradussaumauaiiussdnsnmilifoudsaiuayud

N
HINNER

4.1 mMsfn¥ILaIATIZINgAnTINNTEITng IRy EdiuLyYd (HHH)
¢ = Y] 44' ] v v .

uywdlauaiarsruulszaminmuauuardinsiadeulnisianieg 1idds Giver) uay
VY . = a ! [ Y < 1 o 1% [ = DY
H3U (Receiver) Inginssumsdsazsuingululusganuiuiarasaaqaaiu faudidnuuy
159518 INTUANA TR BENdwRanangANTTUNTETIR ARIN WU dIugad
wansinsiuluusiasuana wienuenivewsuiunasiuluusasuana Wudu siudlade
auq Nonvvzdnaranginssulun1sdeing Wy AULANAINYeITEarvinslunisds v3e
Wnidnvesingiaeenisds iusu lnsuyednnauaziddsunlamginssunisdddidenndos
Y} o i - v | @ " I Ao o v
fulgymaanan welvinisdsingussana LLGH/}UEJUGTI&J?{’W’IiOLLm“U{]iyjfi’WlﬂJﬂ’NiJ‘UU‘U@uf\]’m

Y = Y = & o aw v v & A o Y N

wanvatedademilounyudla Jadunuivensideluiitell [31] weaundaneifiumn

aansniuANeN NV UEUALTB U ULy wdla

=

o InguszasAvaan1sive Ao ey TilessilarAnyingAnssuvimianisdaing
syysfuresywd (HHH) Suiilesinannainnginssumsdsidudeuvesmyuduazlassaiig
msnenmiuanensty vinliluidedded amnsoudsidenimansadisduld 3 nns
neaeserolul

1) NMIANYILALIATIERAITUNGANTTUNTATTNgTENInuywdiunywe
(Behaviour sequence of HHH)

2) nMsfnwwagdnsneriunisveinisaslouinglunisufduius fu
sEranyudiuayed (The locations of the object transfer in HHH)

3) MsAnwkazIATsiusfduiusluvazaalaudng (Analysis of the

bilateral force in the transfer phase)
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[

® 35n151Ma89 INNUITEVI USTUNS LS 1uu [5] basauankugInbun1s@ned

woRnssuMIvhauTmiusenIsuysdiunyed (HHI) agfesfnugiinsinideedeenls ¢

(%
= =3

Wolwuudlaimanisvaasvazdivdragn1sads wazauidediinisd@nuluiideide

v

InaPesiuaddel dmvlunisneaemamunsdfidnsiunmmaassininilovindiuiu 20
A Usgneulumedumeuazivdgs ievimihnduviadds Giver) wag5u (Receiver) Tng uae
sliidnsaunsveassinmsdeingsznineiu lneazuusidnsiunismeasndu 5 ngu nqu

ag 4 AU uiaznguIzlayaiieg e 12 Maaes lneddeufuRtunmsvihnmasaeungiiisiu

v ¥ =

ynAuRasimiouiu A ldlleweilun1sduing fesdedingiddnuueainsmiasminiy

9
1% [

Wy hazdaainnsasinaidudunsatasvuiuiuiy (Horizontal) Windudegun 4-1 (o) lag

q

(Y]

A = A a [ ¢ a a
0 WImUﬂqimﬂﬁ@U Ay ﬂ?@mmmuq@LﬁuquQuaﬂaqﬂ 60 UAALUFNT AINUYNIVDIVINYIT 270

q
fiadwns duia 0.25 Alansu Feinglaunsaiiulalanaus 0.25 - 0.55 Alansu lnaiiiuuia
lansaaz 0.1 Alansy In1sAnALYULaTIALTY ATl minid0 multi-axis ASINAITBIVIN 1ng

¥9903n17IRAD +80 HIU AUaLLBYA 0.02 TIRY AegUR 4-1 (a)

Receiver

Bottle object
Centre point

N,

Reference point

-
~—
~——

Multi-axis
force sensor

Masses added

(a) dNWYDIIAY (b) fNYULLAZINNINABINIANY

'
a

JUN 4-1 TmgilduasngAnssumsasdmsunmsmaaesas HHH [31]
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4.1.1 nvaaesil 1 nMsAnwnaziiassidfungAnssunisdeingsenineayud
ﬁuuu‘w‘é (Behaviour sequence of HHH)

nsnaaesdldean1sfnyiuaslinngidifungfnssunisasinguosyud wagm

mmé’i’uﬁuémaqmsLU?{auLLUmﬁ;mﬁfﬂsuaﬁmqﬁmﬁ]damaGiawqaﬂiim’ﬁdﬁmqsaawwﬁ e

JunseuuwwanudaliiuueddsuiuuwazaidungAnssunisasinguiuiesvayed

va v

¢ Bnmeaes ITeLlvlinIunmeaeinsdeingsenineiu waghlinsIunis

Y
[% o

naaesazdesaduiuduniedds (Giver) wazd$u (Receiver) lulunauvesnisdsgas (Giver)

-

srRpsihmsdringuludunswiosuuiuiulassesdsingilulusgsessuma Tngasliids
(Giver) anurndamiioasuns@nwuss fduiusndusudsauaulunisudes Snaguesy

a4 (Giver) liB9AIUUSIAYY Wazueitn1sdsinguazselvilsu (Receiver) Widunsures

o

lngrds (Giver) ¥Ao8uagnTantIT095 U (Receiver) ARBANITNARBY YUZLAEITUE U

(Receiver) Agiiult1uuaz g alusurian18louingnIuAUmLITauadysu (Receiver)

@ el'

waz¥iinssuing Mnmsmnassgiinisdagsutagiiduinin 0.25, 0.35, 0.45, uag 0.55
Alantu Wemaruduitusvesnsdsuulasiminues fngflenadmasenginssunisds
fnguosuywd n1svaaesiiidonisrTimareUsenns wu maedouilvesinguarguuuy
uUJEUNUS (Interactive force) vauzvinisds assipadululuguuuunienasgiudeaiu
paeANINAAey LaznadnsldluudazyanismaaeuazdeninsAuumeaiadouazdy

WNIFIULAEINY (Normalization) naun1sinluuszendld

® XAYINNITNAABIIINNITANYIAIAUNANTIUNITEIINYVDINY WY 91NNANIS
vnasmuin Tumeusisulunsdwesannsaudseenutldidy 3 dunou Ussneudae Juseu
N1584 (Sending phase) Fumeunsanelou (Transferring phase) LazdunaUNSTY (Receiving
phase) faansluguil 4-2 TasanunsneduredunsunsdsTnglddsd

TURDULINYDINGANTIUANTAWRLLTUIIN {ade (Giver) Tulngn1snBuduTng (Grasp

o v o
(Y v (Y v =]

the object) iitaimIgufiazdainglauns Suludrdudnun Junsuiaziionia Junsunisds

(Sending phase) 3nuuLilends (Giver) yinisheinguazindaun nguilanaganianiiyedn

a o v I

1 . =~ A 1 | [ ) 1 Al [
ynanglou (Transfer point) FsheIndugandrdgyvesnisdeingluogiawin wesnaudu

o

Y

a . a v YY) ] a a v @ v
ﬁ]]@VI I?;lJTU (Receiver) "UngifJiJWiallﬁ'U'lWQLLaSNﬂqﬁLﬂa EJULLU@QWQWﬂiiﬂJﬂWi?U'J@QIV

aannaednun1sdeing neuldngtuneuvesnisaieleu (Transfer phase) lngdunaui agil

[

nsUfduiusiuseninalds (Giver) AUETU (Receiver) ng{SU (Receiver) agSuinguazean

W3R Tnguinnea (Grab and pull the object ) ausefsdaziduduusnivaufidmanonis

(% [

andulanisudesing (Release the object) ¥aerds (Giver) Waze3u (Receiver) Av§UTng

q



63

(Receive the object) Fafioindudunsugainevesnisds Tunsuilazizanin Juneunissu

(Receiving phase) wazdoindududuaadmsunginssunisasinguosuyud

<«——Sending phase ::: Transfer phase————><«—Receiving phase—>;

[ Giver j Grasp the object | Send the object

[ Receiver j

JUT 4-2 sUnuumsdsiauingseninauyediuiyed [31]

Transfer the object | Release the object

=
=
<)
o
=
)
&2
w
c
<
o
'_

Approach, grab and pull the object Receive the object

® 1AIINNMINARBIIINNANEINAMIFIRUSYBINIAB UL A uiinvas Tng
flanadamanengAnssunisdeinguesuyed rafildannsinuazgniayinliedluguuuy
Yoanainmsguiedty (Normalization) fuandlugudl 4-3 wlerSeuiisudnuaiTuslad
nsirdouiivesingiiinannginssunsdsinguestyudfiuandnsiuluudazyana wuin
Tuslidnsindeuivesingiidnuwazfiunnssfutsmadnvarnginssunisdsingueanyud
foaldFunainnANLLANA1III BN Y B WE TedNa AN Wy T INYRINTTT 9N
fu-gslavindy dnfuiedinsusuudadulusindnisiedeud (Curve fitting) Tu MATLAB tite
mdnwaldslndnisiedeuiivesingWeguugunatedsifiondu Tnsveuwsveadunst
wssnanslusudl 4-4 anduluslidninadoufivesingannsomduumivsindanum
dsldlnegnuandlusudl 4-4 Wwfeatu nluslidanmiaeded wandliifiuianis

IS a

Waguwlasavzlidwmadonginssunisdeingue siyed lnsuyudnnauazingAinssunis

N

dalusssunfuasinilouiu nandsluruzisuduvesnisasingaziinnusnfia sty sy

\Weaunandiannunss wazidlolndtisgaaslou (Transfer point) mu3I9ziiaroeanas

i Displacement profile with upper and lower bounds

0.35 |
03¢t
0.25
02

0.15}

Object displacement (m)

0.1F

0.05

0

0 0.2 0.4 0.6 0.8 1
Time (s)

U 4-3 feghananisnaaensusudguiivtnvesing
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wazdAndsuesnsnsydalunisas fssesuszana 0.35 was (aee Std. Ao 0.07 11.)
Tuinan 0.91 Jundt (peen Std. #o 0.1 Jundh) Mndoyariemunidideldusuuradulusing
msiAdeudl (Curve fitting) Tu MATLAB vhlsfanunsamiladduannsnyuiarigs 3-4-5 ves
M3nsEdn (x) ALY (X) warAsLse (¥) suaamiLﬂ?{auﬁmaﬁquLUUQmaﬁm fiaenndo
Auanufgnulunounsnin AULEILAZAIINLTS 1umauL%T'uéfuLL@W%%@M@@ﬂﬁLﬂ%ﬁ

<

espalAnduaud AgUN 4-4 uavaunseialuil

x(t) = 3.36t> — 7.65t* + 4.64t3 a-1)
x(t) = 16.8t* — 30.6t3 + 13.92t2 (4-2)
¥(t) = 67.2t3 — 91.8t% + 27.84t* (a-3)

E 0.4 T T T T T T T T

5

£ o2t

5

= DD .

1 T T T T T T T T
0.5 5

5 | i i | i | | |
0 01 0.2 03 0.4 0.5 0.6 0.7 08 09

Time (s)

U7 4-6 Wsldidanuiiuuanianveinsedn, s, uarAunss [31]

Acceleration (mis?) Velocity (m/s)

UTT8U9 Markus Huber wazmue [38] wazdnulIdguad Elena De Momi khagAy

[

[39] nanndnwarlusindvenisnszdn, M), waraussflannngAnssunisdeing

9

'
a

sgnuyudiuayed (HHH) Sdnvazduluaulyslndidanuiuwaign (Minimum jerk

[

trajectory : MUT) wafildainnisnaassiinudlusidnisnsednvesingiagui 4-4 ddnwas
Juluauuuudiaeadfianuiuwiaiian (MIT) #3gUn 4-5 Amuilee Flash wag Hogan
(1985) [40] lnguuuTaeanadinaranivasinnnuiduuiadian (MJT) awnsaasuiglain

A & 1 a I ' d' A (Y
ﬂ?iLﬂﬁ@UlWﬂJENLL“UUlIHUEJL‘U‘LJE]EJNVLﬁ I@EJQ%@ﬁ‘U']EJL‘LJL!LL‘U‘U"Q@m@ﬂﬂ%@\‘iﬂqima@u% nadan
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USuusiaduluslidnisindeuds (Curve fitting) Tu MATLAB virlsfldwsiunudrdud 5 vaq

aun1siandud mmummamam (MJT) Keaunsi (4-4)

Of <dt3> " (4-4)
e \\ a

/ \\\ /
/ N\ r /

e VA A

time ljme time

U fl 4-5 qumaaammmummam@ (MJT) [41]

position
velocity
aceleration

o asunanmsnaass nunsasunlanihninuesingazlidmasdengfinssunisds

[

guesywdegiliduddy wazdwunginssunisdeinguasyed asdunsounwimudn

dwsuilesnuuudiungAnssunisdeing liunvueud

v ¢

dl = a g o ] 1 a/ a o
4.1.2 NMMAaRL 2 MsAnwazdTeiiunlinsanglawdnglunsufdunus
i%ﬂ’iﬂaquéﬁ’uqué (The location of the object transfer in HHH)
N1snAaetiiaznd NiEINAzIuLANI druaavesidaruanalnasadwtslung
1 %3 Gl 1
dednguisold
® 35n15mAase nafilaannisvegeunauntkanslinI n1siasuwlasivin

vaaingaghidmadonginssunsdsinguesuyed auuluidenisneaelldsldingniua

9

0.55 Ailansunasnnsnaaay wagdsnsdeingazwmiloununisnaasinountl lnewdey

HL0159UN1MAae9T W 20 A Usenaulumeryeuasd vy nilninuegssening 160-180

LBURLIAT AIINEIRATAIINEIVOWAUITYNTUANLINBUNITNAABY LagLUELT131NNT

a

< J 1 1 1 1% Y 1 qu
N9a0%UU 5 nay ngdas 4 AY LLW@SﬂQN'ﬂﬂWgﬂMUBEﬂQ 12 N5nRaed lngn1svaassilazl

TauuRvaizyinnImagaey Ao vawaninged ol duvtsangleula #5Ueavanunsaiuing

1o Tngsuniavesnisdeeuingazgninnualuzuvesiinn Juiugndedwedenagui 4-1

(b) LLGla‘“ﬂ‘UENNL%Wﬁ?ﬂﬂ?iﬂﬂﬁﬁ]ﬂﬁ]”éf@x‘i%’]ﬂ’]'ﬁV]ﬂaE]ﬂ‘lﬂ’ﬂ’M’Ju 5 A59K0 1 N15NA@DY
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4.1.2.1. N1TIATIANNIANUTURUSVRIAIUGIVOUARLUARATIHINARD

Auntan1sdeing

aa a ¢ § vaa a = P ! N @ |
¢ Fn15As1e l9Isnseuisunldlunisnsisaeuaaisvengu fiogne 4
NANTIMNITaNAD N15IATIEVAIAIULUTUTIY NNYBIT8NTT ANOVA (Keppel 1991) [42]

ALMIN1sAIeUInguarIreENISNsEInlukINeY (X-direction) wazkuIng (y-direction)

¥ a (4

uifuduwlsnagldlunieads nsneasslazldn1simszsianuUsUTIURUUNILAET (One-

v Aa

way ANOVA) Tuldsunsy R IddseaudedAgndian a = 0.05 iielidaunugevesiaaz

o

(%

yemainastesus Tnefimsdsaunigruielui
auuAgIUndn (Ho) fie AlndsvesmnngunTAaeviniy
aunfigTuIes (Hy fo Anadsvesndunaaesiiavmnliivinfy

frogsvaanuduiustesdugaesiiinsidouiasyanafituiuszerniansydnlunisds

Fagluuuiueu (x-direction) F3m15139 4-1 uAzf1981983ANNFUNUTVDIAIUG VDS

'
1 ]

Y Y a Y [ [ & . . [ PN
Ansuideudasyanaifuiussernsnszdntunsdeingluss (y-direction) famn3197 4-2

N

%
[y

A5 4-1 anuduiusvesdugasaryananTuiussernsnsEdnlunsdsinglu

ILUIUDU (X-direction)

Sender
Hight(cm) | H1(160) | H2 (169) | H3 (174) | H4 (180) avg
a1 90 93 85
89 95 92 82
H1 (160) 90 39 93 83
91 94 91 85
88 95 94 84 89.7

95 90 100 95
95 a1 98 96
H2 (169) 94 89 101 94
92 90 99 97

5 96 38 96 o1 94.35
= 84 83 85 90
g 85 36 38 98
H3 (174) 82 85 87 90
86 82 89 91

85 82 89 100 87.35
90 97 100 96
93 97 98 95
H4 (180) 94 97 99 95
92 96 101 94

o1 99 98 97 95.05

avg 90.15 90.75 94.55 919 | 91.8375
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%
[y

M13N 4-2 AnUFuRUSRsEIUaURIwiaryARaTUUTEHENINSEIRTUNTEY TR LU

wuIF (Y-direction)

Sender
Hight(cm) | H1(160) | H2 (169) | H3 (174) | H4 (180) avg
a1 90 93 85
89 95 92 82
H1 (160) 90 39 93 83
91 94 91 85
88 95 94 84 89.7

95 90 100 95
95 a1 98 96
H2 (169) 94 89 101 94
92 90 99 97

5 96 38 96 o1 94.35
= 84 83 85 90
g 85 36 38 98
H3 (174) 82 85 87 90
86 82 89 91

85 82 89 100 87.35
90 97 100 96
93 97 98 95
H4 (180) 94 97 99 95
92 96 101 94

o1 99 98 97 95.05

avg 90.15 90.75 94.55 91.9 | 91.8375

(%

NAYINNITIATIZNAIN ANOVA LanIsInIs199 4-3 Taen1simsngiiaziiaseautadf

o

AaurnlauiannisnaassundisuiisuiuaseautedAyinnualineun1smnaes

(a =0.05 )aﬂﬂmaﬂﬂiwmaQQﬂﬂsﬁqihqm933zazﬂﬂiﬂiz§h1uuuaua14(x—dWecﬁon)ﬁhmﬂiﬁa

7 4-3 (a) wundAnszAutedAyAlaannIsAalAvnay 0.14 FellAminnanaseau

Heddgynivualineunismeass (@ = 0.05 ) wansinsnaaedlagdesgousuaLNRgIUMEN

(Ho) INNANT5NA883N1589300UeITE8EN19N TR IULWING (Y-direction) fam151991 4-3 (b)

'
= | v A

WuAsEAUTEdALIAYINAY 5.6x107° FslaeeninAszautudiAy inuualinounis

<

nAR8Y (@ = 0.05) 11N Uanad1 N1sneeasilazgnuiiasainauuigiunan (Hy) lnedaiiy

Y

LANF9RENNINEFIAUNIIEDRA

>



3197 4-3 wadnsa1nn1sld One-way ANOVA [31]

Df Sum Sq Mean Sq F value Sig.
ind 4 0.01896 0.004739 1.829 0.14
Residuals 55 0.11659 0.002591
(a) ﬂ’]iﬂi%ﬁﬂi‘l&m’lu@u
Df Sum Sq Mean Sq F value Sig.
ind 4 0.04399 0.010998 21.53 5.6e-10
Residuals 55 0.02299 0.000511

68

(b) N15NTINTULUIF

o ayUNan1sNAaes INn1svaaesll asulain duguesavyrraszlilinadessey
n1snszdntunisdeingluiuiueu (x-direction) wagiisvernisnszidnaiewindu 95.33

WURLUAT WAtiiasesruEnTEIabunsasInglukuIfe (y-direction) 39d0evin1siATIevise

[
v v Y

W31 daugeeids (Giver) TugSu (Receiver) Nilasiaszagnsnszdnveansasing luwuins

Y Y

(y-direction)
4.1.2.2. NMFIATITANDIANTNNUSVRIEIGIvadaiulSuNnanasses

n13nszANnvaINITaIngluluIng (Y-direction)

® 35n1531A5129 1nun151le Response Surface Methodology (RSM) @16 U7 a09%
Wuwadan1sinszinetamansuazand Auizdnsuranudunusilliuusuvas

@09iuUs (Montogomer,2001) [43] TngAmsiilnasduuseansilinsuanzgnunulag

[y [y

B; Tuluudnassainufdssazusynauliaig Luudnaesainunnis, wisdmesainuiiaes

2 a sad v v sw wagn v s ag v o 2
(Buxd), Wi nduiusfusenituldawmasd $u (B;x;x;) Wngauudli X, uaz x, A9
AIUgIV0IH d WAL SUNINAIAU war Y Aan15nTeinveentsaaingluluinnus
(y-direction) Haridun1snsednveIn1sdeingluiuiss (y-direction) aggnuanslagaunis

(4-5)

Y = Bo + Bixy + Baxa 4 B11%1% + Baaxa®+Br2x1x; (4-5)

s
a a

AN5IATIETANANULUTUTIUVRIILUShazANduUsEANSUaIn1sanneelagluluswnsy

SPSS lagldanmnuiesiu 95% (a = 0.05) wagAdauLAgIUAl
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o w

auuAgIunan (Ho) Ao duusauiagiuusauliianuduiusiusgaditeddgy

o

auuRzuses (Hy) Ae Tiulsiuegreliosnienifnadesulsnuesaiteddy
Adulsranivesaunsnusdfuiiaesaunsauszinaeld N 44 Auang

AnduUsEana nsannoslagUssunnuazadniues One-way ANOVA Tnofidoulutasdu
el AraundsUsInTeINIsLanLaUsaziadaiiaadiid iU anavesianUsBase
LarANNANRUS SEMINaMmwUsALuasinUsdasrunazmlavidud adulneagldlusunsy
spss Tumsilasght waziilefmundduyssansveamvumadiuiiassvesilsdtunmsnszdn

Yoen1saeinglununs (y-direction) gnuansluaunisn (4-6)

y = 8.23 + 0.243x; — 9.592x, — 1.626x,% + 1.441x,% + 3.189x, x, (4-6)

A519% 4-4 ArduUsEansnsanaeslagUszanLasNaansUns One-way ANOVA [31]

Coefficients
Model Ur&s;aer;?s;?_:tzsed Séig?f?é-gﬁtesd i sig. 95.0% Confidence Interval for B Correlations
B Std. Error Beta Lower Bound | Upper Bound [ Zero-order | Partial | Part
(Constant) 8.243 4.003 2.059 0.059 -0.344 16.829
x1 0.243 0.155 0.355 1.566 0.140 -0.090 0.575 -0.006 0.386 | 0.172
x2 -9.592 4.741 -14.016 -2.023 0.063 -19.759 0.576 0.797 -0.476 | -0.223
x112 -1.626 0.467 -9.640 -3.485 0.004 -2.627 -0.625 -0.031 -0.682 | -0.384
x2h2 1.441 1.276 7.101 1.129 0.278 -1.296 4.178 0.799 0.289 | 0.124
x1x2 3.189 0.920 10.893 3.466 0.004 1.216 5.163 0.554 0.680 | 0.382
Model Summary
Model R R Square Adjusted R | Std. Error of the Change Statistics
Square Estimate R Square Change | F Change df1 df2 Sig. F Change
1 0.9112 0.830 0.770 0.0221439 0.830 13.704 3 56 0.000
a. Predictors: (Constant), x1x2, x2°2, x1, x142, x2
ANOVA?
Model Sum of Squares df Mean Square F Sig.
Regression 0.034 3 .007 13.704 .000P
1 Residual 0.007 56 .000
Total 0.040 59

a. Dependent Variable: y
b. Predictors: (Constant), x1x2, x242, x1, x142, x2

ndultinaiin ANOVA i93LATI3ANUENRUS19EDAveIRILUTAY (X waz Xy)
(% U LY Y o w av v L a1 ! % Y @ !
wazAuUsny (y) lnearszaudediAgilaainnisaiuiudavindu 0.00 wansliiiuam

AUNAFIUNAN (Ho) QnUtasUrgauTuaNufgIuses (Hy) naife dmulsauegraiaeniledn

o aa =

a Y I A v o & a ¢ ]
LUSHANAABAILUTAIUBYNINHULFIAUNUATIANULYDUU 95% LaZIINNITILATITVANRIATAINU

o

Undenevesilesidunisnszdnveanisdeingluiwing (y-direction) Men1sIAsIEiuy R

NaNAIANMNAY 0.83 MIanUNgRIlANUUIBEaWNAY 83% @1115085Un8laIdkUsAudl

U

AuduusAuALU IR U sltud Ay tazdwasioaunisn (4-6) Tudauingedowindu

'
v o w [y =

83% faudimniiatsaegsazidsanudn fudsurswatdaglufidedaydvaunisi (4-6)
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v A

wlunsfinunilfdendd Wesmnsseznalunsfinsamatmeadldnaridesinnidonin
szuuil Sampling rate g SnvanisadliTanudmaniAeydemaliivesidudauindede
yoailsriduiildannisiinsigi B2 fenganndstudndae

asUNanIIMAaes anauuAgiuiinansallineusu nande daugauedds (Giver)
Lazff5u (Receiver) fnastoszarnisnszdnasnisdsingluuuis (y-direction) wasdianszes
nsnszdmadewiiu 119.86 wufiwes Fajudeiauufiguiidursuazaunisiléainnis

NaaeslanusagausulaNAULeneRe 95 % (o = 0.05)

4.1.3 n15NAaIN 3 N1sAnwIazIATITRLIIUFunwus luvazatelaudng
(Analysis of the bilateral force in the transfer phase)

siadotaginsnyussfauiuslunzdielout Tg lngszezveanisangleuingfe

v v v A

Buanaeiifdssuviinisaeleuingliuidu wasdlediusuingazieindugnszorasang

lowing

® 35n115MAaBe NMNAABILUIITETLTEIENNTNARBIIULABINUNISNABDINBUNALN

'
=

Reulvlunisveassll Ae 3dnsedeuilunisansleuingazdeuniouiunasnnismaass

¥

WTNINAaeNALRBIlingAnsIukaranuNsdauIngdenliouny lauldingni

e

o &

W 0.55 Alansu naean1snaaessnfieisnisdeing wazisnisulangudmsuiuranis

NARDY UALUANAIIINANTNARBIN DU SN LNES (Giver) laideaaineUantilodann

=

AoaNIAIUANTEEENITanelauinginsioAnwiwseUfduniusiieseenafed dmsuiinis

NAADY Imaﬁ@imwaﬂLLiqﬂﬁé’mﬂ’uﬁ‘ﬁﬂﬁzﬁMai’m (i) %%uasﬁﬁ’uwasmLLiasuaaLLiaﬁa'ﬂ

Y

Y manuaunish (3-10) Alddndunis

wardsuing (ffuagz £ faaun1sil (3-7) uay fint

‘W’fmim’]ﬂﬂi'lLﬂi?%‘lﬁLLNLLUUIG’IU']MﬂVW]EJUﬁUEJWIEJLLN‘UQﬁmﬁu%ﬂ]’]ﬂwqaﬂiim‘ﬂﬁﬂﬁgﬁ’]i'}ﬂﬂ"li

Mg AeuussUfduiuslunwineu (f,) dinasenisaeleuingisiansgui 4-7

a

a o L% 6 X I~ r-:l'd [ ¥ o 1 [
wseuduiuslubwiuey () A9 L@ ndnanansaiudnuInsevinaedng

v

Tuvnigsinnisaneloutng tufie wsedu (compression force) uag ussis (Tension force)
Na1Feu AR UATIANNN (X, )mar Warusldnouiiaies aud ey (FX,)mim Nina
Aonalunsaelewing (tyr) = tpos + tneg

91n91UAT8Y03 Ryojun lkeura wazAny [44] AiAnwnssUfauiudseninsmudiv
uywe naniddsaniugauauiuniavesing lnsegldussiiinananusa (fy) Tuns

AuANAWIYeing uarksuandudnufiageenusanielu (f) weliaenadesiudds na

Y
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Alaanauidonanslugun 4-6 nudtwsevesrds (Giver) asdvuiafoglugie -0.15 83 0.1
199U wazlSu (Receiver) azfvunaniagluyas 1 8a 7 Gasu

0.15

0.1

0.05

-0.05

(.1

8 12 16 30 013

Time (s)
JUN 4-6 usauduiusiinangda (f,) wazgsu (fy) [44]

5 The relation between interactive force against time The relation between interactive force against time

! { 4

Interactive force (N)

Interactive force (N)

0 005 01 015 02 025 03 035 04 0 005 01 015 02 025 03 035 04
Time (s) Time (s)

8 The relation between interactive force against time 8 The relation ive force against time

Interactive force (N)
Interactive force (N)

0 005 0.1 0.15 02 025 0.3 035 04 0 0.05 0.1 0.15 0.2 0.25 03 035 04
Time (s) Time (s)

o o

JUN 4-7 Tmgdidminusndnsiuiinaseusdluiuiueu

Ay v ) = | ) P
® HAYINNITNAADY ma‘mlmmﬂmimaaqqﬂuammgih/l 4-7 Wud1nN1sUsuLla e

uninvasinginasowssufdunusiunuiusu () Insuninagianuduiusiuuiysiu

9

[

AseiulsaU AR winsuSuasuiminvesingazlifinansenudananlunisanelou

'
[y o v A

[ PN PN Y @ J ! Y] v a '3 aa
f) PNATIINN 4-6 ‘I/lLLﬁ@QI‘VTL%U'}Wﬂ’?i%@UUﬂﬁ’]ﬂQJ}Wl@ﬂﬁﬂﬂ?i?Lﬂﬁ’]%%‘l/l']\‘iﬂﬂ@]LL‘U‘U One-
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way ANOVA fiainiu 0.394 wansinartunisatsleululasunansznuannnisusuiuaou

Y

Whniinvesingegraiitdydfy

M50 4-5 nadnsAefuve st fduiuswaznatlunisaelowing [31]

Maximum interactive force (N) Minimum ln;l‘ﬂctl\’ﬁ‘ force Transfer time (s) (tr)
Mass (Kg) )
Average Std. Average Std. Average Std.
0.25 2.77 0.90 -1.28 0.51 0.39 0.07
0.35 2.92 1.18 -1.58 0.72 0.39 0.07
0.45 3.30 1.54 -1.87 0.67 0.43 0.09
0.55 3.42 1.13 -2.28 0.81 0.42 0.08

M1391 4-6 Anuduiusvesattunsaelawingiuinavesingiiuasunlasly [31]

Df Sum Sq Mean Sq F value Sig.

ind 3 0.0178 0.005937 1.007 0.394
Residuals 76 0.4479 0.005893

aatiuieliiiladussfduiusuuulauniinvesnginssunisdeinguasuysy azgn
afunemeilaidunisaiglou (Transfer function) Witevguuuudnwaznainvedds uagld
LUsunsy The autoregressive exogenous model (ARX) Tunisasiauuudnaessnainiidudou

& 1Y < Ql' ' Aa o o v o w

Yoy wdiisuiuna iWulsunsufianunsauszanamwuunddaugeld iewindwiu
YoanuudugnAvuaInendun1saglouninensduiagimuaal Kaansnlaainnis
U p— A 1 al o 1 a o
dune ¥(k) Ao naswwvosnsansloulusie LAZNIMUARIBUNA 1o (k). HYQYIUTUNIUTEUY
Ae e(k), waz A(q™) &9 B(q™Y) wanadanvuInannosved g~ LhuuTIaeswelasaaing

ARX (Diversi et al, 2010) [45] o3unailuaunslédssold

A(g~ Dy (k) = B(q™Hpe (k) + e(k), (a-7)
A@ D =1+a,g7" ++aq™, (4-8)
B(@™") =by+biqg7 '+ -+ byqg™™. (4-9)

N FUIASUNIUARLNTY Ae e (k) waz (k) wazdl (k) way (k) vlwls w(k)

A7)

wazy (k) lugvaunislv
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u(k) = po(k) + (k) (4-10)

y(k) = y(k) + y (k). (4-11)
nUuldlUsnTy MATLAB lunmsiiasieiiteas1auuudnaesnisnimesnlunsiuen loy
HNYAVRINYUIY N WAz Ny, WHeantaRanaInlunIsneInsaluaziioilaluudiasives
wyueniUseandna uagldlusunsy ARX 38¥1N150599a0UAINYNA BRIl UNAT1a 097
Usznauluaay the percentage of best fit (R?), the mean sum of square error (MSE) Wag

the final prediction error (FPE) slanansluannisaeludl

N .2
2 = 100 x ( _ _Ziye )0 (4-12)
R? =100 x (1 - 5= ) 9%,
N 2
2 — 100 x ( _ I )0 (4-13)
R? =100 x (1 - 525596,
P
1 o | () (4-14)
FPE =% (y = 9)° l (1_2)1.
N
lnedi y uaz AeAasaaradildannnsiuia auddu
N Ao UILTBYAVDINITNAGBY
P ABTIUIUTDINITINOT (Mg + N+ M) MUARU

(%
f v a

NNFIATIEYDS ARX wuunatldsewledlanadnsaail
A(@g™YH) =1-2021q71 +1.021972, (4-15)
B(q™Y) = —27.64q ' + 27.65q 2 (4-16)

NAYINNISIATITUNUIN A1 R? AANIAU 99.95% , A1 MSE danviniu 1.6652x10°® wagan
FRE AU 1.69 x108 muansu n1siUSeuigua1asauarAIntaainnisnensaluandl
Aegun 4-8 wudlusildanisanelewdngarnmisnensalillusivanlndifeeiulusludnisane

lowinguasuysd nafildann1saesienanlusunsy ARX flendunisaeleuingaingds

[y

(TF,) 5@@5%&3@@6’1’@%
TR - —2.63 x107*S + 5211 (4-17)
9 $§2-20.255+51.76
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“ il [# Figure 3 o X |

File Edit View Inset Tools Desktop Window Help | File Edit View Inset Tools Desktop Window Help ¥
. \ ) T = I = ey »
DS | M AKNOUBDLEL- (208 | nD DEHS R AR LL- S 06 D
Input-Output Data s
1 4 . T X: 01902 S -
Y ! Y:3.46 P
] Actual force
* 1 Predicted force
z (inemax ~ 3 redicted force |
9 iredmin
£ T T
| £ e % ) 2 /
RS PSS = /
| I Q /
I I I ! ! 51 /
T T & / X: 0.2756
- -t / > X:0.4014
i ut " 2 Y:-0.03071 Viiod13
T T T S of L ] ]
£ g
= =
e L
< -1
=
o
S
8 2t
| 2 .
| e X: 0.3515
a = 5 = 3 ‘ 5 Y:-2.286 —
015 02 025 0 005 01 015 02 025 03 035 us 045
{ Time (seconds) Time (s)

U 4-8 (a) msnsydn (W) wagiveaussudusius ()

Y

(b) M5USEUBUTENINIANDSINUALUATULNLARTY [31]

e a3Unan1TNAaae WudnsUSud sudmdnvesingiinasianssufduiuslu
wwueu (£,) Ineuminasdinnuduiusihuuiusiunsedulssufduiug uwin1susuilaeu
Umidnvesingazlidnansgnusonatlunisagloudng Jeanuisauanilanlgiunisgs

ANRANEATAY Transfer function Tu(4-17)

4.2 N139INKUUNTBUKUIANNAATUAITANEINGANTIUNTHeINg Sz Tayudiuueun
(HRH) 31nN15ANEIAZIATITINGANTTUNTTEIINQUBINYEE (HHH)
Ay v = a ¢ a L v ¢ & o %
KAt laann1sfnwiuazdiangringAnssunisdeinguesuywd (HHH) 1 gnuudy
nseULUIANNARdIMTUNNSRRNLUUNG ANSTUNTEYIngUatueudliansainuTNiuiy

wyudlisgadusssumfvazuannde 1neidea3uINNT0eNRUUNGRNTTUVBIUEUAL

[y a

fadunginssunisdainguilounuuyud MUKNanIINAaedN 4.1.1 AfnwIauNgRnsTy
| @ ' & o & al v & v o | .
nsdedngsgninuywdivuywdivsenauluaie 3 Juneu louA Yumeuveanisds (Sending

phase) Tunauvein1sanalowing (Transferring phase) kagdunouraIn1s5uing (Receiving

q

o w [

phase) @si{3dvaglinuddgyiugaielou (Transfer point) lueegann Wesniugad

o

1 v

a av v Ay o &w ) . o Yo . a £ Ya o ]
fusenlaarnnisuduiusiuseninadds (Giver) AURSU (Receiver) Wintiu wagi3deazly

(% '
=

u3IUJENINUS (Interactive force) # wiaidudmuauBangAnssuvesiueudliaunsads

e

T9g (Transfer the object) uazUaeeing (Release the object) laagnudusssuyf a1ntu

I

FyageanwuuiuriinIsanelauing linuriueus 1nee19dInNnsnaei 4.1.2 NAnw)

N

=8, &2

wmansanelewinglunsufduiussenineuyudiuayed nmmaaeslidmadetunou
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A A

N15e¢ing (Sending phase) vaajueud napeviusudazaseglumuninisdsinguied
szaznsnsedavesnisdeinglunuiueu (x-direction) AszoE11991ng 5y (Receiven)
Uszana 0.95 wns waveeniuulvmvinnudiuvatevesiugudneiiaiugelseain 1.20
wns Wielsinmsdsinguenjusudaenndesiunisiuinguesyed fiflszernsnszdavesnis
deingluuund (y-direction) ldnmavaaesUszana 1.19 was uaziifearliingiiduna
Wiy 0.25 Alansunaenn1snaaeslunisfnyinginssunisaeingueaueus (HRH)
iesannuanisnaaesd 4.1.3 Adnwussufduiusluvazaeloudng nuimsudsuuas
wavesingiililunisdsingarlidsnasienginssunsdsinguasnandielouing usozdma
sonseiildlunsufduiug (nteractive force) ity faduminmadananndaaliusedily
Tumafis (Interactive force) Aifivuamindu 1.28 9y Fadunsedefifvunaiinianlu
Adeisemuiu Tnsussds (nteractive force) fifinanmssonusaiiofsingnduidin
ﬁ?“umﬁzﬁu (Receiver) ﬁamﬁmsﬁuﬁ@@ma‘[au (Transfer point)
9nfinaunddudagdunsouuuannufnd miun1soonuUUTEUUAIUALLES
WOANTIUVEIULUA T9zsnInaaBINsAnwINgAnTTuNSasTRg sy udTUsuud
(HRH) sialy il elvivusuingAnssunsdeinguazanunsnviusmiudiunysdldegiaiu
5530917 uazUasads saudawadiléainnisnsAnuingiinssunisdsingseninsuywd i
yugus (HRH) axgnianisieuiiisufunadilénnnwginssumsdsinguesyws (HHH) Litels
vusudingAnssunsadsingfilndidsstuyud

o 1 4

4.3 mMsfneuarlaTeinginssun1sdeingsendneuyediuueud (HRH)

9

v

nsAruANNTSLAA eulmvesiusuRiuinainuatsdsdsiind 1 luundeuni Tu
wu%’mﬁyﬁ]ﬂ%’mimuQquﬁﬂiimaaﬁuauﬁﬁaUﬂﬁmuquLLUUSM‘WLLM% (Impedance
Control) iflesanndnuazlasaaiimanienmyssusuay wilidnvuzivileudulunadud
WAUG Lara1u1TaUSUAAILUIUTDNMUAAINITITNOTAINVOITZUU UIa (mass) AaUse
(K) vidorsmiag (D) Fsviususd HSR annsaiAsuudasamsniiine s98ansauauLUUaLd
ues (Impedance Control) ldnfiamas (x- y-z-direction) Insmsnmaesil 9 iasuuias
ANMNNIHNDTVDINITAIUANKUUBUAUAUSG (Impedance Control) YaevuguALaNIEAAN
W3 flo x-direction WAAINIIITLABIVDINITATUANLULBUAKAUYS (Impedance Control)
Tufiemnedu Ssadliiiennadunmiignasliluvueud HSR ilesnussufduiusumzsi

o

msaelouing Fudududslunismivauiasimuanislaseinguesids (Giver) wazsuing

q

V83U (Receiver) agiiadwlanigluiiania x-direction i1ty welviviugudanunsadl
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woAnssuiieulAsatuayed waslingfnssuegradusssumfniniian saudsdesling

urewiusuaiinulaenserouyudiie Julunnvesiiieide

o A A

® JngUsasAvaINsive fe Wisliueudaiuisavinusuduiuayedldedgiady

Va o

ssurRngawazdmiulasasieseuywd §ideTwdanmsvaasseeniu 2 da Ussnausie

q

1) ANWIkAETATIBNTLUUAIUANNG ANTIUVDWULUAAILNITAIUANKUUBUNWAUT
(Impedance Control) ¥ae¥ugus
2) 9ANLUUTEUUAIUANNGANTIUNITATINO VDIV UBUAIINAITAIUANKUUB LA
uauslitngAnssunsdiiisufsaiuansdlunsdsing
Tnsusazsiitonside seiisnsmaaes gunsal lwwwed madeslsenuaismddld

= LY PN =) 2 o A ! 1 qy
NS LasAanNNIINNRNUNU mmzﬂmmaiﬂu

Yy v 1 o b’d‘

® Bn1meaes NMsveaesll {IT8LlVliNTINNTMARRWIINT UGN UL UAT

Y
4

NSAUANYUEUAMENIAUANLUUBNTILALS tnedideufiilunisinimaaeufie viugud
Ao ing AN YA TIMTERRINAURUAITUN 4-9 wazvuguinaavin1saeing U

= o % d' C% a 6 1 d‘ a
SEUNUNADANITNAGDY FAINDINUNTUTULURSUAILUTNIFIULHBIVDIAIAINYBIaUTY (K) way

o
a s a (Y

A9 (D) Wrunslduiananisauauuuuduiiuaudigninnsegludivueud lag

Vupus HSR Wuniueudnil 8 asendasy (DoF) waziinIuesTudnuue 2 41 igndusiae

Y

[

& a PN (Y o 1 = s a i1 a
UDLHADILAYILATNUILIUA I UAIUUAYITULDULLDIFDIUTELNNAAN D8 A9TUN 4-1

Y Y

(@]

Usenouniy wwwesinksdlun1svduduing waswuigesinusuwasisadanaigunuifn

[
(%

& I a Y ] 3 = Y v s YY) a

AeeguTntarevaslieviuaud vazdeItuagldiwuresnsiaduing HSR-3D-depth MFns3
agUsIve UL lUNINTIIT UM uIITes TRguazasvesing Taensviaunes
SYUUITADIAAAABINULAZTINNITNTI9T Uy 1 ntuazdsniuludinauianesiiei

nsUsEINARATaLARIFUN 3-10

Receiver
Giver

x—ly

Reference poit

[y

JUN 4-9 dnwaglazyimmedmiun1snaaeuves HRH
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Suction pad

Hand force sensor Hand camera

JUT 4-10 lpssasnsvesinyinaudinangveaiueus HSR [46]

4.3.1 N15ANYIAMNUABANEIINNITAIVANRUBUAR IENITATUANLUUBUN AU
ﬁﬁ%%’ﬂﬂﬂidﬁ'mqiﬁ’uﬁquﬁ (Force-Impedance Control for safe Human-to-robot

handovers)

N13MAABILADINITIATILYLALANYINITAIUANY UEUAAIENITAIUANKUUBUN AL

o [ [ v I 6 IS s v = dyd a
dmfunmsdeingiunuyed [34] lnedifngUsvasAananveanisAnwiiae nsuseLiiung

a

nauaueIved usud LuUlauininaaINN13AIUANLIUMUUE NN LAUY (Impedance

Control) mmzﬁvjuauﬁﬁwmsdﬁmqslﬁmwwé (Robot-to-human object handover tasks)

=

nsvinuTINiuTEnIueud vl edaslisesinfesiatsanegwn fde anudasasdely
q'

[y =

q
o 1 [V s 2 & a ao & A =2 o v &
nsvihausuiuiuayed Fadudaiddyign Judunuvesnmsinuluidei
¢ Bnmageu {I3uarli s snaaeurimMIsuingaInueud Inenilayanis

a o 901 :.J/ | d‘ % L% 1 Ql' a Y} 1
NAADIVZUNYIAIUATILATIIANRALVBILT I1NNTUTUAILUTAIAINEUTI (K) LLazgn1iug

' [
4:1 a (% 1

(D) vuzinglnuagldumesinusuarusilniignfnfeg usavesfinaudIuUateveg

Y Y

A ' & (%

1 [ o Y v a o v s A = ! (% L1
Yugus HSR dnsumsinussuduiusgean Wevusudieinglufandalouing uyud

i
wnaiuinguarduingegrsdunuazlivdulienssun 4-9 wavagldingiilua 0.25 Alansy
AABANITNAFBY LTI TIRDINTUTIULTINUINTEVNFRINGNOUN VLI UAILADUANBINBILTY
d{' ) ¥ 1 < Y dy

waztmaaUlmmuwse Ynlrausawiinisneassesnty 3 mMsvnaslaeadl

1) WasuwlassuusianzAAvesiIniig (Damping factor Varying)

2) WasuulasialusianizA1Asnuesause (Spring factor Varying)

3) WasunlasianlsniArasiivosaUsamazianuag (D and K factor Varying)

wanlagnuandlumsnn 4-7
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AN5197 4-7 HaaNSaNNNSUAsULUAILUSAIAIIVEIEUSY (K) waz@iniag (D) [34]

Damping factor (D) Varing Spring factor (K) Varing D and K Varing

D K F D K F D K E
(NmS/rad)| (Nm/rad) (N) (NmS/rad)| (Nm/rad) (N) (NmS/rad)| (Nm/rad) (N)
26.0 26.5 14.20
20 6 26.1 2 10 26.6 2 6 14.10
26.1 26.7 14.00
15.7 26.3 13.40
10 6 20.1 2 8 26.3 1.5 5 13.60
19.9 26.2 13.50
13.8 13.8 12.00
2 6 13.5 2 6 13.7 1 4 12.10
13.9 14.1 12.40
9.1 13.1 12.00
1 6 9.2 2 4 12.8 1 3 11.40
9.3 12.7 11.70
9.2 10.7 10.90
0 6 8.7 2 2 11.2 1 2 10.50
8.8 11.0 10.90

® HIUNARINNITNARBY IINNTTTHINTAUINITADUAUDIVDILTIAINNITATUANWUUDLT
LALTTUANANAY NUTENITARIINTMUANTLEUATIEN TAUANLUUBNRuA T oo T 3
naundnlddsdl euduvuresusudLUUseU (Soft) nana (Middle) wazuda (Hard) Tng
MIMARBULUUT (1) wag (3) nuinsiasuldaseasiiveasviiag (D) ilUSinwuiities o
daavinliszuuiinmsduasiieuianiosas JuilvimgAnssunisdsinguesiusudiiaany
Qumaéﬁu MIMAEBULUUT (2) wag (3) nuimswasuudaseasiivesaya (K) IiiuTunad
ffon ArdswarongAnssunisdsinguosiusudlifiniunuuadeduiu fufunisasrild
wugudanansreusniufvayedldodmazanuagaen sy aedenddsuulai

I d' 2 LY 1 v/ LY o b | (3 gj
AAINTBIAUSTS (K) wagdamiae (D) Iivingauiunisvitaunaglasaasesvesiugusiiiueg

4.3.2 N1599NKUUNTIUNITHINIUNITHITNYVII UBUADINNITAIVANRUUTUN
waudlitingAnssunisuReaiuuywe
= v o ] s i Y Yo ¢
ielilassuumiuaunisiedeulmvesjuednneuauasiausdunisdeingliiuuywen
Wiagad NaNIfe sTUuAIUANNTIARRULIYeLEUR HSR dmsumsdsauingiknuyud
INATAIUANLUVUUNLAUT (Impedance Control) A& 8IA1UITAAIUALY UL UA LY H
a Y A a a v & ' < a d' LY 1 av v
weAnsIuNsdring s uRssiuywdeglusssumuniigauazUasnsy antunails

NNINARBIFINAILYNINUNITIUTABUAUNITNARBILIN AD NISANYINGANTIUNTA
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[y

nsenItuywdivayyd (HHH) WelUSeuigulseansamnisviinuvesiugud HSR 210
N1300NWUUNTBUKUIANUAAYBINGANTIUNITAITRgUasNy v T UsEAnS nmanntes

Wigaln

[ [

® Bnsnagdau IBMmaaeuIzAaeiuiteITeneuntn nglviEii1siunsvagey

v (%
[ |

N35UTRgINueud lentsnnismaaesagyingianuasiasyiaA i veawsslfduius
wazlIaInsaelaudng (t) :nn1sildsunlatatniivesiiwls Jea1aaiiauss (K) wagsa

711729 (D) NLD199991N91UIT8VDY Rahman wazAtly [6] NA1I31ANAINIVBIAINUIVD IV

'
1o

uywdasiiafioglugisdoud 18 81 100 Ns/m uagarasiivosauTevosnouuyudiarfiog
Tut2a 100 fia 2800 N/m wardlaadinseninsaAnasivesimuiuazAAsfivesaUsiniufe
Aimnzauiignvosuvuayudiuandusui 4-11 Tnefidnnaiidmuisegiiuszana 75 Ns/m
wazdianasfivasaUiauszannl 600 N/m ungdrsdennafigninsslilususudidosi e
ihlumetasiidamiisuagainsfiauiaimunzaud andmsunmsdeTngliunuywd uas

o v I | A a
AAUATIAAL AT UANAI LY ULAL

i o E
Y ‘ eliied
'.‘ A Stiffness
8o} 3 )\/J 3
- i
Z \1 E
g { £
50 T" Damping factor el g
€ w W 4 =
£ h =
a h
“\H‘ i
EQL “l'ﬂ.‘&‘ : ~E7HE
n "-h : : . i wapan
5} 0 02 iE} 04 o0& Ok 07 08

Tune (s)

JUT 4-11 Wsilwesauiiuauddmiuwuudiaesvasauiyyd (6]

luvauyinisdeingsendneiu agldiwugesinus wazuselnfigninfsog usiiuda

audmlatevemiueud HSR WeuesudeTnglutagadeleuing uyudizdesiuinguas
U o dl

Uingeghaiunuazlivduliedssun 4-9 Wwideiu wazarldingiiling 0.25 Alansunaen

q q
14

AsNaaau vinlraiunsanuaniIsneasteanidu 3 nsneasslasadl
1) WasunlauanzAInrvesianuls (Damping factor Varying)

2) Wasuwlasanizaasiivesayss (Spring factor Varying)
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3) psinweuduiusesnIsiuaAafivesaUswaznsUdsunUadane
AasvesaUTuievussufduiusuasnarvuzdelouingivanzan
IﬂEJR]%L%I?,Jﬁ]’]ﬂﬂ’]i‘Vﬁ‘Vﬂﬂ’JWmﬁmﬁuéﬂ’eNﬂ’]iL‘UgEJULLUaQGUGQLLNLLaSL’Ja’]ﬁﬁﬁuagjﬁUﬂ’]i
WasuuUasiamzansiivesaUswarianuaenow anfussimunveuiundngunis
sonuuusruuliiusudiinsdsingbifiuszdnsamegradusssumfnaziiisudsiy
neAnssnvesywdluddudinly
4.3.2.1.m3AnwANuduiusvassUfFuiusuazinanvnzdisloutngiiduey
funiswasunUasanizaasiivasdanias (Damping factor Varying)
Fesmsmanuduiusvesnsuasuntasmesussufduiusuasnanvaranslouingi
?Tuagjﬁummﬂ?iEJuLL‘anLawwgﬁiﬂmﬁmaﬁmmﬂ Ima%‘[,ﬁ@hmﬁﬁumaﬂ‘%aﬁmLvhﬁ’uvj]uémaam
nsnnaes wazardsuiasusiudsienizaaiivesiaiaavingy uazynistuiinnanis

NARDINIUARINITIIN 4-8 (@)

® IBN1IMARBILALHANITNARRY {ITazyiINsiAguiUatanizAnsfifivig lng
o 1 d' (Y 1 a td val a v a a1 N o 1 d' a
AvuaAIAINvasimInsuAulin 25 diduunsiufseisifeu wasfivuaaianayss
a Y a1 (Y a o J a v av o 6 N a o 1
Sududawinhu 0 Gaduunssiesheu svlivuinvewsufduiusiade 1.17 938u (agen
Std. i 0.02 ) wavtiavazaeleuingUszana 2.55 3wl (Iaeen Std. fiw 0.02 Jui)
wasvhmsiasuulasamsansivessimbandy 25, 50, 75, 100, 150, waz 200 Hadiuiuns
a a1 a o w r-ﬂ' g ! d‘ v ! vl a U a a1 a |
Funiisialsiiey auaRy LieRar1Aveeianiielin 200 GafuwnTiufidersifeu wudd
glarunvadsudunusiade 0.80 4asiu (laaan Std. Aa 0.01 936U) wagnatvueaIy
lowingilAusyana 3.17 3w (awdn Std. A 0.01 JuW)

¢ a3UNaINNITNAARY LilaUIuuiisuvwInvattstazataeleuingiinduain

‘:{' 1 d' (Y 1 d U ! -'-N' (Y 1 a5 A Aa a U
N15UABULUAAIAITIvR I LT BUAUAT ATIVRIR NG NI dAT 25 daduuns

a0

a a & v Y & a ) ' v 1 Y a o
UNNADLSLAYU ANLUUTDERY WU ﬂ’Wﬂﬂ@ﬂﬂ']ﬂﬂm“l]@ﬂ@]']ﬂu’)ﬂiﬂﬂﬂqW]']ﬂU 100 UIRULUANT

)

URaLSIRIY aziivuiansIUseunn 1.06 12U Antdusesazanas 9.40 lHanluaislou

)

mgUszanad 2.89 Junit Amdudesar 13.33 uwasdmnasriasiivesianuaedianindu 200
a U a a1 a 1 4 = a U a
TuunTiunfidesiioy awdmalivuinvensanas Inedvuawseszana 0.79 9y @n

Judevay 32.48 ranluarslouingiiinduussuna 3.17 Jund Andudesaz 24.31 e

= = Y v v & - Y N 2= W a o a A
Wiguiflguiurunnvewsailaannisaseasivesdavieniianindgu 25 Taduunsiuni
Aalsiiy Ndawaliisadivwinuseanu 1.17 dadu Ingldnamaeleuingussanu 2.55 Juii

n&snnsUuusadulusindusa fausiug (Curve fitting) Tu MATLAB wasnsideuuuag



81

[
[ I

oS duiusLazavzaelowingNTued iun1siUasuwlatanizA1AINTafIntag

WanaRagui 4-12

4st D=100
5st D=150
6st D=200

1st D=25
2st D=50

AN

Interactive force (N)
o o
(2] (=]
; w
Interactive force (N)

o
N

0 05 1 15 2 25 3 35 0 05 1 15 2 25 3 35
Time (s) Time (s)

(a) D = 25,50,75 NmS/rad (b) D = 100,150,200 NmS/rad

SUN 4-12 K = 0 Theuunssasieu wagukuasanizea D

Y

" Y

4.3.2.2.n15Anw1ANNFuN SV sUfFuRuS uazIavazd1elauIng NUUe

ete.

fullasunlatianizainsiivasauss (Spring factor Varying)

Aan1smANFuRusveInsilisuwlatansalduiusuasiiaivazansleuingniuey

Y

fumsasuulasemzansiivesaUis lngaglieasivesiamisdawindugudnasans
vnaes wavaviasuulatameAnafivesausavinty uagyhnstuiinnanisneass fauans
15197 4-8 (b)

® 5N1INAADILAZHANITNAADY ;ﬁﬁa%v‘hmim?{smmmLawwwhmﬁsumaﬂ%q g
MuuaAAsivesiiiasudulif 0 Sadumnsaeisiiou wasivuamafivesianedien
windu 0 Taduunsiundideisfiou wlvivuiaveaussufduiusiade 0.90 Tadu (ned Std.
g 0.02 Taau) waziantunisatelowingussuna 3.42 Jund (aegen Std. Ag 0.02 Fu)
wazyhnsUasunlasamzansiivealss Tneisuan 0, 50, 100, 200, 400, Waz 600 HIAU
sl oy mudsy edsnasivesauslAf 600 Thfumnsosiow wuinaglduun
vesussUfduiusiods 1.30 dadu (agen Std. Ao 0.01 92fw) uazarvazyinsaneleu

[

naUszannl 2.69 it (Iagen Std. Ae 0.03 Funi)
- = = ' o da &
® H5UNAINNITNARDY LBlUTULTIEUIWIAYRILTIMAELIAAEla IR TIAATUAN
nsidguilaseinsivesalaneuiuatnivesalseiidnan et 0 daduunsroisiagu

AaduSeray WU H1rINAIANRINUREUSIIATAYINAY 200 TRduunsAIsReY ETuun
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wseUszanas 1.07 Tadiu Aadudesay 20 Idnanluaslewinganadiaeiinaruszsuia 2.79
il Aalufoway 18.18 uwazdmneaasiiaUSellawindu 600 Taduunsrasifiou 9z

AalAVUINVDITINLTY Tneivuiauwsauseunu 1.29 7du Andusasay 44.94 19nalu

1<

anglowinganaslaeiiszuziauseana 2.6 79 Andusesay 23.75 WawSeuiiguiu
YUIAYDIHTINAIINNTAIAIAINVBIFINUINTAWIATU 0 Taduunsiolsifen Ndamalisg

Jyuauszanas 0.89 s agldataneloudinguseunn 3.41 Junl ndaNNIsUTULAS

1

AulUsIndussUfduius (Curve fitting) Tu MATLAB vesmsdsuutasvesuseujduius

| Y

waziavaizanelowingnuediunsiisuulatamemaeivesaUse uansdsgui 4-13

9

® INNITNAADINIEDINIINAADITAUT FzaSUIefan1sUasuLUaURILTIU]
L v 6 ! (Y dlf:if( [ N 1 = a (Y 1
duiusuaziauzaglowingyueg iunisiuigullasianizaArnanvesaUsauasAamyag

Y

uazradnsildannImaass aztelunsanuazimunveuladmiunsiasuLasA A
yosaUTauaziimasinmi ielildnadnsAduszansamiliisuifsstunginssunisds Ing
yosuywd (HHH) Tegisvazimundnaiivesiimuas (D) Tdusuusiu wmsizin fmia
(D) yhwihfimununsduagifiouresszuy nafe M () ansnsadududsiieuau
amnsaanaNuudensEd1afiinainayss wazdenaliszuuvesusudiaiuyuulai
wngauiensiny WeduveulvndmiunisesnuuuszuuAmUALNIAIRgUe s UL LA

AILNITAIUALLUUBULALG

Interactive force (N)

o
'S

0.8

06

0.2

I

15tK=0
2st K=50
35t K=100

\

0.5 1 1.5 2 25
Time (s)

(a) K = 0,50,100 Nm/rad

3 3.5

Interactive force (N)

14

1.2

1

o
™

o
o

4stK=200
55t K=400
65t K=600

0.5 1 1.5 2 25 3
Time (s)

(b) K = 200,400,600 Nm/rad

5U1 4-13 D = 0 Tafunsinfidelsifisy wWiguwladameen K

35
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AN5199 4-8 Han1sveasd (a) wagukuasaniz D (b) Wasuwlaaanig K

Damping factor (D) Varing Spring factor (K) Varing
D K F t D K F t

|(NmS/rad)| (Nm/rad) (N) (s) (NmS/rad)| (Nm/rad) (N) (S)
1.17 2.56 0.90 3.42

25 0 1.19 2.55 0 0 0.92 341
1.18 2.56 0.89 3.44

1.15 2.68 0.97 3.22

50 0 1.16 2.67 0 50 0.99 3.21
1.16 2.66 0.98 3.22

1.10 2.80 1.03 3.00

75 0 1.10 2.78 0 100 1.01 2.99
1.12 2.75 1.05 3.01

1.07 2.91 1.07 2.81

100 0 1.06 2.94 0 200 1.09 2.79
1.08 2.89 1.09 2.80

1.03 2.95 1.20 2.78

150 0 1.00 2.97 0 400 1.22 2.77
1.01 2.96 1.23 2.74

0.80 3.18 1.30 2.69

200 0 0.79 3.18 0 600 1.31 2.66
0.82 3.17 1.29 2.71

® 91NNIINAABINIADINITNAABIT19AUL 92T U8TIN19UABUKUAIIB LTIV

[y

duiusuazatvaeaelouingiiuegiunsiuasuulaianizaAinmvealsuasianuog

Y

uazHadnsildannImaass aztelunsanuazimunveuladmiunsasuLasA A
vesaUTawazimilvy i elildnadnsffussansnnd iflsuifstunginssunisdaing
yosuywd (HHH) Taegisoazimundnsiivesiamuas (D) Tdusuusiu wmsizin fmia
(D) viwthiimuaunsduazifiouvesszuy nanfe s (0) awnsaduiudsiiauaud
amnsaanANuudnsEd1afiiAnainauss wazdsnaliszuuvesusudiiaiuyuuad
wangauien sy WeduveuadmiunisoenuuuszuumuaLnIdsinguosueud

AILNITAIUALLUUBULALS

4.3.2.3. N13ANIAMUFUNUSVDINTNUAAIAINI v sEUTIWaTN1SIWaBULUAY
' = - aw w ¢ : [ |
lRNIZANANNvBIAUS N ML SR duRuS LAz A vMzae laudng Muanzay
nsnaaesasdunmsmenuduiusveinisiuasunlaweinssufdunusuaziiavase
aeleudngvuegiunisiuasuwasiinsiivesausaagiininilmngauson1sdeingues

Y 9

Vusuiegraulusssuminan wazingfnssunisdaiifisuifssiuuyed annsdnwiuas
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BaszvusaURduiusluvazagloning wul wssljduiusnaniga (Minimum interactive

q

Ly

force) dmsuvhmsanelewingniumidn 0.25 Alansy agldussuduiusniivuinuseuna

1.28 fI8U AIA157197 4-5

[

o Jaguszasd ann1svaaesnaun wuiAAsivesiavsAdA Wiy 50 dadu
waTiuniidelsidou uay 75 Tafumasiundidersidou inansmaaesdilndidsstunisdsves
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Spring factor (K) Varing Spring factor (K) Varing

D K F t D K F t
(NmS/frad)| (Nm/rad) (N) (s) (NmS/rad)| (Nm/rad) (N) (s)
1.10 3.33 0.95 3.47
75 0 111 3.32 50 0 0.96 3.46
1.13 3.31 0.94 3.49
1.20 3.07 1.10 3.32
75 50 1.20 3.08 50 50 1.09 3.33
1.21 3.07 1.09 3.31
1.25 2.95 1.19 3.09
75 100 1.26 2.96 50 100 1.18 3.11
124 2.97 1.20 3.08
1.28 2.62 1.22 271
75 200 1.29 261 50 200 1.22 2.70
1.29 2.60 1.23 271
1.33 2.24 1.25 2.64
75 400 1.32 2.25 50 400 1.24 2.65
1.31 2.24 1.26 2.63
1.40 1.83 1.32 2.34
75 600 1.39 1.84 50 600 1.31 2.32
1.41 1.82 1.33 231

(@) D = 75 NmS/rad

(b) D = 50 NmS/rad
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M19199 N-1 57982BEAVDYUBUA Human Support Robot

99

Robot

Footprint

¢430mm

Height (min/max)

1,005/1,350mm (top of the head height)

Size The total degree of freedom 11
Weight About 37ke
units
Drive system Omnidirectional moving mechanism
Indoor
Use environment Step 5mm
Climbing angle 5 °
Moving base Laser measuring range sensor (UST-20LX)

Sensors

IMU (6DOF)

Magnetic sensor for stop (N-pole detection type) x2

Maximum speed

0.22m/s (0.8km/h)

Expandability

USB3.0 x1




M19197 N-2 $IUALLBEAVINUBUA Human Support Robot
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Stroke 690mm
Maximum speed 150mmy/s
Hoisting
Telescope mechanism
Features
Weight compensation mechanism
Length About 600mm
Movable range (height) 0~1,350mm
Movable range (depth) 450mm (from the moving base end face)
Payload (recommended/max) 0.5/1.2ke
Arm Hand maximum speed 1.1m/s
Absolute type joint angle encoder
Sensors
6-axis force sensor
Weight compensation mechanism
Features
Torque detectable flexible joint x 2 axis
Opening and closing speed <0.4s (at the maximum opening and closing range)
Maximum gripping force 40N
Maximum opening and closing 135mm
range
Maximum suction force 5N
Potentiometer
Gripper

Sensors Gripping force sensor
Wide-anele camera
Flexible parallel fingertips mechanism
Flexible joint mechanism
Features Self-locking mechanism

Suction mechanism

Power grasp supported
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M19197 N-3 $I8ALBEAVDINUBUA Human Support Robot

Absolute type joint angle encoder

RGB-D sensor (Xtion PRO LIVE) x1

CPU Stereo camera x1
Head Wide-angle camera x1
Microphone array x1
USB2.0 x1
Expandability
12V-0.5A output x1
Size 7.0 inch
Display
Resolution 1024 x 600
CPU <0.4s (at the maximum opening and closing range)
Embedded GPU board 40N
Speaker 5w
Battery Lithium-ion battery 25V/9.5AR
Operation time About 2 hours
Body USB3.0 x3
VGA x1
LAN x1
Expandability
Serial x1
TK1 USB2.0 x1
TK1 Serial x1
a5197l n-4 s1eazBenvag joint
Number Joint names type Axis direction | Range of movement Remarks
1 base roll_joint rotation z nfinite rotation
2 base | drive_wheel_joint rotation y nfinite rotation
3 base r drive_ wheel joint rotation y nfinite rotation
a arm_lift_joint Linear motion z 0~0.69[m]
5 arm_flex_joint rotation v -2.617~0[rad] -150~0[deg]
6 arm_roll_joint rotation z -1.919 ~ 3.665[rad] -110~210[deg]
7 wrist_flex_joint rotation -y -1.919 ~ 1.221[rad] -110~T0[deg]
8 wrist_roll_joint rotation z -1.919 ~ 3.665[rad] -110~210[deg]
9 hand_motor_joint rotation X -0.105 ~ 1.239[rad] -6~T1[ded]
10 head_pan_joint rotation z -3.839 ~ 1.745[rad] -220 ~ 100[deg]
11 head_tilt_joint rotation -y -1.570 ~ 0.523[rad] -90~30[de¢]




Gl’]i'Nﬁ n-5 919a2L98AYDY ATI: 6-AXIS FORCE AND TORQUE SENSOR

(MINI40 I1P65/1P68 SERIES)
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Single-Axis Overload

Fxy 810N

Fz + 2400 N

Txy £ 19 Nm

Tz £ 20 Nm
Stiffness (Calculated)

X-axis & Y-axis forces (Kx,Ky) 1.1 x 107 N/m

Z-axos force (Kz) 2.0 x 107 N/m

X-axis & Y-axis torque (Kix Kty)

2.8 x 10® Nm/rad

Z-axos torgue (Ktz)

4.0 x 10° Nm/rad

Resonant Frequency

Fx,Fy, Tz 1400 Hz
Fz,Tx, Ty 1300 Hz
- Sy Physical Specifications
~ Weight* 0.272 kg
Diameter* 53.3 mm
Height* 21.1 mm
*Specifications include standard interface plates
Metric Calibrations (SI
Calibration Fx,Fy Fz Tx,Ty Tz Fx,Fy Fz Tx,Ty Tz
SI-20-1 20N 60 N 1 Nm 1 Nm 1/200 N [1/100 N |1/8000 Nm |1/8000 Nm
SI-40-2 40N 120 N 2 Nm 2 Nm 1/100 N |1/50 N 1/4000 Nm |1/4000 Nm
SI-80-4 60 N 180 N 4 Nm 4 Nm 1/50 N 1/25 N 1/2000 Nm |1/2000 Nm

SENSING RANGES

RESOLUTION
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A1519% N-6 S1VAZIBYAYDINADY Asus Xtion pro live 3d sensor

Metric Asus Xtion Live Pro Microsoft Kinect
Price ~$150 USD ~$150 USD
Power consumption <25 W

Distance of use
Field of view *
Sensor

Depth image size

Resolution
Platform

OS support

Interface
Software

Programming languages

Dimensions

0.8m<x<35m
58° H; 45° V; 70° D
RGB, Depth and Microphone
VGA (640 % 480) 30 fps: QVGA
(320 x 240) 60 fps
SXVGA (1280%1024)
Intel x86; AMD

Win 32/64 XP, Vista, 7; Linux Ubuntu

10.10: X86, 32/64 bit, Android
USB2.0
Open NI SDK bundled
C++/C# (Windows); C++ (Linux);
Java
18 x 3.5 x5cm

D8m<x<4m
57.5°H:43.5°V
RGB, Depth and Microphone

VGA (640 x 480) 30 Ips

Win 32/64 XP, Vista, 7, 8

USB2.0
Kinect for Windows SDK
C++/C# (Windows); C++ (Linux);
Java
28 x 8 x 8 cm

#* Horizontal, Vertical and Diagonal.
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Head 3D sensor

19 160L~2SL

#7

20 56

Head Stereo Camera

\i‘

or

6-axis force-torque sens

v 7
.
_x\\

y

® Hinge joint :

Drive wheels #9 #10
tread size 266

Human support robot
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ATI: 6-AXIS FORCE AND TORQUE SENSOR (MINI40 SERIES)

ISOMETRIC VIEW

JUN 9-0-2 LuLLasIALIY AT

t—— 2641940025 —m=

10.05120.025 fm——wmm

+X

10.94320.025 13.09840.025
(7.6°)

%

2X 3 Slip FitT 5.0
Customer Interface
(See Note 3)

B.C.¢33

@6.35 Thru Hole
(See Note 5)

3X TapM3 X 550
Equally Spaced
Customer Interface
{See Note 3)

| 225°

MOUNTING SIDE

JUN 9-0-3 uaunmlaseainavanisianaguges

Notes:
1. Matenal: Mounting and Tool Adapter made of Aluminum,

Transducer mage of hardened stainless steal.

WARNING: DO NOT LOOSEN OR REMOVE INTERFACE

PLATES OR CABLE DUE TO POTENTIAL DAMAGE.

DO NOT EXCEED INTERFACE DEPTH. MAY CAUSE DAMAGE

Standard connector (not shown) has 17mm diameter & is 67.5mm long.

Do not allow items passing through center hole to touch both the Mounting and
Tool Adapter Plates or accuracy will be compromised

it A

SUN U-0-4 Y9A2I5LIAZNTLGULUDIAU

u
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Tool Adapter
— 14 Plate
Mounting Adapter
Plate\
FE F—12Fh 42 @40
Sensing Reference
Frame Origin
ke,
(=
SIDE VIEW

JUN 9-0-5 urunmlassaievauguiwasaudig

—mm=t 15.15540.025 fa—

2X ¢33 Slip FitT 5.0
 ,/~Customer Interface
*+ (See Note 3)

26.250£0.025

B.C.¢33

Sensing Reference
Frame Origin

3X TapM3 X 5750
Ec{ually Spaced
Customer Interface
(See Note 3)

TOOL SIDE

JUN 9-0-6 uHuNNIATIAT VR ULLDS
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= 1 ¢ a [
NIFLVDUADLYULYDIVIALIILASLIIUA NU ROS

AU NTUY S IALT AT LS DALLTBNADAU ROS A¢ADaillNALN?
Nlddmsumsdetoyavesnsiuazuselnaugasiouals lnensieunaiusening
AoulnIAREITBLTLES Net Box fiu ROS azilluiuy TCP/IP §Ufl A-0-1 audiALnadi

a¢14 §3971 net-ft-ros [47]

Ubuntu : ROS

7

s
: ./ Netbox F/T sensor
‘omputer gl S e —
TCP/IP
a

JUN A-0-1 N1sLYauRBIULILaTIALIINU ROS

Funounsideuse 1ioudedualy Ethernet fuABNRILADS
MniuTnmige terminal Uy Ubuntu T4An&s

ASIVEBUAN ping VOUBUYBIUANIT LI UunTin terminal uans
Tusuesannseldauld Tngldmds

$ ping IP_NUMBER

wsoiA1 1P NUMBER Talutiuiusiees Aagiulivinaves AT
wansIguwesNS ol gy

wdinBeusawueesly fasdosdururesrieu lnsazdos
Huweh terminal TusluasfiuiAdassielud

$ roslaunch netft_rdt_driver ft_sensor.launch

foyavosussuazussdaiiemeasoualdluvnstu wwgnueuns
N1 topic T4 810 /ft_sensor/netft data lnefiuszinnuendnud 44 81500

geometry msgs/WrenchStamprd ﬁﬂgﬂ‘ﬁ A-0-2
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5UN A-0-2 dayanlanniwugasnuansuumnt terminal

n1sLausaueud HSR

NIAIFIIANTTULAT DINAAMSTANTIUANENTUNIINGIA UV
uA3uns LAsUvueusd Human Support Robot 1191AUS ¥ TOYOTA Japan @ 1du
VuguauInsdnsagUuasiiuiirinanasmdudosiudmsunisldanusiigeg Asesiunisly
MUY ROS WU WHANISAIVANIANIZEIU NSAIVANRINZRIY NISITNUTULYDS
| & v v ey a v & ¢ a1 . o o =2 1%
a1 Wusu Insassesdandudiules M8¥eI1 hsrio [48] dusufnwinisldauuas

Toyan 199 Nefuueudlafgun a-0-3

Partner Robot

L B O 1ype here to search Hi ®
(3

Ui A-0-3 Sulwdvassjusud HSR (48]
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[
% Va o =

\eannnsienseuguAtuiva1eds uwilunwifeidgide (Hen
nsieuseiuiAIerny HSR (Nsiweusianuuldany) lagagldany LAN lun1sideuse
Feueud 1AU Hub Buwesids uazldans LAN Snidufiouainmauiiinesidniu

Hub Sumaﬁﬁmﬁagﬂﬁ A-0-4A38LYUNY TUMDULAIL

A

1. 1Wgszuu HSR (WewsewluiiuniuazBudusiigrouaninadium)

'
[

2. WasulUliUnigauaseuu n3anaeunIusianuaINgauaseuy wasiiuiand
Uunth terminal Mvjugus

$ su - administrator

@ o

3. lunsdliweusioviuguduuuldeans TafaiAdsuumiin terminal Nviugus
$ sudo disable_wireless

4. ymssamimueud wasilanisldeuiueuddnasy

Network

T

dhep

-

Ehernet Port

PC

JUN A-0-4 nssvausiaueuduuuldane (48]

LaZAINN30INN1IATIIN RN U UATE IS I ulaLa el Andd
$ ping hsrb.local

fvnviuguReusislalaazIanUayanigUN A-0-5 NuMeng terminal

PING hsrb.local (xx.xx.xx.xx) 56(84) bytes of data.

64 bytes from hsrb.local: icmp_seq=1 ttl=64 time=2.589 ms
64 bytes from hsrb.local: icmp seq=2 ttl=64 time=8.560 ms
64 bytes from hsrb.local: icmp_seq=3 ttl=64 time=@.566 ms
64 bytes from hsrb.local: icmp_ seq=4 ttl=64 time=2.538 ms

35Ul A-0-5A1 ping WaAINISLYBNABYBUBUA [48]



115

n13AUANNTSIduBua HSR

fivane T wilumafediiteldnmsmunusiusuddmiurmannaes 2 ey

1. muausumiusiwes 1flesa1n HSR-HMI (HSR-Human Machine Interface) 1y
szuuGUIansnsaldasiusudainu iwesifidoinhttp://hsrb.local/user/ Faguil

A-0-6

HSR Human Support Robot

JUT A-0-6 MImuANuBudR UL IUIUTIWes (48]

2. m3muRulagly InteractiveMarker liidaniin terminal wagiiuAnds

$ hsrb_mode


http://hsrb.local/user
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ABSTRACT: It can be claimed that understanding kinematically and dynamically how two humans physically
collaborate while naturally performing object handover tasks is so crucial and can be used as guidelines in seamless
human-robot interaction. This paper investigates the human behavioural responses in human-to-human object
handover tasks under changing the object’s mass, in which the interactive force between the humans and the object
displacement are simultancously measured in real-time. The results contribute the handover sequences
distinctively categorized into three phases, i.c. sending, transfer and receiving postures, where the giver agent
primarily decides to release the object. The interactive force analysis and the suitable transfer point between the
giver and receiver have been carried out. Additionally, to be a better understanding of human dynamic
characteristics, MJT and ARX model have been mathematically implemented. These paradigm findings will be
useful for developing a robotic behaviour-based approach in seamless human-robot handovers in future.

KEYWORDS: Human-robot interaction;: Human-human interaction; Minimum Jerk Trajectory (MJT); Auto-
Regressive Exogenous (ARX); Human arm impedance model

INTRODUCTION

Robots have been widely developed over the last decades to meet the requirements of improving productivity,
quality, accuracy, and reliability in the industry. Subsequently, interest in human-robot interaction (HRI) has
tended to increase significantly. One of the most interesting applications for service robots is handing over objects
as it occurs frequently for cooperative robots — i.e. handling a mechanic tool to a technician, passing out a bottle
of water to a human or deliver medicines to a patient. A crucial challenge is to successfully establish a framework
for seamless human-robot object handover (HRH), in which a human and robot are jointly working together to
complete a safe and efficient handover task. In object handovers, the handler is defined as an agent who holds an
object and passes it to another. The receiver who receives the object is an agent who starts pulling the object and
takes responsibility for the object throughout the transferring process.

The researchers postulated that the understanding of the kinematics and dynamics of human-human interaction
(HHI) is fundamental in designing an effective HRI system [1-2]. A recent study identified human preferences for
arm-base movement in the handover and they found that almost people were preferable service robots offering
object handover in front of them [3]. Minimum jerk-based profile was successfully used in the robot to emulate
human trajectory behaviour [4]. Additionally, as reviewed, it can be claimed that the object should be held firmly,
and during a transfer phase, the object should be in its initial orientation to allow the receiver to grasp it easily as
viewed previously [5]. Mason and Mackenzie studied the grip force magnitude during human-to-human object
handover (HHH). Their somatosensory systems have to be categorised into synchronizing transfer communication,
and the controlled grip forces are significantly in response to changes in load of the transferred object. As reviewed,
almost robotic studies have focussed on the handover kinematics; however, there are so few of them that have
analysed the dynamics of interactive force analysis during HHH.

Dong-Yang Robotic Team from Prince of Songkhla University, Thailand, will be participated in the international
service robot competitions of the World Robot Summit (WRS), which is scheduled to be held in 2020 in Japan. In
the contest, the Human support robot (HSR) shown in Fig. 1(a) has been used at the Domestic Standard Platform
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League (DSPL) of a home service robot. The HSR has been developed and considered as a high technology helper,
particularly for peoples with disabilities or elderly in their activities of daily living, i.e. remote care support,
housework support, independent living support or object fetch-and-delivery tasks. One of the challenging home
service tasks is object handover, in which the robot has to pick up an object from a floor or a desk and handover it
to a receiver in a safe and timely manner.

(a) (b)

Figure 1. (a) Configuration and workspace of the HSR; (b) HSR object handover [10].

To successfully develop an appropriate set of behaviour strategies for HRI control framework in human-to-robot
object handover (HRH), it can be adopted by first understanding the dynamics and kinematics of an equivalent
HHH task. This research aim is to develop a conceptual guideline for a robotic human-like control strategy in
human-robot object handover using the HSR depicted in Fig. 1(b). To successfully achieve the goal mentioned,
the following objectives of this study are:

1) To examine the human behavioural sequences of the object handover and analyse how the participant
pair realizes the transfer point between them while executing the object handover task,

2) To understand the behavioural strategies of the givers and receivers in the transfer phase by dynamically
evaluating the interactive forces between the pair under the different masses, and

3) To mathematically estimate the characteristic model of the giver's arm and perceive how the giver
regulates the bilateral force before releasing the object to be transferred to the receiver.

The following sections describe how to successfully adopt the goal as mentioned, consisting of Section 2 that
explains the experimental design and force analysis of the HHI object handover tasks, Section 3 that presents the
results and their evaluation of the tests, and finally Section 4 representing the conclusion of this study.

HUMAN-HUMAN OBJECT HANDOVER TASKS
Experimental design

A set of HHH tests has been carried out to investigate handover kinematics (how the giver and receiver behave
during performing the cooperative task) and the HHI dynamics involved physical interactive force responses
throughout the transfer process. The design of this HHI test relates to the real-world HHH situations, where the
giver dexterously passes an object to the receiver in a timely and natural manner without any types of
communication. To obtain the goal stated in the previous section, a set of ten right-handed participant pairs was
selected to perform all assigned handover tasks to the best of their capacity. They have to grasp the object using
one hand, and twisting the object is not allowed. The object was fabricated as a bottle-shaped object with 60mm
diameter, 270mm length and a total mass 0.25kg shown in Fig. 2(a). Its moment of inertia can be modified by
adding a set of masses, and the total load capacity can be increased from 0.25kg to 0.55kg with 0.1Kg resolution.

236

118



A Human-Inspired Control Strategy: A Framework for Seamless Hi Robot Hand.

To measure the interactive forces between the couple, an ATI mini40 multi-axis force sensor was installed in the
middle of the bottle, whose ranges of the measurement is +80N with 0.02N resolutions. The ATI-Net-F/T
controller offers the precise quantification of the strain gauge signals and can communicate to a ROS computer
using the TCP/IP communication package. The HSR-3D-depth sensor attached to the robot’s head was utilized to
visually track the object position and corresponding velocity profiles as illustrated in Fig. 2(b). The set of data is
then sent to the external (ROS) PC via wireless or wired LAN. The software architecture was mainly constructed
under the Robot Operating System (ROS), in which all sub-programs have to be running synchronously and strictly
enforced with a fixed communication rate. The overall schematic diagram of the proposed HHH system is depicted
in Fig. 3.

Receiver

Bottle object
Centre point

I
X

Reference point

Multi-axis
force sensor

Masses added

(a) (b)

Diagnostics Navigation
3 P Routing algorithm
Controller Manipulation TCP/IP protocol
Real-time Device drivers
Controller and Amplifiers
e S
Firmware

Sensors
Servomotor 1.2, ...
'LlFon:e camera Sensor /..)

|
1
|
1
1
|
|
|
|
I
L

(m——————

Figure 3. Schematic diagram of the system data acquisition.

According to the HHH procedure, ten participant pairs were undertaken five repetition sets of each handover test
under all weight-variable conditions. First, the giver is commanded to grasp and hold the bottle in the upright
position. He/she has to walk directly to a transfer area (in front of the receiver) and passes the object horizontally
to the receiver without verbal communication. After the object being naturally passed, it is then manipulated to the
endpoint by the receiver. In the meantime, the object displacement, velocity and interactive force profiles were
simultaneously captured throughout the executed process. The evaluation of the HHH information was detailed in
Session 3.

Force analysis

237

119



120

A Human-lnspired Control Strategy: A F k for Seamless Human-Robot Hand

A
-

(a) (b)

Figure 4. (a) Human arm impedance model while holding the object; (b) Free body diagram of the object.

Before analysing the bilateral force signal in the real object transfer phase (written in Subsection 3.3), it requires
the basic concepts of the force analysis of the HHH test. The math ical models of the handler and receiver
forces can be conveyed in their simplest forms using the same mechanical modelling diagram shown in Fig. 4(a).
It assumes that the haptic interactive behaviour is based on the movement of the object, in which the human applied
force is represented by f;. The human arm impedance is made up of mass m, stiffness & and damping factors ¢, and
x,% and X are object displ , and its corresponding velocity and acceleration respectively. Therefore, a
model of handler/receiver human arm dynamics can be derived as the following equations:

fu(t) = m(O)E(t) + c(t)x(t) + k(t)x(t) (1
Equation (1) can be transformed into discrete-time values measured at every sampling time 7" with the individual
discrete b ples repr d by n as given by:

fu) = mm)x(n) + c(M)x(n) + k(n)x(n) (2)

By assuming that:

X(n) =

[z, 3)
And that:

#(n) = [x‘(n)-:(n-l)]‘ @)
Subsequently, substituting X(n) and ¥(n) in Equation (2) gives

fuln) =m(t) {[x(n)-:z(n-l)] _ [“'(L;:)__‘]} +e(t) [x(t)-j'(n-l)] + k(n)x(n), )

or

fr(n) = a;x(n) + a,x(n — 1) + azx(n - 2), (6)
where, a, = [m(n)-&c(:z)ok(n)Tz}‘ ay = [—zm(:i—c(n)]_ and ay = [%:)]

The haptic interaction is considered as the negotiation of the position trajectory (x) of interactive forces between
the giver and receiver (f;andf,) via the object. The interactive forces in x- and y-axes are fi3,and ,.i,. The measured
forces by the ATI force sensor in both axes in real-time are defined as f,X.qs andfiyeqs. It is noted that before
starting the handover test the object was placed at the home position (standing upright), and the force sensor
executed the bias function for a zero reference reading. Therefore, the dynamic force analysis can be explained
using the free body diagram depicted in Fig. 4(b). Considering the physical interaction force in the x-axis direction

gives:
fine = fneas() = fo() = f.() (7

By considering the force analysis in the y-axis direction (f,-it), a set of pilot tests were carried out to initially
examine the dynamic physical force response along this direction, and it was found that the variation in the fi}, was
too small compared to the total weight (f,,4) of the object. Hence, the set of experiments was initially categorized
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in a quasi-static handover process in the y-direction, in which f;,,4is equivalent to the sum of holding upright forces
from the giver (f;) and the receiver (f;”) as exposed in the following equations.

fimng(£) = wa(t) + wa(t) +ws(t), (®)

and fng@® =f]®O+ @) : 9)

The physical interactive force (f;);,) in the dynamic handover process is calculated based on the receiver reference
as the following equation, where the fj,;, was initially set to w; at the early stage (fy0s = Wy).

fint®) = foreas®) = Ws(®) = W2(t) = foias(8). (10)

TEST RESULTS AND EVALUATION OF HUMAN-HUMAN OBJECT HANDOVER

The tests results can be analysed and categorized into three groups as follows: Subsection 1 that explains the
sequence of the object handover pattern and the hand movement trajectory of the giver in the handing phase,
Subsection 2 that identifies the locations of the object between each couple in the transfer phase, which have
confirmed to be affected by the individual's height and finally Subsection 3 details how to estimate mathematically
the behavioural characteristics of the giver to regulate the bilateral force before releasing the object to be
transferred to the receiver in transfer and receiving phases.

Analysis of the object handover pattern

To obtain a better robot interaction design in object handover, human behaviour has been carefully analysed, and
this will allow the HSR to mimic how the giver and receiver act while handling the object. It can be noted that all
object movement and interactive force profiles throughout the handover process were strictly required to be
normalized based on the average time of each task before further analysis. The results reveal that handover pattern
can be interpreted as three distinct phases consisting of sending, transfer and receiving sessions. In the sending
phase, the giver starts his/her hand movement by grasping the object and then moves naturally to the transfer area
facing to the receiver.
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Figure 5. Mini jerk displa , velocity and acceleration profiles

According to the human characteristic behaviour during giving the object, careful observation of the object
displacement profiles show that they were in ag with the mini jerk trajectory (MJT) model developed
by Flash and Hogan (1985) [6]. The MIT model expresses mathematically how the human arm movement
formulates in terms of estimating the multi-joint arm movement quality while performing the point-to-point
motion. After undertaking the MATLAB model identification based on the curve fitting method, it found that the
fifth-order polynomial equation for the minimum jerk trajectory (MJT) function detailed below is the best
performance of each trajectory.
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=l

The results presented that there were significantly unaffected by changing the object weights, and the average
velocity profiles in all conditions accelerated at the beginning of the movement and when the object’s position
approached close to the target demanded, the object then decelerated at the end of the trajectory. The average
object displacement in the sending stage is approximately 0.35m (with Std. of 0.07m) over t = 0.91 sec (with Std.
of 0.11s). Thus, the criterion function determined from the point-to-point trajectory (x) and its corresponding
velocity (X) and acceleration (¥) by initially assuming that the velocities and accelerations of the start and final
points are zero can be expressed as the following equations and Fig. 5.

x(t) = 3.36t° — 7.65t* + 4.64t* (12)
x(t) = 16.8t* — 30.6t% + 13.92t? (13)
#(t) = 67.2t5 — 91.8t* + 27.84¢3 (14)

Analysis of the location of the object transfer point

According to the transfer session, we first analysed how the subject pair determine the location of the object
transfer point, in which the hypothesis of the study is that the handover location is affected by the individual's
height. According to the previous test, the giver behaviour was unaffected by changing the object masses in the
object sending phase. This experiment, therefore, involves using a constant object mass of 0.550Kg only. The
twenty participants are made up of males and females with heights between 160-180cm, whose heights and the
lengths of arms were initially recorded before starting the tests. The human subjects were equally grouped into
five clusters, in which each group has twelve sample sizes of getting a participant pair out of the four members.
After the object is completely moved to a transfer point, the receiver is permitted to grasp the object. Once the
human-to-human physical interaction happens, at this point the handover position is defined in terms of the x-y
coordinates based on the giver's reference point as depicted in Fig. 2(b). As the five repetition sets have been
strategically suggested for each task, more accurate results were delivered as summarized in Tables 1(a)-(b).

Table 1. One-way ANOVA results for comparing the means of displacements of the handover location across

the groups.
Df Sum Sq Mean Sq F value Sig.
ind 4 0.01896 0.004739 1.829 0.14
Residuals 55 0.11659 0.002591
(a) Horizontal displacement
Df Sum Sq Mean Sq F value Sig.
ind 4 0.04399 0.010998 21.53 5.6e-10
Residuals 55 0.02299 0.000511

(b) Vertical displacements

For the comparison of the means of four sample groups, an appropriate method used to investigate the averages of
more than two samples is the analysis of variance, which is popularly called ANOVA [7]. To counter any effects
of the object transfer location, the displacements in x-and y-directions were statistically determined. Here a one-
way ANOVA technique was used to identify whether or not the individual's height affects the handover location.
The hypothesis () for the one-way ANOVA test is set as the means of all trial groups are equal. Contrastingly,
the alternative hypothesis (/) is defined that the means of all trial groups are not equal. R program software was
employed along with the significance level of @ = 0.05 to be adopted.
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Due to the ANOVA results of Table 1(a), as the calculated significance value is 0.14 which is greater than 0.05, it
is represented that the H, was accepted. Then it can be confirmed that the mean (x-axis) displacements of the
groups are equal at the 95% confidence interval. Contrastingly, Table 1(b) exhibits the significance value of
5.6x10°'°, which is too much less than 0.05 and it is represented that the H, was rejected implying there were
statistically significant differences among the mean displacements in the y-direction of the groups. Consequently,
the next test analysis has been carried out, in which we further investigated the relationship between the giver's
and receiver’s heights (x; andx;) affecting the handover location in the only y-direction (y). Response Surface
Methodology (RSM), which is a mathematical and statistical technique used to model and evaluate problematic
issues in which the real physical relationships are not precisely known was adopted [9].

A second-order response surface was implemented since it is useful and flexible in terms of functional forms. All
unknown coefficient parameters (f3;) can be simply solved using the least square method. The second-order model
comprises of the first-order model, all quadratic terms (f;;x?) and all cross-terms f;;x;x;. By assuming that x, and
X, are giver’s and receiver’s heights and output y is the transfer vertical displacement respectively, the functional
equation can be formulated as in Equation (15).

= 2 2
Y = Bo + Bixy + BaXy + Praxy® + Xy +Piaxi X, (15)
Table 2. Esti 1 regression coeffici and the one-way ANOVA results for the second-order polynomial
equation.
Coefficients
Unstandardized | Standardized
~ - 1
" . sig 85.0% Confidence Interval for B Cortelations
B Std_ Eror Beta Lower Bound | U Bound | Zero-order | Partial | Part
L L It AL
(Constant) | 8.243 4.003 2059 | 0059 0344 16.820
X 0.243 0,155 0.358 1506 | 0140 0000 0575 0006 | 0386 | 0.172
2 9592 4741 14,016 2023 | 0063 10750 0576 0707 | -0476 |-0228
xt42 1626 0467 9.640 3485 | 0.004 2621 0.625 0031 | -0682 | 0384
22 1441 1278 7.101 1120 | o2 -1.208 418 0709 | 0280 | 0.124
x1x2 3188 0820 10803 3466 | 0004 1216 5.163 0554 | 0.680 | 0382
Mode! Summary
Moded R R Square Adusted R | Sid. Error of the Change Statistics
Square Estimale | o Square Change | F Change | dff | d2 | Sig F Change
1 0.911° 0.630 0.770 0.0221439 0.830 13.704 3 56 0.000
a. Prediclors: (Constant), x1x2, x2*2, x1, x1°2, 2
ANOVA*
Model Sum of Squares df Mean Square F ]
Regression 0.034 3 007 13.704 000"
1 Residual 0.007 56 000
Total X )

a. Dependent Vanable: y
b. Predictors: (Constant), x1x2, x2*2, x1, x1°2, x2

The analysis of variance of the response variables and regression coefficients using SPSS was carried out. The
95% confidence interval (a = 0.05) was adopted, and the null hypothesis (/) and the alternative hypothesis (#;)
are as follows:

Hy: There is no statistically significant relationship between the input variables and the dependent output
variable
Hy: At least one of the input variables significantly affects the dependent output variable.

The coefficients of the second-order-polynomial equation can be estimated along with the proposed initial
conditions as follows. It is assumed that the variance of the individual distribution has to be constant for all values
of the independent variable and that the relationship between the dependent variable and each independent variable
has to be linear. Using the SPSS to determine the coefficients of the second-order-polynomial equation gives the
descriptive statistics shown in Table 2.
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y = 8.23 + 0.243x, — 9.592x, — 1.626x,2 + 1.441x,2 + 3.189x, x, (16)

By applying the ANOVA technique to statistically evaluate the relationship between the system variables (x,
andx,) and surface roughness (y), the significance value was 0.00. It clearly indicates that the hypothesis Hj was
rejected and H; was accepted, i.e. at least one of the input variables significantly affected the dependent output at
the 95% confidence interval. To decide whether an estimated regression model is acceptable or not, in this case,
the computed the number of R is 0.830, which means that 83.0% of the output estimation is meaningfully related
to the inputs. Subsequently, the proposed correlation between predicted and actual values is considered acceptable
and confirmed the appropriateness of the equation.

Analysis of the bilateral force in the object handover

The transfer phase is where the object starts being transferred to the receiver. The direction of the net interactive
force (fi) depends on the sum of f;¥andf;* explained in Equation (7), and £, can be computed using Equation
(10). Consider the dynamic force analysis, attempting to describe the behavioural response of how the participant
pair regulates their bilateral force before releasing the object to be transferred. The substantive results present that
the giver agent was mainly in charge of the object handover timing and force regulation, or it can be implied that
the amount of magnitude of threshold force (f};) used to decide to release the object to be transferred was
indicated by the handler. The observation of physical interactive force in both directions presents that the vertical
interactive force ( ‘.zr) variation was deemed to be a very small change which can be neglected. The average load
transfer between the giver and receiver shows the linear relationship along the handover period and agrees with
Equation (9).

Table 3. Results of the average interactive force and transfer time against the several masses.

Maximum interactive force (N) Minimum ll(l:'nﬂhr force Transfer time (s) (t,,/)
Mass (Kg) -
Average Std. Average Std. Average Std.
025 2N 0.9 -1.28 051 0.39 007
035 292 118 -1.58 0.72 0.39 007
045 330 1.54 -1.87 0.67 043 0.09
0.55 342 1.13 -2.28 0.81 042 0.08

Table 4. One-way ANOVA results for comparing the means of transfer time across the variable mass conditions.

Df Sum Sq Mean Sq F value Sig.
ind 3 0.0178 0.005937 1.007 0.394
Residuals | 76 0.4479 0.005893

Contrastingly, the fi}i, outcomes under the various conditions give significant information. It is noted that all f7,
trajectories from each condition have been normalized and averaged based on the average time before being
evaluated. The f, trajectories indicate the characteristics of the human handler and receiver whilst performing
the HHH task. Fig. 6 depicts an example of the average trajectory of the £}, under the 0.55K g-mass scenario and
it revealed the response behaviour of fi, and horizontal displacement during the handover process. The fi,
layouts both positive and negative space indicating compression and tension forces respectively, in which the
(fine) max and (fe) min are defined as the maximum and minimum £}, over the total time period (t,,,,) =tpos +
Lpeq- All results can be detailed in Table 3. The interactive force was significantly proportional to the object weight,
in which the higher the total object mass, the greater the interactive force in the handover. Nevertheless, the transfer
time t;,, was seemed to be significantly unaffected by the variable masses, whose ANOVA results (in Table 4)
disclosed the significant level 0f 0.394. This indicated that there were no statistically significant differences among
the means of the sample groups.
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Sending phase Transfer phase———————»<—Receiving phase—>

[ Giver J Grasp the object | Send the object Transfer the object | Release the object

( Receiver J Approach, grab and pull the object Receive the object

Figure 6. human-to-human object handover pattern.

Therefore, to dynamically understand how the bilateral force behaves in the handover, the human hand behaviour,
system identification was mathematically applied to figure out a human dynamic characteristic model of a giver.
The autoregressive exogenous model (ARX), which is one of the most robust techniques in the parametric
modelling of time series applied for studying plex dynamical sy , was selected. It is a powerful tool for
polynomial estimations especially for high orders since this relies on intramural systems such as the transfer
function of the deterministic and stochastic parts. The current observation output: ¥(k) is the sum of its past, and
the system input is defined as po (k). The noise signal moderated into the plant is e(k), and A(q™") and B(¢™")
denote polynomials with the backward shift operator ¢=*. The structural ARX model equation can be expressed
as [8]:

A(q™) ¥(k) = B(q™") uo(k) + e(k), (17)
A@ D =1+a,q7 " + -+ aq™", (18)
B(qY) = by + byt + -+ g™ 19

For augmentative noises, the p,(k) and y (k) are assumed to participate with (k) and (k). hence the scales
u(k) and y(k) are written as follows:

u(k) = po(k) + (k) (20)
y(k) = y(k) + y(k). 2n

MATLAB System Identification was executed to appropriately estimate the model unknown parameters by
selecting a set of a polynomial of n, and n,, in order to minimize the forecasting errors and to obtain the effective
human model. The ARX model validation was fully d to verify the simulated model consisting of
the percentage of best fit (R%), the mean sum of square error (MSE) and the final prediction error (FPE) as
expressed in the following equations, where y and 9 are actual and calculated outputs, N is a number of
experimental data, and P is several parameters (ng+ np+ n.) respectively.

R? =100 x (1 ——z"E*i)% (22)
o902

R? = 100 x (1 ——zl"ﬂi)ry 3)
- N o-nE) 7

_igw 2 [ad
FPE = 23,0 = 9% [ (24)

(1=
The discrete-time ARMAX model was identified, and its results are given as:
A(g™) =1-2021¢7" + 1.021¢ " and (25)
B(q™') = —27.64q"" + 27.65¢7%. (26)
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Figure 7. (a) Displacement (1) and interactive force (y) trajectories and (b) the comparison between the actual
and estimated outcomes.

Fit percentage to the estimated data (R?) is 99.95%, MSE of 1.6652x10* was achieved and FPE value is 1.69 x10°
¥ respectively. The comparison between the actual and predicted values is illustrated in Fig. 7. Regarding the
computing results of the ARX model, the giver’s hand transfer function (TF,) during jointly working to gather
with the receiver is as follows:

—2.63 x 107*S + 5211

TFy =52 30255 +51.76

(27)

To sum up, according to the all test results and their evaluation, it can be therefore summarised that the handover
process can be distinctively categorized into three phases, consisting of sending, transfer and receiving postures.
The giver agent primarily decides to release the object to be transferred to the receiver who takes the responsibility
of the object in the receiving session. The force analysis in the human-human interactive handover and the result
discussions have been proposed. Additionally, the object transfer location has been identified. The handover
displacement in the y-axis direction is statistically related to the heights of the human pair and unaffected by
changing the object . The amount of the physical interactive force was significantly proportional to the
object mass. Unlike, the transfer time doesn't rely on the changing of the object’s moment of inertia. Furthermore,
to be more h ically und in the human dynamic responses, the minimum jerk trajectory and
autoregressive exogenous models have been strategically implemented.

CONCLUSIONS

This study has inve d the human ch istics of the haptic interaction in the substantive object handover
tests under the variable weight conditions for the purpose of obtaining a conceptual guideline for a robotic human-
like control strategy in human-robot object handover. The paradigm findings present that human behavioural
control strategy during the object handover process, which will contribute to successful design for a robotic
behaviour-based approach in less h bot handovers, and this will further allow the cooperative HSR to
be able to pass the object to a human receiver as human-like dexterity with a smooth, reliable and timely natural
manner.

REFERENCES

[1] K. B.Reed, 1. Patton, and M. Peshkin, “Replicating human-human physical interaction”, Proceedings of the
2007 IEEE International Conference on Robotics and Automation, Vol. 1-10, Pp. 3615-3620. 2007.

[2] A. Kupcsik, D. Hsu, W.S. Lee. “Learning Dynamic Robot-to-Human Object Handover from Human
Feedback™. In: Bicchi A., Burgard W. (eds) Robotics Research. Springer Proceedings in Advanced Robotics,
Springer, Cham, Vol 2, 2018.

244

126



A Human-Inspired Control Strategy: A Framework for Seamless Human-Robot Handovers

(3]

(4]

(5]

(6]

(7]
(8]

[9]

K. Koay, E. Sisbot, D. Syrdal, M. Walters, K. Dautenhahn, and R. Alami. “Exploratory study of a robot
approaching a person in the context of handing over an object”. Proceedings of the AAAI Spring Symposium
on Multi-disciplinary Collaboration or Socially Assistive Robotics, Palo Alto, California, USA, Pp. 18-24.
2007.

M. Huber, M. Rickert, A. Knoll, T. Brandt, and S. Glasauer. “Human-robot interaction in handing-over
tasks™, Robot and Human Interactive Communication. RO-MAN 2008. Pp. 107-112. 2008.

M. Cakmak, S. S. Srinivasa, L. Min Kyung, J Forlizzi. and, S Kiesler. “Human prefc for robot-hi
hand-over configurations”, Intelligent Robots and Systems (IROS). Pp. 1986-1993. 2011
T Flash. and, N Hogan. “The coordination of arm mo an experimentally confirmed mathematical

model”, The journal of Neuroscience, Vol. 5, No. 7, Pp. 1688-703. 1985
G Keppel. “Design and analysis: A researcher's handbook™. Prentice-Hall, Inc. 1991

R Diversi., R Guidorzi., and, U Soverini. “Identification of ARX and ARARX Models in the Presence of
Input and Output Noises”. European Journal of Control, Vol. 16, No. 3, 2010. Pp. 242-255. 2010

D.C. Montgomery. “Design and Analysis of Experiments™. John Wiley and Sons, New York. 2001

[10] T. Yamamoto, K. Terada, A. Ochiai, and, K Murase. “Development of Human Support Robot as the research

platform of a d. ic mobile ipulator”. Robomech Jurnal, Vol. 6, No. 4, Pp.1-15. 2019

245

127



Asia Pacific Conference on Robot IoT System Development and Platform 2020 (APRIS2020)

Force-Impedance Control for Safe Human-Robot Handovers

TANAPONG SUTIPHOTINUN "' PARAMIN NERANON''*
PASSAKORN VESSAKOSOL'!

Abstract: One of the crucial challenges to successfully establish a control approach for seamless human-robot object handover is
to allow a robot to jointly work together with a human with a safe manner or without the risk of harm or injury by the robot. In this
research, Human Support Robot (HSR) has been used in the handover tasks, whose hands were individually attached by a multi-
axis force sensor to measure the interactive force acting to the robot end-effector. To adopt the adaptability and robustness in
human-robot interaction tasks. robotic force impedance control, which is able to dynamically control the robot motion trajectory
and contact force with its environment, has been proposed. The appropriate i d. idered asa s-spring-damper system
has been studied and validated by the object handover testes. The modification of the set of parameters (inertia, damping and

stiffness factors) is highly relevant for the coop robot t and explained in this paper. Additionally, these results of
this study are useful for developing a robotic behaviour-based in less human-robot hand in future.
y n control, Hi bot hand Human Support Robot (HSR)

1. Introduction

At present, service robots have become well-known and more

The mechanical impedance of a robot end-effector can be
adjusted using various relationships between the interactive force
and robot position. This method is based upon the control of the
difference between the desired and actual position. The force
is

seen in homes, shops, hotels, orh Is, etc. Service
robots have been widely developed. One of its most i ing
pplications is hi bot object handover, which occurs

frequently for cooperative robots — i.e. handling an object to a
human, delivering a bottle of water to a patient or passing out a

h tool to a technician. This is b the robots have
good accuracy, and can move at the whole body and end-effector
back to their pre-taught positions and directions. However, the
robots still need to be improved in terms of a behavioural control
system to facilitate the dexterous transfer of objects safely and
speedily.

As mentioned in the previous study of Sutiphotinun and his

A caidals : 1

colleagues [1], the paper prop in human-

feedback quired to facilitate impedance behaviour [2]. The
impedance control approach is that the manipulator control
system should be designed not to track a motion trajectory alone
but rather to regulate the hanical imped (Zm) of the
manipulator. This can be defined by the relationship between the
velocity (x) and the applied external force (F). In general, the
robot ch istic is mechanically equivalent to a d-ord
mass-spring-damper system, with a transfer function. The
impedance control can be exposed as:

My (X —Xy) + Ba(X —Xy) + Kg(X — Xz) = —F (1)

The real-time trajectory of the robot end-effector can be

robot object hand i ion by understanding k
and dynamically how two humans collaborate while performing
object hand tasks Ily. Therefore, this paper focuses on
the development of a robotic force control system, which will
convey the enhancement of the robot’s capabilities in terms of
their dependability and stability in the object handover tasks.

2. Force Control in Robotic Systems

Robot force control is a fundamental requirement in the
achievement of the control of the robot’s real-time path in any
physical human-robot interaction task. It has been developed in
the past three decades, using for example force. torque and visual
feedback to operate robots to suitably participate in unstructured
environments. Typically, this contact force and torque feedback
signals are measured by a multi-axis force/torque sensor before
being transferred to the robot ller to g an
trajectory of the robot end-effector. This paper emphasizes on the
impedance control approach.

i
P
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lled by accel as follows:
Xy =X+ My [—F + By(X — Xq) + Ka(X — Xo)] 2)

where, M, is a designed inertia matrix; By is a d

matrix; K, is a designed stiffness matrix; X, X,X, X,
of the actual and desired positions of the robot end-effector and their
corresponding velocities and accelerations respectively, X, is defined as
a reference acceleration; and finally, F is the force exerted on the robot
end-effector. Equation (2) can be depicted as the following figure.

> B, Controlied System
x, * ' AR . ! i i
> ek > M > G 2| il e
A R 2
5o«

Fig. 1 Block diagram of impedance control scheme [3]
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3. Experiments and Results

3.1 Experiments

This section describes the test based on the robotic impedance
control which has been implemented to a Human Support Robot
(HSR). The key objective of the study is to evaluate the robotic
dynamic response based on the force impedance control while the
robot handler interacts with the human receiver in the robot-to-
human object handover tasks. The HSR [4] has been developed
and considered as a high technology helper, particularly for
peoples with disabilities or elderly in their activities of daily
living. It has seven degrees of freedom arms with a two-fingered
gripper driven by a single motor. Two-type force sensors were
fabricated at the robot (end-effector) arm, i.e. a gripping force
sensor and a multi-axis force/torque sensor attached at an
individual hand wrist. For HSR's head, an 3D-depth sensor was
attached to visually track an object position and corresponding
velocity. The software architecture was mainly constructed under
the Robot Operating System (ROS), in which all sub-programs
have to be running synchronously and strictly enforced with a
fixed ica rate, as sch Iy ill d in Fig.2.

GPU Graphical
Diagnostics Navigation Processing Unit

Ron algoriths
(ommir ) (o) (Seome: )

Sensors: Gripping force sensors
Force/torque sensors (hand wrist)
HSR-3D-depth camera

HSR Robot

Fig. 2 Schematic diagram of the HSR system

According to the test procedure, a set of participants has
undertaken three repetition sets of each handover test under the
quired variable ing of spring stiffness (8) and
damping factor (K). In the meantime, the maximum interactive
force measured by the HSR force/torque sensor is captured. Once
the object manipulated by the HSR robot has arrived at a transfer
point, the human receiver has to rigidly grasp the object without
moving the hand. This is because we want to first evaluate how
the robot force control responses if a participant hand cannot
move naturally. It is to be noted that the crucial aspect of the
human-robot interaction is to protect the human operator (patient)
from the risk of harm or injury by the robot’s acting force.

3.2 Experimental results

The h bot object hand
carried out by the selected subject group. The results, including
maximum forces from the three subsections, namely, (1) damping
factor varying system, (2) stiffness varying system and (3) both
damping factor and stiffness varying system, are summarised in
Table 1.

1l

tests were Yy

©) 2021 Information Processing Society of Japan

Table 1 Experimental results

The results present the difference force responses from the
force impedance control. This can be assumed that the interactive
force can be roughly classified as three main groups: soft, middle
and hard categories. According to the (1) and (3) tests, it can be
seen that reducing control damping factor gives highly damped
behaviour, which is much softer in the robot interactive dynamic
response. The outcomes of the (2) and (3) tests show a similar
trend as the lower the stiffness values the softer the interactive
force response.

4. Conclusion

This paper explains the dynamic behavioural characteristics
of the HSR robot based on varying the impedance parameters
(damping factor and stiffness parameters) of the proposed force
impedance control. In future work, we have to optimize the
robotic force impedance control (which is affected by a set of
appropriate impedance mass-spring-damper factors) to adopt the

ptability and inh bot interaction. This will
be able to dynamically control the robot motion by the contact
force in the dexterous object handover task.
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