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MaumimHcku pakyiarer

YHHUBEPSHTETA ¥ LBEOTIPAJLY

OAOABPAHA NOINAB/bA U3 MEXAHUKE

OOKTOPCKE CTYAUIE

OCHOBE MEXAHUKE KPYTUX TEJIA

Ipod. Muxauio Jlazapesuh,
MamuHcKHN pakyarer, YHUBep3urer y beorpany



~ YBOA, Y MEXaHMKY CUCTEMA KPYTUX Tena

Metoponoruja ¢popmMuparka U  pellaBawkba AUdepeHIIHjaTHUX
jelHaYMHA KpeTama CUCTEMA Tesla, U3/I0KEHA OBZle, MOXKe /Ia TPUMEeHHU
y 00/acTh CJIOKEHWX MeXaHH3aMa y MAIIMHCTBY, TPAaHCIOPTHUX
MAalllMHA W Yypejjaja, IPYMCKUX W IIMHCKUX BO3WIA, POOOTHKE W
Ba3yXOIIOBA ).

M3 Tor pasnora oBme he TEXHHWYKU CHCTEM, KAO MEXaHHUYKU CHUCTEM,
OUTH TIpeJCTaB/heH CHCTEMOM Tejla MPU YeMy KOHayaH Opoj Tema y
CHUCTEMY HHUje OTPAaHUYeH.

PasmarpaHu cuctem Tena je y OIMITeM C/Ay4adjy Be3aH, aau ce
pa3MaTpame Be3a M0jeJTHOCTAB/byje ’bMXOBOM JE€KOMIIO3UILIMjOM.




MexaHuKa cuctema KpyTux Tena
KUHEeMaTUKa+anHaMUKa

Mehanika robota — kinematika + dinamika

MEHANIKA
ROBOTA
|
krutost veze
—  sa krutim | g B .
SE;{mentima L idealnim o
sa elastiénim — veZama
se gmentima — sarealnim
voZama




Kratak istorijat,osnovne postavke

Moze se reCi da robotika ima svoje poletke jo§ u doba renesanse. Oko 1500
godine Leonardo da Vinci izradio je mehaniCkog lava u cast Luja X1I. Kada je
kralj usao u dvoranu za prijem u Milanu, lav se pokrenuo, rastvorio grudni koS |
kralju pokazao grb Francuske. Takvi mehanicki automati postali su aktuelni
sledeca Cetiri veka, pa ipak, teko pofetkom XX veka re¢ “ROBOT" je usla u
engleski jezik kada je 1923 godine prevedena ceSka drama RUR (Rossumovi
univerzalni roboti) filozofa Karela Capeka. Izraz “ROBOT"” izveden je od ¢eske
reCi robota koja znaci prisilan rad. lIako bi tvorevine u drami danas pre bile
nazvane androidima nego robotima. ta je pogresna upotreba reci 1 do danas
ostala univerzalna.

tako na primer, americki institit za robote ( Robot Institute of America - RIA) je
definisao  robot  kao  reprogramabilni - multifunkcionalni -~ manipulator
projektovan da pomera materijal, delove, alate ili specijalne uredaje
konScenjem razlicith programa kretanja pn izvesavanju razlicitih zadataka.

Ca acnekTa ynpaBrbaka, poboT npeAacTaBiba HeJIMHeapHu,
HecTauuOHapPHU, BULLECTPYKO NMPEHOCHN AUHAMUYKU CUCTEM.
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MexaHu4yKa CTPYKTypa poboTCKor cuctema

+  MexaHHUKa CTPYKTYPa, CacTaB/beHa Of, cerMeHaTa MeljycoOHO IToBe3aHuX
3m1000BUMA, KOjU MMajy MOTYhHOCT pe/laTUBHOT KpeTama jeJJaH Y OAHOCY Ha APYTH.

317100 CerMeHT

XBdTa/bKa

A e
Reis Robotics Inc., USA

+  (CBaxowm 317100y poboTa onroBapa y HajseheM 6pojy cirydajeBa mo jesaH MOTOP.
MoTtop reHepuiiie CUTy/MOMEHT KOjUMa Ce 3T7T000BU IOBO/ie Y PETATUBHO KPeTatbe,
a CaMUM THUM U poOOTa Kao Lie/TNHE.



Robotski sistem (RS) je mehanicki objekat (sistem) koji pripada sistemu tela
(ali ne proizvoljno) 1 to sistemu krutih (ili elasticnih ) tela. Dalje, RS je
neprozvoljan skup tela 1 to vezanih tako da obrazovan kinematicki par
odredene klase. Te veze nazivamo zglobovima odnosno predstavljaju relacije
1izmedu tela koje ograni¢avaju broj stepeni slobode (SS) datog robotskog
sistema.One se mogu napisati u analitickom obliku 1 to za svaku vezu.Veze su
pri tom takve da uocena dva segmenta RS predstavljaju kinematicki sistem
neke klase.Prema tome,

Robotski sistem predstavija sistem tela vezanih zglobovima pri cemu izmedu
tela postoji_kinematicki par odredene klase.
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[Ile3meceTrx rogrHa 20. BeKa 3a morpebe Bojcke CA/]
(Hardiman)

1e3zeceTux roiHa

MuacturyT ,,Muxajno [lynun” beorpan

IPBU €Tr30CKeJIeT 3a JOHhe eKCTPEMHUT




< Diffusion
industrial robots in operation worldwide

Estimated worldwide operational stock of

— industrial robots 2008-2016 and forecast for 2017*-2020*

+14% on average

'000 of units

2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018* 2019* 2020*
*forecast Source:IFR World Robotics 2017

(as reference: industrial robots in stock in 1973 = 3K, in 1983 = 66K)
length of robot service life is estimated in 12-15 years
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Diffusion

industrial robots in operation by world area

2015

Estimated worldwide operational stock of
industrial robots 2015-2016 and forecast for 2017*- 2020*

1.025

1.618
1.380
1.186
887 .
274 300 326

2016

2020*%: ~1.9M robots
in Asian factories ... 1.912

2017* 2018* 2019* 2020*
w Asia/Australia ®Europe = America Source: IFR World Robotics 2017

.. out of which almost 1M operating in China!



Annual supply

new installations in top markets (countries)

China

Republic of Korea
Japan

United States
Germany
Taiwan

Italy

Mexico

France

Spain

Thailand

India
Singapore
Canada

Czech Republic

Estimated worldwide annual supply of industrial robots

15 largest markets 2016
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Source: IFR World Robotics 2017

in 2016: 5 markets account for 75% of total supply



Robot manipulator kinematics

/{_

Kuka 150_2 Comau Fanuc
(series 2000) Smart H4 F-200iB

open kinematic chain closed kinematic chain parallel kinematics
(rigid bodies

connected by joints)

SCARA-type robots

.{
.
-~
Mitsubishi RP Mitsubishi RH Boscl T
(repeatability 5 micron, (workspace 850 mm, osch Turbo
payload 5 kg) velocity 5 m/s)

SCARA (Selective Compliant Arm for Robotic Assembly)

* 4 degrees of freedom (= joints): 3 revolute + 1 prismatic (vertical) axes
e compliant in horizontal plane for micro-assembly and pick-and-place



Other types of robots

Comau Mast ABB Flexpicker
gantry robot (150 pick-and-place
(payload up to 560 kg) operations/minute)

Robot end-effector sensors and tools

Robot

Force/torque
SCnsor

Pneumatic
tool-changer

Camera

3-Finger-
robotic hand




POLJOPRIVREDA / PROIZVODNJA
POLJOPRIVREDA / PROIZVODNJA

projekat univerzalne robotske platforme HORTIBOT, Aarhus University, Danska




MEDICINA
rehabilitacioni robot u sali za fizikalnu terapiju

ZIVOTNI PROSTOR
od kancelarije do kuhije u pametnim zgradama

MEDICINA
hirurski robot u operacionoj sali

ZIVOTNI PROSTOR
trajektorija kretanja robotskog usisivaca prasine



BEZBEDNOST / PRIRODNE KATASTROFE
... zemljotres, poZar, eksplozije, poplave, cunami, ...

CYBERSPACE ROBOTICS
roboti koji postoje u apstraktnom infarmacionom prostoru Interneta

=

ISTRAZIVANJE
istrazivanje svemira, okeana, ...

Centralni poprecni presek

y-koordinata {mm)
- 8 & 8 8 &8 U E B



g.6.11 The components
‘the workstation. () Task
splay: (2) SaeboMAS arm
pport; (3) Surface
zctrodes and arrays on
terior deltoid, triceps and
rist extensor muscles:

1 ) Kinect; (5) goniometer:
" ) control algorithm
o/ rdware and software;
5 ," ) operator moniter;
f ) stop button

Fig. 3. Hybrid robotic rehabilitation system for reaching movements. (a) SMART device
combined with FES (figure adapated from [28] ). (b) BAT training based on two parallel bar
and FES (figure adapted from [29] ). (c) Planar end-effector work- station combined with FES
[30,33] . (d) Unconstrained 3D workstation based on ArmeoSpring exoskeleton [31] .
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OAen Koju je HanpaBibeH NPUMEHOM CAD
nporpama

SimMechanics Model

SolidWorks Model TR T e
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“ConcTBeHN" Mmoaen po60Ta NpUMEHO
POAPMIOBOr NPUCTYNa

e JINHAMUYKA CHUCTEM je CUCTEM KPYTUX Tesla
Melyco6HO moBe3aHNX Y KWHEMATCKH JIAHAT]

e Bese y naHIly Cy uZie/iHe, XOJJIOHOMHeE U

CTallMOHApHe '
e CBU cerMeHTH POOOTCKOT CUCTEMA Cy

XOMOI'€Hd U UJ€a/ITHO KPpyTa T€J/la



—

~ Mogaennpatrbe cMctema KpyTmx Tena
( N

OLC/INDAbC KNHEMATHUKE

dTOI' CUCTEMA

» [eomeTpuja,nmo3uiyja, 6p3rHa

oJe/IMpambe TMHAMUKE

dTOI' CUCTEMA

* YOop3zama, cuie



Pe3yntatu pa3Boja KoAa 3a ayTOMATCKO Ao0bunjame
andepeHumnjanHux jeAHauymHa CUCTEMA KPYTUX Tena

hHOCT TOOWjama TdepeHIIMjATHUX jeAHAYHHA Y
3aPIjaHTHOM OOJIMKY ¥ CBUX ITApaMeTapa KHHEMATHKe U
aMIKe CHCTeMa KPYTHX Tejla y 3aTBOPEHOM OOJTHKY

+ Kopumhemem Symbolic Toolbox-a z061jajy ce Belr4uHe y HAjONITH]eM
061Ky 6e3 0031pa Ha pesi, KOHPUTYPALIHjy UTH KapAaKTEPUCTUKE CUCTEMaA

DFYhHOCT pelllaBama ArudepeHIjaTHUX jeTHaYnHa

)éTarba Y 3aTBOPEHOM OOJTUKY

 PemaBambe ce He MOpa OIBHjaTH 3a CBaKy OpOjHY BpeJHOCT MOHOBO, Beh ce
n06ujajy pelermna a O6pojHe BPeTHOCTH Ce 3aMIbeYjy Y X
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9 creneHu cnoboge (7 pora TpaHC/Ialluja) | //

py4HH 317106 (daexcuja/ekcreHnsuja, mpoHaiiuja/ cYnﬁHaqua,
pazivijasiHa/yTHapHA JeBHjaliyja)

nakat (dnexcuja/excreHsuja)

paMe (¢dekcuja/ekcTeHsuja, abayKiivja/aayKiiyja,

MeZMjasIHa/ IaTepaiHa -Pame: cdepHM 3rnob, aekomnosmuumija
(PMKTUBHO Teno 6e3 Mace + TeJio Y KOMe je
CKOHLIEHTPUCAHA LIe/IOKYMHa Maca cucTema

vt
g £ ‘VV
sr

P M

PyyHu 3rn06: KapgaHo-XyKoB 3rnof
AeKomMnosuumja (3a 2 cc)
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Nekomno3unumnja 3rnobosa

* Pyunu 31106

e Kapgano-XykoB 317106

2.CC
cosa —cosfsina  sinasinf3
|4 |=| sina cos 3 —cosasin B T
0 sin 3 cosf | e ."fadi_ £
l right hand g o
: (palm down) ' | *.\




* OTBOpeH KMHEeMAaTUYKH JIaHAL, 0e3 rpaHama

@l kimematicki lanac bez sranama (i on predotavlja nal osnovei model)

U sluéaju otvorenog kin. lanca bez grananja n, =n

°* KvHeMaTW4Ku JIaHAL, Ca TPAaHAaBKkEM €A CTPYKTYPOM TOIIOJIOLIKOT

ApBeTa
Tu sluéaju otvorenog kin. lanca sa grananjem takodje je  n, =n (pod uslovom

kin parova V klase}

* BaTBOPEHI/I KHMHEMAaTHUYKMHU JIaHalI]

Kod zatvorencg kinlanca je nn #n.Zatvorem lanac presecamo tako da on
postaje . u opStem sluéaju otvoren kin. lanac sa grananjem.
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_Yna3sHu napameTpu cucTema KpyTuX Tena:

| =

* bpoj crenenu ciobome s ="
 CTpyKTypa U TUIIOBH Be3a holomomne skleronomne veze.
* [eomeTrpuja cucrema

* Pacrniopep maca

Konfisuraciin osnovnae sisiema rela {q ,..-Jqﬂ:]

T
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 OpToroHanHe TpaHchopmaLmje KoopanHaTa
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OpmozoHanide mpanc@opMayilfe KoopouHama
Fous = [A] 10sn, HIHY PA3BHJEHOM OOIHKY

Matpuna TpaschopManHje [A] IpencTaBiba
OPTOTOHATHY MAaTPHIY Tj. BAKH
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x=EA i+ nu-i + Vi,

o, oy oy o
y=EA-jHnij+ v, ] = ay ay aayy |
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éﬂ« k+77,l«l k+é/v k, _0[31 a32 0[33_ f3=0{123+0{§3+0(§3—120,

4
’ [ =ah0, + o0, + oy 05, =0,
5
J7 = apa + ayn oy, + a0, =0,

(x\ ré:\ ﬂi; /7; 17; f6:a13a11+a23a21+a33a31=0.
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. .~ det[A]—(leu)V—l

matrica transformacije [A] je nesingularna

Matrica [A] predstavlja matricu transformacije koordinata tacke M iz
koordinatnog sistema o0 ¢r¢ u koordinatni sistem Oxyz.
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W = Q30 T O30 + U330,

= 0103 + 003 + 03103,
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Poapuros obpasau, Pogpurosa marpuua tpaHchopmauumje

Pogpurobd MaTPUWLa TpaHGopuALWjE
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2= (RE)E - Bx (SxP) costp + ExR ) Sintp
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atpuue TpaHchopmalje

OpToroHassiHe MaTpulLie

Pogpurosa matpuia
CroxxeHe MaTpulLie g -
TpaHchopMailimje ey ] =l [l B LA L4 1= ] 140
- -1 T
det[4]=(Axz)-0=1, [4] =[4] .
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. 151eiene matrice transformacija

primer:

zaustavlja se 112 segment a treci rofira oko sada nepokretme ose 3 zaug:qu
1 tako redom Sistem je u pofemom tremutku nalamo u referentnom pelozaj.
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Primer. Poznat je vektor p=(1 0 2)'. Odrediti
vektor B, koji se dobija rotacijom vekiora p oko ose
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