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Lappeenranta University of Technology

Lappeenranta University of Technology (LUT) is an international university established in 1969 in Lappeenranta on the
shore of Saimaa Lake in Finland. In 2015, the university counts 894 staff members and around 4900 undergraduate
and postgraduate students. As all Finnish universities, it is state funded — it received 48.9 million euros from the
Ministry of Education in 2015. The university provides numerous areas of study and research such as business
management, mechanical engineering and energy.




LUT Sustainable Development Policy

Lappeenranta University of Technology is committed to recognizing its environmental responsibility in all its actions.
LUT is the only Finnish university to meet the ISO 14001 standard and environmental is part of the way of thinking
and operating of the university. LUT has an environment policy since September 4th, 2013, meaning that the
environment responsibility is taken into account in every university's activities such as scientific research, academic
education, societal interaction or support services. The environmental policy sets goals for the university and
commits it to maintain and develop its management of environmental issues and to educate its staff about it.
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How it all
started . . .
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Fukushima Daiichi nuclear disaster - 11 March 2011
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Hazardous Environment

Corrosive [ Radiation Radio wave Explosive

e

Biohazard High voltage Optical Radiation

|

Magnetic field Low Temperature Oxidizing High temperature Irritant




Statistics

Accidents at work involving at least

Fatal scch rk
four calendar days of absence from work B ACCHISIES o5 W)

Total Male Female Total Male Female
EU-28 2487 794 1953 554 533 984 3515 3362 153
Belgium 49 546 40 451 9093 46 46 0
Bulgaria 1768 1353 415 a0 8z 8
Czech Republic 36013 26 820 9193 104 102 2
Denmark 34 245 26 825 7 292 43 42 1
Germany 709 940 578 076 131794 473 452 21
Estonia 4993 3065 1928 11 10 9
Ireland 9794 6828 2921 42 42 0
Greece 11926 9 446 2480 a7 34 3
Spain 281045 212 968 68 077 273 266 T
France 461 376 353 980 107 396 524 494 30
Croatia 8 844 6 766 2078 50 50 0
Italy 274 040 219 282 54 758 469 450 19
Cyprus 1511 1127 384 i Fi 0
Latvia 1213 875 338 33 30 3
Lithuania 2303 1698 605 55 54 1
Luxembourg 6 299 5378 921 13 13 0
Hungary 16 717 11879 43838 60 58 2
Malta 2190 1978 212 7 T 0
Netherlands 116 029 89 307 26722 31 31 0
Austria 56 299 46 731 9 568 137 128 9
Poland 67 472 50 290 17 182 303 284 19
Portugal 109 511 82 685 26 826 162 157 5
Romania 2889 2308 581 257 245 12
Slovenia 11 505 9318 2187 21 21 0
Slovakia 7 469 5405 2064 49 49 0
Finland 34 821 28 042 6779 32 30 2
- Sweden 24 ab4d 18674 b 189 37 34 3
United Kingdom 143 171 111 998 31162 149 144 5
Norway (*) 14 855 12 335 2520 34 32 2
Switzerland 72 106 60 352 11754 60 57 3

(') NACE Rev. 2 Section A and Sections C to M. Non-fatal accidents reported in the framework of ESAW are accidents that imply at least four full calendar days of absence from work

(serious accidents). Further Eurostat information Publications

() 201 1 ' . ) =  European social statistics — 2013 edition
Source: Eurostat (online data code: hsw_mi01) = Health and safety at work in Europe (1999-2007)

= Statistics in focus — 8.6% of workers in the EU experienced work-related health problems



Statistics

Fatal accidents at work, 2011 and 2012 () (standardized incidence rates per 100 000 persons employed)
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(*) NACE Rev. 2 Section A and Sections C to N. Austria: data not yet validated.
Source: Eurostat (online data code: hsw_mi01) 2011 =2012

Further Eurostat information Publications

= European social statistics — 2013 edition

= Health and safety at work in Europe (1999-2007)

=  Statistics in focus — 8.6% of workers in the EU experienced work-related health problems
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What Market Needs . ..

A reliable product
To Replace Humans

In Hazardous Environments

* Areliable product to replace Humans in
places that humans can not perform




Our Motivation & Market Need

Our motivation:
* To practice the cutting edge technology available in the field

e To provide a proper base to transfer our knowledge and experience
* To develop a powerful marketing tool which shows our power in the field

Our First target:
* A mobile robot which is capable of applying

assembly and repair

e Robot Manipulators

Wheeled Robots
Legged Robots

Submarine Robots
Aerial Robots

(Kelly, Santibanez & Loria, 2005, p 3).

Ground Robots {
e Mobile Robots




Telepresence concept.

Command Actuator action

Desired output

Teleoperated
Robot

Sensorial Info



Primary Potential Applications
* Repair and Assembly




Other Potential Applications

Inspection and maintenance
Cleaning

Security & Defense

Logistic system

Agriculture

Urban transport
Entertainment

Oil and Gas




Major Competitors
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KUKA MOBILE ROBOTICS QUANTEC



Systems

e Teleoperated mobile robot (Up to 2 Km distance from control station)

Two UR10 robotic hands equipped with force feedback 3 finger grippers

eFull HD camera system: 3D, on hands

eSound recognition via human ear models recovers with voice direction capacity

e\/oice command capabilities

e Quadcopter station on the back of the robot, HD real-time video for extra vision access
e iIDAR, Gyro, GPS
eHaptic capabilities

The robot main application: performing
assembly and repair tasks in different
workspaces; special hazardous environments.




Design






Design

0,876m

0,841m



Design




State-of-the-art

technical vision module with drives

quadrocopter

4/

quadrocopter takeoff platform
control unit

tool bin

sensor

wheel drive (o o T R ~— :

A e
o | &

swing limit stop wheel drive

quadrocopter camera o e _
e
power supply =\ limit stop drive




State-of-the-art

technical vision module ——__
with drives

—— quadrocopter
takeoff platform

case for storage — removable cover

quadrocopter
right stand housing ———— quadrocopter
arm UR10 housing

— tool pocket

left stand housing
arm UR10

tool pocket

Omni wheel —_

.

swing limit stop

im o [imi control unit
swing limit stop power supply
————— wheael drive
= &%, Omni wheel
=9 2
tool pocket _ - % - swing limit stop
Omni wheel — /
_— frame
wheel drive — / ~~— swing limit stop
wheel drive
o wheel drive
lower case B
~— Omni wheel



Chassis



Chassis

Chassis
Powertrain Mounts Axles corners ‘ Tires & Wheels
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(b)

Reference frame, force and moment (a) Wheel base of four-wheel (b) longitudinal
in dynamic study of the vehicles balance plane (c) lateral balance plane



Chassis

Jaguar XE monocoque chassis frame Space frame chassis



Categories for design consideration

Traditional Considerations

. Matenals

. Geometry

Operating conditions
Cost

Availability
Producibility

. Component hife

I =

= O A e

Modern Considerations
. Safety

2. Ecology

3. Quality of Iife

Miscellaneous Considerations
1. Rehability and maintainability
2. Ergonomics and aesthetics

. Assembly and disassembly

s L

. Analysis



Chassis

Part and other parameter specifications
defined in the project plan

Part and other parameter specifications
defined in the project plan

Chassis Constrain

System parts

Parameters

Two UR 10 robotic arm

to be connected similar to

human shoulder

URI10 robotic arm

The weight of each URIO arm

weighing 30 kg

Shoulder height should not be less

than 800mm

They should be placed in front of

the robot.

Chassis Constrain System parts Parameters

Provide landing space at | Quadcopter 4kg

the top of the chassis Dimension 438*451*301mm

frame

Electronic parts Advantech, DC/DC | Provide the space in such a way
converter, arm | that they can access any situation

controller etc.

Space for wiring and extra
component that can be required in

the future

Each robot arm has pay load of 10

should be
with the

Frame
connected
bearing point provided by

modular system designer

Electronic part ,Drive

modular system

Chassis frame should be mounted

on bearing mounting position.

Modular system should be inside

the chassis frame.

kg.
Provide two robot arm | UR 10 controller 10Kg weight of each arm
with controller in the controller mounted with chassis
mounted space frame.
Mounted with chassis | Battery 16 picce of battery.
frame Each battery weighing 2.3kg

They should compact as a 1 piece.

Manufactured by

conventional method

Chassis frame

Should not be more than 80kg.

Length and width should be within
1600*800mm.

Manufacturing process may be

laser cutting, CNC milling,

welding or other available process

Low cost

Mass of overall robot

Should not exceed more than

300Kg




Weight Calculation

Weight from drive traction system

Weight and dimension of robot arm,

controller and DC/DC converter.

Part name Mass per  part* | Total mass(kg) Weight (N)
number of parts
Gearhead 3%4 12 117.6
Motor 2.4%4 9.6 94.08
Controller 0.33*%4 1.32 12.936
Brake 0.18%4 0.72 7.056
Coupler 0.92%2 1.82 17.836
1..08%2 2.16 21.168
Gear box 4.5%4 18 176.4
TimkenTapered 3.2*%4 12.8 125.44
bearing
Mechanum wheel 7.2% 28.8 282.24
Others 3.2 31.36
Total 90.42 886.116

Name mass* number of | Total mass(Kg) Dimension in mm
parts

UR 10 robotic arm 30%2 60 1300 length and
base diameter 170

UR 10 arm controller | 10*2 20 426*%196*194

Advantech computer | 4*] 4 220%210*196

Battery 2.3*%16 36.8 203*114*61

DC/DC 1.94 *4 7.76 295%127*41

converter(48V)

DC/DC converter | 0.48%3 1.44 159*98*38

(12V)

Inspire 1 2.935%1 2.935 438*451*301

Total 135.935




Chassis

3D-CAD model of (a) tubular joint (b) UR 10 robot mounting point
(c) Assembly of T-joint with UR 10mounting part

Battery place in chassis frame

Chassis frame extended with landing
space for quadcopter and T-joint



Chassis

Center of mass position

Complete robot structure
with respective components

NI-chassis : Assembly orgin in Battery
Sokid works
Speciation Result and process
Position of center of mass 528mm back from front wheel center, 345

mm toward center from front right wheel,

338mm from ground level.

Total chassis frame mass Around 80.50Kg from Solid-works mass
calculation.
Overall robot dimension 1597 length and 800 mm width and 950mm
height.
Manufacturing and joining process Welding, machining and cutting General result for

Overall robot weight Around 300K g chassis frame deSlgn




ANALYSIS OF A CHASSIS FRAME

Material property define in FEMAP

3D-modelling ust
Stiffness and density FEMAP input SI unit value = S
5 Solid Works
Young modulus,(E) 210000 MPa 200*107 pa
Shear Modulus,(G) 76000 MPa 76*10° pa
Poisson ratio, 0.3 (unit less) 0.3 (unit less) FE-Analysis in FEMAP
Mass density 8.65*10” Tones/mm?® 7850 Kg/m®

1176
17 2RiEE0.  17E.
254800, 23U 254800, %@J -

Companson with
theoretical Calculation

Flow chart for analysis process.

Loading on the chasis frame.



ANALYSIS OF A CHASSIS FRAME

Linear tetrahedral (solid) element
meshing in chassis frame.

(a) Reaction force range in Newton (b) Bolt reaction force range Von misses stress result from FEMAP.
in front hole (c) Rear bolt reaction force in rear hole.




ANALYSIS OF A CHASSIS FRAME

332N Robot weight table for analytical analysis.
Total weight of the robot and payload
Y . kg N

e 13WB —sle 2/3WRB Pay load 40 392

B Net robot weight 300 2940

W
r Gross robot weight (GRW) 340 3332
Frr FRT

Numerical representation with free body diagram for robot
Comparison of analytical result and FEMAP.

wheel base GRW I_ Track width Name FEMAP result Analytical result
- Reaction force in front | 279.1 MPa 277.66N

mounting hole

Reaction force in rear | 130.3MPa 138.835N

mounting hole

Bending stress 33.53MPa (Von misses | 34.30MPa
stress)

Deflection 0.518 (it on fuse support | 0.28 (it on plate beam)
part)

Combining bending and torsion load.



ANALYSIS OF A CHASSIS FRAME

equal and opposite
load applied

Deflection from simulating result

Applied force and constrain in torsional stiffness.



ANALYSIS OF A CHASSIS FRAME

Analysis result for T-joint with 6mm plate Analysis result for T-joint with 8 mm plate (a)
(a) Deflection result (b) Maximum principle stress. Deflection result (b) Maximum principle stress.



Summary of the result.

Constrain Parameters
Overall chassis dimension 1597*800%950
Chassis mass 80.50Kg

Overall robot center of position (all

component included)

528mm back from front wheel center, 345
mm toward center from front right wheel,

338mm from ground level.

[

28272

Maximum deflection chassis frame 0.512mm

Bending stiffness of plate beam 11823.56N/mm.

Maximum stress in bending case 33.53MPa

Maximum deflection torsional case 1.941mm

Torsional stiffness 3382484 .848Nmm/degree —
Maximum principle stress in combined | 255.8MPa ;

load case 800,26
Constrain Parameters

Dynamic factor for robot frame 2.35

Maximum stress in T-joint 484MPa

Maximum deflection on T-joint 2.264mm




Chassis

LUEIREI=Y 408 7Emm

Center Dist 6953mm
<

=V 20257 mm

EEEl 526.54mm







Traction



OMNI Traction

(354.83)

ZE A-A



ltems in the traction syste

M

| Advantech | Industrial computer

Maxon Reference number: 167132 X4 Planetary [ Reference number: 110410 X4
EC60 Brushless motors gearhead | Reduction rate: 25:1
400W GPS81A
[ LEN
Epos 2 Motor drives for maxon motors. X4 [
70/10
Drives ?
g e — e 0 — . ——— — — ?
Mecanum X4 % B s
wheel v,
39 %
433913 <Ll

Torsionally | Company: KTR X8

flexible Reference number: No. 001 Shaft coupling

jaw-type Coupler material: T-PUR (95/98 Shore-A)

couplings | Size: 24

Tiera 130 mm 254 mm 1400 mm 560mm 38,2 mm
CANOPEN | For serial communication of all motors X4
cables
RS232 For serial communication of master drive with Advantech X1
cable
| X1 Type No. 001 — shaft coupling




Items in the traction system

L Company: MS-Graessner X4
transmissi | Item: PowerGear P75L 1:1
on Art. No. 21075P000003

Perpendicular transmission from axle to wheel shaft.
Xbox Windows base xbox controller for manual control, USB connection. X1
controller

Tapered
roller
bearing

Company: Timken

Type: E-4BF-TRB 1 3/8

Tapered roller bearing type E housed, flange, 4-blot, castiron, bore size 1
and 3/8 inches

BOLTDIA — A a,

1% E-ABF-TRB-1 %4
1 E-4BF-TRB-1 1 3 4% 214 I s 4 1 Ve k1% % 7

X4




Motor and Drive

EPOS2 70/10
- DC and EC motors up to 700 W
ﬁ . Fc:int toI ptoi;tpcor_wtt_rol Lr:/lnitd (1(2;}5%)
- Interpolated Position Mode
Motor Data - - Combination of several drives via CAN Bus
Values at nominal voitage - CANopen
1 Nominal voltage vV 48 - 10 digital inputs
2 No load speed rpm - 5370 - 5 digital outputs
3 No load current mA 733 - 2 analog inputs
4 Nomlnal Speed rpm 4960 - RObUSt design
5 Nominal torque (max. continuous torque) mNm 747
6 Nomlnal Current (max. ConlinUOUS Current) A 9.38 De[a"s pages 384_387
7 Stall torque mNm 11800
8 Stall current A 139
9 Max. efficiency % 86 Slave version (online commanding) using

CAN Master (EPOS2 P, PC, PLC, SoftPLC,
etc.) or PC via USB or RS232 interface

Characteristics

10 Terminal resistance phase to phase €2 0345

11 Terminal inductance phase to phase mH  0.273 _ o

12 Torque constant mNm/A  84.9 Typical applications:

13 Speed constant rpm/V 113 = FIOducuon Squipmens
14 Speeditorque gradient rpm/mNm 0457 —System-aiomaton 1asks
15 Mechanical time constant ms 3.98 = Flamaansiucion

16 Rotor inertia gem? 831



Structure of the Traction Control

?HI

Motor ID Location
Rear wheels 1 Rear-Left (Start-End, Master)
2 Rear-Right
3 Front-Right
4 Front-Left (Start-End)




Driving system layout

EPQS 2
7010

EPQOS 2
70110

EPOS 2
7010

EPOS 2
7010

ROS LAYOUT: ARK

epos_hardware_node

velocity_controller_1

\T/

v

Y

elocity_controller_2

v

—

elocity_controller_3

v

e

elocity_controller_4

'

kinematics

.

\

joy_node

Joystick

%/




Traction Calculation

y1=45° 12=-45°

Velocity analysis for wheel:

I XC2 Vix = Vi, + V;,.c0545°
R( L $ Viy = V,,.sin45° Viw Uy — Vy — (L + l)wz
// 2 'UX + 'vy + (L + l)a)z
Velocity analysis for robot: '
V3w

Vix = vy — lwy

|
d
%?
N
o

'UX + Vy — (L + Z)Ct)z

Viy = vy + Ly Viaw = vy — vy + (L + Dwy,
h
el
Y3=-431 Y4=45°
JC3 Yca
1 1 1 1 71 [Rywq]
Xc3 i B -1 1 1 -1 R, w-

1
4 B 1 1 B 1 1 .Rwajg
- (+L) (+1L) (I+L) (I+L) 1 LR,d,.

(7%

A vX

C4

p"’ H
yA




Robot’s tracking parameters

1
-1
1

1
1

L+w

1 -1
1 1

L+w L+wl

- —qub.l |

Rw¢2
Rw¢3

R,}, .




if (autorepeat_rate_ > 1 / coalesce_interval_)
ROS_WARN("joy_node: autorepeat_rate (%f Hz) » 1/coalesce_interval (%f Hz) does not make sense. Tim

Traction Programming |....""

i
// #include "Mecanumbrive.h" ROS_WARMN("joyv_node: deadzone greater than 1 was requested. The semantics of deadzone have changed.
#include <math. h> deadzone_ /= 327
// measurements in units of millimeters }
void Mecanum(float wvx, float vy, float omega) KI nel I Iatlcs COde if (deadzone_ > 8.9)
const ;]‘uat \%ﬂldthh: H I hg'lﬁfd:‘jstan(e bstween '\feft ri htkWhﬁE.l? center 1
t t th = ; t T It t P s - . . .
Conet Float whedinadius £ 127; 7/ Eh S or mecanum wheet T ack wheels center ROS_WARN("joy_node: deadzens (%f) greater than @.3, setting it te .8", deadzone_);
deadzone_ = 8.9;
55///////////////////////////////////// 1
4 EANAN /i
4
55 if (deadzone_ < @)
/W I
7
55 . W ROS_WARN("jov_node: deadzone_ (%Ff) less than @, setting to @.", deadzone_);
" deadzone_ = 8;
PILETELELTETEL LI ELEL AT I E 1747

// Inverse Kinematics for mecanum wheel drive robot
if (autorepeat_rate_ < 8)

ROS

// vwil-wd are wheel rotation speed

/7 wx, vy represent the desired translational and rotational velocity of the robot at an instant in , omega is positive anticlockwise i
ROS_WARN("joy_node: autorepeat_rate (%f) less than @, setting to @.", autorepeat_rate_);
:; = ; autorepeat_rate_ = &;
omega = ; }
float w[];
wl = 1/wheelradius* (vx+vy+(width+length)“omega); if (coalesce_interval_ < @)
w2 = 1/wheelradius®(vx-vy+(width+length)*omega); {
w3 = 1/wheelradius* (vx-vy-(width+length) “omega); ROS_WARN("joy_node: coalesce_interwval (%Ff) less than @, setting to 8.", coalesce_interval_);
wi = 1/wheelRadius® (vx+vy-(width+length)*omega); coalesce_inter‘val_ = 8;
3 ]

void JoyO Joystick basic code
i

int threshold= // threhold: adjust it to increase or decrease deadzone to get rid of unintentional minor movements

while (1 == 1) // loop forewver

i
// Remote control commands
Frontleft = Cch3+chl+ch4; // €h3 represents left joystick forward & back, ch4 represents left joystick left & right
Frontright = ch3-chl-chd; // chl represents right joystick ratotaion

Rearleft = ch3+chl-chd;

Rearright = Ch3-chl+ch4;

motor [Frontleft] = abs(Frontleft) = threshold 7 Frontleft : 0O;
motor [Frontright] = abs(Frontright) > threshold 7 Frontright : 0;
motor [Rearleft] = abs(rRearleft) = threshold ? rearleft : 0;

motor [Rearright] = abs{Rearright) > threshold 7 Rearright : 0;




Moving Algorit

1M

N1 | N2 | N3 | N4 N1 | N2 | N3 | N4
Forward +N | -N | -N | +N Right -N |-N | N | N
Backward | -N | +N | +N | -N Left twist | -N | -N | -N | -N
Left N N -N | -N Right N N N N
twist

N1 | N2 | N3 | N4
Forward- | Na | - - Nb | Na>>Nb
Left Nb | Na i
4 l 3
J"f
1
Forward- | Na | - - Nb | Na<<Nb
Right Nb | Na i
4 l 3
#Ht’
1
N1 | N2 | N3 [ N4
Backward- | Na | Nb - Na<<Nb
left Na | Nb i
1
Backward- | - Nb [ Na | - Na>>Nb
Right Na Nb !




Simulation in ROS

V-REP PRO EDU - btlera_graph - rendering: 323 ms (1.0 fps) - SIMULATION STOPPED

AR o B Elil . N . i a T e - 5 =5
& Tl b - g+ ] i l:'__ T T it = - i 5 __.!._
Miodal binwass < | Score hignmc
b 1 M ) tora_graph {soeno 1)
= & Camen

0 nats & Comanl
&l - 8 Comemd
= | £




Robot Simulation —
Balance test



Resulting 3D model in Gazebo.

fFake_joint_calibration

Nodes and topics of the simulation
ake_joint_calibration

using a planner node

arm_controller_spawner

arm_controller_spawner

joint_state_controller_spawner

@e_controlle@

robot_state_publisher

fake_joint_calibration robot_state_publisher

planner

arm_controller_spawner fioi
gazgbo /arm_conI:roller/follow_ioint_trajectory/can
/gazebo Jarm_controller/follow_joint_trajectory/feedbae
joint_state_controller_spawner T

é
%
3

Jright_arm_controller/follow_joint_trajectory/feedback

Nodes and topics of the simulation



Rviz planning: first arm.
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Rviz planning: collision detection.




Kp Ki Kd iclamping
Shoulder_pan_joint 600 500 100 100
Shoulder_lift joint 1500 500 100 100
Elbow_joint 1500 500 100 100
Wrist_1_joint 100 0 0 0
Wrist_2 _joint 100 0 0 0
Wrist_2_joint 100 0 0 0
K, = 600 K, =900 | K,=1500
tr ()
Shoulder pan_joint 3.5 4.7 5
Shoulder lift_joint 5.5 5.7 3.5
Elbow_joint 5.6 5.9 3.5
AmaxiKi} = AminiKi} > 0
-
ﬂ']Wa;‘lf{!{i:‘l . j-Max{lw}

AMax{Kv} = AMin{Kv} >

AMin{Kp}_kg AminiM}

~and Simulation results

[ — /9azeboflink_states/pose(7position/z

1.2p

g
o

o
@

EE's height (m)

0.6}

04l
10 15 20 25 30 35
Time (s)

{AMax{Ks] =500 _ -h0>0>0

lmn[Ki} =0

{AMax{Kp] = 1500
Amin{K,} = 100

lMax{Kv} =100
500 3.842

Apar{M}=3.84 - 100 -0.05
AMin{M}=-0.05

500> 100 > kg = 0




Arms



Teleoperation method

Communication
—
System

Sensorial feedback

Teleoperation method

Joints.:

A: Base

B: Shoulder
C: Elbow

D: Wristl
E: Wrist2

F: Wrist3




Stability Margin Index

A Pi —Pi .
,=—""—" i={1,..,n—1}
|Pit1—Dil

I, = (1 — éiéiT)(Piﬂ —Pc)

fi — (1 _ éléf)fr

n; = (4;3))n,

Tixni

i =i+ |1;]

6; = o;cos™ (f* - 1)

O'i:{‘l‘l lf(TLXﬁ*)éL<O
-1 else

a; = 0;f;]
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Which angels? Which height? How fast?

1350

1300 b

1250
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Effect of the arm’s acceleration






Arms




Arms Anti Collision
System



COLLISION AWARE TELEOPERATION OF ROBOTIC ARM

Frame assignment for UR10 based on D-H Convention

X =1;cos6; + 1, cos(0, + 03) + I3 cos(l; + 1 + I3) Planar serial link robotic arm "—-(
Y =1,sin6,; + 1, sin(6, + 63) + l3sin(8, + 6; + 6,) with three revolute joints P ' / iy e
a2 a3 ds | ’
6=0,+05+0, o
i 3 - Fs
T lRAB Pas '
AB {]13-(3 1 Fp

z
X
‘7 F;
F; =coordinate frame number




COLLISION AWARE TELEOPERATION OF ROBOTIC ARM

Transformation | Link Link Joint offset | Joint offset
length | twist (d;) angle
(a;) (o) (6;) Fs
To1 0 w2 0.1273 ql 0
Ti2 -6.12 0 0 q2 -T0/2
T55 -5723 0 0 q3 0 (0Dos)y
T34 0 2 0.163941 | q4 -T/2
Tas 0 /2 0.1157 q5 0
Tce 0 0 0.0922 q6 0

Tog = Toy X Tip X Tp3 X Taq X Tys X Tse

, ‘ ‘ Overhead head view of UR10 in X-Y plane for finding theta 6 _1

cos@; —cosa;sinf; sina;sinf; a;cos0;

cosfl; cosa;cosf; —sinb;cosl; a;sind,
0 sin a; COS @; d;

TI,E—I — d4
0 0 0 1 6, = atan2((0pos)y. (Opgs)x) + cos™* =+ n/,



COLLISION AWARE TELEOPERATION OF ROBOTIC ARM

: g
S\ , —YVxS1t Yy —(—xy51 + xy01)
0 =atan2 )
2 Ss Ss
Overhead head view of UR10.

Overhead head view of UR10 in X-Y plane
for finding theta ©_5 0 ; = atan2(sin 65, cos 03)

0, = atan2((k,Y,, — k1), (ke X, — kp X3,))

5 = L COS d, Where. ky = I, + I, cos 8. k = L, sin 8 .
cos B, = w sin B, = \/+(1 — cos2 8,),

21,1,

X, =X —lzcos¢pand?, =Y —l;sing
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ANFIS procedure and model

Initialize the fuzzy system

Parameters for learning
- Number of iterations
- tolerance

Initiate learning process
- Run ANFIS command
- Stop when completed

Validate
-With independent data

Layerl

Layer2

-

Layer3

Layerd

-
- |
L]




Z-distance in meter

o
]
|

=l
|

&
%
|

04—

08—

Reachable workspace of UR10

IRl

‘Workspaceof UR1D

Y ot

&
e i,

%
L)

r.f:r

I
101

Hedistance in mer

Y-distance in meter

Zdistance in meter

X-dismnce in meter

15

Workspace of URTD
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Reachable workspace of Geomagic Touch

e

= X ISP

(¢

13 MI < MIsTIesW emem =

SRATL
=1
£y

'

‘l .

v
&

=, ..1-:-%'
-

&

&

:
A%

Reachable points of Geomagic Touch

S

o

L3
(L EEL]

-1- :-I'“l - .
- .'.—."-l.'n.' hakl

:.11._&:3.‘.#-“
& -
A2 WA I Autals T

200

)
RS

Reachable points of Geomagic Touch

100

X [m]

Z[m]

Reachable workspace of Geomagic Touch

Geomagic touch haptic device



@H!mmmﬂuaa;wa

Reachable workspace of Geomagic Touch

Geomagic touch haptic device

joint angle [rad]

joint-0
joint-1
joint-2 1

5 10 15 20
time [s]

Joint values from Geomagic touch device.



Robot model for collision detection using joint torque or motor current

M(q)§+C(q.q)g + g(q) =T+ 1% = Tyor 5 . : -
joint-0
joint-1
ad | joint-2 []
joint-2
\ ; joint-4
joint-5

joirnt angle [rad)
%M

time [s]

Robot in collision (a) and joint angle (b)



Collision detection in neighboring link




Grippers

BASIC
MODE

PINCH
MODE

-]
- RRroBOTIQ

WIDE
MODE

SCISSOR
MODE

ENCOMPASSING GRIP
L) o ‘.\
o
o)2 Q 0 olo
o o g

FINGERTIP GRIP

oy O Q
° °
oy QO Q
) S
& o 7




COLLISION AVOIDANCE IN END-EFFECTOR

Grasping

Contact model: point contact without friction

v

b)

(left) and point contact with friction.

joy_node

fioy_node

fioy

r_grip_node

Active nodes for teleoperation of gripper using joystick.

;Er-_g rip_nod %)

robotig_controller

robotiq_controller

.__:__\.‘

joy_node

o

5 ROBOTIQ

L

r_grip_node

> fjoy

/r_grip_node

robotiq_driver

ZSModelRobotDutpl frobotig_driver

recognizer

/recognizer

recognizerfoutpuy

t

‘8

robotig_teleop_speech

Robotiq 3-finger adaptive gripper with three different grab modes

,C

SModelRobotOutpuy

-

robotiq_driver

robotiq_teleop_speech

robotiq_controller
robotiq_controller

r(:;f_rubatiq_drive[?:)

Active nodes for teleoperation of gripper




COLLISION AVOIDANCE IN END-EFFECTOR

Linux PC

Xbee module

ROS (Indigo) é

Robot Chassis

Xbee module

Ardunio Nano

Sonar array

On Gripper

Dz, (B

Xbee module

Ardunio Nano

Vibration motor

On operator % ~

Hardware for haptic wrist band.

Sonar Sensor array on end-effector.

Sensor Bracket

onar Sensor gnd effector

wd

v

UR10

P
I

Beam width

F_M

Sonar Sensor array



Robot grippers’ layout.

ﬁ*‘; LAYOUT: ARK \
—)Es_mndel_stams_listener_‘l

ET”.F;DE; - ---->[s_model_tcp_node_1}< {s_mndel_simp[e_cnntmller_1
joy_node i«--- Joystick
IEI[]‘I pSDUE;?; € -1----- »[ s_mode[_lcp_nude_z} {s_model_simple_co ntroller_2

-

K )[s_model_siatus_listener_2




Collision detection in end—gffector.

Condition Nature of alert Action for arm | remarks

controller
Distance > set-point No action No action No obstacles
Distance < set-pointl | Enable vibration motor | No action Obstacles are

(<20->10)

(corresponding to sonar
sensor) for 0.25s in
every 1 second interval
as long the condition is

true.

present. Move arm

with caution.

Distance < set-point2

(<10)

Enable vibration motor
(corresponding to sonar
sensor) as long the

condition is true

Pause motion of robot

for 1 second.

When the
controller resume

after delayed time.

Move robot
opposite to the
direction of
collision.

Alert type

distmoe in an

&0

&0

40

sonar sensor] 51} measurement

' T :
| ' [T ] |
| H warnning |
' ' —_— '
Lo . ______}.. pawse | _____ . _______ ]
'
| 1 :
' ' '
. ! '
e L e L e e R e R B il Rl bbbl —
'
e Bl R R e e el B et e e e i bbb —
R S et S B B TR RS EEPEPFTEES P PR PP —
R e et | A Rt R et B bt t] ELeEE P T —
'
1
'
e e I N N T T I . —
' 1 ' H
'
' ' '
' | ' '
e S U] —
' | ' '
' ' '
' I ' '
'

' I ' '
. U U e O NN SRR R NP —
' | v I

'
' I ' '
' I '
' ' B '
e e e e e e ——————— e —
v | ' I
' I ' '
' ' ' '
' I ' '
| | I |
0 1 5 B T & 9
Eme I second

Distance measurement from the S_S1 sensor

and collision detection

A




Main Control System



Control and Communication

1 ‘ Motors |

Intel Atom Xilinx Kintex-7

...................................................................................... Processor 2X Gigabit FPGA (00
T

i . 1
A | |

T

Wifi antennas Ethernet

ubuntu :

o~

=
of < (9
Modular I : ( %E a

USB Host 4
& Device

2X Serial

C Series I/O

28 )=

Mini DisplayPort SD Card

i

i () @4‘? C:r@

Joysticks UR10 arms/hands

NI cRio LINUXhost+ ROS

MAIN STATION ASSEMBLY ROBOT

B LabVIEW + ::ROS

Inertial navigation system |




—
-

Delay value received
from rosping nodc

Application Layer

Presentation Layer

Conncction was
lost before

Notify the system if
it wasn't done

Session Layer

Transport Layer
Analyze last few values of Notify the system
NetWOI'k Layer delay for level of ping that it is restored
Data Llnk Layer / Notify the system /
about ping’s level
Physical Layer

Seven layers of the ISO OSI model

Simplified block diagram of connection state analysis algorithm



ROS Control for Arms

robot_state _publisher}{

4
maove_group }(—[mg_command]«[joy_node]%—-- Joystick

N s B

Robot arms layout ,
UR10 Left UR10 Right
right_ur_driver right_robot_state_publisher

[right_ur_driver jjoint_sl:ates@bot_state_publisher

Rgt_graph of the right arm.

Graphic representation of the robot’s URDF file.



1)

ROS concept for Image transffer

Advertise(images)

Image

viewer

Z

3)

Subscribe(images)

Image
viewer
inageJ!1

MASTER
Image
viewer
Publish Subscribe
— | ===-=* TOPIC ~----
1mages
RALTTI - Service invocation Cveesmpasaasett wee

Steps of establishing peer-to-peer communication over a topic
between two nodes

™

il @OUT AR ~Sea

efim@LUT6021:~$S ping chloe
PING chloe (192.168

bytes
bytes

bytes
bytes
bytes
bytes
bytes

from
from
from
from
from
from
from

chloe
chloe
chloe
chloe
chloe
chloe
chloe

.0.6)

(192.
(192.
(192.
(192.
(192.
(192.
(192.

56(84) bytes of data.
168.
168.
168.
168.
168.
168.
168.

0.
.6):
.6):
.6):
.6):
.0
< 6)2

6)

icmp_seqg=1
icmp_seq=2
icmp_seq=3
icmp_seq=4
icmp_seq=5
icmp_seq=6
icmp_seq=7

time=3.62
time=3.77
time=3.65
time=22.9
time=4.19
time=19.7
time=4.49

Simple test with Connectivity with ping

X Bishe Sea
!, P- Open ~ m Save
| ] .bashrc x
115
116 source Jopt/ros/indigo/setup.bash
117 source /home/efim/catkin_ws/devel/setup.bash
118
119 export ROS_PACKAGE_PATH=~/catkin_ws/robotiq:${ROS_PACKAGE_PATH}
120
121 export ROS_HOSTNAME=efim |
122 export ROS_MASTER_URI=http://efim:11311
Plain Text ~

falfE) Vordil

Tab Width: 8 ~ Ln 69, Col 17 INS

Adding ROS environment variables to the .bashrc script.



ROS node-topic structure (ROS, 2015b).

————_ /turtle1 /command_velocit
@eop_turﬂ?/

ROS Graph

C' | Nodesonly &l |/ ! “~TE--

B namespaces [ actions § dead sinks B leaf topics B Hide Debug B Highlight & Fit

~ Jrostopic_14245_1355179857944
urtle1/command_velocity f,,,r— —— _

fturtle1/command velocity__;-_----

[teleop_turtle

R— — fturtle1/command_velocity ) - A
< [rostopic_14405_1355179938589 p e 2 _§ Jturtlesim )

I— e S

E— = fturtle1/command_velocity _—

Graph representing dependencies of nodes and topics of turtlesim package



ROS graph work of both UR10 arms

Jleft_follow_joint_trajectory/feedba

istener_6274_1490783085395
[left_follow_joint_trajectory/goal

[left_ur_driver [left_joint_states @obot_state _publisher

Jrosout
[rosout
oint_states ( :
Jright_ur_driver fioint_s| right_robot_state_publisher

ollow_joint_trajectory/feedback

/follow_ioint_trajectory/goal@ef ~3460_1490783235558
/




Arms, Grippers and Joysticks

Left joystick

Left arm

1

left_omni

left_omni_robot_state_publisher

eft_omni_j; t:'int_sl:at%s— eft_omni_robot_state_publisher

h J

left_follow_joint_trajectol @
_follow joint_trajectory _|_—]

left_ur_driver

left_follow_joint_trajectory/action_togitg  listener_13938_1485266867717

dl‘”—/

-q-_____h_"'"‘-———..;

istener_13938_1485266867717

left_robot_state_publisher

r‘)iieft_joint_statc

eft_robot_state_publisher

right_omni //Iight_omni_joint_stat%s_‘

right_omni_robot_state_publisher

right_omni_robot_state_publisher

-

test_button_gripper
i T~
4 nght_omni_butto+— est_button_gripper
listener_24483_1485266560635
follow_joint_trajectory @244&3_1435255550535
ohlowjoint_tra ctory/action_top|cs right_ur_driver
A ——
Jright_ur_driver »fjoint_stateg

Right Gripper

Right joystick

‘i’

Right arm

ight_SModelRobotOutp+t—

right_robotiqgSModel

right_robotigSModel

right_robot_state_publisher

right_robet_state_publisher




Delay and Latency

—— trend (var)
100 a R\
: Delay, expectation, variance and trend for variance before the

Dynamic of frequency histogram change over time first connection drop based on experiment Ne 2 data



TIERA network

Main station

192.168.0.6

(9)

—

]

Main station
192.168.0.4

Main station AP
132.168.0.1

Ubuntu VM 2
192.168.0.7

Robot

Router
192.168.0.8
192,168.2.1

Advantech
192.168.2.3

cRio
192.168.2.2

Right arm
192.168.1.19

Right gripper
192.168.1.12

Left arm
192.168.1.18

Left gripper
192.168.1.11




Robot Control S

ections

Driving System

Sensor Network

Main Control Unit ( Robot Neck

BT

Robotic Arms

Stereo Sound Card

ik Pug

-
Actuators 4 UR10 Controllers
UR10
Robots
Y,
4 Robotiq Gri
ppers

3Dio Binaural Sound Mic

FT 150

Sensors
Ultrasonic Sensors
MU
Temperature Sensors
Battery Management Unit
J/




Movegroup conceptual diagram

User Interface

-

[ ROS Param Server]

URDF

Elove _group_interfacﬂ ' MoveGroupAction J
(C++) ) PickAction 4
> PlaceAction d

[moveit_commander ]

(Python)

[ GUI (Rviz Plugin) J

Get CartesianPath Service

Get IK Service

Get FK Service

Yy v VY

Get Plan Validity Service

Plan Path Service

Execute Path Service

---------------------------

................................

Get Planning Scene Service

AttachedObject

TR A AT R

CollisionObject

PlanningSceneDiff

SRDF
Config

move_group

_JointTrajectoryAction |

)

Point Cloud Topic

Robot
Controllers

J(

A

Joint States Topic

Robot
D Sensors

A

Robot
State |
Publisher

[Robot Sensors] [3




Movegroup conceptual diagram

Main Control Unit; ARK-3440

Control Room

Velocity_controller_1

EPOS 2 EPOS 2 -
70/10 70/10 1 ,
I de === —— L
kinematics
| — = -+ Epos_hardware_node
EPOS 2 EPOS 2 pos- "% ﬁ J
70 ,110 70, !'1 0 J Velocity_controller_3
Dynamixel ) ArbotiX
Actuator '_i Microcontroller Serial_node Audio play ————— — Headphones
| —_—
| l Pan_tilt.i
—1- an_tilt.ino
Oynamixel ! Mg_command
Actuator i
Move_group Display_node ————— — " Monitor
UR10 Left UR1ORight # ———+ 1~
r [T~
- |
| _! Robot_state_
_____________ publisher
—
S_model_stat .
l_’ us_listener_2 /™| Sensor_parser Secondary Control Unit:
' '
Gripper + FT150 Gripper + FT150 _ _ _|s_model_tcp_ S_model_simple com paCtR]O
Left Right { node_1 _controller_1
./
I
1 A 1-- ] '
:_ _______________ N S_model_tcp_ S_model_simple
node_2 _controller_2
LabVIEW's VI
S_model_stat
us_listener_2
3Dio "
Microphone [ [ | T T TTTTT Audio_capture (ﬁRDSCORE




Diagram of virtual private network for the LUT Mobile Assembly Robot

Control Center

Operator 1

! 10.0.0.100

Operator 2

VPN server

C‘j} 10.0.0.101

Remote operator’'s location 1

VPN client

Remote operator 1

10.10.10.3
[~

Tea
.

-

-

ol

.......

«— — VPN connection
_______ » ROS connection Robot's onboard PC
VPN client
ROS Master
Firewall 10.10.10.2:11311
I ;“’fﬂﬁ_ 1«.._ —_— _SGM_C:PFWH 10.10.10.2:52201 — .
Ext IP-portdd3 | J . e El ROS topic 1
( Internet mﬁ 10:19.10:2 10.10.10.2:52202 .
SRS S S S BS—— ; .10.10.2: =] ROS topic 2
T T T Mo
....... o M"—"\___I A v
g
N/ Ny

Remote operator's location 2

VPN client

Remote operator 2
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=
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| ow level Control
System



National Instruments cRIO industrial controller + ROS

Processor: ARM/Intel Atom

H
Ifchatter = Bk

IHeIlu World!

strng

Implementation of publishing mechanism
in ROS for LabVIEW tool

Main control station
LabVIEW interface

Integrated
Processor l/O

* Gigabit Ethernet
=SB

* Senal

=5D

= Mini DisplayPort

cRIO
controller
Distance Frontlight IMU Temperature Eane
Sensors Sensors
J v _J
1
Acceleration Gyroscope Euler angles
o o v,

Communication diagram of the lower level subsystem

FPGA: Xilinx Zyng-7000/Kintex-7

Modular IO

= Analeg InputiOutput

» Digital Input/Cutput

* Industrial Communication
= Synchronization

= Mation

ROS LAYOUT:
CONTROL ROOM

f ROS LAYOUT: ARK

[RO S LAYOUT: COMPACTRIO

LABVIEW VI
[ } S
display_node Sensor_parser ROSforLabView
; - J
: SR,
ROSCORE
\. J\—— J \_
v
Vonitor ROS for LabView Layout




Temp Control

Thermometer with a platinum wire

> top button is
pressed

no

Temperature
sensor data
reading

yes Temperature is

higher than critical

/

Tuming
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fans

& AIR FLCW
“’(; e
w
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-
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+RED{IT),~-BLACK(®)

Y|
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[=] ) - 1
% 4103
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Logic of the transceiver operation

‘ reflected wave

|
| I ! ] / s
I [ I ! d d !
r SHEREN.
Sender/ | ' \ : L \ \\ Object
Receiver | . \ \ \ \ %
\ \ \ A \ \
\ \ h p AN
L 1
' distance r !
Ultrasonic distance sensor SRF06
Sound waves Diaphragm

Output signal

Microphone



Inertial Sensor

IMU Extended
Kalman
GNSS Filter

Cmd/Reply Packets

Data Packets

-

Communication data flow between the inertial sensor and the computer

Header Packet Payload Checksum
SYNC1 | SYNC2 | Descriptor | Payload Field Length | Field Descriptor Field Data MSB LSB
u” e” Set byte | Length byte byte byte
0x75 | 0x65 0x01 0x02 0x02 0x01 N/A 0xEO0 0xC6

Packet of "Ping" command

: 70
Z4LORD MicroStrain® o0 | __ |
30M-604a-45™ 7 | @)
GNSS Aided hnertial Kavigaton Syvtem
BEHICE |
35
0

Setting to Id

W[ setting Mu

le

and
Estimation
filter message
format

Enable
streaming

Processing
data stream

Closing
connection

Sequence of inertial sensor section work



Packet payload generator

Packet generator for inertial sensor p— a

Packet Length Payload (u8)

Patket (u8)
Fus]
Packet (u8) L n ||
:E L el
i B8 38 Packet(ctring Payload length Control |
= | f
. g — Payload length Controlf
Field data x65 = Y
Decriptor Set E: E L] 2 E > b '
| Us E o = L
Ed 8] =+ 0 [4—I32)
f—=> @ [ |
CmdDecrlptor Pa yload Iength(uﬁ] Descriptor set (ua]
= [ o)

Packet parser for the inertial sensor Part 1

Checksum
N] |Checksum Control |

Checksum
> _
i

Packet generator for inertial sensor

Packet parser for the inertial sensor Part 2



Packet (string hex)

Packet (string hex)
Payload (u8)

r~{bibe]

Payload (ug)
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Packet length
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Developed platform

Light
OFF = oN
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Distance

interface in LabVIEW.

Thermameter

Temperature system
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Haptics & Joystick



Geomagic Touch Joysticks and

Robotiq Force Torque
Sensor FT 150

Z

Geomagic Touch base frame and joints




Forward Kinematics and Inverse kinematics

E, ZA BB
px E ax
Ap _ B A " A
b= Py] sR=["4 "By “Cy|=|ay
p A
P ~ z Ap B Az
Y f’A
X Position vector. R Rotation matrix of the end-effector
X, _ i}
ay by ¢ 11 T2
aR=|a, by, c,|=|r21 T2
i r T
a, b, c, Dy a, b, ¢, 31 132
gT — ay by Cy py a = Atan2(r3z,733)
a b C Pz
Z Z z 1 B = Atan?2 (—T31,\/T’322 ‘|‘T’332)
.0 0 O

y = Atan2 (7"21, 7"11)




Forward Kinematics

1 0
R,=10 <cosH6 sinH
0 —sin® cosHO
cosO 0 —sin©
Ry, = 0 1 0
sin® 0 cosH6 ?G
cos® —sin® O
R,=|sin® cos® O
0 0 1
Z

cos 0
Y‘q AXB = |sin 9]
+ Change of orientation around Z. 0
Xp
sin©
A?B = cosG]
0
\9 X, - 0]
Zg =10
" 1

'F=fA+f,B+fC

X¢

—

Zg

Local system vs global system

°F = (fu@x + fubx + fec)X + (faqy + foby + fic )Y + (fuaz + fiob, + foc)Z



Outline of Haptic Communication

Geomagic Touch

Transformation matrix joystick

4

Transformation matrix arm

Force measurement

Open — Close

A |

Force Sensor Robotiq gripper

UR10




Geomagic Touch controller that is utilized for control of UR10 robotic arms

Global coordinate system
for the Geomagic Touch

........
....
S
o e
lllll
....

- L
'''''''''''
afiet L]
'''''''

L -
e 0 A N0 e

Local coordinate axis for the
first three joints

- o
-

Local coordinat :a'Xis_.__,f_r
the last three joints.

Degrees of freedom of each joint



Rotat

cosB; 0 —sinB)
AR=| 0 1 0
sin®; 0 cosH, |
1 0 0
BR=10 cos6, sin®,
[0 —sinB, cos0,
1 0 0
SR=10 cosB; sinB;
|0 —sinB; cos 03]
cosB, 0 —sin0,
PR=| 0 1 0
sinf, 0 cos0,
1 0 0
FER=|[0 cosbs sinbs
0 —sinBs cos 065
cosBg sinBg O
¢R=|sinB; cosBy 0
0 0 1

on matrixes

si = sin®; i1 T2 Tz Px T, T,

ci = cosb; AT = 21 T2 T2z DPy|_|Ta Ts

31 732 33 P Ts T

[rn T2 r‘lzl 00 0 1 " 0
R=|"T1 T2 T3
31 T3z T33

Ty = —C5*(S1*S4+C4*(Cl*5‘2*.‘93—61*62*63))—35*—(61*(32*.‘?3+C1*£‘3
* 52)

Tz =56# (c4d+51 — s4+(cl*s2+53 — clxc2%¢3)) + c6+(s5+(slxs54 + ¢4
#(cl*s52+83 — cl*c2+c3)) — c5*(cl*c2+53 + cl*c3+52))

Tiz =c6#* (c4#51 — §4*(cl*xs2+53 — clxc2+c3)) — s6*(55*(51*s4 + c4
*(cl*xs2+83 — clxc2+¢3)) — c5x(cl*c2+53 + ¢cl=*¢3*52))

Ty =55 (c2%c3 — s2%53) + c4#c5=(c2*53 + ¢3*52)

Toy = CO* (c5* (c2*%¢3 — 52+53) — c4#55#(c2 53 + 3 +52)) + 54 x56 *(c2
* 53 + €3 *52)

T23 = €O+ 54+ (c2+53 + ¢3+52) — s6+(c5*(c2+c3 — s2+53) — c4+55%*(c2
* 53 + ¢3+52))

T3y =85% (€2+51+83 + ¢3%851%x52) — ¢S5+(cl+xs4d — c4d*(s51+52%53 — (2
* 3 * 51))

3, =56 % (cl*xc4 + 54+ (51+52*x53 — c2+c3*51)) + c6+(s5*(cl*s4 — c4
*(S1%52+53 — 2*¢3%51)) + c5*(c2*51*53 + 3 *51+5s2))

33 =C6b*(cl*c4d + s4+(S1%52x53 — c2*c3+51)) — s6+(s5*(cl*s4 — c4 )
x(s1*x52%53 — c2*c3*51)) + c5*(c2+51#53 + c3 *51%52)) g A AR

0



UR10 Coordinates

xRZZA
Xa —Ya
sz \/E
; _ Xgt s
R =
V2

Distance = \/x2 + y2 +z2 < 1.3 m

1.3

scale = ———————
Distance

scale

Prinal = scale

System of coordinates of the right industrial arm {R}, in
Limits of the workspace comparison with the final system of coordinates.

Lscale-



Movement by increments

Inkwell
| buttpn

]

A

Initial position of the right UR10. Inkwell, white and grey buttons of Geomagic Touch device



rqt Graph of the system with al connections.

follow_joint_trajectory
_johl:_mjectoryfaction_bop*c
— -
ur_driver
r_driver/fjoint_speed
listener_cartesian_space_6370~ 18709455 T
‘/o}ﬁssf T
Jlstener_cartesian_space_6370_1495818709455 > Jur_driver/URScri
oy
\ r_driverfio_state

:arusian_current_;[l

/

robotiq_force_torque_sensor —/j*»ouq_m_mue_senslw—_‘

\Tabodq_force_torwe_wremt

ur_d

Jright_ur_driver

right_robot_state_publisher

gt robotstatublisher >3] Af

W

right_omni_joint_states

right_omni_robot_state_publish

ght_omni_robot_state_publisher

/

right_omni_butto

test_button_gripper

J— est_button_gripper

right_robotigsModel
—1+ght_SModeIRobot0u o Jright_robotigsModel

right_SModelRobotlnp+




Control of movement.

Jeartesan_current_ampoution] 1]
fright_ommna_joint_statew/postion 7|

| e L
- . B | LA
Component X of the movement.. “““-\____\ /
i
Y :
\.\-\
e 5

g

Component Y of the movement

Component Z of the movement



Force and Movement Test in ROS.

position: [0.9854457808993786, -0.07349832643360651, -0.15327951239181636, -1.15
4948968409345, -0.05901847534102611, 0.6976792263881498, -0.7139751512726852, -0
.25691063204981807, 0.15941591036039865, 0.7126301236110442, 6.68318?'29@8991161,r

-0.18567765958260196, 0.0, 0.0, 0.0, 1.0]

|

Fx: 12.4899997711
Fy: -10.25
-55.9399986267
Mx: -8.237000003457
My: ©.282999992371
1.76999998093

orced@: -5.48620720454
orcel: -0.851314429905
orce2: -0.120893877148




Vision



Marshall

Marshall CV500 camera

Swit S-4914 transmitter-receiver set

video switcher

T—
ﬁ ‘(a SDI VIDEO SOURCE CAPTURE STREAM RECORD
- - - \ 2 .
-]~ - 88 .i
_ , Sl DO JE
Rl en DEE . =
= |

EEREEE DRl

Software in operation (Blackmagic) Scheme of frame grabber’s operation



Vision

Multiview

CV-500 CV-200

I'I'II

v v Display

o lo o o L [ [

_———)

CUBE 155 encoder CUBE 355 decoder
Range 0,2 km or

Panel Antennas for
increasing range




Different signal standards and connectors. .

Different signal standards and connectors.

HDMI (left) and BNC Connectors (right)

Signal name | Connector Type Max resolution Used for
DVI DVI, Mini-DVI, | Both 2560x1600@60, | Recentvideo cards
Micro-DVI 3840x2400@33
HDMI 19 pin HDMI Digital | 2560x1600@75, | Many A/V systems and
Type A/IC 4096x2160@60 | video cards (including
motherboards with IGP)
GigE Ethernet Digital | 1280x1024 Computer vision,
industrial cameras
CameraLink | MDR26 Digital | 1280x1024 Computer vision,
industrial cameras
SDI BNC Digital | From 143 Mbit/s Broadcast video. Variants

to 2.970 Gbit/s,

depending on

variant.480i, 576,

480p, 576p,
720p, 1080,
1080p.

include SD-SDI, HD-SDI,
Dual Link HD-SDI, 3G-
SDI




WiFI Communication

ifie

By the end of 2014,

the number of
mobile-connected devices
will exceed the number
of people on Earth.

Blow S@\I\g
Wa Gk
J_L[S it

The Growth Of Wifi

GLOBAL NUMBER OF PUBLIC HOTSPOTS
actual numbers and predicted growth

4 5 é.n.g

E;'.E; Million

2. Million
0 8 1.3 Million

() 5; ° Million
. Million

Million

And, by 2018, there will be
over 10 billion
mobile-connected devices,
including machine-to-machine
(M2M) modules, exceeding

the predicted world population
of 7.6 billion people

(1.4 mobile devices per capita.)

2009 2010 201 2012 2013 2014 2015

Transmission medium

Basic parts of wireless communication link

Mobile networks download speed comparison

B Theoretical Maximum Download
Speeds (Mbps)

mTypical Real World Download
Speeds (Mbps)

150
4G-LTE F
14
e F
d 42

Advance

Produced by 4G.co.uk.




WiFI Communication

AU

| v
M

H

Scheme of transmitting and receiving radio signal with multiple
antennas

LR N J
LN

Av4 N
—» OMOD —>
Y Y
— OMOD —>
3 - | ODEMOD
o o and | O
o o |Separation| o
] [ :
—»{ OMOD \\ / >
(@)

Co —» —> Ip
¢ —» —» I
o} O
o | IFFT » P —» —» xF » FFT |
o o)
CN-1—™ > I'n-1

OFDM modulator
(b)

O\
O

(c)

OFDM demodulator

a) Basic principle of MIMO-OFDM system (OMOD is a OFDM
modulator, while ODEMOD means demodulator); b) single-
antenna OFDM modulator and demodulator; c) adding the CP



WiFI Communication

Various examples of anaglyph glasses

HARDWARE.INFO :

Passive (left) and active (right) shutter glasses.

aoogos— PATTERN SELECTION
«—+—SPECIAL EFFECTS GEN.

SPECIAL EFFECT AMPLIFIER
/ ELECTRONIC SWITCH

CAM1
CAM 2
CAM3

EFFECTS KEY

EFFECT A i
MIXER AMP [Tng | PREVIEW
EFFEE:: ! A monmor|l * " ImonITOR
. —
' | SYNC
MIX B ; o --!, ]
[ADDER|
PROGRAM ] 0/P AMP
PREVIEW ' I
SWITCHING PN LIPS,
POINTS MASTER T SYSTEM

CONTROL {‘I—T—I—J—I—I—_‘Eﬂ—" OUTPUT
SWITCHER “-=-1--b-—l-d -l
. E

@
-5

SN
512
REMOTE

Principle scheme of video switcher



System Integ

ration

ON BOARD OF ROBOT

4 SDI| cameras
SDI
i | i |

& O <~ < Radio Transmitters

.))) .))) .))) .)))

5.1 GHz, MIMO,
OFDM transmission

CONTROL ROOM

- e

2 cameras'
stream

3D
HDMI

| ] | | Radio Receivem

1 camera

PC with LabVIEW
and OpenCV

y

Video Switcher

HDMI

\_

| I | I DISPLAYS

/

General scheme of the machine vision system




3D Vision

Video with Embedded Audio L@ SD/HD/3G-SDI

SD/MD/3G-SDI ceive 3D N
input 1 O | SP! Receer M app? (e HDMI HDMI .42 Output
Processing | Avd©0 Transmitter migm
SDMHD/3G-SDI .
npat 2 @— SDI Receiver |——» ,
. ___________________&
LOCK LED
Audio (+) 2-Channel
i Analog Audio Red: Lock to HD-SDI
ussPort (+) Monitor Output | Green: Lock to SD-SDI SD/HD/3G-SDI
(connect to PC or Mac) Amber: Lock to 3G * Output
Selects 8 o 10-bit Video -
and other Functions SD/HD/3G-SDI
Input 1 BNC 3[L;3rtc;c}nnector
General block scheme of 3D converter
2 Channel
snﬂggg-a?% Unbalanced
Analog
Audio
uUse —p» AUDO (RCA Jacks)
Port ]
+51020VDC P R
Power

Design of platform for cameras

Input Note: support for 3G not present

—this will be a feature in a future firmware release.

Appearance of AJA Hi5-3D converter



Pattern Recognition & Machine Vision

Level 4

Blurand %1/16 resolution
subsample P | Leveld
Blur and 1/8 resolution
subsample | &= Level 2

1/4 resolution

Blur and
subsample
Level 1
| d 1/2 resolution
Image Image Image Blur an
G . . subsample
Acquisition f§ Processing Analysis

Level 0
__ Original
e image

Basic algorithm

Gaussian pyramid



LabVIEW Interface

!‘L C:MPictures\pidurdﬁ.png}‘"ﬂ“

l]mageNurmaI]m

EG rayscale (U8) «
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n "Lil-

Algorithm

Image

Template Image
ROI Descriptor
Parameters

error in (no error) .
AdV anc Ed o pt| O NS CEmm

Image (duplicate)
Matches (pixel)

: Matches (real-world)
i L— Number of Matches
b error cut

Creation of grayscale image in LabVIEW

Image Pixels (U8)
Image B Image Pixels (116)
Optional Rectangle = l “=Image Pixels (Float)

error in (no error)

error out
Image Pixels (U16)

Match pattern block in LabVIEW

£3 Untitled 1 Block Diagr. sl B 13 Untitied 1 Front Panel+ | = | B | &
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DLL example in LabVIEW



Pattern Recognition.

Warm Cool

Directional lightning ~ Color wheel with warm and cold colors

m i H g RED
MAGENTA
A

YELLOW

GREEN

CYAN

B

BLUE
RGB model (a — color coordinate system;

Defining region and edge pixels
b — color, which is got by values)

» out

CMOS imager sensor general scheme

254

255

165

Grayscale (8-bit depth) image representation



Pattern Recognition

Magenta

(1,0,0) "=+~
Red -

RGB model (left part) and HSV model (right part)

V =max{R,G,B}

S

max—min

max

1

6

1

6 max—min

2+

1

6

|

G-B

B-R

R-G

max— min

max—min

|

if R = max

)JG=mM
if B =max



Pattern Recognition

Image after finding the exact color range inH, S, V

Gradient
voting =

Norm& _|
Clipping

L

-
l‘*

Magnitude Gaussian Smoothjng

Cell

¥

S—
Block %

vlele| ™2 ]a
vleldle|wlylely
wlnlelv|w]v]e s

el lelel®

L1l3L

Pixels’ orientation in a cell

—_—

Votes trilinear interpolation

Spatal cell
nterpolation

+

Vioting pixel — @ ® @

Onentaton
nterpolation

c2 C3 C4

Histogram of Oriented Gradients

Main steps of HOG



Pattern Recognition & Machine Vision

Left — source grayscale image; Right — image with detected edges



Toxic Hazard




Danger!
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High Voltage!
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Neck



Neck

Includes:

« Pan & Tilt Head

« Joystick Control (Proportic
= 25' CATE Cable

12V Power Supply



Pan and tilt layout

ArtbotiX ﬁ)s LAYOUT: ARK \

N

Dynamixel actuator
#1 <1

“-»! pan_tiltino je—f——f———»{serial_nodele—————] joy_node jg----==srszeneen- --{  Joystick

Dynamixel actuator
#2

o /




Connections

4P Connector

4 Pin Cable

Pin No.

Signal

Pin Figure

GND

12V

DATA + (RS-485)

&N |-

[eeee]

DATA - (RS-485)

to servo motors

8t

Servo bus

N

= USB to computer

——

12V

PIN#2: +

round
PIN#1: - I—E—




RQT Graph - ROS code

joy_neck

/motor_states/pan_tilt_port

|

|

|

|

|

|

1 /—1"‘_1—//—7

|

: Lo dynamixel_manager
| oy_neck |
|

|

(3
/dynamixel_manager




Lidar



Main computer

- [ rviz_1493378721722094072 | |

Robot computer

5 hokuyo_node ) rviz_1493378721722094072
i —_E’C_QD_, / osout rosout ~ 2DPoseEstimate 2DNavGoal @ PublishPoint & =,

/hokuyo_node ) | | /rosout ;

¥ ~. LaserScan &
v v Status: Ok
v~ Topic 249 messages received
¥ Transform... Transform OK
v~ Points
Topic /scan
Unreliable Y
Selectable [
Style Points
Size (Pixels) 5
Alpha 1
Decay Time 0

Position Transfo... XYZ
Color Transformer Intensity

Queue Size 10

Channel Name intensity

Use rainbow &

Invert Rainbow

Min Color Ho; 0,0

Max Color [ 255; 255; 255
Autocompute In... &

Min Intensity 0

Max Intensity 4096

» ). Axes



Fars and Voice
recognition



Ears - Audio stream layout.

y

Headphones

L

Caontrol Room

€ -{----1 audio_play

=
/ROS LAYOUT: ARK \

{audio_capture} ----- - - 3Dio

Ears - RQT Graph.

J L J

. Robot computer

audio_capture




Voice Command RQT Graph.

Main Computer

recognizer voice_cmd_vel

ecognizer/outpub@e_cde—h /cmd_vel

—————————————————————————————————————————————————————————————————————————————




Control Station



Control Station
*2 \\1/,
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Contacts:

Llappeenranta University of Technology,
Laboratory of Intelligent Machines,

Hamid Roozbahani,

namid.roozbahani@|ut.fi
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