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Summary
A review of pHRI/HRC research in the last decade at DIAG Sapienza

= Safe control of physical Human-Robot Interaction/Collaboration (pHRI/HRC)
= safety standards, types of collaborative operation, and control architecture
= Coexistence
= human and robot actively sharing the same workspace
= coordinated actions without contacts
= Safety
= detecting/isolating contacts and unexpected collisions in the presence of humans
= reacting promptly in a safe mode
= Collaboration
= |ocalization of physical interaction
= estimation of exchanged forces between human and robot
= robot control (admittance, force, impedance, hybrid force-velocity) for collaboration
= |mplementation
= on lightweight/research robots
= on standard industrial robots
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Basic safety-related control problems in pHRI

Handling of collisions and intentional contacts

collision detection/isolation and reaction
(without the use of external sensing)

workspace monitoring
for continuous
collision avoidance
(while the task is running)

estimation and control
of intentional forces
exchanged at the contact
(without or with a F/T sensor)
for human-robot collaboration
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Human-robot collaborative operation
Definition according to the current standard ISO 10218

- 1ISO 10218-1:2011, clause 3.4

= collaborative operation
State in which purposely designed

Temporal separation = Temporal coincidence

O robots work in direct cooperation
with a human within a defined
P workspace
o ®
§ - Degree of collaboration
Spatial separation Spatial coincidence

1. Once for setting up
(e.g. lead-through teaching)

2. Recurring isolated steps
(e.g. manual gripper tending)

3. Regularly or continuously
(e.g. manual guidance)
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ISO/TS Technical Specification 15066

Complements ISO 10218 standard

©130 2010 - Al rightc recerved

ISOTC 184/SC 2N
Oate: 2010-10-12
ISO/PDTS 15066
190 TC 184/3C /NG

Secretariat 213

Robots and robotic devices — Collaborative robots

Ro2ots ef equipment rodotave — ROdOts coladoratves — Liement compiémentare

for collaborative robots

Design of collaborative work space

Design of collaborative operation

= Minimum separation distance S / maximum robot
speed Ky

- Static (worst case) or dynamic (continuously
computed) limit values

- Safety-rated sensing capabilities
Ergonomics

Waming

Thiz cccument 5 nct an 150 Intematony Standard. R 5 Clsrduted for review and comment. Ris sudject
change without notice 3nd may Nt De referred 10 33 an international Stancard

Recipients of thiz araft are Invited 0 SLOMR, WA thelr comments, NOLAICITON Of 3Ny relevant patent rights of
which they 3re aare and 10 Provide SUDPOrINg doCumentaton

Methods of collaborative working
- Safety-rated monitored stop
- Hand-guiding
- Speed and separation monitoring
Power and force limiting (biomechanical criteria!)

TS = a normative document representing
technical consensus within an ISO committee

Document fype: Technical Specfication
Document sudtype

Document st3ge: (30) Commitiee
Document ianguage: E

D:uSQuzomacroserver
Prodieemp'OOCX2POFISOTCOOCX2POFICOTC SYSTEMBQSRVWEB 100_487\16339785_1.doc STOD
Version 2.1¢

Changing between
« Collaborative / non-collaborative
Different methods of collaboration
Operator controls for different methods,
applications

= Question is subject of debate: What if a robot is
purely collaborative? Must it fulfill all of ISO
10218-1, i.e. also have mode selector, auto /
manual mode, etc.?

latest version ... :2016
(reviewed and confirmed as such in 2019)
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Types of collaborative operation
According to ISO 10218-1, ISO/TS 15066

ISO
10218-1, | Type of collaborative operation
clause

Main means of risk
reduction

No robot motion when
operator is in collaborative
work space

5103  Handguiding Robot motion only through
o (Example: operation as assist device)  direct input of operator

Robot motion only when

Safety-rated monitored stop

5.10.2 (Example: manual loading-station)

Speed and separation monitoring : .
) R separation distance above V < Vmax
5.10.4 (Exarr)ple. replenishing parts minimum separation d>dy,
containers) :
distance

Power and force limiting by inherent

desian or control In contact events, robot can
5.10.5 (Exagmple: ABB VuMi® collaborative only im.part limited static and F<Fo
assembly robot) dynamics forces ‘

[courtesy of ABB]
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Speed and separation monitoring
Worst case analysis: human and robot moving against each other

protective separation distance Sp

space travelled by/due to ...

robot robot human
< before during in the
\ reaction stopping meantime
+ Z, + C + Zg
_ uncertainty intrusion  uncertainty
: robot distance distance
to detection _ sensors (ISO 13855)  sensors
to+ T, +T, Stop Zall | =t o |7
q N LhiS, 1S5iSni € ¢ condition for sufficient
simplifying assumptions \ ) protection at time ¢,
human S, = v, (t)) (T, + T;) ¥
h A0 S > Smeasured (tO) = Sp (tO)

robot S, = v,.(ty) T»
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Speed and separation monitoring

Worst case analysis: human and robot moving against each other

A stop  stopping stopping
issued  begins ends Legend
robot speed, v, g < 0
| ' | = operator speed, v, >0
| 1 — Vs 1 separation distance
o] 1 | |
8 | 1 1 protective separation distance
Q : : : Intrusion distance and
« ! ! ! uncertainty factors
(%2 I 1 1
1 ] ]
| 1 1
| 1 1
| 1 1
I 1 1
0 T T | > .
A : : : time
| 1 1
| 1 1
Q | 1 1
s S(t) | I
% ( ) | 1 1
- | 1 1
L2 | 1 1
© | 1 1
c 1 1 -
(@) 1 1 Sp (tO)
] 1 1
(© 1 1
o |
a 1 - Sp+ S+ S
(] 1
wv 1
1
—C+2Zy+ Z,-
1
> .
0 to  (to+Ty) (to+T, + T)) time
\—Y—J \ )\ Y )\ Y J
application reaction stopping time after robot stop
motion time
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Stopping an LWR arm

Considering its joint compliance

video [Nico Mansfeld, DLR]
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Collision avoidance

Using exteroceptive sensors to monitor robot workspace (ICRA 2010)

= external sensing: stereo-camera, TOF, structured light, depth, laser, presence, ...
placed optimally to minimize occlusions (robot can be removed from images)

KINECT
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Safe human-robot coexistence

Industrial solutions usually waste free space and/or time

https://youtu.be/2ad ol 4el)8

use of Pilz SafetyEye with

Safety certified monitoring of robot motion, definition of Safety zones
tool and standstill supervision

in FP7 EU project X-act [2015]

video

video

commercial video by ABB Robotics
with SafeMove?2 software
using 2 laser scanners [2016]

https://youtu.be/ MVruSKhpHA
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https://youtu.be/2ad_oI_4eJ8
https://youtu.be/_MVruSKhpHA

Safe human-robot coexistence

Many solutions were intended only for occasional proximity

by evaluating in real-time the

severity of a possible collision
MeRLIn @PoliMI) [2014]

protective stop
evasive motion

speed reduction

no special action

3-part video https://youtu.be/dVVvoxDDKT8
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https://youtu.be/dVVvoxDDkT8

A control architecture for physical HRI
Hierarchy of consistent robot behaviors (BioRob 2012)

/ \ Safety is the most important feature of a robot
that has to work close to humans (requires
collision detection and reaction)

. Coexistence is the robot capability of sharing the
Coexistence | workspace with humans (collision avoidance)

Collaboration occurs when the robot performs
complex tasks with direct human coordination
(mostly, with physical interaction)

- WS W E WeSED WeEE WS
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A control architecture for physical HRI
Relation with ISO Standard 10218 and Technical Specification 15066

| LEVEL 1 - Safety-rated monitored stop

°D

P _ore
L%

PFL

ISO 10218-1/2:2011

ISO/TS 15066:2016 &t o gasos
1SO 13849-1 m 1SO 13850
IEC 62061 :‘;"’“""’7"‘:’2‘ 1ISO 13851

for specific satety for safeguard
aspects

SAFETY

Gravity + load

None while operator

No motion in

1/ Safety-rated “>ro while operator
. ) Small or zero § X
monitored stop in CWS compensation only in CWS presence of operator
. E-stop;
As by direct t ! Moti ly b
Small or zero Sy ||i':cu$pera or Enabling device; direc:)oIOZr::oZ iny ut
p Motion input P P

Speed and
separation
monitoring

Safety-rated monitored
distance

As required to
execute application
and maintain min
separation distance

None while operator
in CWS

Contact between
robot and operator
prevented

ax determined by

Power and force
to limit impact
limiting
LLABORA O b
/

Small or zero

Max determined by
RA to limit static
forces

As required by
application

By design or control,
robot cannot impart
excessive force

forces

Coexistence

= collision detection and reaction

= workspace sharing
— with collision avoidance

= coordinated motions & actions
— with/without contact

September 1, 2023
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Collision avoidance working in depth space
Efficient robot-obstacle distance computations in a 2%D space (ICRA 2012)

rc fSy
Pr = —— +C¢
zC
ycfs
Dy = o + ¢y gray areas
zC behind
dp, = z¢ obstacles

no 3D-Cartesian

reconstructlgn or models ¢ cic point /
no need to use : :
> Point of Tnterest P! distances are used, e.g., with

Point Cloud Library (PCL) artificial potentials, for

collision avoidance during motion
Distance or to slow down/stop the robot

Occluded Points

—
-

ga—"

Ohbstacle point

Dy
e S one or two RGB-D
Yo .
e sensors (Kinects)

monitor the robot

[ see also the video workspace @ 300 Hz
https://youtu.be/iapfbAfkiw4 ] with minimal gray areas

™ Camera Center
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https://youtu.be/iapfbAfklw4

Safe human-robot coexistence ZZX

From finalist video at IROS 2013 [+ CUDA parallel computation (IROS 2017)] SAPHARI

SAFE AND AuTONOMOUS
PHysicAL Human- AWARE
ROBOT INTERACTION

video https://youtu.be/plIhYS8E3HFg

2

)

parallel freq (Hz): 195.459
Repulsive velocity parallel: 0.000 °

1 oA B

m distances between robot [control] points and obstacles in depth space at 300Hz
m coexistence through standard collision avoidance algorithms
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https://youtu.be/pIIhY8E3HFg

Safe human-robot coexistence
Collision avoidance in depth space (J. Intell. & Rob. Syst. 2015)

video

m resuming a planned cyclic Cartesian task as soon as possible ...
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https://youtu.be/iapfbAfklw4

Monitoring workspace with two Kinects
... without giving away the depth space computational approach (RA-L 2016)

video
When a single camera is used the robot avoids

occluded points even when generated bK a far https://youtu.be/Wiw_Uj_ ooVl
obstacle; the second camera will avoid t

real-time efficiency
extremely fast also

with 2 devices: 300 Hz rate
(RGB-D camera has 30 fps,
but the KUKA robot works
at 0.5-1 KHz rate)

single camera two cameras

problems solved by the second camera

+ eliminates collision with false, far away “shadow” obstacles

+ reduces to a minimum gray areas, thus detects what is “behind” the robot
+ calibration is done once off-line
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https://youtu.be/WIw_Uj_ooYI

SYMPLEXITY cell for robotized work on metallic surfaces

For abrasive finishing/fluid jet polishing tasks & for human-robot quality assessment

\" SYMPLEXITY H2020 FoF EU project (2015-18)

ABB IRB 4600-60 robot, with A DD two external two internal
integrated SafeMove option el d

certified communication with cell
PLC, using ProfiSAFE protocol

due to the intrinsic risks in the
technological process, only for HR
coexistence during visual check and
measuring phase or for contactless
collaboration

2 external Kinects to recognize
human gestures (e.g., automatic door
opening, ...)

2 internal Kinects (placed at the top
corners of the cabin) for monitoring

human-robot distances SAPIENZA

UNIVERSITA DI ROMA
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CAD model of the robot and equipments/tools/cables
Filtering out the right parts from the depth images

0 X

pixel: OK |

RIS cc Filte ictual: { min Distance Filter
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Safe coexistence in an industrial robotic cell

ABB IRB 4600 operation in an Abrasive Finishing cell with human access

2 simultaneous videos

L L W W B

depth images and GUI
m the robot is moving at max 100 mm/s

m no safety zones were defined in the ABB SafeMove software

m need a risk analysis & a mitigation plan on the two Kinects data and algorithm

— e.g., when the view of one camera is obstructed, safety-certified laser sensors
are used instead to estimate human distance (in a conservative way)

[ see also the video https://youtu.be/qa8l0u9ymLg ]
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https://youtu.be/qa8lOu9ymLg

Coexistence with visual coordination
Robot motion coordinated with the human, avoiding proximity (IROS 2017, RCIM 2021)

video https://youtu.be/SRfpNrZD7k0
Oculus Rift Kinect depth
HMD sensor
l b B Kinect depth sensor
2 for collision avoidance

Human-Head
Localization

}

EE Desired Pose
Task

Moving camera

position error pointing error
<5cm <0.03 rad

m the robot tracks remotely & points to the head of the human (wearing Oculus Rift)

m it reacts so as to keep a safe distance to human and environment obstacles
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https://youtu.be/SRfpNrZD7k0

Visual coordination with Augmented Reality

Multi-sensory operation with collision avoidance

video https://youtu.be/qa8l0Ou9ymlLg

Human-Robot Contactless Collaboration
with Mixed Reality Interface

Maram Khatib, Khaled Al Khudir, Alessandro De Luca

Robotics Lab, DIAG
Sapienza Universita di Roma
January 2020

Robotics and Computer-Integrated Manufacturing, 2021
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https://youtu.be/qa8lOu9ymLg

Safe coexistence and collaboration EZZ

Second part of finalist video at IROS 2013 SAPHARI
video https://youtu.be/plIhYS8E3HFg

Safety,

Coexistence

Collaboration

m collaboration by manual contact force estimation (here, at end-effector only)
m manual guidance without using a F/T sensor — more on this later ...
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https://youtu.be/pIIhY8E3HFg

Collision event pipeline and its control levels
Haddadin, De Luca, Albu-Schaffer: IEEE T-RO 2017

Coexistence Safety Collaboration

Collision event pipeline

q

T -
P . .
- .
ri—

v

Detection Isolation Identification Classification

Commtem

Context J

contaet point X, Text(t) {accidental, intentional },  {stop, slow down,
VFALSE, TRUE} contact link {hight, severe}, retract, reflex control,
i€ {. n} Fext(t) {permanent, ... impedance relaxation,
..., lransient, repetitive},  task relaxation, ...}

Monitoring signals can be generated from sensors or models (signal- or model-based methods)

Context information is needed (or useful) to take the right or most suitable decisions
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Monitoring robot collisions
Applies to rigid and elastic joints, with and without joint torque sensing (IROS 2006)

continue

detection isolation

! G

without external
or contact sensors

deactivate/activate

o = energy-based scalar residual for detection
r = momentum-based vector residual for detection and isolation

September 1, 2023 15t DRIM Summer School 26



Rigid robots
The physics behind the residuals - 1

el M(q)qg+S(q,9)a+9(q)+ flg,q) =7+ 7¢
(with factorization) Coriolis/centrifugal friction joint torques due

to link collision
(anywhere, any time)

total . . ]. - T 5 _ T
robot energy E=T+U;= 5(1 M(Q)Q"'Ug(Q) Tc =Jo(q)Fc
kinetic gravitational
... and its

dynamics E= qT (T+7c— f(q,9))

t
| : .
Si o=k (B- [ @ f@a)o)ds)| ko
0

detection

... but works only when the robot
property »

. OT
& =k T — O o : : .
o (q C ) is in motion (and no isolation)

A. De Luca, A. Albu-Schaffer, S. Haddadin, G. Hirzinger “Collision detection and safe reaction with the
DLR-III lightweight manipulator arm,” IROS 2006
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Energy-based collision detection
Block diagram for the generator of a scalar residual signal (ICRA 2005, IROS 2006)

rigid robot with possible extra torque due to collision

TC

+ff q q
T robot _f

(sc_alar)
g residual
+ . T ) generator
7O——4 (7 - f(4,9)) E

initialization 5(0
of integrator 6(0)
6(0) = E(0) T o
(zero if robot _ ka
starts at rest)

) &=k @19-0)
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Collision detection

Experiment with a 6R robot

A | B (If D | E'
0.5 Ermay b s T R .
_ 7| A N —
E‘ 0 ShOEEr U PR TR PR T PP PP ........./E ...................... ‘v;.‘ib'.'.f.'-?ﬂf.-f T zd oz - v—
5 o
— ¢ - vebeeaens . Nrescsancsand
0.5 I I I I
1 ! ] 1
0.2 o l...?'_:‘-:“‘ -
7y Lf — Zd
E 0 b L . — Yd
= L mE i e
‘N ‘u“-“‘ ‘ 4 -y :

30

robot at rest or moving
under Cartesian impedance control
on a straight horizontal line

(with a F/T sensor at wrist for analysis)

6 phases

A: contact force applied is acting against
motion direction = detection

B: no force applied, with robot at rest

C: force increases gradually, but robot is
at rest = no detection

D: robot starts moving again, with force
being applied = detection

E: robot stands still and a strong force is
applied in z-direction = no detection

F: robot moves, with a z-force applied
~ orthogonal to motion direction =
detection

September 1, 2023

15t DRIM Summer School
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Rigid robots
The physics behind the residuals - 2

dynamic M(q)q+ S(q.9)a +9(a) + f(g,q) =7+ 7¢
(with factorization) Coriolis/centrifugal friction joint torques due

to link collision
(anywhere, any time)

skew-symmetric . _ T
property in _ M(q) = S(q,q) + ST(q, q) 7o =Jo(q)F¢
momentum

dynamics \p =7+710+5(e,9)q—-9(q) — f(q,9)

vector | () = K- (P - /O | (r+S%a,9)a—9(9) — f(g,9) +7) dS)

K, > 0,diagonal

isolation e K (‘r B r) » colliding link = largest index of residual
property — e component exceeding a detection threshold

A. De Luca, R. Mattone “Sensorless robot collision detection and hybrid force/motion control,” ICRA 2005

A. De Luca, A. Albu-Schaffer, S. Haddadin, G. Hirzinger “Collision detection and safe reaction with the
DLR-III lightweight manipulator arm,” IROS 2006
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Momentum-based collision detection and isolation
Block diagram for the generator of a vector residual signal (ICRA 2005, IROS 2006)

(rigid) robot with possible extra torque due to collision
TC

%Cg% robot ! f 1

-
(vector)
residual

+
. — . generator
——Q<{5"(q,9)q — g9(a) - f(a,9)|| p
correct +
Alnltlallzatlon p(0)
p(0) = p(0) * "
— KT

m) =K, (ro)-r)
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Isolation property of link collisions

Experiment with a position-controlled DLR LWR-IIl 7R robot while three links are in motion

i |INm|  w— gy ) = = = ¢, |Nm|]

thresholds

e

cd, = off
Cd2 = ON
collision
) cd; = off
at link 4
40 —
2 T~ s
o \-\'\’-<—: ::::::---Z:’!:l
T -2of ,,./’//— Zl’ |
= O — 7
/'/‘
-sof -
P IR cds = off
100, 05 1 15 2 25
- = =das Cd6 - Off
== =qdis
—_— == =ldi e - e o e e e e e e e e e e e e e e e
z 9 G
= 4
o~ i
~ 0 Cd7 - Off \ 4
-100 o
0 05 1 15 2 25 o 0.5 1 1.5 2 25
t[s] t [ N thresholds
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) Wy g et
Collision detection and reaction
Residual-based experiments on DLR LWR-III (IROS 2006, IROS 2008) “-_En.!

= collision detection & isolation followed by different reaction strategies
= zero-gravity behavior: gravity is always compensated first (by control)

= detection time: 2-3 ms, reaction time: + 1 ms (at 1KHz control rate)

J@:’ —

admittance mode ‘ reflex torque reflex torque
first impact at 60°/s first impact at 90°/s
- KQT ‘ T = KR’P
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Zero gravity operation

Correct or under- and overcompensation

video
http://handbookofrobotics.org/view-chapter/69/videodetails/611 video

WAM Barrett KUKA LWR4 @DLR

/
(Heinzmann, Zelinsky, IJRR 2003) T=T + g(Q) (around 2006)

1

here, only as result of human pushes ...
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Sensitivity to payload changes/uncertainty

Collision detection and isolation after few moves for identification (IROS 2017)

residuals with online estimated
payload after 10 positioning

YA 2 . . .
- ofy e T @"‘ - l 4
- 5
£ -5 ! =
- . w0 NG Z O .
-10 1 o
15 -1 . H - -
0 5 10 15 20 0 5 10 15 20
40 4
_F. :)‘:l » ‘ .E_ ?_
-~
2‘) - - . . ‘ 2‘
0 5 10 15 20 0 5 10 15 20
, AY -
‘ - . | D 5 1 ~
———— < h | E, 0 R @ A Z_ ok B [ AA W
Fast Research Interface: Using initialization file “D:\Kuka_softwvare\Fast_resen > o !
ch_interface lib\FRILibrary\etc\980039-FRI-Driver.init". 05}
IP 192.168.08.1080 ~ Port 49;38
it s e o e e i
169. «.53.1 - Port - 4 - P
IP 169.254.50.251 ~ Port 49938 0 5 10 15 20 0 5 10 15 20
Progran is going to stop the robot. time [s)
Restarting the joint position control scheme. 10 . . . e
CycleTine: 0. 088 -
= 5 1
Please, mount the payload/tool; press [ENTER] when it is mounted % /-‘ ~ ~ by KUKA
~ 0 - s b AN estimated without friction
5
0 5 10 15 20
time [s)

three collisions (link 6 -» 5 - 5) detected & isolated
video  https://youtu.be/fNP6smdp7aE by the residuals when exceeding their thresholds
(6 Nm for first 4 joints, 2 Nm for last 3)
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https://youtu.be/fNP6smdp7aE

Collision reaction

Portfolio of possible robot reactions

residual amplitude & severity level of collision

Reaction

Preserve

Cartesian path
(time scaling)

all transitions are
controlled by Cartesian trajectory

suitable thresholds (use of redundancy)
on the residuals

Task
relaxation
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Collision reaction
Some examples (IROS 2008)

= without external sensing
= jmplementation using joint torque sensing (not strictly needed)

video video

= “volunteer” is Sami Haddadin = manipulator is position-controlled on a

(a master student at that time...) geometric path

m timing slows down, stops, possibly reverses
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Use of kinematic redundancy in pHRI

Robot reaction to collisions, in parallel with execution of original task

= collision detection = robot reacts so to preserve as much as possible (if possible)
the execution of a planned task trajectory, e.g., for the end effector

q) (q T0.

N
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Use of kinematic redundancy

Robot reaction to extra contacts, in parallel with execution of original task (IROS 2017)

Human-Robot Coexistence and
Contact Handling with Redundant Robots

Emanuele Magrini Alessandro De Luca

Robotics Lab, DIAG
Sapienza Universita di Roma

February 2017

idle © & abort

September 1, 2023
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https://youtu.be/q4PZKE-kgc0

Sources of joint elasticity
Harmonic Drives in the DLR-KUKA LWR series of lightweight collaborative robots

Link Position Sensor | g

Cross Roller Bearing

Power Converter Unit

Joint- and Motorcontroller Board

Power Supply

)/

T = K(O — q) Torque Sensor |
with digital interface
HarmonicDrivel
Gear Unit L
DLR RoboDrive with
source of Safety Brake and
joint elasticity @ | Position Sensor |
= Harmonic Drives Carbon Fibre

o bot link
= transmission belts and cables bt

= Jong shafts

= cycloidal gears

= Serial Elastic Actuators (SEA)

= \Variable Stiffness Actuators (VSA)
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Robots with elastic joints

Dynamic model and physical properties

dynamic model [ A (g)g + S(q. q)g + — T 4T link
lwith Spong. (@)a+S(q,9)a+9(@) =T1s+7c " = K(6—q)
simplifying a : _ motor o i
assumption) M6+ fn(g @) +77 =7 equation joint elastic

motor friction (dominant) torque

generalized momentum

p= ( p, ) _ ( M (q)q ) P, = M (q)q (= p of the rigid case) «

Py M.,0 Po=T—Ts— Ful(a,q)
total Epy = Tq +Im+Ug+ Ue . elastic energy
robot energy _ = qTM(q)q 4 = 0 Mmé + Ug(q) + 5 (0 . q)TK(O . q)

E,=T,+ U, (= FE of the rigid case) «

Ep;=¢'1c+ QT(T - f(q,9))

A. De Luca, W. Book “Robot with flexible elements” Chapter 11 in B. Siciliano, O. Khatib (Eds.)
Springer Handbook of Robotics, 2016
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Robots with elastic joints

Link collisions — alternatives for vector and scalar residuals

res(t) = K, (pq TJ +5%(q,q)g — g(q) + "’EJ) ds )
res(t) = K, (pq K6 —q)+S"(q,4)q —9(q) +TE)) ds)
res(t) = (Pq + Py — /0 (7 + S8™a,q)qa — g(q) — fn(a,q) +7E)) ds)

ops(t) = ks (Eq = /0 t (@"Ts+oEy) ds)

ks (Eq - /0 t (¢"K(6 — q) + ozy) dS) —

o EJ(t)

oEs(t) = ko (EEJ = /Ot (9T(T —fm(q,9) + UEJ) dS)

no need of joint
torque sensors
(best for SEA!)

—

detection
and isolation

property

— 1y =K, (Tc —TE)

no use of

44— joint stiffness

(good also for VSA!)

- 65 = ko (@' T — 0BJ)

detection only
(with robot

—

in motion)
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Link collisions

Experiments on a Neura LARA 5 cobot (rigid model, no joint torque sensors)

collision detection

Q

%
-

= scalar and vector residuals 0 and 7 can also be used together to improve thresholding
performance in avoiding false positive or false negative collision events

D. Zurlo, T. Heitmann, M. Morlock, A. De Luca “Collision detection and contact point estimation using virtual
joint torque sensing applied to a cobot,” ICRA 2023
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Reduced-order velocity observer for rigid robots

Avoiding numerical differentiation of encoder positions

= to be used in output feedback control laws and for collision detection/isolation
" nice to have the same first-order structure of momentum-based residual
= should work in closed-loop or open-loop mode (with possibly unbounded velocity)

M(q)z =1 —S(q,9)q—9(q) — f(a,a) — ko M(q)q

A

q=z+kyq

Theorem 1. Assume that ||q|| £ vy,q4 is known. Then, for any fixed n > 0, by choosing

ko = (coVmax + 1)/ Amin(M(q))
we obtain local exponential stability of the observation errore = g — ¢
with a region of attraction E(n).

= faster convergence than with full-order observer (e.g., Nicosia-Tomei IEEE T-AC 1990)
= robust with respect to noisy measurements and model uncertainties

A. Cristofaro, A. De Luca “Reduced-order observer design for robot manipulators,” IEEE Control
Systems Letters, vol. 7, pp. 520-525, 2023
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Use of position-based residual for collisions

Experiments on a KUKA LWR4 with momentum-based residual using the velocity observer

observer (OBS)

differentiation (ND)

SR . dnemeet  m numerical differentiation vs. observer
oo iZ | —— = 6 link collisions in sequence (over 30 s):
pEs—— S * ; L4 (twice, ) = L5 (twice, ) = L2 (twice, *)
N M .
- = = = both methods detect collisions correctly
| i ! = ND has two false isolations (#5 and #6)
y : = OBS isolates the colliding link correctly
35 6 ;s 5 135 3 .d
video only first 5 residuals are shown (out of 7)
25 Residual: 1-st component %0 Residual: 2-nd component, 10 Residual: 3-rd component 15 Residual: 4-th component 5 Flesiduf 5-th component
V'
20 - 30 1 . |x 10 \/ x 15
By 20 g 5 | 1h
o 10 0 =T} "l 0 —
5 . ' ‘ | ! i _11“ _Jl
0 ’ 0 -—I o 5 -5 0
5 v -10 -10 ‘ I x 0.5
| . ] N . a
2 1-st zz 2-nd J 10 i : 3-rd 15 4-th 5 V,.. 5-th
| R A oo
1 5 4 §
OMF\T"— 0 [ : L"o._/‘L.F‘tT\—l" 0 o —t=
¢ | . . ? | 05
-20 . "/ . -6 -15 . . 15 . ‘/ .
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Enhanced collision detection & identification
DLR SARA 7R robot with joint torque, base F/T and end-effector F/T sensors (ICRA 2021)

= extended momentum-based residual, exploiting redundancy of sensing system
= handles multiple contacts, singularities, and external force/torque estimation

video

seeea

Multiple contacts (dynamic)
I Identification and localization of multiple contacts along the structure

4

M. Iskandar, O. Eiberger, A. Albu-Schaffer, A. De Luca, A. Dietrich, “Collision detection and localization
for the DLR SARA robot with sensing redundancy,” ICRA 2021 Best HRI Paper Award Finalist
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Collision or collaboration?

Distinguishing hard/accidental collisions and soft/intentional contacts

= using suitable low and high bandwidths for "5V for generic j-th joint
the residuals (first-order stable filters) feut,H > feut.L

1
r=K,(tc—r)
. . . Intentional Not detected
= thresholds prevent false collision detections
rL
u >

collision: stop & float & contact: collaborate

frul.l,.j f('u!.ll.j f
0
-0
= 20
%-ao
= a0
= | | L |
T T T T T —I—-I T T TR
= oA x by =TI
| | | | | I | ==TH
| it Stetend minieniey ety St aubenienie St (R DV,
_80 I I i I I 1 I ot}
5 10 15 20 25 30 35 40
15 T T T T T T T T
| | | | | | | |
| | | | I | I I
br=d=———4—— g — e — o ——— 4 —]
| | | | | | | |
S S 1
= osp—A———F b b == — - i
S | | | | | | | | . .
RN I e intentional
0 3
| | | | | | I | :
| | | | | | | | ‘.)“
_05 1 1 | 1 1 1 1 1
0 5 10 15 20 25 30 35 40
lime [s]

video
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Distance and contact estimation

Combining Kinect, CAD model, distance computation, and residual to localize contact

parallel GPU computation on CUDA framework: distances between all robot points
in virtual depth image and all obstacle points in filtered depth image (IROS 2017)
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Force estimation for collaboration

Combining internal model and external sensing

= task
= |localize (in the least invasive way) points on robot surface where contacts occur
= estimate exchanged Cartesian forces
= control the robot to react to these forces according to a desired behavior

= solution idea

= model-based residuals to detect contact, isolate colliding link, and identify the
joint torques associated to the external contact force

= depth sensor to classify human part in contact with the robot and localize the
contact point on the robot structure (and the contact Jacobian)

= solve a linear set of equations with the residuals, i.e., filtered estimates of joint
torques resulting from contact forces/moments applied (anywhere) to the robot

F. #
) - ) P\ 2 (M > = (ﬁ(q)) r
r~T.r=dJ,.(q)T,. = ( J; (q) J, .(q) ) Y ’
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Validation of virtual force sensor
Experiments in static conditions with the KUKA LWR 4

= evaluation of estimated contact force

10
o=xi [ S SN S S A R
. - # - . | A
F.= (@) e s o e e e
s (N e A A S A
B e e e T e e
= estimation accuracy was initially tested using £ nom—le s T =T T T"’TF
known masses in known positions — —
. . . . | |
= asingle mass hung either on link 4 or on link 7, = | I
to emulate a single (point-wise) contact g i
o z
using J . using J . = J|———‘
Link # | Mass F. F. Deviation F. Deviation ; .
4 1.93 -1893 | -18.75 0.95% -4.46 76.43% T
7 1.93 -18.93 | -18.91 0.1% -18.82 0.58% — |
Z. |
L=} _{___-
@
= amass hungon link 7, and then a second on 5 | S
. J A ]
link 4 to emulate a double contact ro 1 |
2 3 . 4 5 6 7 8
Time [s]
Link # | Mass F. F. Deviation
4 2.03 -1991 | -19.43 2.41% case of two masses
7 193 | -1893 | -19.04 | 0.58%
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Control based on contact force estimation
Used within an admittance control scheme (IROS 2014)

video http://youtu.be/Yc5FoRGJsrc

¥

Estimation of Contact Forces
using a Virtual Force Sensor

Emanuele Magrini, Fabrizio Flacco, Alessandro De Luca

Dipartimento di Ingegneria Informatica, Automatica
e Gestionale, Sapienza Universita di Roma

February 2014

September 1, 2023 15t DRIM Summer School 51


http://youtu.be/Yc5FoRGJsrc

Further validation of virtual force sensor

In static and dynamic conditions, using a hand-held F/T sensor (February 2019)

= comparing the F/T ground truth
contact force measure with its
residual-based estimation

» with robot at rest (pushing)

" in robot motion (hitting)

video

Emanuele Magrini PhD thesis

video
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A closer analysis of contact force estimation

Which force components are being estimated? Do we really need external sensing?

= asimple 3R planar case, with contact on different links

be the residual r
Fs .
Yo is a vector of
dimension 3
xo
rank{J. }=1 rank { J.o } =2 rank { J.3 } =2
- only normal force to link, full force on link, full force on link, even
F; if contact point is known if contact point is known without knowing contact
(1 informative residual signal) (2 informative residuals) (3 informative residuals)

= forces Fr € N(J}(q)) will never be recovered (even with known contact)
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Estimation of the contact force

Sometimes, even without external sensing (T-RO 2017)

= if contact is sufficiently “down” the kinematic chain (> 6 residuals are available),
estimation of pure contact forces needs no external information ...

54
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Collaboration control

Use of the estimate of external contact force for control (e.g., on a Kuka LWR)

= shaping the robot dynamic behavior in specific collaborative tasks with humans
" joint carrying of a load, holding a part in place, whole arm force manipulation, ...

= robot motion controlled by
= admittance control law (in velocity FRI mode)

= force, impedance or hybrid force-velocity control laws (in torque FRI mode)
all implemented at contact level

= e.g., admittance control law using the estimated contact force
= the scheme is realized at the single (or first) contact point
= desired velocity of contact point taken proportional to (estimated) contact force

pc‘::KaFaa K,=Fk1>0
Fa - F0+K13(p(l _pc)7 Kp — ka > 0

N initial contact point position when interaction begins
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Impedance-based control of interaction

Reaction to contact forces by generalized impedance —at different levels

consider a fully rigid robot

T

¥
xﬁ

g,

Joint impedance Cartesian impedance
needs joint torque sensors needs F/T sensor

Contact point impedance
without force/torque sensing, by estimation of the contact force
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Control of generalized impedance ZZX

Human-robot collaboration at the contact level (ICRA 2015) SAPHARI
natural (unchanged) robot inertia aE’ihe contact assigned robot inertia at the contact
M, = (JCM“JZ’) with different desired masses along X, Y, Z

5 b g

2-part video https://youtu.be/NHn2cwSyCCo

contact force estimates are used here contact force estimates used explicitly in
only to detect and localize contact control law to modify robot inertia at the contact
for starting a collaboration phase (M, x = 20, My = 3, My, = 10 [kg])
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Contact force regulation with virtual force sensing

Human-robot collaboration in torque control mode (ICRA 2015)

—actual — desired
3 4 5 6 74
Time [s]

ICRA 2015 trailer (at 3'26"): https://youtu.be/gINHg7MpCGS8 (IT); https://youtu.be/OM 1F33fcWk (EN)
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Control of generalized contact force Ei

Task-compatible force control scheme (ICRA 2015) SAPHARI

SAFE AND AuTONOMOUS
PHysicAL Human- AWARE
ROBOT INTERACTION

regulation of the norm of the contact force along the instantaneous direction of
the estimated contact force

- -

F, F F. .
Fy,=10—== Fu;,=15—=% F,;.=1—4* o |IF,1l=15[N
i | Fe|l’ Y |Fe|l’ &* | F.|l d NI

in static conditions, the control law is able to regulate the contact force exactly

. / ,
.".' o}~ Se — -~ . / | — V\‘-e»_ fote Shugg
?‘1‘:/"“*’_'1‘;’*‘{’"‘\:! | 4 \ﬁffr
s e e | task-compatible control of contact force
fe s https://youtu.be/2X1e2PxwUKo
September 1, 2023 15t DRIM Summer School
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https://youtu.be/2X1e2PxwUKo

Collaboration control
Hybrid force/velocity control scheme (ICRA 2016)

= it allows to control both contact force and motion at
the contact in two mutually independent sub-spaces

= extends at the contact level a hybrid force/velocity
control law, with the orientation of contact task
frame being determined instantaneously

= task frame is obtained by a rotation matrix R, such
that 2, is aligned with the estimated contact force

th[uvw]zluv E(]
| Fc|

= after feedback linearization with 7 = Ma + n — JCTI?‘C , the acceleration command is
a=JFM; (Ria. + My(R'&. — J.q)) + P

= complete decoupling between force control and velocity control can be achieved by
choosing the new auxiliary control input @, using directional selection matrices as

aCZSJgﬂf—l—SiD
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Collaboration control
Hybrid force/velocity control at contact level (IROS 2016)

= desired contact force along the X direction
regulated to F'; = 15[N]

= desired velocity/acceleration to perform a
circle in the vertical YZ plane

[ wp sin wt ] . [ w?p coswt ]
yd — Vd —
wp coswi

—w?p sinwt

Z video

1 1 I
o ) 10 15 20 25 ki) 35

Error [m/s]

Poye[m)] o] B2 -015 -O.Ip ["-‘(]).05 0 502
u.c

= 7 cm of motion in the force-controlled direction
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Scenario for HRC in manual polishing
H2020 SYMPLEXITY project: Preparing a metallic part for a laser polishing machine

calibration ‘¢

1
Ethernet | | receiver node | Socket TCP/IP distance
¢ : (C++ code) computation

l n: UR10 1 with Kinect
|

| Host PC (C++ code)
dcmd :
1

Ethernet

robot controller

: C++ code
| ( ) slow down / stop signal

digital I/O

LP machine
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Scenario for HRC in manual polishing

Distinguishing different contact forces (with F/T sensor)

contact force at unknown location
- not measurable by the F/T sensor
Y/ *\\\ — possibly applied by the human while

N W) manipulating the work piece held by robot
‘ . ' . .
C e g — contact Jacobian is not known
F/T sensor /‘U.K?ﬂyf
;g.'\‘ < NI,
/ f s’ (4
/ /’ T v
L Je?‘]e | A

Force/Torque (F/T) sensor at wrist
— manual polishing force is measured
— end-effector Jacobian is known
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Handling multiple contacts

Dynamic model and residual computation using also the F/T sensor

robot dynamic model takes the form

M(q)g+ S(q,q4)a+g(q) =7+ J.(q)F.+ J.(q)F.

joint torques resulting from different contacts

(measured) at the end-effector level at a generic point along the structure

r.=Jl(q)F. me=Je(@)F

monitor the robot generalized momentum p = M (q)q

(model-based) residual vector signal to detect and isolate the generic contacts

r(t) = K; (p— /Ot (ST(q,q)qa —g(q) + T+— r) ds)

K; — oo (sufficiently large) = »r ~ T,
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HR collaboration with UR10 robot

Experimental results (Mechatronics 2018)

%j STYMPLEXITY
~3

video https://youtu.be/bjZbmlAclYk

%

A Model-Based Residual Approach
for Human-Robot Collaboration
during Manual Polishing Operations

Claudio Gaz, Emanuele Magrini, Alessandro De Luca

Dipartimento di Ingegneria Informatica, Automatica
e Gestionale, Sapienza Universita di Roma

May 2017

with F/T sensor, using our residual method
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HR collaboration with UR10 robot

Analysis of the experimental results (separating F/T measures from residuals)

both forces at the same time ... in all cases, no linear motion of EE position!
40 o 1.2 L) T Il I’J I 8 1)')1 1)_1] T L)
20 1
g 0 % 08
g -20 § 06
':2 -40 :’é 041
=
= _gp S 0.2
-80 or
_100 LB 1 I - AL I L A L _02 ' L 1 L 1 A 1 i
0 5 10 15 0 25 30 35 40 45 0 5 10 15 25)‘ 25 30 35 40
lishi Time [s] extra body force detected ...  Time [s]
polishing A& ... Joints move accordingly
— 20 T T T T 3 T < T T T T
:2_ 15} = 2 L
= 1o} = —_—
LL m \ = 1} REEY o —
E of
= ' Z 0
A A
= st U =7 Y
= 2 — ——\
% 10} > -2 \ /T \—H
e : X : i M«n D \JB N G
—150 5 10 15 20 25 30 —=25— A0 “—3- 10 15 20 25 30 35 40
Time |s] Time |[s]

... no joint motion ... joints move due to extra body force only
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HRC under a closed control architecture

KUKA KR5 Sixx R650 robot
- . e ‘
. 9d 9d ' Ud /2 ‘ f)
q, > —> — —> —> 4

¥ 2 vq

= |ow-level motor control laws not known and not accessible | " ' ' ll ' ' l' '
= user programs based on exteroceptive sensors (vision, Kinect, =1 ™ ¥ i § A ¥ T8
F/T sensor) implemented on external PC and communicate via

RSI (RobotSensorinterface) with KUKA controller every 12 ms 'MM

= available robot measures: joint positions (by encoders) and

(absolute value of) applied motor currents (e< motor torques) ’MM

= the only user commands for the controller are velocity or LONE SO e

position references in joint (or Cartesian) space typical motor currents

on first three joints
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Distinguish accidental collisions from intentional contacts
... and then either stop or start to collaborate (ICRA 2013)

video http://youtu.be/18RsAxkf7kk

motors current high pass fillering

using high-pass and low-pass filtering of motor currents
— here collaboration mode is manual guidance of the robot
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Combining motor currents and F/T sensor data
Enhanced flexible interaction by filtering, thresholding, merging signals (ICRA 2019)

2-part video
https://youtu.be/SfZcG1Y713w

interaction may occur
at the end-effector,
on the robot body, or on both
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Dynamic modeling of KUKA KR5 Sixx R650

Using a method to identify the (unknown) signs of measured motor currents (I-RIM 2021)

simulation test

s [N
7e [Nm)

39/39 segments
of motor currents ! L
0 2 4 6 8 10 12
correctly handled yv—

(assign right +/-)

10 12
" jdentify signs of motor currents by means of a Tree QI-RIM 1
Penalty-Based Parameter Retrieval algorithm Best Student Paper Award
identification of Robot Z{B‘:::.? J;og:g:gto«
" use the method in experimental identification of e —
robot dynamic model, followed by validation tests
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Collision detection and isolation
Even on a KUKA KR5 Sixx R650 with closed control architecture (in 2022)

Omoa () = kg j RTYT (Y ()R — T ()T(S) — Oynoa ()] d
0

Dynamic Identification
and Collision Detection/Isolation of Robots
From Motor Currents/Torques with Unknown Signs

Claudio Gaz, Marco Pennese, Marco Capotondi, Valerio Modugno, Alessandro De Luca

Robotics Lab, DIAG
Sapienza Universita di Roma

March 2022

video

use of extra residual for motor currents of a priori unknown signs
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Conclusions

Take-home messages

= safe human-robot coexistence and collaboration, based on a hierarchy of
consistent, controlled behaviors of the robot

(sensorless) collision detection and reaction with model-based residuals
= extended to multiple robot types: UAVs, humanoids, flexible link robots, ...

real-time collision avoidance based on data processed in depth space
distinguishing intentional/soft contacts from accidental/hard collisions
estimation of contact force and location, by combining inner/outer sensing

“control bricks” for collaborative tasks
= admittance/impedance/force/hybrid laws, generalized at the contact level

useful behaviors can be obtained also with limited model information

" many interesting research problems not covered (or ahead)

human motion and intention prediction, merging models and data
integration with Al-based cognitive HRI modules to increase robustness
use of residuals for continuum soft robots, especially for interaction control
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