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Motivation

Robot’s tasks
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Collection of scientific samples
Exploration of extreme environments
Gathering of environmental data
Safe and Rescue missions
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Different terrains

Optimal
locomotion
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° Classical Robotic systems

Limited traversability
Single purpose
Multirobot coordination

l

Multimodal Robots

Higher traversability
Multipurpose machines
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The  PACE
OBOTICS
2 AB

Climbing locomotion

LIMBERO-GRIEEL

. [ Wheel mode |

| Gripper mode |

Multilimbed Multimodal
gripper-wheel mobile robot

* Wheeled locomotion
* Climbing locomotion
« Walking locomotion
« Manipulation
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LIMBERO-GRIEEL

Hardware Description

Limb DOFs

driving

Joint #1 4

g
Tether

wristH

W2G

Body

7 Degrees of freedom (DOFs)
+ Locking motor

G2W

Gripper Mode

Wheel Mode
wristH = 1t wristH = 0
wristV = 1t/2 wristV = 0
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LIMBERO-GRIEEL

Software Description (D Teorcs

ROS 2 communication and
control infrastructure

ROS2

——
|:0 ~—L if REAL ROBOT '—J
0

if SIMULATION

prm— « Multilayered architecture
|mulat|on
« Modular

\ \ « Reusable

« Computationally efficient
JTC "”—TC‘ W (C++ based)

» Debugging/Visualization tools
(Rviz2, Plotjuggler)

Ibr_state_estimator Ibr_sim —'| joint_trajectory_controller |

% (
H —i—-| LF/Ibr_indipendent_joint_controller |—
—i"| LH/Ibr_indipendent_joint_controller |-

O _i"lRHIlbr_IncleendentJoInt_controllerl—

LRl L e : RFIIbr_Indeendent_loInt_controller|‘I

IjC

Ibr_high_level_controller

DYC

if SIMULATION I LF/lbr_dynamixel_controller 3

—\ I LH/lIbr_dynamixel_controller 3
if REAL ROBOi O i

|IRI-IIIbr_dynamlxel_controller 3

—‘—" LF/Ibr_limb_controller

—'—-l LH/Ibr_limb_controller

Ibr_low_level_controller

—._. | RH/Ibr_limb_controller

I
|
|
!
|
J
|
J

_é_, | RF/Ibr_limb_controller

IRFIIbr_dynamlxel_controller ]
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Simulation: ROS 2 - Gazebo Classic Q ety
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ROS 2 components implementation
Preliminary communication testing
High-Level algorithms testing
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LIMBERO-GRIEEL
Simulation: ROS 2 - Gazebo Harmonic it

= GazeboSim i

T S - -
« Advanced motion testing

Interact  MoveCamera  CSelect  4FocusCamera  ~Measure »

e » Improve sim-to-real reliability
— * New joint-controllers implementation

=  Gazebo Sim :

Time : File Panels Help
ROS Time: .20 ROS Elapsed: 3.19 Wall Time: 0.69 Wall Elapsed: 3.08 Experimental

&interact #Move Camera iSelect Focus Camera Measure »

Reset afps

=  GazeboSim

Panels Help

Interact  vMoveCamera  CiSelect  4FocusCamera  ~Measure

- Views
Type: Orbit (rvis »  Zero
~ Curren... Orbit (rvi...

Nea... 0.01
Inve

Targ... <Fixed Fra
Dist... 1.30748

Foc... 0.05
Foc
Yaw 494739
Pitch 0.634796
» Foc... -0.001170,

© Time o
ROS Time: .26 ROS Elapsed: .54 Wall Time: .62 Wall Elapsed: .94 Experimental
3fps

Reset

sun

v
.
> o, LIMBERO

Save Remove Rename
Time
ROS Time: .36 ROS Elapsed: 2.35 Wall Time: 3.30 WallElapsed: 5.70  Experimental
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LIMBERO-GRIEEL Q

Simulation;: MATLAB-Simulink

BACK-CALCULATION ANTI WIND-UP

>
e 4 o
fcn Tau_g
zin —» out.q_out
gravity compensation
q
’ ’ Tau_sat [:]
I lTau tot
[ | T |

| I I—D + LIMBERO

l [ qmd + q

qd qm Tau_tot  tau_sat »Q qd
qd au_sat
To jotes o B Actuator saturation qdd f——>—
Filtered Trajectory tau_sat
wm
Axis Control (P+Pl)
|
Derivation
qd_est
qd_est q

« Joint-controllers design and tuning
» Approximated Single limb simulation
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Kinematic Model: Forward and Inverse Kinematic AE

Forward Kinematics

X q T:.]-
» k() —> —>» FK |—»
x = k(q) € R™
i T8 (@) = T8 - T5, - T8 (q0) -+ T3 (qg) -+ Ty (ymy) - T Vi = Lo N
limb N © I R TR i jng (i ' s
Inverse Kinematics
. qN,n
qj}nI-T -1 q TlJ q
9 Yl e} 77T L U
J j j /l {eN}

limbj 77777
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Kinematic Model: Multiarm parallelism Pt

AB

Limbed Robot

Cooperative Manipulators

Assumptions

 Rigid gripper-ground contact arm 1
 Tightgrasp

limb 2

N 1 arm N-1
.] limb Nl -1
- | arm |-
ffmbﬁ 777757 Multilimb-Multiarm duality

/77777
N¢ contact limbs <:::> N¢ cooperating arms

Limb Arm
Limb root Arm EE
Limb end Arm base

Base Object
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Kinematic Model: Differential Kinematics

Symbols
q €R™  geR"

hvk c R6 th c [R6x6 Jﬂ c Rfixﬁ

Velocity relation (assumptions)

ej — _ I k
JVrj — JVej Jk . [ RD O3X 3]
0=

Pvy, = —IL5T5(qg) - &5 = "T;(qy) - 4

Differential Kinematics model
PJ;(qs) = —I0"J;(q5)

J(q) = d-iag(le(ql) o bJj(qj) . ..bJN(qN)), Ji(q;)) =0 R™™ ifj & J.

b .
= Jj(qf.)q,-
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Kinematic Model: Differential Kinematics Q e

Symbols

W e R™M  h,cR™ v, € R™ heRM M =m-N.
TR

Quantities definition W, —0eRm™m if j ¢ .

W:[W:[WJWN], I3 03 ap -
W, = , ifjed,
q h, = Wh R; I
limb 2 =W
77777 |
(e} Equations

Ji (@) = I (q)WT e R
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Manipulability Analysis

Absolute Base Manipulability Ellipsoid equations

E, € Rmxm
T T Jo = Tea
h; [Ju(q)J; (q)/h, =1

Vo [Ja(Q)JZ(Q)]ilva =1

a

E E paT [ETa]fl[')a =1 Absolute Translational Base Velocity Manipulability Ellipsoid (ATBVME)
Ta TRa

E, =
E%Ra ERG

Joa w:{ [ERQ]’lwa =1 Absolute Rotational Base Velocity Manipulability Ellipsoid (ARBVME)

4-limbed 6-limbed

Velocity scaling
T
Qiim,j — [qlim,l Qlim,2 - - - q.!im,nj:|

le’m:di@g([QZim,l Alim2 - - - flzim,N])

q4=Qjnd
7T~
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Manipulability Analysis: Bioinspired Example e

Jumping: sensitivity to rear legs configuration |qzp/rB1| = 15°

qrB/rB2 = —20° qrB/RB3 = 50°

Configuration and Limits

T
q= [QLF qrm 9B 9rrF 9RM QRB] e R'®

Atim,LF/RF = [0.8 0.8 0.8]

Qtim,LM/RM = [0.8 0.8 0.8}

Ulim,LB/RB = [1‘0 1.0 4.0]
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Modeling and Mobility Analysis

Manipulability Analysis: Bioinspired Example

POLITECNICO MILANO 1863

Jumping: sensitivity to rear legs availability and orientation

|Q'LB/RB,1| = 15° d4LB/RB2 = _SOOa 4LB/RB3 = 160°
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Floating Base Dynamics Decoupled Dynamics

=
<
e
=
\\.._\____________,.l

virtual DOFs

WORLD |/

-
q = [qb d1 92 - CIN] qGRn+6f(”':Zj'”j) Jmi"’# Gmi = Tmi — TTdi i=1,...,n
quar,i N gear,i

{B(q)iiJr Cla.@)a+gla) = Inm' (a)7 — I’ (a)he =S Cyla) - @+ Byla) -4 + gi(a)
. 1 1, 1 1 1
Jeq+Jeq =0 J#i J#i
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Modeling and Mobility Analysis

The  PACE

LIMBERO-GRIEEL Model osoTICS

jeJ=1{1,2,34}, J.CJ Kinematics Dynamics
N=|J|=4, N,=]|J.|
n; =7 mn=mn;-N=28

T
) 7
q; = [qj,l G2 43 Ga UGs ie fm] €R

T )
q= [Ch de> g3 q € R*®

@® CoM

Manipulability A

SSM [ml: 0.05 Mbase

M ~
SSM Normalized [%]: 15.71 payload =~

contact

SSM [m]: 0.05 SSM [m]: 0.05
SSM Normalized [%]): 15.71 SSM Normalized [%]): 15.71

® CoM
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Transformation Algorithm

Previous Sequence

— t =60 [s]

* Quick and simple
« Always stable in flat terrains

« Not flexible
« Base wear in rough terrains
« Not stable in generic terrains

l

Improvement ideas

« Hold the base above the ground
Transform limb-ends singularly
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Transformation Algorithm

Multilimbed Robots Stability
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Support polygon

SP = Conv(J,) = {Z AP

J€Je

Y N =14>0 VjeJc}

Jj€de

+1 3N >0, €| Y A =1.Poon =30 AP

jeJ, it ej
0s5(Pcon) =

—1  otherwise

Static stability (SS) criterion

Static Stability Margin

— ]_:)c . — ]_3C ) X Pc . F oM
SSM = 55(Pcon) - min [ ) % (Pej = Poour)|
J [[Pejir— Pell

| SSM

Limitations and alternatives

A legged locomotion machine supported by a stationary horizontal
plane surface is statically stable at time t if and only if the vertical
projection of the center of gravity of the machine onto the
supporting surface lies within its support pattern at the given time

« sloped terrains and relevant dynamics
« Zero Moment Point (ZMP),

Tumble Stability (TS),

Gravito Inertia Acceleration (GIA)

|

SSM > 0

Assumption l

The locomotion mode transition occurs in
approximately flat terrains, with quasi static motion

| POLITECNICO MILANO 1863 alessandro1.puglisi@mail.polimi.it
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Transformation Algorithm i'

Multilimbed Robots Stability

Stable Unstable

SSM > 0 SSM< 0

stance foot
:'. Pc,4

C.5

OSP

support plane

J.=1{2,3,4,5,6} support plane
J. =1{2,3,4}
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Transformation Algorithm i'

Proposed Sequence: Single Transformation

Transformation idea: Anticipative base translation

1. Consider the next limb to transform (raised)

2. Move the base to keep Static Stability during the
upcoming motion tasks

3. Perform transformation motion tasks

*

j=LF Pis J¢ ={LH, RH, RF} P+ oo (tSP B tejj) /,
T T et b g e,j 3 /
} A »
| 7/l Y,
| / | /
| 7 li
| // | P
| / li o

a4 teoir // l / .

i > i \« Cor

J LF, LH, RH, R 2 I: / y
} /7 t;P I\ / /
| / I /
| / /
| g 1 P
| / l
| / /
| // I y
|
} ~/-—————-——,—:-—'?;—:?,———-—.::—?,J$ /
- SP’ .

F R
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Transformation Algorithm

Proposed Sequence: Algorithm

Transform

J*

MultipleGRIEEL_ Transformation

— select next limb j from J*

— Allje )x —>

J

CheckContact

BaseTranslation

L

Limb j Raise

:

Transform GRIEEL j

.

Limb j Down

(/. Pc) l SingleGRIEEL Transformation

END

WHEEL MODE

14
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Experiments: Preliminary Tests and Setup

Single Limb Test Robot Test Counterweight

Vertical linear rail

2kg

counterweight

Emergency stop
switch
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Results
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Experiments osoTICS

L
SSM [m]: 0.30
SSM Narmalized [%]: 54.34

ime 1 80,00
SSM [m]: 0.28
N [ssMNormalized (}: 86,40

SSM [m}: 0.28
SSM Normalized (%]: 86.97
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Results

Experiments

B2C
0.3
= = -reference
—actual
0.2 ——error ]
— 0.1 q
o
e
s l
= 0 T q
©
o
£
o
01 q
-0.2 q
-0.3
0 50 100 150 200
time[s]
wristH
3.5
3 P_l‘—‘—r—’
25 1
- - -reference
——actual
= 2 —error 1
e
o 15 q
=)
c
o 1 4
-
i
e
— 0.5 q
N 1
-0.5 1
-1 L L 1
0 50 100 150 200
time[s]

joint angle [rad]

joint angle [rad]

Limb LF: Joint state tracking performance

C2F
0.4
0.2 q
-0.2 4
0.4 - - -reference 1
—actual
0.6 —error B
-0.8 q
-1 4
1.2 1
1.4
0 50 100 150 200
time[s]
wristV
2
1.5 q
1 ]
- - -reference
——actual
0.5 —error 4
0 [ § q
-0.5 q
-1 L It L
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time[s]
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F2T
25
2
- - -reference
— 15 —actual
g —error
o
2 1
©
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drivin
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——error
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o
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Results

Simulations: G2W

Limb LF: Joint state tracking performance

B2C
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C2F F2T T2E
0.3 1.5 3 1.5
- = =reference
W 25 /j___' ——actual
0.2}t error
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0 -+ - 0 b ie— — =¥
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-0.3 -2 -1 -0.5
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50
time[s] time[s] time[s] time[s]
=  Gazebo Sim §
wristH wristV driving /home/ale/lbr_ws/install/lbr_sim/share/lbr_sim/config/lbr_:
35 1.6 5 File Panels Help
- = ~reference tinteract Move Camera  Select FocusCamera  ~Measure »
1.4
- - ~reference
- = -reference| | 1.2 —actual
—actual error
. error —_ 1 -
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e I i
@ 2 08 =
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— — v
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Results

Simulations: G2W oBorics

Limb LF: Joint Control Torque

The  PACE

B2C C2F F2T T2E
—torque —torque
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Simulations: W2G oBorics

Limb LF: Joint state tracking performance
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[lbr_limb_controller-17] [INFO] [1741048555.514939056] [RF.lbr
_limb_controller]: Gripper action succeeded.
[lbr_limb_controller-17] Published: wheel | finish signal to H
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[lbr_high_level_controller-2] sending lay down command
[lbr_high_level_controller-2] motion package finish
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Simulations: W2G oBorics

Limb LF: Joint Control Torque
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