Mechanical Design and System Validation of the FARHA-ONE facility
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A General Design Procedure for Robotic Systems

Workflow of the procedure and use cases
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Nuclear Fusion as an Extreme Use Case: Nefertari Project

Project goal: Realization of a Remote Handling Facility made up by two sub-module:

Robotic Manipulator for remote maintenance in the RFX-mod2 A 1:1 mock-up of a sector of the RFX-mod2
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RFX-mod 2 system

Analysis of the environment structure for the Needs Extraction

Vacuum tight support structure

First Wall Copper shell
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RFX-mod 2 system

Analysis of the environment structure for the Needs Extraction

Transport Device

Mobile chassis

rientation System

O

Fixed chassis
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Definition of the Kinematic Architecture

Analysis of the needs and limits of the old robotic system to develop the new kinematic chain
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Definition of the Kinematic Architecture

Analysis of the needs and limits of the old robotic system to develop the new kinematic chain

1. Backlash
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Definition of the Kinematic Architecture

Analysis of the needs and limits of the old robotic system to develop the new kinematic chain

1. Backlash

2. Suboptimal Mechatronic Integration
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Definition of the Kinematic Architecture

Analysis of the needs and limits of the old robotic system to develop the new kinematic chain

1. Backlash

2. Suboptimal Mechatronic Integration
3. External Cable Routing
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Definition of the Kinematic Architecture

Analysis of the needs and limits of the old robotic system to develop the new kinematic chain

. Suboptimal Mechatronic Integration

External Cable Routing
Incident Joint Axes Compliance
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Definition of the Kinematic Architecture
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Definition of the Kinematic Architecture

Analysis of the needs and limits of the old robotic system to develop the new kinematic chain

FR — 01 — Arm joints must be manually backdriveable
FR — 02 — Reach of four poloidal sectors on both sides of the port
FR — 03 — Reach of all tiles on all poloidal rings

FR — 04 — No contact is allowed in the machine

Zp Zy Zy |Z3 Zs
Xp X1 X4 X5 X6 X7
> Eﬁa & - H = @fﬁ .

J1-P ]2;-R ]3;-R J&-R  J5R ]6;-R J7-P

ISO/IEC/IEEE International Standard - Systems and software engineering -- Life cycle processes -- Requirements engineering, ISO/IEC/IEEE 29148:2018(E), pp.1-104, Nov. 2018.
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Requested torque analysis — actuation sizing

Analysis oriented to define the mechanical properties of the arm and its actuators

FR — 05 — System should perform a pushing action to disengage the tiles

FR — 06 — System should be able to push on each tile position

MR — 01 — Inertial deflection must not exceed 2.5 mm in any direction

MR — 02 — Maximum axial deflection must be maximum 2.5 mm under a
nominal thrust of 150 N

MR — 03 — Mechanical stress must remain below the material yield
strength during maximum joint acceleration.

ISO/IEC/IEEE International Standard - Systems and software engineering -- Life cycle processes -- Requirements
engineering, ISO/IEC/IEEE 29148:2018(E), pp.1-104, Nov. 2018.
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Requested torque analysis — actuation sizing

Analysis oriented to define the mechanical properties of the arm and its actuators

A topological model of the arm has been
developed considering kinematic chain,
hypothetical joint-masses and
hypothetical joint-accelerations

Critic configuration for gearboxes
Critic configuration for ball-bearings
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J1
Required torque:
<1 Nm

Required diameter:

130 mm

Overview of the techincal specifics of the arm

]2

Required torque:
123 Nm

Required diameter:

130 mm

J3
Required torque:
69 Nm

Required diameter 130

mim

J4

Required torque:
37.5 Nm

Required diameter
130 mm

A

' Sy
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J6
Required torque:

J5
Required torque:
20 Nm

Required diameter
130 mm

20 Nm
Required diameter
130 mm
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Required torque:
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Required diameter
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Concept Generation: Joint-link interface design

Parallelized concept design generation to individuate the best mechanical interface between joint and link

___

ZeroErr —
110- Ivb

Tuaka —
ECY-107
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Technical Specification of the actuation unit

J >if

Roman's Actuators
Brand Model Power Input Voltage Power [W] Gegr Brake Sensors H ollow bore Communication Torque
[V] Ratio diameter [mm] sensor
J1 ZerokErr eRob70H50I-FHM-18ET 48 75 50 NO HPMTE* 18 EtherCAT Virtual
J2 ZeroErr eRob110H100I-FHM-18ET[V4§] 48 723 100 NO HPMTE* 18 EtherCAT Virtual
J3 ZeroFErr eRob110H100I-FHM-18ET[V§] 48 723 100 NO HPMTE* 18 EtherCAT Virtual
J4 ZeroFErr eRob80H100I-FHM-18ET 48 146 100 NO HPMTE* 18 EtherCAT Virtual
J5 ZeroFErr eRob80H100I-BHM-18ET 48 146 100 YES HPMTE* 18 EtherCAT Virtual
Jé Zerokrr eRob80H100I-FHM-18ET 48 146 100 NO HPMTE* 18 EtherCAT Virtual
J7 ZeroErr eRob70H50I-FHM-18ET 48 75 50 NO HPMTE* 18 EtherCAT Virtual
" <
Zpg ) 4 | Z3 Zs
X0 A Xy A X5 X6 X7
XB Zo X2 = X3 \\ Zy ’ Zg Zy
L,_._ I I 7 I | __,_._..l ;-( > awd V.o f__,_.i,.
1 I 1
J1-P J2-R J]3-R J4-R ]J5-R J6-R J7-P
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Concept Generation: Design of the whole structure
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Concept Generation: Calibration mechanism

Regulation and interface devices for integration and calibration procedure
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Concept Generation: Calibration mechanism

Regulation and interface devices for integration and calibration procedure
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Verification in simulation: kinematic analysis

Reachability analysis and collision avoidance analyzed in ros2-environment

FR-02 — Reach of four poloidal sectors on both sides of the port
FR-03 — Reach of all tiles on all poloidal rings

e L SR B R

Point cloud generation of the tiles frame poses Redundancy level analysis of the arm inside the machine

ISO/IEC/IEEE International Standard - Systems and software engineering -- Life cycle processes -- Requirements engineering, ISO/IEC/IEEE 29148:2018(E), pp.1-104, Nov. 2018.
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Verification in simulation: kinematic analysis

Reachability analysis and collision avoidance analysis in cad-3d environment
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Verification in simulation: kinematic analysis

Reachability analysis and collision avoidance analysis in cad-3d environment
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Verification in simulation: structural analysis

Design criteria at the base of the structural analysis

MR — 01 — Inertial deflection must not exceed 2.5 mm in any
direction

MR — 02 — Maximum axial deflection must be maximum 2.5
mm under a nominal thrust of 150 N

MR — 03 — Mechanical stress must remain below the material yield
strength during maximum joint acceleration.

ISO/IEC/IEEE International Standard - Systems and software engineering -- Life cycle processes -- Requirements engineering, ISO/IEC/IEEE 29148:2018(E), pp.1-104, Nov. 2018.
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Verification in simulation: structural analysis

Vertical deflection evaluation — straight configuration

Contour Plot
Displacement(Mag)
Analysis system

1.411E+00
[ 1.254E+00

1.098E+00
— 9.408E-01

= 7.840E-01
= 6.272E-01

4.704E-01
3.136E-01
1.568E-01

0.000E+00
No Result

Max = 1.411E+00
Node 1 Z g—&

Min = 0.000E+00
Node 1098543

Joint Configurations
Confioura i p 2] I3 1] JAT] 15 1] 36 1] 37 [mm] Notes
A 0 0 0 0 0 0 0 Straight configuration
B 1440 -33 -16 -23 90 90 50 Critic Operative
(o 1440 -33 -16 -23 0 90 50 Critic Operative
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Verification in simulation: structural analysis

Vertical deflection evaluation under max load and critic operative configuration

Contour Plot

Displacement(Mag)

Analysis system
2A56E+00

[ 2.183E+00
1.910€+00

= 1.6376+00

= 1.364E+00

= 1.091E+00

8.186€-01
5457E-01
2.729€-01

0.000€+00

No Result
Max = 2456E+00
Grids 362085
Min = 0.000E+00
Grids 1098543

Joint Configurations
C°'1"if<i>f’1”’°‘ N[ 2] J3[] JA[] 5] 161 J7 [mm] Notes
A 0 0 0 0 0 0 0 Straight configuration
B 1440 -33 -16 -23 90 90 50 Critic Operative
(o 1440 -33 -16 -23 0 90 50 Critic Operative
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Verification in simulation: structural analysis

Vertical deflection evaluation under max load and critic operative configuration

Displacement{Mag)
Analysis system

1.393E+00
E 1.238E+00
1.083E+00
— 9.284E-01
o 7.737e-01
& 6.190E-01
4642601
3.095€-01
1.547¢-01
0.000E+00
No Result
Max = 1.393E+00
Node 362119

Min = 0.000E+00
Node 1098543

Joint Configurations
C°'1"if<i>f’1”’°‘ N[ 2] J3[] JA[] 5] 161 J7 [mm] Notes
A 0 0 0 0 0 0 0 Straight configuration
B 1440 -33 -16 -23 90 90 50 Critic Operative
(o 1440 -33 -16 -23 0 90 50 Critic Operative
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Verification in simulation: structural analysis

Max amplitude evalution with max torque at the joint

Contour Plot
M DisplacementMag)
max Analysis system

[ 1.020E-01
= 9.070E-00
— 7.936E-00
— 6.803E-00
— 5.669E-00
= 4.401E-00
— 3.401E-00

iy
i 2.268E-00 l
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ROMAN maintenance routine operations end-effector

A task-oriented customization of a robust and reliable gripper

HALL EFFECT

SENSOR _- s
e\ ,a,‘\\ IR\ y L
AN < / //
SCREW DRIVER'STOOTH f\ ‘ \\\\
CENTERINGPIN NI, <>
BELT -f )

SCREWDRIVER MECHANISM

@ (@SN
TR DD
MAIN CAM | @ \ \ i
SINGLE FINGER CAM 3?3 o) ? 9
g
GRIPPER MECHANISM
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Validation of ROMAN system

Facility Acceptance Test of the robotic arm subsystem

Structural Dimensioning

Joint ROM

EE Reliability

Full-Load Deflection

Repeatability
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Validation of a robotic solution for confined space

Integration within the facility and metrology activity

SEZIONE "A-A"

VISTA "B-8"
350 250
/M ouse
FR — 02 — Reach of four poloidal e ] [ ] I®
sectors on both sides of the port i I S S P
| - - - t
FR — 03 — Reach of all tiles on all
i i g & ] ¢ :
pOIOIdaI rlngs ¥ |75 [150| | 125 | | |150| (75| .
% ™
3 Mg T
. —

T0

ISO/IEC/IEEE International Standard - Systems and software engineering -- Life cycle processes -- Requirements engineering, ISO/IEC/IEEE 29148:2018(E), pp.1-104, Nov. 2018.
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Validation of a robotic solution for confined space

Integration within the facility and metrology activity

FR — 08 — System must ensure coaxiality of the arm longitudinal axis with access port axis

FR — 09 — System must ensure orthogonality of the vertical joint axis with the mid toroidal plane

[[(E] 4 Piano_paralielo_edio_toroie |

ISO/IEC/IEEE International Standard - Systems and software engineering -- Life cycle processes -- Requirements engineering, ISO/IEC/IEEE 29148:2018(E), pp.1-104, Nov. 2018.
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