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Ganymed Robotics: Le besoin clinique

Le besoin clinique : Assister la pose totale de prothese de genou pour traiter I'arthose
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Ganymed Robotics: Le projet

UN ROBOT POUR LA BREVETE, VALIDE SUR LE

CHIRURGIE DU GENOU PLAN TECHNIQUE ET
COMMERCIAL

GANYMED ROBOTICS
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: chirurgiens renommes et des
ﬂ Faible codt leaders industriels

Apprentissage rapide
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Introduction : Ganymed b2b Mathworks

GANYMED
R O B O T I C s
Besoins de Ganymed Solution MathWorks : MATLAB Simulink
- Modéliser les actionneurs du robot et leur boucle - Modélisation de composants non standards
de contréle
- Simuler le contrdle et tester sur un banc de test ‘ - Simulation de contréle des modeéles virtuels
- Intégrer la boucle de contrdle dans I'application - Génération de code C de production

embarquée de contrdle
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Introduction : Environnement de travail et workflow

GANYMED
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Environnement de travail Solution MathWorks

* Cible embarquée : STM32G4xx ‘ F

*  Outils ST : CubeMx et CubelDE ¢

+ Langagededev:codeC Embedded
Coder

Cycle de développement avec Git
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Introduction : L'évolution du contréle a Ganymed

FIN 2019

Faisabilité fonctionnelle:
POC de contréle basé
Arduino et driver du
commerce sur maquette
imprimée 3D
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DEBUT 2020 Mi-2020 FIN-2020

Premier POC de banc de test
pour vérifications des
résultats de simulation

CONFINEMENT 1 CONFINEMENT 2
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Industrialisation des bancs
de tests en vue de leur
qualification pour les
activités de vérification.

Affinement des modeéles et
identifications des
parameétres physiques.

Intégration continue
Modéles et simulation sous
GitLab



Implémentation de fonctions de contrdle : Spécificités d'un dispositif médical

User
Needs

Review

Validation

Des'gn /
Input f\\\\\
Design
Process
Dem n
Verification <——— Outpgut \
Medical
Device
«

21 CFR Part 11 Compliance
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=

La FDA s'attend a ce qu'un dossier de soumission
démontre que le dispositif médical a été développé en
suivant un processus rigoureux, conforme au cycleen V,
tout en respectant les normes et exigences
réglementaires en vigueur. Le dossier doit fournir des
preuves détaillées des tests et de la fabrication, pour
garantir la sécurité et I'efficacité du dispositif.
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https://www.sharevault.com/product/features/21-CFR-11-compliance

Implémentation de fonctions de contrdle : Cycle de développement

Pour une fonction

MATLAB
SIMULINK

Générer le code

Rediger le test

Test )4

Test sur banc de test

Implémentation

Test sur robot |

\ ) Test de verification |
| Test driven development A Intégration

| | s
i < . '

idati |
GANYMED . Test de validation

RoBOTIlCS ™= — —— —— _—— L
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Implémentation de fonctions de contrdéle: Vue d’ensemble

Exemple de fonction implémentée : Définir les phases du frein en parameétre de sortie du contréleur

z
v
! mdl_brake_plant_mp3
» - | Distubance
1 <ExternalTorqueSetpoint> .
N y o Plant_outport plan{_output
l:l L
( \ » ¥ co _output
[ [m
harnes:‘f ‘brake scenario v
) controller_oupit—- = <3 Plant
mdl_brake controller_mp3
scenario_output > J_I—L # scenario_output
scen§rio_output -
i plant_output
controller_output
/] .—) Bus confroller_output <=
= sensor.Current
Scenario J plant_output_Inport_1 Hﬁ = sensor.Velocily Bus plant_output
9= sensor.Position B
<Position (L 2
E harness_brake phase manager/Scenario/Test Sequence - Test Sequence Editor
= 4 BBEe @88 4@ P Q- & &
1 Symbois ReSceparios Step Transition Next Step
< Input InitialState 1 after(1,sec) Activat... ¥
Output OutputBrakeState = BrakeState NONE;
- Velocity = 0;
1. [} QuiputBrakeState
2. &) Velocity ActivateHoldBrakeState 1. after(1.1,sec) Movel... ¥
2 [ Active_Step OutputBrakeState = BrakeState HOLD;
OutputBrakeState ——— ) scenario_output . brake_state
1 Local MoveJoint 1. after(1,5ec) Activat.. ¥
Constant Velocity = ramp(et/0.4);
ity ————— > scenario_output . velocit
2 y _outp ¥ Parameter ActivateReleaseBrakeState 1 after(1,sec) Movel . ¥
3 Data Store Memory OutputBrakeState = BrakeState RELEASE;
ve_Step » CAbeT == Abe s1al MovelnClockwise 1. after(1,sec) StopsSi... ¥
| OutputBrakeState = BrakeState REGULATED;
Step Hierarchy
InitialState o StopSimulation
"StopSimulation” ArtiuataHnirdRrakaStata
4 3
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Implémentation de fonctions de contrdle: Modélisation d'un composant non standard

)

ar
o'@‘

E (" )
¥
! mdl_brake_plant_mp3
. . D- 4k ca
1 <ExternalTorgueSetpoint= "
lant_outport
» PEMOUR plani_output
I:I L
> | controller_output
[ [
harness ‘brake scenario 4
| controller_oupiit— - 3 Plant
| mdl_brake_controller_mp k )
scenario_output > J_I—L » scenario_output
scenanio_output -
1 plant_output
controller_output
/] Bus confroller_output <=
Scenario = sensor.Current
plant_output_Inport_1 Hﬁ = sensorVelocity Bus Plan:_cutput
= sensor.Position B
<Position L8 2

=

L
o inj
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Implémentation de fonctions de contrdle: Modélisation d'un composant non standard

—
@ -
>
S

A

controller_output . Commandvoltage @——

Modele électrique

B —

plant_electrical

Valtage{}ommaﬁd MeasuredCurrent . 4

Modele
électromécanique

ki
W

Vd

Electrical

measurement . Current

Modeéle mécanique

s
Distubzgplemt_mechanical

Distubance ! . . i measure

N

PlantLookupTable

[+ TorqueBrake

<Position=

»@ measurement . Positior

Mechanical

<Velocity>

UANYIVICUD
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Implémentation de fonctions de contrdle: Modélisation d'un composant non standard

Fonctionnement physique du frein électromagnétique Modélisation Simscape
Modele électrique [ A
Courant passe dans la bobine = excitation magnétique ,_\©
K%
VoltageCommand MeasuredCurrent
| Spring Plate —
Magnetic Yoke (o ‘._-\‘1, ] =
PlantLookupTable

Modeéle électromécanique

Champ magnétique + friction = Fy.¢inq4e (courant)

Modele mécanique

Couple de freinage réel dépend des parameétres suivants

- l'inertie du robot

4c
A

- couple appliqué par actuation moteur ou utilisateur
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Implémentation de fonctions de contrdle : Boucles de contrdle

z
! mdl_brake_plant_mp3
1 <ExternalTorgueSetpoint=> L
= .« Plant_sutport E_oulput
» ﬁimﬁl] | controller_output
’ yd
harness_brake_scenario
By cnntruller_nupu? ‘ ] ’—‘ ( mdl_brake_cnnlmller_mp\ Plant
scenario_output ——— ﬁ J_I—LI # scenario_output
1 plant_output I -
7 1) Bus contruller_outgou’t_.r poller_ofiput <>
Scenario = sensor.Current o :
plant_output_Inport_1 = sensor. Velocity l5 — plant_output
< = sensor.Position 5
rrrrrrr \
i L
: maf
Input Position Position Mechanical | Output
Position setpoint Efror Conroller Plant | Torque sefpoint
Position & velocity <

Sensor

GANYMED
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Implémentation de fonctions de contrdle : Boucles de contrdle

N, Jo

1 <ExternalTorgueSetpoint=>

mdl_brake_plant_mp3

.« Plant_sutport

planf_oufput

O
» —— — || controller_output
m m
i A
harness brake_scenario
Ll controller Suput— =
- | ’—‘ ( mdl_brake:_controller_mp Plant
nario_output » » scenario_output
; = iscenario_output J_I_LI L GUtp
¥ plant_output ! - -
controller_outpu
va 1) Bus - Eon"ul\er_o ut <>
= .C t
Scenaria plant_output_Inport_1 = :E:g:_vslgzﬂy Bfjs —®{ plant_output
<t = sensor.Position 5
uuuuuuu
! L
z _l-
Input Electmmecllaml:alw

ConverSiOn Torque setpoint
Couple - Courant
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Implémentation de fonctions de contrdle : Boucles de contrdle

z
! mdl_brake_plant_mp3
» »| o
1 <ExternalTorgueSetpoint=>
» Plant_sutport—
planf_oufput
O
» ——— | controller_output
m m
; yd
harness brake_scenario
Lt controlier Biiput— =
L ] ’—‘ ( mdl_brake_cnnlmller_mp\ Plant
nario_output » » scenario_output
. R scenario_output J_I_LI —outp
| Pentcuteut ! troller_output]
controller_outpu
7 (1) Bus n Eon"ul\er_o ut <>
Scenario plant_outpul_Inport_1 = Seneoryelocty B []pant outout
< = sensor.Position 5
uuuuuuu \
1 L
z _r
Input Current Conroller Electrical
Current setpoint error Plant

Controle courant

Current L,

—*

Sensor
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Implémentation de fonctions de contrdle : Résultats

Brake Phase Management

Brake
Position
N I = ?{_:\_\r ————— — T.".r" ':‘ Error
5 t - — 4 '
stpoint |- — /———— 01— — _"'v.,_\_-_/__..t""_ —- Threshold
Time
GANYMED
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INPUT
Position + Brake State

Brake Phase - Ready to be
static

Brake Phase - Overshoot
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Implémentation de fonctions de contrdle : Tests

- | InputBrakeState
I <BrakeState>
- | Wilocity 1
<Wedocitys
— | PositionErmof 2
<PogitionErmor=
—————»
» InpulﬂiskaF‘huseS
<BrakePhase=
i Compliant nt
k BrakePhase Assessment J
mdl_hrake_controller_mp3
—| J_LLI | zcenario_output
<CompliantMovement=
Scenario
controller_output » i
- controller_output <= (] | Physic
Bus - > i
- - —— | torque_satpoint b
plant_output_Inpart_2 —| = sensorVelocity Bus o plant_output <TorqueSstpoint> m m e
= sensor.Position lant, ut
¥ plant_cuip plant_cutput
_———|Distubance i
T
Flant
<pasition> E harness_brake_controller_mp3_with_phase_manager/BrakePhase Assessment - Test Sequence Editor
& e BEe @28 4@ P - & A @
<velocity> Symbols || Scenarios Step
Input B\ TesiSequence
1. [ InputBrakeState
2. [3) Velocity

— . B BrakeStateRegulated when InputBrakeState == BrakeState REGULATED
3. [ PositionError

4. [ InputBrakePhase

5 (i@ Compliantvovement VerifyNonCompliantMovement when CompliantMovement == false
verify(InputBrakePhase == BrakePhase STATIC)
Output
1. [5) Active_Step VerifyRegulationOvershoot when CompliantMovement == true && PositionError > PositionErrorThreshold
verify(InputBrakePhase == BrakePhase REGULATION_IN_PROGRESS)

Local
Constant VerifyRegulationReadyToBeStatic when CompliantiMovement == true && PositionError >= -PositionErrorThreshold && PositionError <= PositionErrorThreshold
PositionErmorThreshold verify(InputBrakePhase == BrakePhase REGULATION_READY_TO_BE_STATIC)
Parameter N N " S .
VerifyRegulationInProgress when CompliantMovement == true && PositionError < -PositionErrorThreshold
Data Store Memory verify(InputBrakePhase == BrakePhase REGULATION_OVERSHOOT)

Else
verify(InputBrakePhase == BrakePhase ERROR)

GANYMED
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7z L] . ’”~
L]
Implémentation de fonctions de contrdle : Tests
W plant_oulpul posiicn B seenario_sulpul PostionSelpont W scenano_oulpul BrakeState
10 — REGULATED
I_(
08
06 4 f
|
Données d'entrée e f
(scenario) ] f T
|
024 f
|
|
0 J NONE
] 1 2 3 2 5 [ 10 1] 1 2 ] 3 5 ] T B g 10
W plant_output velocity W eontroller_output BrakePhase
ERROR ]
15 REGULATION OVERSHOOT
REGULATION_READY_TC_BE_STATIC
Données de sortie 104
REGULATION_IN_PROGRESS |
NON_STATIC
05
STATIC 4
0 NOME |
] 1 2 3 2 g [ 7 B g 10 ] 1 2 3 1 g B i B 5 10
B BrakePhase Assessment’_ NerifyStaticHold vesify(InputBrakePhase == Brake... B BrakePhase Assessment!_ NerifyRegulationReady ToBeStatc venfy{InputBrak. .
Fail ] Fail ]
Test Assessment o A S = -] Pass A 15 R RS aeee)
Analyse des résultats
Lintestag 4 S TR TR TTITT R R - Inbeshag 4 deddttimnodddeatst. 000 enrrOrr oo LS ST L L reErr
) 1 2 3 H : : 7 B g 10 ] 1 H 3 1 g 1 7 B H 10
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Implémentation de fonctions de contrdle : Tests

B BrakePhase Assessment’_. NerifyStabicHold vernify(InputBrakePhase == Brake... B BrakePhase Assessment’.. NerifyRegulationReady ToBeStatc vernfy(InputBrak....

Fai ] Fai ]

Test Assessment
Analyse des résultats

e A SN Pass 4

Linteshad 4 ettt AT AT IO T " Uintastad 4 sdbbbtrmoddklsty. oo T L T L L A i
4 i H 3 H g [ T B 5 10 0 1 2 3 i 5 [ T B 5 10
y E Pour une fonction =

Rédiger le test

Implémentation

Test de vérification
Intégration

R R R RIS

Cahier des charges |
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Génération de code

(&) Code Generation Advisor - mdl_brake_controller_mp3

File Edit Run Settings Help

Find: v ¢ $

v |Li Code Generation Advisor

o Check model configuration settings against code generation objectives
o Check for optimal bus virtuality

o Identify questionable blocks within the specified system

o Check the hardware implementation

o Identify questionable software environment specifications

o Identify questionable code instrumentation (data I/O)

o #ldentify questionable subsystem settings

o Identify blocks using one-based indexing

o Check for blocks not recommended for MISRA C:2012

o Identify lookup table blocks that generate expensive out-of-range checking code
° Check output types of logic blocks

o Check for blocks not recommended for C/C++ production code deployment
o Check for unsupported block names

o Check usage of Assignment blocks

o A #Check for bitwise operations on signed integers

o A #Check for recursive function calls

o A #Check for equality and inequality operations on floating-point values
o Check for switch case expressions without a default case

o ~Check for missing const qualifiers in model functions

o ~~Check integer word lengths

o Check for missing error ports in AUTOSAR receiver interfaces

o ~Check bus object names that are used as bus element names

o ~Check usage of 'long long' data type

(£) Model Advisor
@.J‘ Upgrade Advisor

@ Performance Advisor

GANYMED
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Code Generation Advisor
Code Generation Advisor
Analysis
Code Generation Objectives (System target file ert.tlc)

Embedded
Coder

Available objectives Selected objectives - prioritized
ROM efficiency Execution efficiency
Traceability RAM efficiency
Safety precaution MISRA C:2012 guidelines iy
Polyspace
Debugging 3
Run Selected Checks

() show report after run

Report

Report: Areport 1.html Save As...

Date/Time: 27-Aug-2024 15:13:27

Summary: o Pass: 23 o Fail: 0 & Warning: 0 [ ] MotRun: 0
Tips

To process all enabled items in this folder and generate a new report, click "Run Selected Checks".

Right-click to select or deselect all itemns in this folder.

To automatically display the report after processing, select "Show report after run”.

To display the last report generated, click the "Report” path link.

For a list of all possible actions, right-click an item in the Task Hierarchy.

To show or hide By Product folder, select or clear "Show By Product Folder" in the Settings > Preferences dialog box.
To show or hide By Task folder, select or clear "Show By Task Folder" in the Settings > Preferences dialog box.

Legend

“  Running this check triggers an Update Diagram.
~~ Running this check triggers an extensive analysis.

For external use — DO NOT REPRODUCE - © Ganymed Robotics 2024
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Help
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Génération de code

| - v

Embedded
Coder

Report

GANYMED 22
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Tests

| Cahier des charges

GANYMED-

R O B O T I C S

-

Pour une fonction

Rediger le test

Implémentation

\ Intégration
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Test sur banc de test

Test de vérification |

'

&

7
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Tests de vérification sur banc de test

il STM Studio control_integ_t — [m]
File Run Views Options Help
= RE Ul |[suksewo ~|H B
Show workspace << Position
as r—
Display Variables  Write Variables Bt
Display Variables settings . [T}
Name Add... Type Color z o
i rtv.controller_sutput_Com...|0x20... o B 0A
adrtY.controller_output_Brak... 0:20... 03
felirt.controller_output_Curr... |02 02
Lellrt.controller_output_Torg... i
o) rtv.controller_output_Fosit... 04
el rtU.plant_output_sensor_P...[0x20. 00 . . . . . - L . . . - - - - - - - - - - . -
B ] 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 @500 7000 7500 E000 G500 9000 9500 10000 10500 11,000 11,500
.| sensor, Time
il rtl). scenario_output_Brake. -
Trtl o = F— m = rtl).plant_output_sensor_Position & il scenario_output_PositionSetpain
gl compliant_movement
el rt.controller_output_Com... Brake State
Llirt Simulink Struct. PosnG....
100
Hame Expression  Type Color
075
[+ a
=
Name Acqvar Function  Scope Color " £ 0%
025
Hame Function  Type Descript... Color 000 . | . : . I - . . L . . L . . . . . .
o 500 1000 1,500 2000 2500 3000 3500 4000 4500 5000 5500 BOO0 €500 OO0 7500 @000 8500 9000 95500 10000 10500 11000 11,500
Time
|—I- . scenario_output_Bra kestnal
Position Velocity
eloc
Viewers settings 0475
General Display | 0150
o Point Viewer PWM as Curv{ 01251
S s s s e G e e e e e e e e Ve e e Fosition Hexadecmal 0 % 0100
[ i e P = i s P Brake Phase =
5 List of Variables = o078
e Torque e Y. controller_output_Command|
2 r u n !
v Position Efror A L
17 Brake State 0025 |
Funcion L Velocity 0.000 - - ~ - . . - . L 2 . . ‘ . I :
= le= . N ] [} 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 6500 7000 7500 G000 8500 €000 9500 10000 10.500 11000 11,500
:: Compliant Movement Time
- e Py v S e e e TR e o e e e e e e e e i
o | * U nlanl_oulnm_sensﬂr_\«‘alnc'rly|
Voltage
PWM
— = : Brake Phase
— o o Gains 401
Fomt e FM e am (| 5o
e o= 35
Baia e -
= I 30
ey T Em  iae  1Mm  aMm  a8m  eie  7Em G  GAm s wEm uME UM Wme BN eam  wES  wam  sm| » 25
ey L] =
Comptant Mnemert =20
T Delete Deld 15
peed - m | 10
. a| Value Range 05
ol E:: lower Value -1.1 00 . 1 1 L . . I : I 1 . ‘ 12 . :
" | o 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 6500 7000 7500 &O000 6500 9000 85500 10000 10500 11000 11.500
Vi Rarge .l upper Value 0.8 Time
Ioar Ve 11 = . = |
ey = o iR s  Gm wEm SRR TR0 G % WGR WD iR G0 O AN Em ES R0 )
- n\'.conuol\ar_ouTnuI_BmkoPn:saI

GANYMED
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Tests

firmware de I'app

Tests Unitaire . Tests d'Integration

Tests d'intégration

E; avec le software qui
commande le

Simulink Release firmware de controle
Test ) >
Equipe
-+ software +
Tests du Tests d'integration

avec les composants

de controle mecanigues du robot

GANYMED
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Deliver

EEE—
Equipe

systeme
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. Tests de Verification

Tests de verification
par I'equipe systéme

-

Validation de la
reponse au besoin
systeme
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Conclusion

Les succes du travail avec MathWorks
- Passer d'un POC a un code industrialisable : modulaire, testable unitairement, ajout de nouvelles fonctions facilités...

- Montée en compétences en interne grace au consulting : maitrise du contréleur, update réguliers des outils MathWorks disponibles

Prochaines étapes
- Aller plus loin dans l'intégration des outils Mathworks pour affiner le modéle du robot : Simscape Multibody

-
e
o
| =3
¢ X
A4,

Baftery Fluids Mulﬁbody
SR §e Se S e

L Simscape

2O I N ©  x — | e s

- Intégrer le banc de test dans I'environnement de travail sur Simulink pour corréler les simulations et les tests sur banc

GANYMED
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Merci !

GANYMED ROBOTICS

Elie SAMAHA - https://www.linkedin.com/in/elie-t-samaha/
Margot GUILLOUARD - https://www.linkedin.com/in/margot-guillouard/
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