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Rationale

Modern products are increasingly becoming complex, typically smart connected systems or systems of
systems (SoS). To develop modern products competitively, there is need to address complexities
resulting from:

....dealing with: Example of modern product: Multi-

Multiple sub-systems  Subsystems interactions domain, multi-subsystems, etc. SoS
Multiple engineering domains « System integration
Multiple variants and system

architectures
« Growth of software / electronic
« Exploding requirements W Electrical
: I Hydraulics
« Fast growing number of V & V :
i ) . \ B Mechanical
« Multiple disparate tools in each = Thermal

domain
Multiple design groups and
multiple sites Siemens PLM publication



Current practice in Academia

Capstone Design Limitations

Simple product
Single Domain

Limited scope: “Development”
(not “Lifecycle”)

Limited Digitalization Fin Heat
e Transfer
Validation: Mostly through Apparatus Arm-A-Door Outside

Physical prototyping Entry: Exterior Handle

Assembly

Example of typical capstone design products: Mostly Mechanical




IMBSE: 3D extension of Capstone Design

Pure mechanical parts

3D extended CD driven by iMBSE [H—]

Board (masspoint)
electric Skateboard

Complex product (system or SoS) complete System

Multi Domain

Axis and Tire

Extended scope: “Lifecycle” (not just
“Development”)

Mechationic parts MC and DC-Motor

Full Digitalization

Validation: SIL, HIL, MIL, and Virtual >

prototyping

Battery

Example of a complex product: Multi-domain system




IMBSE: 3D extension of Capstone Design

1IMBSSE as a 3D
extension of Standard

/ Capstone Design

Capstone
Design

.
[



Curriculum for Industry 4.0: Engineering Education 4.0

Three levels of typical Engineering curriculum (e.g. ME)



Curriculum for Industry 4.0: Engineering Education 4.0

Integrated Model-based systems Engineering, iMBSE, or “SE”

Capstone design

(allows: implementation in complex product development

applications)

Also, adding (Industry
4.0) Enabling
technologies: AM,
AR/MR/VR, IoT,
Simulation, Big data and
Advanced Analytics,
Cloud computing,
Cybersecurity,
Autonomous systems, etc.
(provide: theoretical
foundation and
relevant

specialization)

New curriculum:

\ 4

Revisions

—_—

Systems Engineering courses

(provides: Approach/methodology)

Digital tools in core
courses

Revised curriculum (Engineering Education 4.0)



Curriculum for Industry 4.0: Engineering Education 4.0

iMBSE curriculum

= [t is a unique curriculum that demonstrates the digitalization of the SE (Systems Engineering)
process through the integration of modelling and simulation continuum (n the form of MBSE) with
Product lifecycle management (PLM).

m /MBSE is a form of MBE (Model-based Engineering) that drives the product lifecycle from the systems
requirements and traces back performance to stakeholders’ needs through a RFLP traceability
process. At the core of this coursework is a shift of focus from theory to implementation and practice,
through an applied synthesis of engineering fundamentals and systems engineering, that is driven by
a state-of-the-art digital innovation platform for product (or system) development. The curriculum
provides training to the next generation of engineers for Industry 4.0.



Curriculum for Industry 4.0: Engineering Education 4.0

=12 CEISIIe Gollise Typical Capstone course
(iIMBSE) P P

Process

(methodology)  Dilikasss Design process

Product

S Multi-domain system Mechanical product
(application)

Integrated digital platform (to
enable both digital twin and
digital thread) that spans the
lifecycle

Digitalization

Limited digital capabilities

Capstone: Traditional vs. iIMBSE driven



IMBSE: Framework & Digital Innovation Platform for Industry 4.0

PRODUCT DEFINITION CONNECTED ENGINEERING PRODUCT VALIDATION

featuies Domain Specific Multi Domain
Functional V&V Simulation

Requirements System

L verfaton Digital
\ and Validation R
Requirements | B aei Twin

Functional IMAGE
Modeling IMAGE

: : General industry
Multi Domain Hardware Product

Architecture

Customer specific

Quality Engineering (Safety, Reliability, Security)
Continuous Verification and Validation ..
Int ted P Planni dE ti Dlgltal
ntegrated Program Planning and Execution Th
read

Product Lifecycle Management




IMBSE: Framework & Digital Innovation Platform for Industry 4.0

Implementing MBSE in PLM Context

System Modeling

Siemens PLM Software

“LMS g lEMENS &

STAR-CCMe

“ ‘MathWorks Simulation LsTC

continuum e

-
ANSYS Bl _‘J
Altair

Digital Twin |4

MagicDraw
(SysmL)

Active Workspace

Technologhes

Digital Thread

Managed in PLM Context — Multi-domain Traceability, Change, Configuration

Digital Innovation platform for Industry 4.0: Integrating
Digital twin with Digital thread




Case study: Electric Skateboard

1-D System
Simulation and
Optimization

Product and Process
Data Management:

Electric Skateboard —iMBSE implementation workflow



Electric Skateboard/Longboard

Pure mechanical parts
[H] Board (masspoint)
electric Skateboard ey @ J s
complete System @ 23 il

' > ™

> (ﬂ/’ MC and DC-Motor
L > vy
' A

Electric Skateboard as a multi-domain system



Project Workflow

« Creating groups/teams
and assigning roles for
each team member

)

Creating workflow process
template describing individual
tasks and the task sequence
required to model the
workflow process

[ == Organization
& Engineering
- ME53501
- Manager
#-§ Manufacturing

& Project Administration
i oo
. ®-% Manager

- &8 Instructor
- B8 Production Engineer

| @ &S R&D Engineer stud
(& &S Systems Engineer 7
@R TA Ins

@& Simulation Administration
#-§ Sponsor

@8 Standards

- Validation Administration
& dba

- system

@~ @ - Workflow Designer (infodbs infodbs) - dbs  D8A - [IMC--2003068035 1 0001-body_types 11111 [

ts except

DiﬁFnt roles (all for
r

uctor” and “TA”)

Process Template SuZVEEIGE [<]] Template Type @ Process O Task

h |

&3¢ System Design

-2z 1D System Simulation

-2z 3D Design

-2 Product Simulation

-5 Product Optimization

[#-21% Process Design

#-%)2 Process Simulation 1 2 3 4 5

&% Plant Simulation

-2} Final Report

#-E] Acknowledge P

G Approve = +5 = +5 = +E[E +E = +E
stem Desgn 10 gm Simulator 30 Desige Product Simulston Product Optimization

—= 4 [

6

Process Desgn

7§

Process Simulaton

—

7

+ B |+ B

Plant Simulaton

Final Report




Project Workflow

—_—

1D System Simulation

Product Simulation

Product Optimzation

-+— +f |- +E8

Plant Simulation Process Simulation

— B [~ &

Meet with stakeholders Create/Modify2 Buid MBSE model

N




System architecture using SMW (Systems Modeling Workbench)

System Modeling

Workbench (SMW) * Model Based Systems Engineering (MBSE)
 Create a systems model and a single source of information

* Requirements, structure, behaviors

Tecnomatix:
Process Simulate ' ) » General insight of purpose of creating the Skateboard
Plant Simulation 1.D Systom Amesim g purp g
Simulation and
Optimization
Deliverable: System Architecture of
Teamcenter hd
Process Planner s E].ectrlc Skateboar d
# £ Name Text
The system shall transport the user at least 10 miles at an average speed of 10
1 |8 @ 15N801 miles per hour in a single charge
HEEDS 2 [® 1.1 SN01-1 The system shall transport user with a speed greater than 10 meter per second
Simcenter 1 1 P .
STAR CCM+ 3 [ 1.2 SNO1-2 The system shall transport user for at least 10 miles in a single charge
4 3 [E 2 5N02 The user shall be able to control the speed and stop within safe distance
5 [& 2.1 SN02-1  The user shall be able to control the speed
6 [’ 2.2 sND2-2 The user shall be able to stop within safe distance
o o o 7 [’ 4 sNO3 The skateboard shall stop within safe distance
iMBSE implementation workflow 8 [@ 5sno4 The skateboard shall have speed setting for Novice, Regular and expert levels
9 [El & SNOS The skateboard shall use commercially available off the shelf materials (COTS)
The skateboard shall use readily available energy source with sufficient energy to
10 & 7 SNO6 meet daily needs
1 @ 8 SNO7 The system shall have a portable controller to energize the skating engine, control
speed and monitor operation status

Stakeholder requirements



System architecture using SMW (Systems Modeling Workbench)

DO L A% SIEMENS

ashanka (shashanka): Engineering/Designes Select: Owner Select: Category
SystemModeling  _ _ _ _ _ _______ eLon board Archltecture =
Workbench (SMW) . @lﬁ 'gb hbishse OO S
g] o BBy n v0o = wbdE
Ty elongboard Architecture > ®

Tecnomatix:
Process Simulate
Plant Simulation

ELEMENT NAME NATE Architect:

Amesim v D% slenatesnd esently - ; .® SyS t e m
= o

@ D fx Longboard functions
[ 88 Logical Architecture A =, B 1
e e S| - *| architecture
[ s P | .
= (Siemens SMW)
= v SO B
NX = I 3
ofe
1 [
2
Optimization Simulation Simeenter R
STAR CCM+
«block»
Electric Skateboard

iIMBSE implementation workflow

BE=_ = | = || System structure
i e ‘ using BDD
diagram (Cameo)




1D simulation and optimization using Amesim

Tecnomatix:

Process Simulate
Plant Simulation

Teamcenter

Process Planner

s
,
¥
Product
—

System Modeling
Workbench (SMW)

" g
N /
Product :
Simulation Simcenter
CAE STAR CCM+

Amesim

iIMBSE implementation workflow

[ Plet-1

il i

RWReL L

[m]
250

W Tools  Analysis

Help

+ # b H B

ORE LK B

150 |

— displacemen
— displacement port 1 [m] ra

displacement prt 1 [] rax
— displacement port 1

displacement port 1 [i] rax
—— displacement port 1 [m] ra
— displacement part 1 ] ra
—— Hiisplacemen

tport 1 [m] radius=25 mm, mas

tport 1 [m] radius=88 mm, ma

Displacement for different wheel

X: Time [5]

radius & user’s weight

LMS Imagine. Lab Amesim:
* Modeling and analysis of multi-domain systems
» Create 1D system simulation

» Graphical representation of the whole system

» Performance plots of the skateboard as the output

» Outputs caused by different user’s weight

of Electric Skateboard
D s 2

Max. velocity for different
wheel radius

Deliverable: System Architecture

(RRRREN

Battery ;
Battery & Controller Model

1D multi-domain system simulation model
(Siemens Amesim)



3D modeling using NX CAD

System Modeling
Workbench (SMW) NX W Bl - o 5 swechwindow [0 Window - = NX 12 - Modeling sieMENS - O X
I tove  soenbies Guve Aabsis View  Rende  Tools  Aplcation  30comesion  Topology Opt  STARNX sEae
7, Find Compenents =1 R ¥ b ) CesteNewpaent .
= &} Open by ovemdy s amponeit o M @ o
Tecnomatix: (5 Show Product Outline Ll Epioded | RN | Gesance | e
Process Simulate Conind Cotlred . 3 - o )| ~ %
Plant Simulation Amesim Wtera- | (v seachon Fies ] [ Bri-eeR s/ BN+ QO0FH /e ABO S L M- B e .
O purtNavigotor o B
Name o
fe -+ @ MotV
8 Comerss !
P4 @ Nontimestam Geomery {y
Teamcenter NX: .
ProcessPlanner ~ =gy ([ |\ g . u
NX I

» Design and modelling of skateboard

@

'y )
&GP = Deliverable: 3D model of ;
Electric Skateboard .
iMBSE implementation workflow P —

Part e saved W=

3D model of Skateboard




3D simulation using NX Nastran / Star-CCM+

Tecnomatix:
Process Simulate
Plant Simulation

Teamcenter
Process Planner

HEEDS

iMBSE implementation

workflow

Simcenter

System Modeling
Workbench (SMW)

STAR CCM+

Star-CCM+ / Nastran:
* CFD and Structural analysis
» The structural analysis of the board

with static loads 200 Ib
* Von-Mises stress and displacement
of the board

Deliverable: 3D Simulation
model of Electric Skateboard

B skstebosrddeck - STAR-CCM+
File Edit Mesh Solution Tools Window Help

PEeERE<Cr POIB RS NN DO O er@ L

[ | =1 || skateboarddeck-Displacement x|
Simulation Scene/Plot te |+
skateboarddeck ~
Geometry
Continua
Regions
= skateboarddeck
oundaries

eature Curves

Physics Conditions
Physics Values
Segments

G5 Load

B Constraint

»~

- Derived Parts
Solvers
Stopping Criteria
- Solution Histories
Solution Views
- Reports v z Dispfacement: Magnitude (ma)
|' ‘ l‘<’)¥ 0.00000  0.0043246  0.0056492  0.012974  0.017295  0.021623
Displacement - Properties | =
= Properties ~ || output x| =
Transparency Override  Use Displayer Property v kaleboarddeck x  skateboarddeck x
Mesh Override Use Displayer Property v Regicn: skateboarddeck, Found mid-side wvertices: 0
Coordinate Systems. ] Initislization of staz. nement i ver requires an additior
Tags ] [ Iteration Displacement Force
ElExpert v 1 1.000000e+00  1.000000e+00
2 3.723432e-14 5.538747e-13
Leapkacasent (7] 3 2.1417€Se-1€  2.444785=-13
A scene Stopping criterion Displacement Criterion satisfied. <
>

3D simulation: Von-Mises stress
in skateboard deck




3D optimization using HEE

System Modeling

{3 D E HEEDS|mdo - skateboard_opt.heeds *
Workbench (SMW)

Process Automation
File Process | Parameters | Tagaing ‘Study

Tecnomatix:

w o L ’ I’ & RLIE " l:jlt Process Simulate ~
Open Summary Plot Run Sbop PausE Restart Share P\oi B:ta ;zi Expurt Plant Simulation Amesim
HEEDS|post Designs Report
View Run Collaborate Plot Reports
> Untitled project * || The study run has completed successfully. Select a plot in the browser to explore the results.
v skateboard_opt.heeds * Open HEEDS |post for more detailed processing.
—
v .I:Ero:ess Autc;matlon m Study 1 B Best Design: - | Visualization file: | Simcenter_3D_1: skateboarddeck jpg - Teamcenter
rocess. = q 0 q Process Planner
@ Smarie 0. Reference: " HEEDS (Hierarchical Evolutionary NX
~ | Parameters . — g g 0
> E Varibles —— CESEE Engineering Design System):
> L Responses 1~ Name BestValue = Change | o ‘
M = olost - imization for r and mor
o | ST | Optimization for ‘better and more
> B varables 1 @ Displacement 00710334 | robust solutions within a given Yo
HEEDS 5
> [ Responses I & stress von_Mises 428644 2% g Simeenter
e EE‘"“ 1| |58 oeptn 249 24% : deSIQn space STAR CCM+
. Objective History ~
[t Performance History : @ Length 30 5% I
Parallel Data I8 Width 187.2 6% ’
Design Table |

Carrelation
¥4 Constraint Violations
' Simeenter_ 3D_1Imag

I:. HeatMap_8
@ Model 9

R ) Deliverable: iMBSE implementation
oo | : — = Optimized 3D deck workflow
geometry

© 2017.10.0.1066
: Apr2, 2019 @ 16:27
Elapsed: 33 min 19 sec

-

ﬁ Analysis Details 4

Design Details + ]: )
Best design: 44 T T T T 1
Improvement: 2% 1.39015e+06 0.0138108 2684.94 15 300 180

Volume Displacement Stress_Von_Mises Depth Length Width

== Feasible == Infeasible Design 44 == Reference 1 ‘

Optimization of 3D geometry of skateboard deck



Manufacturing process design using MPP

@~ © ~ Manufacturing Process Planner (Student (student) - Engineering / Designer - [ IMC--2003089035 ] [ 11111 [ )

cateboard Process PS X £ MkT-SkateboaldﬁPSﬁPlaml N l]]SQ'\Wk'\—SkatebualdﬁPSﬁMEOMW

B % E SR A

Itern Description |

BOM Line

Skateboard_Process_PS
Final_Assy_PS
Front_Assy PS
&2 A 078.201.000_Aufhaengung/Skateboard; 1078.201.000_Aufhaengung
@2 Se-Schrin-6kt DIN 7991-M5x10/4;1 Se-Schr In-gkt DIN 7991-M35x10
%@ A Se-SchrIn-6kt DIN 7991-M3x10/24,1 Se-Schr In-Bkt DIN 7991-M3x 10
%@ A Se-SchrIn-6kt DIN 7991-M3x10/24,1 Se-Schr In-Bkt DIN 7991-M3x 10
Se A 078.201.026/Skateboard: 1 078.201.026
@2 A Se-Schrin-6kt DIN 7991-M3x10/4:1 Se-Schr In-kt DIN 7991-M5x 10
£ 2@ 003923/4;1-Front_Assy_PS Front_Assy PS

bl = W kawasaki_uz100/4;1 kawasaki_uz100

= gripper/A;1 gripper
IS * wr3264280_cnv.cojt/A;1 ra264280_cnv
- P B9 box_gripper/A;1 box_gripper
- P fin gripper/A:1 fin gripper
- P k6 T00sicx/ A1 kr6,_r700sixx
= ;.003928/A;1-Rear_Assy_PS Rear_Assy_PS
- gr== box_gripper/A;1 box_gripper

== fin gripper/A1 fin gripper
=@M kawasaki_uz100/41 kawasaki_uz100
=W krb_r700sbox/A 1 krf_r700siex
@2 A 078.201.000_Aufhaengung/Skateboard; 1078.201.000_Aufhaengung
@3 Se-Schrin-6kt DIN 7991-M5x 10/4;1 Se-Schr In-gkt DIN 7991-M35x10
%@ A Se-SchrIn-6kt DIN 7991-M3x10/24,1 Se-Schr In-Bkt DIN 7991-M3x 10
%@ A Se-Schr In-6kt DIN 7991-M5x10/4;1 Se-Schr In-bkt DIN 7991-M3x10
%@ A Se-Schrin-6kt DIN 7991-M3x10/4:1 Se-Schr In-kt DIN 7991-M5x 10
= 2@ 003924/A;1-Rear_Assy PS Rear_Assy PS
E ,_:. wr5264280_cnv.cojt/A; vr3264280_cnv

B 004163/4;1-Final_Assy_PS Final_Assy_PS
== box_gripper/A;1 box_gripper

=== kawasaki_uz100/41 kawasaki_uz100

Teamcenter Manufacturing Process Planner

(MPP):

» Product Lifecycle Management (PLM)
Develop product and manufacturing process
Manage manufacturing data, process,
resource and plant information
Seamless alignment between engineering
bill of materials (BOM), manufacturing BOM
and the manufacturing bill of process (BOP)

Deliverables: Manufacturing
Process (BOM, BOP, etc.) of
Electric skateboard assembly

L Ready

BOM of Skateboard

VXN Eg =]

System Modeling
Workbench (SMW)

Tecnomatix:
Process Simulate .
Plant Simulation Amesim
= = = — Teamcenter
Process Planner
NX
HEEDS Simcenter
STAR CCM+

iMBSE implementation
workflow


Skateboard MPP.mp4

Manufacturing Process simulation using Tecnomatix

System Modeling
Workbench (SMW)

Tecnomatix Process Simulate : S
Simulation and optimization of production FIocess Sriase R
@ e o Process Simulate on Teameenter 14.0 SIEMENS . o x SyStemS and proceSSGS
Modeling  Robot  Operstion  Process  Control  Human Takmg skateboard through assembly
I l' 0o O Powawee B o <@ &7 gLgl a Verify reachability and collision clearance T
Viewers Properties Relations Simulation Mew  Amange  Switch Parallel/ Q3 Madify Mewr Section Camera . . Process Planner
fewer Viewer . Panel E;ﬁf . o inens S, | iR o wir 'HC' L ® S N S|mu|at|ng the full assemb|y sequence of NX
- [ - 5 %[l B - g & the product and the required tools
g S M@i@ e
§ (= B [ Final_Assy_PS
= & B[ Pats
: "o HEEDS Simcenter
O Sections STAR CCM+
- O[3 Dimensions . . . .
ey Deliverable: Simulation

- O[] Assigned Prototypes
- O [0 Appearances
O[3 Metion Volumes
O[3 Point Clouds
O[3 Trggers
O[3 Cables
O[3 Cameras

model of Electric

skateboard assembly iMBSE implementation

workflow

- Logical Collections Tree

Operation Tree

i

arve Sequence Editor v 7 X
(=) B [B} Operations
BN @@saaqam\mu«4n>»um| 11.20) leOl‘;"ki'.@
B ;mm_:sy_g;i Sequence Edtor 2 4 & & 10 12 14 18 18 20 22 24 I8 2B N 34 36 38 40 42 44 45 48 52 34 36 58 €
[ B g Rear_Assy | =159, Final_Assy_PS
[ B gy Final_Assy PS — Front_Assy_PS | i i i i i i i L : : : : : : 1i i
Rear_Assy PS5 rr—— T
wFrapesyPs [ [ [ [ [0 [ T [ [ | 7

bl [
_I Path Editor  Collision Viewer

[kr6_r700s][MOP] Move ta loc place2 (kré_r700six_PNP_Op1) Standard Mode  Snap PickIntent  Component Pick Level  +f» -1911.5, 1236.99, 1560

Simulation of Skateboard assembly




Plant simulation using Tecnomatix

Tecnomatix Process Plant Simulation:
- Simulation and optimization of production

systems and processes
- Taking skateboard through production
- Simulating the full production of the

product

Skateboa‘Drilng

el Deliverable: Simulation
model of Electric

ﬁ Conh'oller _Box

skateboard production line

ecnomatix_Skateboard_Assembly

Simulation of Skateboard production line
(Top: 2D; Bottom: 3D)

System Modeling
Workbench (SMW)

Tecnomatix: 1
Process Simulate Fittes .
Plant Simulation [ Amesim

= = - Product and Proce
leamcenter Management:
Process Planner mﬁw ~J 8

Dn}gn -

1IMBSE implementation
workflow



Traceability
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Traceability
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Traceability
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Electric longboard IMBSE implementation: Summary

Implementing iMBSE workflow: Summary of deliverables



Electric Longboard: Validation

Velocity of Skateboard
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Simulation results from Amesim 1D (Digital twin) Experimental results from Optical Encoder (Physical

Velocity m/s (no load condition)

Amesim 6.8

Optical Encoder 6.6

Electric Saketboard/Longboard Validation: Max. velocity



Electric Longboard: Validation
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Electric Longboard Validation: Deformation



Summary & Conclusions

Key aspects of iMBSE implementation for the electric skateboard
Modeling and Simulation Continuum
Traceability
Digital Thread

Industry 4.0: Current challenges/Limitation faced by Academia

Lack of education (curriculum/certification) for Industry 4.0, including iMBSE, MBE, Digital
twin, Digital Thread, etc.

MBE/IMBSE skills not clearly articulated/defined by industry
Cost of infrastructure (both hardware and software)

Limited ability to deliver graduates with the required skills to support/drive the digital
transformation

Limited ability to support the needs of industry for the digital transformation



Summary & Conclusions

Single domain/discipline Multi-disciplinary, Integrated

Technology/Tools taught by Offered by Engineering colleges (4

technology programs/community | year)

colleges

Limited relevance to Industry Driven by Industry (consortium):

practice, including Industry 4.0 Applied as well as closely
relevant/related engineering
curriculum to Industry 4.0

The proposed iMBSE workflow is about the
“Digitalization” of the SE process

 Conceptof System Validation Plan

—— System Verification Plan AL

System System Acceptal AR
" Requirements .. SYStem Acceptance) | S




Summary & Conclusions

" “Digital Twin” in
Teamcenter as the 2 L
digital thread in gl o IMBSE framework
1IMBSE framework =N

Optimization

Document

Clans Activiry Masufachureg Process Planner

BOP

Gemeri Document
* Ading resource 10 Plant
* Adding parts from MEOM to BOP

e
iMBSE = Digital twin + Digital thread




