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Digital Engineering

In the Medical Device Industry

Patient Specific Care

in silico Clinical Trial

Product Engineering
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Product Development (and V&V) Process

In the General Industry

Engineering Industries

Medical Device Industry

< ?7? years
P
Product Development ] [ Validation ] Regulatory Approval Verification
.
Purpose: Purpose: Purpose: Purpose:
* Design * Performance testing *  Apply for market release * Monitor the released
*  Build * Lifecycle testing product

e Bench Test

< 10+ years

<4— ~ 60 months » <4—— ~85months » 4—— ~17months —————P

4 N 4 N (" )
Nonclinical Development Clinical Trials FDA Premarket Post-.ApprovaI

\ J X / {_ Approval (PMA) y Studies (PAS)
Purpose: Purpose: Purpose: o Purpose:
e R&D * Safety * Submit evidence to FDA +  Continued Safety
* Prototyping & Bench Tests * Performance «  Continued Effectiveness
* Pre-clinical evidence * Effectiveness

Chart and data adapted from:

Sertkaya A, DeVries R, Jessup A, Beleche T. Estimated Cost of Developing a Therapeutic Complex Medical Device in the US. JAMA network open. 2022;5(9):e2231609. doi:10.1001/jamanetworkopen.2022.31609
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Product Development (and V&V) Process

In the Medical Device Industry

<

<4— ~ 60 months

10+ years
<4—— ~85months

Ve

.

Nonclinical Development

Ve

Clinical Trials

.

<4— ~17months ————»

Ve

Duration Breakdown

Chart and data adapted from:
Sertkaya A, DeVries R, Jessup A, Beleche T. Estimated Cost of Developing a Therapeutic Complex Medical Device in the US. JAMA network open. 2022;5(9):e2231609. doi:10.1001/jamanetworkopen.2022.31609
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Cost Breakdown
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Product Development (and V&V) Process

Nonclinical Development

< 10+ years
<4—— ~60 months > < ~ 85 months » 4—— ~17 months ———»|
f )
Nonclinical Development Clinical Trials hDAremarket Post-ApprovaI
N e / {_ Approval (PMA) y Studies (PAS)
Nonclinical Development
Purpose: Total Cost?: .\

* R&D $20.0m
*  Prototyping & Bench Tests

e Pre-clinical evidence

Prob. of Prob. Of Cost at

Advancement Approval Launch®
> 46.9% 13.7% $60.8m

3 Represents the cash outlay at time of expense

bRepresents the cash outlay adjusted for the cost of capital

¢Expected capitalized costs including the cost of capital and failures

Chart and data adapted from:
Sertkaya A, DeVries R, Jessup A, Beleche T. Estimated Cost of Developing a Therapeutic Complex Medical Device in the US. JAMA network open. 2022;5(9):e2231609. doi:10.1001/jamanetworkopen.2022.31609
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Capitalized
Cost¢

$442.8m
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Product Development (and V&V) Process

Clinical Trials

< 10+ years
<4—— ~ 60 months > < ~ 85 months » <4— ~17months ————»
4 )
Nonclinical Development Clinical Trials hDAremarket Post-ApprovaI
\ . ~—Approval (PMA) y Studies (PAS)

Feasibility Studies Pivotal Studies
Purpose: Purpose: ™\
* Safety » Safety
e  Performance . i
+ N=0(50) patients /"~ N=0(500) patients "\ Prob. of Prob. Of Expense at
. Advancement Approval Launch®
Duration: Duration:
f(N) 28 months f(N) 57 months > Feasibility 48.0% 29.2% $2.9m
Cost per Patient: Cost per Patient: . 0 0
Total Cost?: Total Cost2: 2Represents the cash outlay at time of expense
f(N) ~ $14m WN) ~ $307m /_/ bRepresents the cash outlay adjusted for the cost of capital

Chart and data adapted from:
Sertkaya A, DeVries R, Jessup A, Beleche T. Estimated Cost of Developing a Therapeutic Complex Medical Device in the US. JAMA network open. 2022;5(9):e2231609. doi:10.1001/jamanetworkopen.2022.31609
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Product Development (and V&V) Process

Clinical Trials

Total Cost of Study

Total Duration of Study
Confidence in Study Results

Number of Patients (N) Number of Patients (N) Number of Patients (N)
(Human and Virtual) (Human and Virtual) (Human and Virtual)

Traditional Study Design Traditional + in silico Study Design
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in silico Clinical Trials (ISCT)

Truths and Misconceptions

in silico Clinical Trials will NOT

1.

11

Replace human trials

Be deterministic on their own

Have a clearly defined execution path

Result in less stringent medical devices regulations

Digital Engineering Platform Automation | October 14th, 2025

What in silico Clinical Trials are

1. Intended to augment traditional clinical trials

2. insilico evidence supports regulatory submission, along
with other necessary evidence based on risk level

3. The FDA “ISCT playbook” is an outline, but every
submission will have unique requirements based on
“Question of Interest” and “Context of Use”

4. The use of ISCT will result in more thorough investigation
and evaluation of therapies, coupled with potentially
qguicker and cheaper access to the consumer

Medtronic



in silico Clinical Trials (ISCT)

Example Use Case

Antitachycardia Pacing Simulations

\

.

B B
e [ (o)
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Patient Specific Care
And the Role of Modeling & Simulation

NASTRAN EXPORT FROM SCANIP+FE

Patient Specific Care Time= 0
Tailoring medical decisions based on unique S
characteristics of each patient

* Anatomy

* Physiology /

* Genetics Aorta O

e Lifestyle

* Medical history

Ventricle
Role of Modeling & Simulation
Modeling & Simulation can help Clinicians
* Predict a specific response
* Plan or train for a procedure
e Adjust for specific disease state .S

Video curtesy of:
Martin, David and David Nolan. "Role of Modelling & Simulation Tools in the Development of Transcatheter Heart Valve Devices at Medtronic."
SIMULIA EuroNORTH Regional User Meeting. 2025.
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Modeling & Simulation in the Medical Device Industry

Obstacles and Challenges

* Regulatory & Clinical Alignment
* Data Acquisition & Consistency
* Logistics & Integration

* Security & Privacy

e Validation
e Data Retention & Access

/ Medtronic Network \ Clinician’s Network
)
SPDM
A NEEEEEER ’
) R
\——
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AGILE Paradigm

Facilitatin Collaborative Digital Engineering

2 Ed o & ..‘ '
P @ ‘?‘ * ‘ g . &
. @ g @ . . .o . v .’ .
" El » »
X o ¥
* @ . . \
o : s ¥ Medtronic



AGILE Paradigm

Introduction

Step I: Define Requirements

Step II: Specify competences

Step lll: Formulate Problem Statement & Inexecutable Workflow
Step IV: Develop Executable Workflow

Step V: Execute Executable Workflow & Generate Results

Data Schomas | | Layer contains:

» Busmwess process

v Vanual tasks
* Automaied taska
Pt v hers

Layer containe

¢ Workfow blueonnt
Coliabor aten workfion

v Dsrdused network
= Graph-based anatysa

Wt N w s ey
Layer contams
* Repostory of desgn
cormpetences
Product schems * Web sarvices

MDO system of
project interconnected com-
kick-off petences established

ready for execution MDO system
of MDO system solution(s) selected

operation solution continue process with
new project iteration
through MDO system
reconfiguration or end

project

de¢ sign and optimization proces s

time

2nd generation
MDO environment

AGILE ambition for A
3rd generation
MDO environment

AGILE @ Paradigm

design and optimization process supported by:
Knowledge Architecture dollaborative Architecture

aim: : ework for the configuration of collaborative MDO aim: provide a framework for the efficient execution of
systems and their agile jon. collaborative MDO workflows in distributed networks.

Development process Data schemas

Project schema
Automated design. - '

Workflow schema

\ \
Design competences E
m m
Productschema

Knowledge architecture supporting the next generation of MDO in the AGILE paradigm, Imco van Gent, Benedikt Aigner, Bastiaan Beijer, Jonas Jepsen, Gianfranco La Rocca, https://doi.org/10.1016/j.paerosci.2020.100642.

16

Digital Engineering Platform Automation | October 14th, 2025

Medtronic




Digital Engineering Platform

Medtronic’s Collaboration Architecture

Product Lifecycle
I Management System

Requirements Management Simulation & Process Data
System Management
VOX e m o m oo oo ddcmo . 1 System Validation

Modified Design Inputs |—> System DRtk ki Rt R b Rt Rttt System Modified Design Outputs

gh np \ Requirements Modeling g P

. / Sub-System Sub-System . /
< ..................................... -
— |nputs\ Requirements Modeling /Des'g“ Outputs
. Component Component .
1_ ....... -
Design Inputs Requirements Modeling Design Outputs

Process Integration for
Component . . ..
P mF Design Optimization

Specifications

Model-Based Systems
Engineering Tool

Product Data Management
System
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Digital Engineering Platform

Medtronic’s Collaboration Architecture

Product Lifecycle
I Management System

"l & =B & = F S f =E=Em B« l
Requirements Management Simulation & Process Data
System Management
Process Integration for
mF Design Optimization
Model-Based Systems PIDO Design Data
Engineering Tool Management System

Product Data Management
System
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AGILE Paradigm

Roles, Responsibilities, and Players

AGILE Roles

Customer:

e Specify Top Level Requirements
* Analyze Output
e Direct Reconfiguration (if required)

Architect:

* Manage Requirements
* Develop problem statement
* Develop solution process

Integrator:

* Convert roadmap into executable workflow N ‘- . , . |
“The Customer is in the audience, listening to a symphony

Competence Specialists: composed by the Architect and conducted by the
+  Domain experts Inte‘gra"cor. The CoI-Iaboratlve Engineer prowdgs the
e Develop individual analysis models auditorium and ambient for the orchestra in which the

Competence Specialists take on the role of the individual

Collaborative Engineer: musicians. )

-Moerland et. al.

e Supports Specialists in ensuring analyses are compliant with
the requirements

Erwin Moerland, Pier Davide Ciampa, Sascha Zur, Erik Baalbergen, Nikita Noskov, Roberto D'lppolito, Riccardo Lombardi, Collaborative
Architecture supporting the next generation of MDAO within the AGILE paradigm, 2020 https://doi.org/10.1016/j.paerosci.2020.100637.

Medtronic
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AGILE Paradigm

Roles, Responsibilities, and Players

AGILE Roles

Customer:

e Specify Top Level Requirements

* Analyze Output

e Direct Reconfiguration (if required)
Architect:

* Manage Requirements

* Develop problem statement
* Develop solution process
Integrator:

* Convert roadmap into executable workflow

Competence Specialists:

* Domain experts
* Develop individual analysis models

Collaborative Engineer:

e Supports Specialists in ensuring analyses are compliant with

the requirements

20 Digital Engineering Platform Automation | October 14th, 2025

Medtronic Players

Customer:

Clinical and Regulatory Agents
Program Manager

Systems Engineer

Product Design Engineer

Architect:

* Design Automation Engineer
 Modeling & Simulation Engineers
* Systems Engineer

Integrator:

* Design Automation Engineer

Competence Specialists:

* Modeling & Simulation Engineers
* CAD Designers

Collaborative Engineer:

Systems Engineers
Product Design Engineers
* Design Automation Engineer

Medtronic



AGILE Paradigm

Roles, Responsibilities, and Players

AGILE Roles

Customer: Step I:

e Specify Top Level Requirements
* Analyze Output
e Direct Reconfiguration (if required)

. Step Il:
Architect:
* Manage Requirements
* Develop problem statement
* Develop solution process

Step llI:

Integrator:
* Convert roadmap into executable workflow
Competence Specialists: Step IV:
* Domain experts
* Develop individual analysis models
Collaborative Engineer: Step V-

e Supports Specialists in ensuring analyses are
compliant with the requirements

21 Digital Engineering Platform Automation | October 14th, 2025

AGILE RACI
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AGILE Paradigm

Roles, Responsibilities, and Players

AGILE Roles

Customer:

e Specify Top Level Requirements
* Analyze Output
e Direct Reconfiguration (if required)

Architect:

* Manage Requirements
* Develop problem statement
* Develop solution process

Integrator:

* Convert roadmap into executable workflow

Competence Specialists:

* Domain experts
* Develop individual analysis models

Collaborative Engineer:

e Supports Specialists in ensuring analyses are compliant with

the requirements
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Example Use Case

of te AGILE Paradigm for Product Development
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Transcatheter Valve Replacement

Device and Procedure Background

Evolut™PRO 23 mm Valve

A ) ,f\*, Model Number:
W\ )/ EvolutPRO-23
{ X Y/ SRR RIS SR
", E(x Size: 23 mm
; {

Aortic Annulus
Diameter:18-20 mm

Evolut PRO 26 mm Valve

\ Size: 26 mm

“" A/ ,“A,\

W A\ Model Number:
Q- ' g EvolutPRO-26

)

X

w N

P EXY Aortic Annulus
Diameter: 20-23 mm

Evolut PRO 29 mm Valve

IAAAAN
(‘K’) " A} ModelNumber:
\ ».‘,"...

2 ;, EvolutPRO-29
i{y' '.‘ Size: 29 mm
X " Aortic Annulus
Diameter: 23-26 mm

Evolut™R 34 mm Valve

Size:34mm

OO ) ')‘ Model Number:
XX z EvolutR-34
Aortic Annulus

Y 0N Diameter: 26-30mm

24 Digital Engineering Platform Automation | October 14th, 2025

A space

between your ribs

An artery

in your leg

.::.."..::. ............... ................ An artery N your neck

Speak with your doctor about which route is best for you.

See full video on YouTube

Medtronic


https://youtu.be/OosD45hSstY?si=2sMNsFE_-gzrTkmw&t=64

AGILE Knowledge Architecture

Workflow Architecture and Tools

01100100
01100001 Evolut R 23 Vaf
01110100 volut mm Valve
—® Process Flow D File Transfer 01100001
————————— » Information Flow A/ A
01100100 < \ '-.,l | Model Number:
....... — ' . ' 01100001 L / ' EvolutR-23
. | Project File Grouping o000 | Data Transfer +  System Analysis Model r \N Y Y/
I 01100002 e Post-Processing Script | \J \ {,) Size: 23 mm
* Tooling Model Processed | [‘ .1
i Modified 1°°ling Mesh Mesh (*.k) - AX : Aortic Annulus
Data In: Design Inputs odite Files (*.k) : | (X )\ Diameter: 18-20 mm
! Mesh File : LN
| (*K) | A
| I ™
I e s — — — — — — — e e— — — — — — e — s — | R — //—.
[ r - < I ;o :
| I - IS | N
N\
\ | /
M N | Evolut R
volut R 26 mm Valve
|
I | ________________________ 1 - l
> . : |’( ‘r \ 1
_MFG Sim | | N\/ /y}  Model Number:
i R W WY EvolutR-26
@ ) | | ‘ “ '
|‘i Pr cesied | : /) ' Size: 26 mm
\ \
|\ Mesh (“k) || = ! ,r‘,. !
[N | — | ,.’,r‘ (] Aortic Annulus
! RN | = : 19, AN Diameter: 20-23 mm
\ e I I
Y [ :
N I
b ¢ o e bt — — —t — m— — — —t m— — — 1 —h — — — — — ) \ e J |
\\ |
I
N ! Evolut R 25 mm Valve
AN I
N I
\\ |
~ | / AN
Processed Y I ':/. X { Y ModelNumber:
Mesh (*.k) L\ { }/ EvolutR-29
Y (/
‘},ﬂ‘ “‘f Size: 29 mm
: V' ..'I.
ix N\ Aortic Annulus
(X N Diameter: 23-26 mm

D * Pre-Processing Script
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AGILE Knowledge Architecture

Workflow Architecture and Tools

File Transfer

—» Process Flow D
| 2

01100100
01100001

o1110100 | Data Transfer
01100001

Data In: Design Inputs

v

System Analysis Model

Post-Processing Script
Tooling Model

CAD Model

26 Digital Engineering Platform Automation | October 14th, 2025

Processe

Mesh (*.k)

Processed
Mesh (*.k)

Processed
Mesh (*.k)

d AN

I
: D *  Pre-Processing Script
|

D * Pre-Processing Script

01100100
01100001
01110100
01100001

Evolut R 23 mm Valve

Model Number:

A
< > / EvolutR-23
3 | ) | 1 4
\f ¢ x/ Size:23 mm
IK i )ll Aortic Annulus
A, )\ Diameter: 18-20 mm
Evolut R 26 mm Valve

/\
T’,-(-,/ Model Number:
WA A4 Evolutr-26
W {l
LA |
) A Size:26 mm
X \
9 '
;ff" () Aortic Annulus
19, AN Diameter: 20-23 mm
Evolut R 28 mm Valve

Model Number:
EvolutR-29

Size: 29 mm

Aortic Annulus
Diameter: 23-26 mm

Medtronic



AGILE Collaborative Architecture

Roles, Responsibilities, and Players

AGILE Roles

Customer:

e Specify Top Level Requirements

* Analyze Output

e Direct Reconfiguration (if required)
Architect:

* Manage Requirements

* Develop problem statement
* Develop solution process
Integrator:

* Convert roadmap into executable workflow

Competence Specialists:

* Domain experts
* Develop individual analysis models

Collaborative Engineer:

e Supports Specialists in ensuring analyses are complia

the requirements
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Pr. Design Automation

Engineer
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Amin Joukar
Sr. FEA Engineer

©

Amin Joukar
Sr. FEA Engineer

Matthew Genovese
Pr. R&D Engineer

Arric McLauchlan
Pr. Design Automation

Engineer

Adithya Lakkur Venugopal
Sr. FEA Engineer
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Sr. FEA Engineer
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Structural Heart Valve Design
Mult-Objective Design Optimization

Feasible Set of Pareto Designs

Objectives:

*  Minimize Sl (Type 1)
*  Minimize Sl (Type 2)
*  Maximize MR

* Maximize PE

Optimization Algorithm:
MOGA-II with ULH Space Filler
* 500 Generations

» 87 Agents
(@]
Results: o s
« 43,500 Designs Total . 59 >
« 2,831 Non-Dominated Pareto 95115008 Q0 ¢%0C8>
Designs

* 39 Designs in Target Region

1T
l ; :)’\\\' W / : RSN 4 Effect Size
AR L /.‘\\\ / ‘ \ \ = - 7 — — M Direct Effect
"’.\ \\ \ / /‘/Q N~ = Jil —— Minverss Effect
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Structural Heart Valve Design

Multi-Objective Robustness Design Optimization

Objectives:
g 128 ma x(PE)
| a max(MR)
Electropolish > A f-,,: . mln(m)
& 0% min(SITypeZ)
» Constraints:
> L_E — 30pg 2 PEyin
Bpandouterfame | | |j\ lé: MR — 30yr = MRy
e ‘g ; SITypel + 3051Type1 < Slyax1
g " SITypeZ + BO-SITypeZ = SIMaxZ

15% :
ol

o
a

«Q
ks

Probabllity Density
o
']

Probabllity Density

29 Digital Engineering Platform Automation | October 14th, 2025 Me l l ronic



AGILE Paradigm

Testimonials
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