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Current State

Current state 
of industry

Siloed work on digital solutions to 

answer individual business questions 

without scaling & unlocking the 

full potential of our data assets



Ever-Increasing Data Along the Drug Development Life Cycle



Defining the right process control strategy
The impact and multidimensional interdependency of manufacturing parameters

Unit operations

Critical Process Parameters

Process Understanding and Control Strategy

Critical Quality AttributesCritical Material Attributes

Source: ©Körber-Pas-X Savvy



Source: ©Körber-Pas-X Savvy

The holistic understanding of manufacturing processes
Data should be available from multiple dimensions



Pain Points Impacting Supply Chain

Increase in raw material cost

 Cost of shipping a container 

increased seven-fold 

 Supply chain turbulence due to 

geopolitical conflicts

Logistics challenges

• Costs are expected to worsen, price 

increases not holding to prior 

expectations

• Continuous and quick actions based 

on solid and harmonized data

remains crucial

Inventory capacity management

• Macro economic conditions continue 

to change with potential for more 

downside

• Recession is now seen in several 

regions across the globe

Economic downturn

• Increased waiting time for clearance 

of shipments

• Balancing stock levels due to high 

uncertainty on the markets is very 

difficult

Unpredictable demand

• Need to predict and respond to 

changes in demand in real-time



From MANUfacturing to SMARTfacturing
The Next Generation Manufacturing Excellence
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Evolution from MANUfacturing to SMARTfacturing

Process 
Analytical 

Technologies

Process
Technologies 

Digital
Technologies

Unit Operation 
“Connectology”

Production, 
Purification, 

Formulation and 
Fill & Finish 
Solutions

Systems 
& Flexware

Multivariate Data 
Analysis &

DoE

Feature 
Extraction &  
Engineering

Predictive Modeling

Digital Twins

Cloud 

Sampling to 
Enable At-Line 

Testing

Automated 
Sample Prep

Chemometric 
In-line, At-line 

and Online 
Sensors

1. Foundation 2. Convergence

Media 
development and 

formulation 
Solutions

Monitoring

Process 
Control

Blockchain

Machine Learning
(supervised, unsupervides, 

reinforced)

Neural Networks

Natural Language
Processing

(Big) Data Processing 
& Cleaning

Deep Learning

No/Low code



Evolution from MANUfacturing to SMARTfacturing

SMARTfacturing

1. Foundation 2. Convergence

Supply Chain
Intelligence

Autonomous
Manufacturing

Quality by Design Modular Plant 



Envisioning 
Our future
with
SmartFacturing



80% of manufacturing companies have taken initial steps to connect 
machines, systems and employees

Potential Benefits

Objectives
Predict complex 

interactions
Streamline 

business and IT
Make data-based 

decisions
Leave the control to 

the system
Simplify repetitive 

manual tasks

Level 4. Predictive Plant2. Digital Plant 3. Connected Plant 5. Adaptive Plant1. Predigital Plant

Key 
Characteristics

 Manual
 Paper-based processes 

(SOPs, batch records)

 Some manual processes
 Islands of automation

 High level of 
automation

 Integration
 System standardization

 Integrated plant 
network

 Real-time predictive 
analytics

 Plant of the future
 Autonomous
 Self-optimizing
 Plug-and-play

80%

16%
0% 0%

Connectivity Transparency Next Best Action AutonomousComputerizationGoal

Source: i4.0MC, Industry 4.0 Maturity Center GmbH, 2022

4%



Source: The Data-Driven Journey Towards Manufacturing Excellence, World Economic Forum, Jan 2022

The SmartFacturing Enabling Framework



IT/OT 
(data generation & aggregation)

Data (Data Autobahn, ontologies)

Advanced data analytics

Predictive & prescriptive capabilities, 

Automation

Enablers of Smart Manufacturing

To unlock the true value of Smart Manufacturing the technological 
and organizational foundations need to be set

People & culture 

(re-skilling & up-skilling)



Value drivers of IT/OT convergence

A holistic approach to IT/OT convergence for scalability, efficiency 
and effectiveness

Benefits and value drivers of IT/OT convergence

Seamless and smart integration of physical 

equipment, sensors, and systems into IT infrastructure

Continuous data ingestion enabling visualization, 

analytics and automation to drive data-supported decisions

Foundation for implementation and scaling of SMFG 

capabilities across plants (e.g.: predictive maintenance)

Establishment of strong OT cybersecurity measures, 

increasing protection and resilience of critical assets



Benefit realization requires infrastructural investments

SMARTfacturing is a journey that requires long term strategic planning 

 + % QC lab productivity

 + % production productivity

 - % reduction on deviations

 - % changeover time

Key Benefits

 Compliance, data Integrity 
& cybersecurity

 Setting the basis for Fully 
Connected Plant, Higher 
investment

 Easy data transfer

 Paperless environment (EBR)

 Lead-time reduction

 Data availability from 
machine and across systems

+/-
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Examples

• Server hardware

• Data Historian

• Workforce 
enhancements 

• LIMS
• MES
• ELN

• Advanced 
Data Analytics

• Predictive 
Analysis

++

1.Foundation ($$$)

3. Smart Manufacturing($)

2. Digitial Transformation($$) 

Requires the highest Investment and the benefits are mostly qualitative

At this level sites start realizing benefits for the technologies implemented

Low implementation cost, High return on investments.

NPV



Global Healthcare/Life Science Investment in Smart Manufacturing 
will double from until 2027 

Source: Global Smart Factory Report - Mordor Intelligence 2021 
5
,6

2

1
1
,3

8

1
3
,6

5

1
7
,1

4

1
8
,0

0 2
9
,7

0

3
2
,9

7

5
0
,4

6

9
1
,8

0

1
0
,0

2 2
2
,4

4

2
7
,1

5

3
0
,9

1 4
1
,2

7

6
3
,1

0

6
0
,1

5

9
4
,6

4

1
6
4
,6

1

Aerospace 
& Defense

Pharmaceutical Food 
& Beverage

Mining Semiconductors Automotive Chemicals &  
Petrochemicals

Oil 
& Gas

Other
End-user 

Industries

2020 2027P

CAGR 10.32% CAGR 12.72%

Investments in SMFG capabilities in 2022
(in USD, 2022) - Cross Sector Analysis: 

Others (107.9 Bn)

Oil & Gas ($0 Bn)

Chemicals & Petrochemicals (38.9 Bn)

Automotive (36.61 Bn)

Semi-conductor (22.68 Bn)

Mining (20.16 Bn)

Food & Beverage (16.51 Bn)

Healthcare/Life Science (13.7 Bn)

Aerospace & Defense (6.59 Bn)

Pharma industry has the fourth highest CAGR following Semiconductors, Automotives and Food & Beverages  

7-year growth horizon in investments in SMFG Capabilities
(Projected investments in USD, 2020-2027 with 2021 as base year of analysis) - Cross Sector Overview: 

2027P – Projected revenue for 2027

High projected growth (in volume) and in growth rate 
in Smart Manufacturing investments is a clear 
indication of attractive future adoption initiatives 
across sectors

2020 2027P

2020 2027P

Global 
manufactures are 
adopting smart 
manufacturing 
technologies. 

41%
Manufacturing sites 
selected as global 
lighthouses* by 

World Economic 
forum Lighthouse 
network, since 2018. 

132



SMARTfacturing Value Drivers realize Business Outcomes & Benefits

Smart Manufacturing Use Case Examples Potential Benefits

Digital twin technology

Leveraged predictive maintenance systems to reduce 
machines’ maintenance and defect costs

Utilized an analytics platform for managing yield and root-
cause analysis

Machine visualization and maintenance with digital 
dashboards

Advanced analytics for quality failure aggregation and 
prioritization

End-to-end supply chain management with visibility 
platform

Output quality optimization platform with IoT

Incubated an AI-enabled demand predicting and inventory 
replenishment solution

83% Speed in market

Key Value Drivers

Time-to-market

Service & After Sales

Resource/Process 
Optimization

Asset Utilization

Labor Productivity

Inventories 

Quality 

Matching Supply and 
Demand 

90% Increase in labour productivity

22%
Increase in product yield 
optimization

20% Increase in asset utilization

25% Reduction in inventory 

52% Reduction in quality deviations

4.5pp1 Improved OTIF2

1Percentage Points

25% Decrease in maintenance costs

2On-time-in-full
Note : Global lighthouses are the factories that have taken Fourth Industrial Revolution technology from pilots to integration at scale
Source: Assessment of Smart Manufacturing report(URL); Microsoft Smart manufacturing report(URL)
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https://www.apo-tokyo.org/wp-content/uploads/2020/12/Assessment-of-Smart-Manufacturing-in-APO-Member-Countries-1.pdf
https://www.microsoft.com/en-us/industry/blog/manufacturing/2022/08/11/top-6-findings-from-iot-signals-manufacturing-spotlight/


To realize the benefits, potential data and digital solutions can be 
implemented across all SMARTfacturing building blocks

Materials & Inventory Management

Track and trace, data-driven inventory 
management and optimization, additive 

manufacturing, digital utilities

Production Planning and Scheduling

Automated S&OP process, real-time 
synchronization of supply chain and 

production, advanced planning/ 
scheduling

Manufacturing Engineering

Virtual simulation and experimentation, 
AI/ML-based routing & job scheduling, 

additive manufacturing

Production

Continuous manufacturing, 3D printing, 
industrial robots, automated guided 

vehicles, additive manufacturing

Manufacturing Reliability & 
Maintenance

Predictive / remote maintenance, 
virtually guided maintenance, analytics, 

additive manufacturing, robotics and 
automation, workforce enablement

Environment, Health & Safety (EHS)

Waste management optimization and 
smart energy consumption, workforce 

enablement, digital utilities, digital EHS

3rd Party Manufacturing & Service

Automated sourcing agents, supplier 
rooms, shared cloud platforms, control 

tower

Manufacturing Network Operation

Analytics, dynamic routing, real-time 
supply chain optimization/risk mgmt., 

next best action/ predictions, advanced 
process control, connected lab

Quality

Automated quality in-line testing, digital 
quality management, robotics and 

automation, workforce enablement, EBR

Performance Mgmt. & Business 
Intelligence

Real-time KPIs, advanced production and 
asset utilization based on digital twins, 
advanced process control, EBR, digital 

utilities

Skills, culture & behaviors



ReturnMakePlan

Capability Map Smart Manufacturing, Supply & Quality

21

Source DeliverMake

Supply Chain Planning

Customer Collaboration

Demand Planning

Inventory Mgmt.

Production Planning

Sales & Operations Planning (S&OP)

Supply Chain Analytics

Supply Chain Strategy

Supply Network Planning

Master Data Mgmt.

Manage Customer Master

Manage Equipment Master

Manage Material Master

Manage Recipes Master

Manage Vendor Master

Manage Material Inspection Plan

Artwork Mgmt.

Product Artwork

Collaboration

3PL Integration 

Supplier Collaboration

Procurement Direct Materials

Customer Collaboration

Daily Management

Trade Regulations

Export & Import Control

Customs Regulations

Supplier Quality Mgmt.

Supplier Qualification Mgmt.

Manufacturing

Detailed / finite Production 
Scheduling

Manufacturing Intelligence

Manufacturing Execution

Batch Record Mgmt.

Material Labeling

Process Data Acquisition 

Weight & Dispense

Batch Genealogy

Process Analytics

Statistical Process Optimization

Batch Manufacturing

Continuous Manufacturing

Discrete Manufacturing

Advanced Analytics

Manufacturing Process & Predictive 
Analytics

Product Security & Tracking

IOT Devices

Plant Maintenance

Asset Life-Cycle Mgmt.

Asset Performance Mgmt.

Preventive Maintenance

Spare Part Planning & Mgmt.

Overall Equipment Effectiveness

Asset Maintenance & Repair

Product & Sample Testing

Laboratory Data Mgmt.

Lab Equipment Integration & 
Calibration Mgmt.

Laboratory Information Mgmt.

Lab Testing Data Lifecycle Mgmt.

Out of Specification (OOS) Mgmt.

Certificates of Analysis Mgmt.

Continuous Quality & Process 
Monitoring

Laboratory Scheduling

Real-time Release

Trending

Quality & GxP Compliance

Audit Planning & Execution

Change Mgmt.

Customer Quality Agreement Mgmt.

Deviation & CAPA Mgmt.

Policies & Procedures Mgmt.

Product Attribute & Substance 
Properties Mgmt.

Quality Proactive Reporting (QPR)

Annual Product Review Mgmt.

New Product Introduction

Risk Management

Logistics

Distribution Operations

Warehouse Mgmt.

Plan & Execute Transportation

Track & Trace

Waste Mgmt.

Environment, Health &  Safety 
Mgmt.

Crime & Fraud Mgmt.

Occupational Health Mgmt.

Product label mgmt. & Printing

EHS Reporting & Risk Assessment

Safety Data Mgmt. / Dangerous 
Goods Data Mgmt.

Substance Registration (Chemical 
Reg. Affairs)

Substance Volume Tracking & 
Reporting

Accident Management

EHS Audit Planning & Execution

Reverse Logistics

Returns Mgmt.

Customer Affairs Mgmt.

Complaint Handling

Customer Communication/Inquiry 
Mgmt.

Customer Notification Mgmt.

Facility Management

Alarm Mgmt.

Closed-Circuit Television/Visual 
Assisted Tool

Electricity Generation & Distribution

Energy Monitoring & Management

Environmental Monitoring



Setting our objectives

Smartfacturing Priorities

Time-to-market

Individualization

Delivery reliability

Transparency

Operating Costs

Attractive Employers

Attractive Tasks

Ergonomic workstations

Zero impact

Responsible sourcing

CUSTOMERS

Finances

Employees

Society

Our PRIORITY?Dimensions

TARGETED 
KPIs



Evolving to meet our cross-sectoral ambitions
From MANUfacturing to SMARTfacturing – our priorities

Digital Twins and AI driven use cases 
to support new levels of resilience 
and flexibility

Increase workforce agility and amplify 
capabilities to enable resilience

Rethinking supply chains

Reflect regulatory requirements in AI enabled capabilities 
incl. qualification/validation of technologies and algorithms used for supporting decisions

Greater focus on seamless engineering, 
plug & produce, automation and 
IT/OT convergence



Merck has the ambition to enable the following 
SMARTfacturing Goals & Levers

Workforce Readiness & 
Change Management

Manufacturing

Excellence by Design

IT/OT

convergence
Supply Chain

Intelligence

Smart 
Manufacturing 
Process Dev

Smart 
Operations Quality 4.0

Forcasting Planning Distribution Logistics

IT/OT Operating 
Model

OT Standards
Equipment 
connectivity

(e.g. MTP, M2M)

OT 
Cybersecurity

Operations Data 
Autobahn

Decision Intelligence
Strategic 
workforce 

engagement

Skills enablement
(Re- & Upsklling)

Change 
Management



Digital Twins maturity levels
Digital Shadows, Digital Thread, or Digitalization

Data

Virtual

Human-
Machine 
Interface

Physical

Connection

Model

Services

= Score = 3.5 out of 6

Virtualization: HMI-weighted (Digital Shadow) 

=

Data Mining: Digital services-weighted (Digital Thread)

Score = 2.5 out of 6

=

Conventional Automation: Connectivity-weighted (Digitalization)

Score = 3 out of 6

=

A Digital Twin: Lights-off Cognitive Manufacturing

Score = 6 out of 6



Digital Twins of Drug Production Processes aim to 
reduce Process Development timelines by 50%

3D digital twin
 Based on 3D computer graphics and 

AR/VR 

 Used for equipment design, SME 
training, navigation in the plant…

Digital twin of an mAb
bioproduction process
• Based on Ai modeling (Data 

driven, Mechanistic, Hybrid,… 
• Used for process simulation, 

prediction, optimization and 
control

Computational Fluid Dynamics 
(CFD)



End-to-End Process Models as a Framework

Ordinary Least-Squares
(e.g. via DoE)

Linear Mixed Model Hybrid and AI ModelsMechanistic Models

Source: Körber Pharma Software: Thomas Zahel, Lukas Marschall, ISPE Pharma 4.0 workshop in Visp, March 2024



MTP enabled Plug and Produce & DT enabled Guided Process Design

Configure the best matching system for any application

Break the 
paradox

between flexibility and efficiency.

Dedicated or specialized modules are

hooked into the manufacturing eco system 

whenever beneficial

Highly automated 
platform

Universal
Technical Backbone

Pool of specifically

optimized modules

…continually growing 
number of assemblies 



Manual Control  
by Experts with 

“domain 
knowledge”

Custom Logic/ 
Advanced

Sequences in 
Plant Automation 

System

Step and Wait 
Auto-Adaptive 

Processes

Model-Based Mathematical Optimization 
with AI

Control and optimization methods for energy consumption
AI operation provides a global optimal solution for energy 
efficiency



Projects and activities to boost our digital capabilities

Our current activities

Supplier Risk

External 
Risks

Logistics

Quality & Manufacturing 
Intelligence

Capacity 
Management

Inventory 
Management

Distribution

Fleet Management

Track & Trace

Demand 
Uncertainty

Production 
Breakdowns

PRIME 2.0PRIME 1.0Internal
External 
Collaboration

No change

Risks & pain points based on general literature consensus such as Shahbaz et al. (2019), Manuj Mentzer (2008), Wagner and Bode (2008); Thun and Hoenig 2011) 



The economical impact of decisions that are not made or 

not properly made is estimated at $4.26 trillion

An S&P 500 Index Company currently loses an average 

of $250M per year on ineffective decision-making 
processes (McKinsey)

72% of executives believe that bad decisions are as 

frequent as good ones. (McKinsey)

Leading to poor and unmade decisions at scale..

Source: AERA Technology, March 2024



Our vision is to :

Move from people making decisions supported by machines

Rebalance 

Inventory

Spike in 

Demand

Invoice 

Mismatch

Update 
Production 

Plan

Update 
Purchase 

Order
Forecast 

Change

Shipping 
Delay

Payment 
Terms Not 

Met

Raw 
Material 
Delay

ERP

Data 

Lake

Ext. 
Data

CRM

MES

WMS

APS

ERP

Decision making is 

slow

Fewer decisions get 

made

Complex decisions 

take longer

Source: AERA Technology, March 2024



To machines proposing decisions guided by people

ERP
Data 

Lake

Ext. 
Data

CRMMES WMSAPS

Faster Decisions

More Decisions 

Higher Complexity

Source: AERA Technology, March 2024



AI for decision automation is becoming a standard practice for 

large enterprises

Gartner Hype Cycle for AI, 2023:

Gartner, “Innovation Insight for Decision Intelligence 
Platforms,” 2023

“By 2026, 75% of Global 500 companies 

will apply Decision Intelligence… 

making decision making the next 

competitive differentiator.”



9 Proprietary and Confidential © 2024 Aera Technology



At Merck >15 use cases contribute to 
Predictive Inventory management

Exemplary ongoing initiatives:

- Appyling machine learning to provide highly accurate 

short-term demand forecasts

- Leveraging external data sources with AI/ML to enhance 

demand planning effectiveness

- Integrated business planning to enable E2E value chain 

transparency, SC planning and optimization

- Combining digital twins and reinforcement learning in 

sales and operations planning to ensure appropriate 

inventory levels



1. Resilience as Strategic Imperative

Adopting Smart Manufacturing and Supply Chain Intelligence ensures our operations are not only efficient but 

also robust against disruptions. The seamless integration of IT and OT, supported by a skilled workforce, equips 

us to anticipate, respond, and adapt to challenges rapidly, securing our business continuity and protecting our 

market position in any scenario.

2. Driving Industry Advancement Through Collaborative Innovation

Embracing this transformation catalyzes not just internal improvements but propels the entire industry forward, 

setting new standards for operational excellence and sustainability by collectively pushing the boundaries of 

what's possible

3. Cultural Transformation for Sustained Success

The journey towards comprehensive digital integration demands more than technological investment; it requires 

a shift in corporate culture towards continuous learning, agility, and cross-functional collaboration. 

On Our journey from MANUFacturing to
SMARTFacturing!



Thank you for 
your attention
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