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1 Digital Manufacturing

e DM is the evolution of manufacturing, where an integrated approach is centered around
a computer system

e Evolution: purely mechanical machinery =~ CNC machines systems of computer-
controlled machines

e DM goes within the framework of Industry 4.0

e Industry 4.0 is the 4th industrial revolution



2 Evolution of manufacturing

Figure 2: CNC milling center

Figure 3: 1st NC machine tool (MIT, 1952)



Figure 4: DM plant

3 Industry 4.0

The term is a marketing slogan for the 4th industrial revolution, which is the digitalization
of manufacturing. It was coined in Germany in 2011, and it is now a worldwide concept.

* Motivation — reaction from EU and USA to 2008 economical crisis
o Name origin — 2011 Hannover Messe (Angela Merkel)

e Hannover Messe 2013 — presentation of final report of the Industrie 4.0 committee,
tasked by German government in 2011:

— Design principles
— Challenges
— Impacts



Mechanization, Mass production,
water power, steam  assembly line,
power electricity

4 Previous industrial revolutions

First Industrial Revolution

Computer and
automation

Cyber Physical
Systems



Figure 5: Mechanical loom, E. Cartwright, 1784



Second Industrial Revolution

Vi

Figure 6: Conveyor belt, Cincinnati Slaughterhouse, 1870

Figure 7: Conveyor belt, Ford Motor Company, 1913

Third Industrial Revolution



Figure 8: PLC, Modicon 084, 1969

5 Industry 4.0

Objectives:

¢ Re-shoring of added value in western countries

e Sustain salaries of working- and middle-class

e Sustain e-commerce

o Mass customization (added value shifts from manufacturing to design)
o Time compression (life cycle of a car from 5 to 2 years)



6 Industry 4.0

Design principles:

o Interoperability (IoT, IIoT, IoP)

o Cyber-Physical Systems (CPS)

e Information transparency: public, open protocols; digital twins

e Self-support and in-line help to operators

e Decision de-centralization: autonomy, stratification, prioritization

7 Industry 4.0

Table 1: Akin to the Yardstick of Automation (Amber & Amber, 1962)

Human
Order attribute Example
0 None Manual tools
1 Energy Powered machines and tools
2 Dexterity Single-cycle automatics (dexterity = self-feeding)
3 Diligence Repeats cycle; open-loop control
4 Judgment Closed loop; numerical control; self-measuring
5 Evaluation Computer control; model of process required for automation
6 Learning Limited self-programming; some artificial intelligence
7 Reasoning Inductive reasoning (cause-effects)
8 Creativity Performs (original) design unaided
9 Dominance ~ Machine is master (HAL 9000)

8 Industry 4.0

Challenges:

o Cybersecurity

o Reliability and resiliency of M2M communication (bandwidth and latency)
e Drop-in, plug-in approach on existing processes

o Intellectual property (IP) protection

¢ Reluctancy to change, operators re-training

e Corporate IT
e Initial loss of labor



9 Industry 4.0

Impacts:

Servitization (from selling goods to selling services)
Productivity, and its resilience

Safety

Integrated design of product/process

Cost structure

Socio-economical factors

Big Data analytics

10 Digital Manufacturing

A set of core, enabling technologies are grounding 14.0 and DM:

Cyber-Physical Systems (M2M connectivity): in short, they are mechatronic systems,
i.e., mechanisms, whose actuators are controlled by a computer system based on output
from sensors and logics provided by algorithms

CPSs provide the plant controller with information on its own status

IToT (connectivity layer): Industrial Internet of Things

Additive Manufacturing (dematerialization of design): paradigm of fully digital man-
ufacturing process

Machine Learning and Al: strategy to further enhance the level of automation and
enable autonomous decisions

11 Digital Manufacturing

Industrial Internet of Things (IIoT): has to support communications among CPSs
(M2M communication)

Every device is on the network: we have tens of billions of devices globally connected,
and the number is growing fast

Problem: IP protocol: IPv4 has 232 ~ 4.3 x 10? addresses

Solutions:

— IPv6 has 2'28 ~ 3.4 x 1039 addresses, but IPv6 adoption is slow because of the
added costs and complexities

— NAT (Network Address Translation) keeps IPv4 and addresses exhaustion problem
by allowing multiple devices to share a single public IP address behind a gateway

10


https://en.wikipedia.org/wiki/Network_address_translation

12 OSI Networking Model

o Networking stack: according to the Internet model, networking happens over a stack of
4 layers

o Link layer (L0): physical carrier (Ethernet Cable, WiFi, etc) and its protocol (MAC,
802.11, ARP, etc)

o Internet (or network) layer (L1): IPv4, IPv6, ICMP

o Transport layer (L2): TCP, UDP

o Application layer (L3): HTTP, FTP, IMAP, LDAP, ..

Data Application
h[(iall?i};r g&?ﬁz Transport
heg)ier IP data Internet
Eg:gz Frame data ?;fgf Link

Figure 9: OSI layers

13 Digital Manufacturing

Industrial Internet of Things (IIoT): has to support communications among CPSs (M2M
communication)

o Level 0 protocols: as fast as possible; currently introducing 5G (wireless yet extra-low
latency!)

o IP protocol (L1): beside address space, IPv6 has other advantages (complex multi-
casting, autoconfiguration, IPsec). Its adoption is still slow, though

e Level 3 protocols: moving from REST (HTTPS) to more lightweight message queu-
ing protocols (MQTT, ZeroMQ, AMQP, OPC-UA)

11



14 REST vs Message Queuing

« REpresentational State Transfer: it is an IoT extension of HTTP
o It is not ideal:

— Verbose: large overhead

— Complex: PUT/GET/POST/DELETE verbs that make sense for IoP, but not for IoT
— Polling-based, event-based actions difficult to implement

Point-to-point: n clients to 1 server; routing a message between clients is difficult
and not efficient

HTTP Request
HTTP Response

=
o N W

Server Client

15 HTTP overhead

Let’s see a HTTP/TCP request/reply message exchange by capturing the whole traffic with
Wireshark

o Request phrase: GET / HTTP/1.1 (14 x 2 bytes)
e The HTTP frame takes 153 bytes total
e The full request stack takes 437 bytes for the minimum request

12


https://www.wireshark.org/

[ NoN ] Capturing from Thunderbolt Ethernet: en7 (port 8080)

AN Ad® 0T RE Qe=msEg & = @ F

[I |Applv a display filter ... <3/> = '] +
No. Time Source Destination Protocol | Lengtt| Info

0.000662 10.196.36.38 193.205.196.138 55749 - 8080 [ACK] Seq=1 Ack=1 Win=131712 Le
0.000784 10.196.36.38 193.205.196.138 HTTP 153 GET / HTTP/1.1

0.001289 193.205.196.138 10.196.36.38 TCP 66 8080 - 55749 [ACK] Seq=1 Ack=88 Win=65152 Le
0.081522 193.205.196.138 10.196.36.38 HTTP 937 HTTP/1.1 2@0 0K (te
10.196.36.38 193.205.196.138 55749 -+ 8080 [ACK] Seq=88 Ack=872 Win=13088@

m s W

~ =

bl

09.001990 10.196.36.38 193.205.196.138 TCP 66 55749 - 8080 [ACK] Seq=89 Ack=873 Win=131072

Request in frame: 4
[Request URI: http://repos.dii.unitn.it:8080/]
File Data: 656 bytes

~ Line-based text data: text/html (26 lines)

06poe  aB 20 66 2d 65 dc 3c 94 d5 48 1d @1 @8 00 45 09 © f-e'< H - E-
0010 83 9b 4b 87 40 00 3e 06 38 94 cl cd c4 Ba 0a c4 cKa> 8- o
0020 24 26 1T 90 d9 c5 ba B7 f9 68 e2 ba cf 8c 8@ 18 $& o h:

0030 @1 fd bc f7 @@ 00 91 @1 @8 @a d9 a8 18 c4 9e 83 . o e '
0040 a@ 97 48 54 54 50 2f 31 2e 31 20 32 30 30 20 4f -*HTTP/1 .1 20@ 0

0050 4b @d @a 43 6f 6e 74 65 6e 74 2d 54 79 70 65 3a K--Conte nt-Type:
0poe 20 74 65 78 74 2f 68 74 6d 6c @d @a 41 63 63 65 text/ht ml:-Acce
pa7e 70 74 2d 52 61 6e 67 65 73 3a 20 62 79 74 65 73 pt-Range s: bytes
6ese  @d @a 45 54 61 67 3a 20 22 32 31 3@ 34 39 39 37 -+ETag: "2104997
BA90 30 34 31 22 @d Ga 4c 61 73 74 2d 4d 6 64 69 66 @41"- -La st-Modif
@0ab 69 65 64 3a 20 46 72 69 2c 20 30 34 20 46 65 62 ied: Fri , @4 Feb
@0be 20 32 3@ 32 32 20 31 32 3a 31 39 3a 33 37 20 47 2022 12 :19:37 G
ooce 4d 54 ed @a 43 6T 6e 74 65 6e 74 2d 4c 65 6e 67 MT--Cont ent-Leng
0ode 74 68 3a 20 36 35 36 od @a 44 61 74 65 3a 20 57 th: 656° -Date: W
@0ed 65 64 2c 20 32 33 20 46 65 62 20 32 30 32 32 20 ed, 23 F eb 2022
0oTe 30 39 3a 35 30 3a 35 31 20 47 4d 54 @d @a 53 65 @:51 GMT- - 5e
Bp1ep 72 76 65 72 3a 20 6c 69 67 68 74 74 7@ 64 2T 31 1i ghttpd/1
0110 2e 34 2e 35 34 0d Ba 6d @a 3c 21 44 4f 43 54 59 «4.54. .- <1DOCTY
0120 50 45 20 68 74 6d 6c 3e @a 3c 68 74 6d 6c 20 6cC PE html> -<html 1
0130 61 6e 67 3d 22 65 6e 22 3e @a 3c 68 65 61 64 3e  ang="en" >-<head>
9140 ©a 20 20 20 20 3c 6d 65 74 61 20 63 68 61 72 73 . <me ta chars
9150 65 74 3d 22 55 54 46 2d 38 22 3e @a 20 20 20 20 et="UTF- 8">-:
0160 3c 6d 65 74 61 20 6e 61 6d 65 3d 22 76 69 65 77 <meta na me="view

() 7 Line-based text data (data-text-lines), 656 bytes

- Displayed: 10 (100.0%) Profile: Default

Figure 10: Wireshark capture

16 HTTP overhead

e Response phrase: 77 bytes + HT'ML
o The whole HTTP frame takes 937 bytes (including 819 bytes of HTML)
e The full response stack takes 1201 bytes, 382 bytes for a blank page

A\ Overhead

This is a huge overhead for a simple request/reply message exchange, and it is not
acceptable for IoT communications, because it adds both bandwidth and latency

13



[ NoN ] Capturing from Thunderbolt Ethernet: en7 (port 8080)

AE e DT XE Q ea=mEF I QT

[I |Applv a display filter ... <3/> = '] +
No. Time Source Destination Protocol | Lengtt| Info

3 @.0080662 10.196.36.38 193.205.196.138 55749 - 8080 [ACK] Seq=1 Ack=1 Win=131712 Le
4 @.000784 10.196.36.38 193.205.196.138 HTTP 153 GET / HTTP/1.1

5 @.ee1289 193.205.196.138 10.196.36.38 TCP 66 B8@8@ - 55749 [ACK] Seq=1 Ack=88 Win=65152 Le
6 @.001522 193.205.196.138 10.196.36.38 HTTP 937 HTTP/1.1 200 OK (text/html)

7 8.081550 10.196.36.38 193.205.196.138 TCP 66 55749 - 8080 [ACK] Seq=88 Ack=872 Win=13088@

1@ 9.001990 10.196.36.38 193.205.196.138 TCP 66 55749 - 8080 [ACK] Seq=89 Ack=873 Win=131072

User-Agent: curl/7.77.0\r\n

Accept: #/#\r\n

Aryn

[Full request URI: http://repos.dii.unitn.it:8080/]

Bee0  3c 94 d5 48 1d 01 a8 20 66 2d 65 dc 08 @0 45 @0 <::H--+ f-e---E-
0010 @0 8b @0 00 40 00 40 06 00 @0 0a c4 24 26 cl cd . @e BT
0020 c4 8a d9 ¢5 1f 90 e2 ba cf 35 ba 87 9 68 80 18 . o 5 -h:-
0030 @8 @a b5 bf 90 00 @1 91 @8 @a 9e 83 a@ 97 d9 a8 . o B o
0040 18 c4 47 45 54 20 2f 20 48 54 54 50 2f 31 2e 31 +GET / HTTP/1.1
0ose ed @a 48 6f 73 74 3a 20 72 65 7@ 6f 73 2e 64 69 ++Host: repos.di
0pon 69 2e 75 6e 69 74 Ge 2e 69 74 3a 38 3@ 38 30 od i.unitn. it:8080-
Ba70  @a 55 73 65 72 2d 41 67 65 6e 74 3a 28 63 75 72 ‘User-Ag ent: cur
Bpe8e  6c 2f 37 2e 37 37 2e 30 0d @a 41 63 63 65 70 74 1/7.77.9 - -Accept
6090 3a 20 2a 2f 2a 0d @a 0d @a TokfE

! a 'x Thunderbolt Ethernet: en7: <live capture in progress> Packets: 10 - Displayed: 10 (100.0%) Profile: Default

Figure 11: Wireshark capture

17 How to reduce overhead

¢ Reliability and robustness are very important for IoP communications: variety of web
servers, web browsers and document formats, and the web must “just work”

o They are also important in IoT (because things must do their tasks) but we can enforce
standards and minimize possible sources of unexpected conditions

Overhead can be reduced by:

o Simpler transport layer (L2) protocol: UDP has no SYN/ACK/FIN frames (but no
confirmation of delivery!)

o Simpler application layer (L3) protocols, where the data frame is as naked as possible

¢ Trading reliability and robustness for bandwidth and latency

14



18 REST vs Message Queuing

¢ JoT messages are typically smaller but much more frequent than IoP messages, and may
need to follow routes more complex than n-to-1 (clients—server)

— Need to minimize overhead
— Need to support flexible topologies

o Message Queuing protocols (like MQTT and ZeroMQ)

Subscriber

Publisher /> Subscriber

Broker

Publisher \> Subscriber

Subscriber

15



19 REST vs Message Queuing

1. CONNECT to MQTT broker
PUBLISH on:

<house_id>/s/energyConsumption

<house_id>/s/solarEnergy
3. SUBSCRIBE to:
<house_id>/thermostat/setTemp

1. CONNECT to MQTT broker
2. SUBSCRIBE on:
<house_id>/s/*

3. PUBLISH to:
<house_1id>/thermostat/setTemp

E—
—

20 Digital Manufacturing

It is the effort of moving all information flow from the design phase to the manufacturing
phase into a digital (paperless) workflow, with the final goal of minimizing human effort and
intervention (automation)

o Conventional machining: Designer Drawings/models CAM operator part-
program CNC machine tool

o Additive Manufacturing: Designer Machine tool (like a printer)

o Entirely digital workflow, minimal human intervention

e Support for Machine Learning and Artificial Intelligence:

— Classification of operating conditions
— Autonomous and de-centralized decision making
— Level 7 automation on Amber & Amber’s scale

16



21 Course Matter

1. Overview of manufacturing processes, machine architectures, control algorithms
. Development of a CNC kernel (motion planner and controller)
3. Interfacing the CNC kernel with a digital twin (Simulink model) and a 3D viewer, using
an loT framework

vscode.dev

OUTLINE

X @0A4 14 UTF-8 LF (3 JavaScript LayoutUS. & 0

Figure 12: C++ development and testing

17
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3D Printer Scope
Cartesian 3D Printer

1. Explore simulation results using sscexplore

2. Plot the xyz position of the printing head (see code)
3. Learn more about the Lead Screw Joint block

4. Learn more about multibody modeling

Motion Inputs 5. Learn more about this example

Figure 13: CPS simulation (Digital Twin)

Figure 14: 3D printer/3D viewer

18



22 Tools

¢ Programming in C++: high performance, general purpose language, suitable for real-
time systems (controllers), more complex to learn than C (bigger) but more abstract
(does not need understanding of hardware)

e GNU-Unix toolchain (much more common than Windows in automation)

— Linux exposed via WSL in Windows (MacOS is UNIX already)
— And/or custom machine simulator (faster)

o Code will be developed in class and made available on https://github.com/pbosetti/

cnepp
e Reference IoT framework is MADS

23 Teaching Material

e All teaching materials are provided via Moodle

o Software will be made available on GitHub platform

o Reference textbook is Manufacturing Automation, by Y. Altintas (2000), available
@QBUM (2 copies)

19


https://github.com/pbosetti/cncpp
https://github.com/pbosetti/cncpp
https://mads-net.github.io

Manufacturing
Automation

Metal Cutting Mechanics,
Machine Tool Vibrations, and CNC Design

Figure 15: Reference book

24 Exam rules

24.1 Normal exam

o FEach Session is made up by a mandatory written exam and an optional oral exam

— Written exam: on Moodle platform, max 26/30
— Oral exam: optional, max 30L/30, must be given in the same session

o Final mark: starting from written mark, oral exam can improve or degrade it

20



24.2 Alternative: personal project

e The students extend the CNC kernel developed in class to implement a selection of new

features, and demonstrate it on a simulated machine
o The project is evaluated by the teacher and the final mark is given as a single oral exam

(max 30L/30)
o Personal projects begin after the course end

21
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