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ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.
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Introduction

According to ISO/ASTM 52900, additive manufacturing (AM) is the process of joining materials to make
a part from 3D model data usually layer by layer. With the advancement of various feedstocks, process
technologies, and product design methodologies, AM contributes to realizing customized production,

which is th

e key objective of Industry 4.0. Also, AM allows construction of complex geometry and other

features that were previously impossible or impractical to manufacture.

Many institutions have long been devoted to technological development from the viewpoint of reducing
downtime and defects and are considering smart technologies such as Internet-of-Things (10T) as a new

means to achieve this.

From the 1
systems (§
confused 3
substantia

From the
standards
(IEC/PAS 6
a high leve
(IEC/TR 6

harket perspective, many institutions have released various smart additive manufactufing
AMS) based on their own concepts and local terminologies. This makes stakeholders
bout the common concept of SAMS, including end-users. For this reason, istandards and
modelling for a SAMS are needed.

standards perspective, for standards on contemporary AM technology, there is a seft of
hnd a roadmap from ISO TC261/ASTM F42. For standards on smartmanufacturing, RAM] 4.0
3088) and IEC TR 63319 TR-SMRM provide a reference model for-smart manufacturing on
1. Even though some standards deal with Industry 4.0 enabling technologies, e.g. OPG-UA
P541-1 and Reference [67]), MTConnect (ANSI/MTC1.4-2048), ISO/IEC 30141, IEC 62}69,

there are nfo standards specifying the SAMS.

The ISO 21

704 series specifies general requirements on smartymachine tools for supporting smart

manufactufring in the shop floor via cyber-physical system gontrol scheme, namely cyber-physidally

controlled

Figure 1 sh

— Overview and fundamental principles of CPSMT in ISO 23704-1;

— Refere
— Refere

Other rela

manufacturing will be added if and-when necessary

smart machine tool systems (CPSMT).

ows the overall structure of the ISO 23704 series, including:

nce architecture of CPSMT for subtractive manufacturing in ISO 23704-2;
hce architecture of CPSMT for AM in ISO 23704-3.

fed parts such as implementation guideline or reference architecture for other typep of

Part 1 |

Overview and fundamental

principles
| Cthcl al tb ;f \.Ullaidcl Cd
Part2 | Part3 | v
necessary
Reference architecture of Reference architecture of
CPSMT for subtractive CPSMT for additive
manufacturing manufacturing

Figure 1 — Overall structure of the ISO 23704 series on general requirements for cyber-

physically controlled smart machine tool systems (CPSMT)

This document can be used as a reference and guidelines for stakeholders such as, but not limited to:

— Design engineers in the area of SAMS,

Vi
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— System architects in the area of SAMS,

— Software engineers working with the AM machine builders in the area of SAMS,
— Machine tool control vendors in the area of SAMS,

— Solution and service providers in the area of SAMS, and

— End users such as factory operators working with SAMS.

© 1S0 2023 - All rights reserved vii
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General requirements for cyber-physically controlled
smart machine tool systems (CPSMT) —

Part 3:
Reference architecture of CPSMT for additive
manufacturing

1 [Scope

Thif document specifies a reference architecture of cyber-physically controlled smart mjchine tool
systems (CPSMT) for additive manufacturing (AM) based on the referemnce architecture| of CPSMT
as provided in ISO 23704-1 and the requirements for cyber-physically “controlled smaft additive
manufacturing system.

The reference architecture of a CPSMT for AM includes:

— |the technical requirements for the smart additive manufacturing system (SAMS),
— |the reference architecture of the cyber-physically controlled machine tools (CPCM) for AM,

— |the reference architecture of the cyber-supportingsystem for machine tools (CSSM) for|AM, and
— |the interface view of the CPSMT for AM.

Thif document also provides:

— |stakeholder requirements for the-SAMS,

— |the concept of the digital thread,

— |types of abnormality in AM,and

— |use cases of referen¢eéyarchitecture of a CPSMT for AM.

Thif document doeshot specify physical or implementation architecture.

2 |Normative references

The following documents are referred to in the text in such a way that some or all of their content

conptitutes requirements for this document. For dated references, only the edition cited dpplies. For
un ated rnfnrnnr‘nc’ theo latest edition ofthe referenced document (inr]nr‘ing any amendmen S) applies_

ISO 23704-1, General requirements for cyber-physically controlled smart machine tool systems (CPSMT) —
Part 1: Overview and fundamental principles

ISO 23704-2, General requirements for cyber-physically controlled smart machine tool systems (CPSMT) —
Part 2: Reference architecture of CPSMT for subtractive manufacturing

ISO/ASTM 52900, Additive manufacturing — General principles — Fundamentals and vocabulary

3 Terms, definitions and abbreviated terms

For the purposes of this document, the terms and definitions given in ISO 23704-1, 1ISO 23704-2,
[SO/ASTM 52900, and the following apply.

©1S0 2023 - All rights reserved 1
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[SO and IEC maintain terminology databases for use in standardization at the following addresses:

ISO Online browsing platform: available at https://www.iso.org/obp

IEC Electropedia: available at https://www.electropedia.org/

3.1 Terms, definitions and abbreviations

3.11

additive manufacturing component

AM compag

nent

single pied
machine uj

3.1.2

additive manufacturing function

AM functi
function p¢

3.1.3

additive manufacturing machine unit

AM machi
AMU

instance of
reference 4

3.14

additive manufacturing process

AM proces
process of]
architectu

Note 1 to enftry: Definition is based on the ISO/ASTM'52900 definition of single-step AM process in Annex B.

3.1.5

additive manufacturing workflow

AM workf

e or group of pieces forming a functional unit within an additive manufacturing»/
pit (3.1.15)

il
brformed by an additive manufacturing (AM) machine unit (3.1.15) instance

ne unit

a cyber-physically controlled machine tool (CPCM) for additive manufacturing (AM) in
rchitecture of cyber-physically controlled smart machine'tool systems (CPSMT) for AM

s
joining materials to make a part from ax3D model data layer by layer in the referg
‘e of a cyber-physically controlled machine tool (CPCM) for additive manufacturing (AM)

ow

sequence

T
Note 1 to emtry: The AM workflew consists of a) product design, b) feedstock, c) build preparation, d) pro

control, e) p

3.1.6
build mot
machine m

Note 1 to en

process steps involved.in producing a physical part using additive manufacturing
ost-processing, f){quality control, and g) part.
on

ovementsneeded for creating a product with feedstock / support

try: Feedstock and support are defined in ISO/ASTM 52900 in the context of additive manufactuz

\M)

the-

nce

Cess

ing.

3.1.7

build process

realization

of the material joining by providing a source of activation

Note 1 to entry: Joining means realization of consolidation of the raw material to create the final form using a
material activation method.

Note 2 to entry: Example activation methods are binding mechanism, chemical reaction or heating.
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3.1.8

cyber physical system unit

CPS unit

collection of functional entities responsible for advanced cyber-physical control

Note 1 to entry: ISO 23704-1:2022, 3.1.8 defines a CPS (Cyber-Physical System) as a physical and engineered
system whose operations are monitored, coordinated, controlled and integrated by a computing and
communication core.

Note 2 to entry: The CPS unit provides advanced control functionalities for the machine tool unit (3.1.13),
interfacing with data from sensors, numerical control kernel / programmable logic controller, the cyber-
supportingsystenrfor mrachie tootH{€SSM); shopfloorcontrotsystenr (SFE S amdumifredimterface system (UIS).

3.19
cyber-physically controlled smart additive manufacturing system
CPSAM

smqrt additive manufacturing system (SAMS) (3.1.14) viewed from the capabilities of cyber-physically
confrolled smart machine tool systems (CPSMT)

Note¢ 1 to entry: See ISO 23704-1:2022, Clause 10 for the capabilities of CPSMT,

3.1{10
digjtal thread
fraework that provides an integrated view of all data throughgut the AM workflow (3.1.5)

Note 1 to entry: The digital thread manages a record of a product from its creation to its removal. THe CAx chain
(CAD, CAPP, CAE, CAM, CNC, CMM) is a key enabler for this, based on Reference [104].

Not¢ 2 to entry: The data are interconnected in a series of.feedback and feedforward loops.

Notg¢ 3 to entry: For more details on digital threaddncluding the difference between digital thread and digital
twin, see Annex B.

3.1{11

digjtal thread unit
instlance of a digital thread (3.1.10))focussed on the operation phase, in the reference archlitecture of
cyber-physically controlled smart machine tool systems (CPSMT) for additive manufacturing (AM)

3.1{12

fee@lstock / support handling
delijvery (feeding), statage and management of the remaining feedstock / support on the machine,
e.g.|[recoating and surface levelling mechanism in vat photopolymerization, powder feeding system in
bingler jetting

3.1{13
machine tool'unit
unit (3.1.15) consisting of hardware that performs a series of machine tool functions

Noté—1=Zto nnfry- According to ISO 14955.1 the machine tool function consists of machine too operations
o] y

(machining process, motion and control), process conditioning, workpiece (3.1.16) handling, tool handling or die
change, recyclables and waste handling and machine tool cooling / heating.

3.1.14

smart additive manufacturing system

SAMS

additive manufacturing system that supports the vision, characteristics, and capabilities of smart
manufacturing

Note 1 to entry: Details of smart manufacturing are described in IEC TR 63319[21],

©1S0 2023 - All rights reserved 3
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3.1.15

unit

group of elements that constitutes part of the reference architecture of a cyber-physically controlled
machine tool (CPCM) and a cyber-supporting system for machine tool (CSSM) for additive manufacturing

Note 1 to entry: The term “unit” here is used as an instance of a collection of elements.

3.1.16
workpiece
joined material forming a functional element that could constitute all or a section of an intended product

Note 1 to fmtry:
application.

ded

[SOURCE: ISO/ASTM 52900:2021, 3.9.1, modified — term “part” changed to workpiece]

3.2 Symbols and abbreviated terms

For the purposes of this document, the abbreviated terms given in ISO 23704-1, 150 23704-2, and|the
following dpply.

AM Additive Manufacturing

AMF Additive Manufacturing File Format

CPCM Cyber-Physically Controlled Machine tool system

CPS Cyber-Physical System

CPSAM Cyber-Physically controlled Smart Additive Manufacturing system

CPSMT Cyber Physically controlled Smart Machine.Tool system

CSSM Cyber Supporting System for Machine tool

KPI Key Performance Indicator

SAMS Smart Additive Manufacturing System

SFCS Shop Floor Control System

SFDS Shop Floor Device System

STL Standard Transformation Language

3MF 3D Manufacturing-Format

UIS Unified Interface-System
4 Confgrmance with the CPSMT reference architecture for additive
manufagturing {AM)
To claim cpnférmance, a definition of specific system architecture provided by a vendor or sysfem
integrator should use the terminology, architectural concepts, and have the capabilities defined in this

document, within the scope of their specific use cases.

5 Goals and objectives of the CPSMT reference architecture for AM

The CPSMT reference architecture for AM describes an architecture of smart machine tool systems
for AM based on the generic reference architecture specified in ISO 23704-1. It provides guidance for
designers developing smart machine tool systems for AM and aims to give a better understanding of
smart machine tools to the stakeholders of such systems.

NOTE Examples of stakeholders are machine tool builders, CNC vendors, solution vendors, service providers,
customers and end-users.

4 © IS0 2023 - All rights reserved
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The CPSMT reference architecture for AM ensures the following important standardization objectives:

Fig%r

transparent and unambiguous communication between all interested parties of an SAMS,

theinteroperabilityofanSAMSwithrelatedhardware devices,software,services,and manufacturing

systems,

the quality / capability of an SAMS,

the use of an SAMS, and

systematic dpvplnpmpnf madification of an SAMS

e 2 illustrates the context of how the CPSMT reference architecture for AM is derived§
fromn various perspectives.

ind viewed

AM
Market

AM Standard

AM Enabling
Technology

Reference
architecture for
CPSMT (ISO 23704-1)

y

Stakeholder Requirements
for SAMS (Annex A)

Viewed from

Technical Requitements of
SAMS fromCPSMT
(Clause 6)

\U Reference
C\,&rchitecture of CPSMT for
3 AM (Clause 7)

Function of
CPCM for AM
(Clause 8)

Funetion of
CSSMfor AM
(Clause 9)

Interface view
of CPSMT for
AM (Clause 10)

Concept of
digital thread in
AM (Annex B)

Types of
abnormality in
AM (Annex C)

Usg¢
(Ar

cases
nex D)

Bas

edon Figure 2, this document has the following descriptions:

Figure 2°-— Context of the CPSMT reference architecture for additive manufacturin

g (AM)

The technical requirements of an SAMS from the CPSMT perspective in Clause 6,

The reference architecture of a CPSMT for AM in Clause 7,

The reference architecture of a CPCM for AM viewed from a functionality perspective in Clause 8,

The reference architecture of a CSSM for AM viewed from a functionality perspective in Clause 9,

The reference architecture of a CPSMT for AM viewed from the interface perspective in Clause 10,

The stakeholder requirements on an SAMS in Annex A,

The concept of digital thread in AM in Annex B,
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— The types of abnormality in AM in

Annex C, and

Example use cases on the reference architecture of a CPSMT for AM in Annex D.

6 Technical requirements of a smart additive manufacturing system (SAMS)

from the

CPSMT perspective

6.1 General

This Claus

o doscribes the technical rnnlnrnmnnfc of the SAMS ma!n]v based oan the AM stakehg

der

requireme

NOTE 1
technical re
to be satisfi
Clause 7.

NOTE2 1
ISO/IEC/IE]

In terms o
the SAMS

specified ip ISO 23704-1:2022, Clause 10.

In the view of ‘systems engineering,” an advanced methodology for developing complex systems

ts described in Annex A from the perspective of a CPSMT as summarlzed in Table 1.

quirements described in Clause 6 correspond to ‘system requirements,’ the technical requirem
ed by the reference (solution) architecture for the smart manufacturing system lare specifie

or details ISO/IEC/IEEE 15288, [ISO/IEC/IEEE 12

E 42010.

on systems engineering, see

Huring the process control (operation) phase categorized ifito six capabilities of a CP{

the
bnts
d in

207,

F the phase of the AM workflow, the technical requirements are\functions to be fulfilled by

MT

NOTE 3  The ‘life cycle aspect’ defined in ISO 23704-1 corresponds ta*AM workflow’ in the AM domain.
The detaild of the technical requirements in each category are’given in the following subclauses so fhat
they can bg used as the requirements to be satisfied by the'reference architecture of a CPSMT for|AM
specified ip Clause 7.
Tabje 1 — Technical requirements of Smart Additive Manufacturing System (SAMS)
from the CPSMT capabilities
Categofies based on the CPSMT . .
Sreas Technical requirements
capabilities
(subclausg number in this document) (subclause number in this document)
6.2.2 Dealing with hard real-time scale abnormalities during an AM
process
6.2.3 Dealing with soft real-time scale abnormalities during an AM
process
6.2.4 Acquisition of data related to an AM process
6.2.5 Data processing related to an AM process
Autfonofnsus dealing with 6.2.6 Extraction of value-added data
1bnormalities (6.2) 6.2.7 AM process monitoring
6.2.8 AM process status prediction
6.2.9 AM process status diagnosis
6.2.10 Making decisions about the AM system to enhance AM pro-
cess performance
6.2.11 Update of AM workflow data
6.2.12 Dealing with abnormalities
o ) 6.3.2 Coordination among shop floor devices
Autonomous coordination with - — — — -
shop floor devices ( 6.3) 6.3.2 Supporting the combination of finish cutting in subtractive
o manufacturing and AM process
6 © 1S0 2023 - All rights reserved
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Table 1 (continued)
Categories basefl_o_n the CPSMT Technical requirements
capabilities
(subclause number in this document) (subclause number in this document)
_ . 6.4.2 Receiving a coordinated process plan
?Eg;??g?ﬁﬁgg@ig&n(ﬁ? 6.4.3 Providing the AM process data for shop floor operation
6.4.4 Interoperability for the data interface
Interface with an AM workflow 6.5.2 Interaction with AM workflow
geas) 0.5.3 INteroperaniiity for Interface with AM Workfiow
Interface with hierarchy level 6.6.2 Interaction with a hierarchy level
(6.6) 6.6.3 Interoperability for interface with hierarchy level
Interface with humans 6.7.2 Interaction with humans
(6.7) 6.7.3 Interoperability for interface with humans

6.2

6.2

Thi
abn

NOT

NO1
the

6.2
Thi
tim
the
NO'I

NOT
ope

Technical requirements of autonomously dealing with abnormalities

1 General

5 subclause describes the technical requirements of an SAMS from the "autonomously d
ormalities” capability perspective.

E1 SeelSO 23704-1:2022, 3.1.1 for the definition of abnormality.

E2 AsnotedinISO 23704-1:2022, 10.1, the capability of dealing with abnormalities is empha
Fact that:

In principle, total optimization of the manufacturing process, in essence, is done by: a) off-line g
(e.g. via CAx, DfAM), followed by b) on-linefaithful’ execution.

Faithful execution can be done by autonomously dealing with abnormalities; the deviations froni
status optimally planned off-line,

2 Dealing with hard réal-time scale abnormalities during an AM process

5 technical requirement means dealing with abnormalities during the AM process in 2
e fashion. Hard realztime means the result of data handling is incorrect unless the mea
specified timingfequirements.

E1 SeelS0:23704-1:2022, 3.1.17 for the definition of hard real-time.

E2 Hard-real time does not mean the process itself, but the controller task, i.e. even a sloy
fationaltin real time.

baling with

sized due to

ptimization

the normal

hard real-
sure meets

V process is

The

. between

layers 1mmed1ately adversely affectlng the AM system when measures are not taken w1th1n the time

limit. In order to detect and take action for these abnormalities, the AM process needs to be checked

and

handled in hard real-time.

Explicitly, an SAMS should have a means for dealing with the abnormalities in a hard real-time scale.

NOTE 3

geometry and thermal distribution, servo disturbance, clogging.

© IS0 2023 - All rights reserved
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6.2.3 De

aling with soft real-time scale abnormalities during an AM process

This technical requirement means dealing with abnormalities during the AM process in a soft-real time
fashion. Soft real-time means the result of data handling is degraded unless the measure meets the
specified timing requirements.

NOTE 1

See ISO 23704-1:2022, 3.1.28 for the definition of soft-real time.

There are abnormalities occurring during the build process, e.g. within a layer, between layers,
gradually adversely affecting the AM system. In order to detect and take action for the abnormalities,
the AM process needs to be checked and handled in soft-real time.

Explicitly,

NOTE2 1|
overconsun

6.2.4 Ac

This techn
and to ana

All data in
e.g. the Al
system (e.g
enhancemsg
Explicitly,
NOTE1 §

NOTE2 1§

feed, scanning spot size, chamber preheat temperature,.chamber pressure.

NOTE3 I
modelling f

6.2.5 Data processing related to‘an AM process

This techn

q

J

NOTE 1

In practice
unorganizs
in some fa
grouping.

in SAMS should have a means for dealing with the abnormalities in a soft-real time se¢ale,

xample abnormalities to be dealt with in the soft real-time scale include gradual en
ption, gradual reduction of the remaining useful life of the motor in the nozzle.

[uisition of data related to an AM process

yse its status.

the AM domain are related to the AM workflow. The representative sources of data incl
M machine (e.g. sensor, controller), office floor (e.g. order management system), a
;. CAD, CAM, CAE), human input. Those data are a valudble asset and have the potentia
ent of the operational performance.

in SAMS should have a means for acquiring data.reldated to the AM process.
xample sensors include infrared camera, thermocouple, strain gauge.
xample process parameters, in the case of powder bed fusion, include heat source energy, scan

xample CAx data includes part program which conforms to the ISO 14649 series, ISO 6983-1, o
rmat (e.g. AMF, 3MF, STL).

cal requirement iny@lves the systematic performance of operations upon AM data.

ee Reference [1] fermore details on data processing.

d, inaccyrdte, and incorrect data. In order to make them usable, they need to be proces
shion. Pata processing functions for supporting this include, e.g. cleansing, formatting,

Prgy

cal requirement means the process of collecting data related to the AM system to deternpine

1de,
CAx
for

hing

r 3D

, it is difficdlt to use the acquired data (See 6.2.4) immediately as they often include

sed
and

ANAC

EXpliCitly, anrSA

NOTE 2

NOTE 3

1 111 £ h Py o lotad o 21 ADNA
VIO SITUUIU TIdVE a THITAILS TUT Udtd PI'ULTOSSIHIZ TTIAITU TU LT AV PT'ULTSS.

Examples of data cleansing include dealing with missing and noisy thermocouple values.

AM workflow data models.

NOTE 4
dataset.

6.2.6 Extraction of value-added data

Examples of data formatting include organizing the sensor, controller, and CAx data into pre-defined

An example of data grouping is the insertion of formatted data into a group, e.g. porosity abnormality

This technical requirement means generating data of added value through data processing, which is
described in 6.2.5.
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Data processing provides the foundation for further analysis and utilization of data with specific
purpose. These value-added data, through further processing, can contribute not only to enhancing the
complexity and predictability of the AM machine behaviour, but also to making accurate decisions and
generating control inputs for an AM machine, entities such as humans, CAx system, office floor systems,
and shop floor systems.

Explicitly, an SAMS should acquire and utilize extracted value-added data.

NOTE Example value-added data includes the amount of deviation of energy supply from activation source
compared with the reference value and estimated amount of the melt-pool geometry with thermal distribution.

6.2)7 AM process monitoring

Thip technical requirement means assessing whether or not an abnormality is occurring dufing an AM
progess in the time span of control.

Durjing the AM process, various types of abnormality can occur. Early detection of abnormallities helps
to shorten the time for making decisions to maintain or enhance the operatiénal performanck of the AM
profess.

Explicitly, an SAMS should have an AM monitoring function.
NOTE Examples of AM process monitoring include detection of inSufficient energy supply to thellaser power
soufce, detection of laser overheating, detection of energy overconsuniption during the AM operatidn, detection

of thermal distortion / warping, calculating the thermal distributien of the melt pool, detection of pofosity inside
the AM product.

6.2{8 AM process status prediction
Thi} technical requirement means prediction of fiiture signs of abnormalities.

Varjous types of abnormality can occur duting the AM process. If the symptoms of abnormalities can
be ifentified in advance it can contributelto the improvement of AM process performance byshortening
the time for making decisions and increasing the chance of pre-emptive action.

Explicitly, an SAMS should have an AM process status prediction function.
NOTE Examples of AM precess status prediction include predicting the energy consumption dujring the AM

opefation, predicting the thermal distribution of the AM product during the AM process, predictipg the cycle
tim¢ of the AM process.

6.2{9 AM process status diagnosis

Thip technical\requirement involves the identification of the root causes of malfunctiops and the
apprraisal efitheir relevance for the AM process.

NOTEA \ 'For more details on diagnosis, see SO 20077-1[22],

Since the AM process is a new and dynamically changing process, establishing root cause analysis for
the various abnormalities in a variety of states and contexts is crucial for sustainable controllability
and reproducibility.

Explicitly, an SAMS should have a mechanism for the diagnosis for the enhancement of the reliability
and reproducibility, of the AM process.

NOTE 2  Examples of AM process status diagnosis include finding out the cause of balling phenomena in the

direct energy deposition process, root cause analysis on thermal distortion / warping of an AM product, finding
out the cause of inconsistent microstructure on the AM product.

©1S0 2023 - All rights reserved 9
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6.2.10 Making decisions about the AM system to enhance AM process performance

This technical requirement involves: a) making decisions for dealing with abnormalities, and
b) reflecting those decisions to the AM machine operation to alleviate the abnormalities and increase
the AM operational performance.

Since the AM process is a new and dynamically changing process, making decisions on the AM system
and reflection to it is crucial for a sustainable enhancement of AM process performance.

Explicitly, an SAMS should have a mechanism for the enhancement of the operational performance to

realize the

capability of autonomously dealing with abnormalities.

NOTE Examples of decision-making on the AM system include modifying parameters for redueing| the
chance of wlarp / distortion and verifying the changed parameter set, the transmission of modified pardmeter
sets for redjicing the chance of warp / distortion to the AM machine with the modification of path-data of part
program.

6.2.11 Update of the AM workflow data

This technlical requirement involves updating the AM workflow data based.on data processing [see
6.2.5), monitoring (see 6.2.7), prediction (see 6.2.8), diagnosis (see 6.2.9), and making decisions [see
6.2.10) on the AM process and AM system.

As a key ehabler of personalized production, the AM process needs to be updated in a shorter cpcle
in conjunction with CAx activity compared with other types of{manufacturing. To support njore
rapid upddtes, updating the AM workflow data based on the, result of data handling (including data
processing, monitoring, prediction, diagnosis and decision making) is necessary.

Explicitly, an SAMS should have a means to adapt to the change of the AM workflow data in a rapid and
systematidfashion.

NOTE Examples of updating the AM workflow datainclude modifying parameters for reducing the change of
warp / distgrtion, changing the part orientation and;support deployment in build preparation.

6.2.12 Dealing with abnormalities

6.2.12.1 General

This techrlical requirement involves a) monitoring abnormalities during operation, b) predicfing
abnormalities and diagnosing_their cause, c) making decisions about appropriate countermeasyres
accordingly and d) reflecting/these to the AM system.

Advanced dlata processing can be utilized for monitoring, diagnosis, prediction and making decisionf on
the various issues.Smart technologies such as the Internet-of-Things (IoT) can also be used to proyide
support bylaccessing data from other sources as well.

6.2.12.2 Ahnormalities on an AM machine

During the AM process, according to stakeholder requirements in Annex A, there are issues on the
AM machine components, including inappropriate feedstock / support delivery, path disturbance,
insufficient energy supply from the activation source.

Explicitly, an SAMS should have a means for enhancing the operational performance of the AM process
by dealing with abnormalities on the AM machine.

NOTE See C.2 for more details on the abnormalities of an AM machine.

10 © IS0 2023 - All rights reserved
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6.2.12.3 Abnormalities on an AM feedstock / support

During the AM process, according to stakeholder requirements in Annex A, there are issues on the
microstructure scale on the feedstock / support, such as mechanical (e.g. strength and ductility),
chemical (e.g. reaction enthalpy and impurity), optical (e.g. absorptance and reflectance), rheological
properties (e.g. surface tension and melting viscosity).

Explicitly, an SAMS should have a means for enhancing the operational performance of the AM process

by dealing with abnormalities on the AM feedstock / support.

NOTE

See C.3 for more details on the abnormalities of an AM feedstock / support.

6.2

Dur
wol

12.4 Abnormalities on an AM workpiece

ing the AM process, according to stakeholder requirements in Annex A, there,are isg
kpiece quality, such as surface roughness, geometric inaccuracy, warp /" distortid

insyfficient bonding between layers.

Exp
by d

NOT

6.2

Dur
env|
effe

Exp
by d

NOT
6.3

6.3

Thi
wit

NOT

6.3

In 4

licitly, an SAMS should have a means for enhancing the operational perfermance of the 4
lealing with abnormalities on the AM workpiece.

E See C.4 for more details on the abnormalities of an AM workpiece.

12.5 Abnormalities on environment and safety

ing the AM process, according to stakeholder requirements in Annex A, there are issug
ironment and safety perspective, such as explosions and energy overconsumption. Env
cts are complex and depend on the nature of the;process and machine, hence are not det

licitly, an SAMS should have a means for enhancing the operational performance of the 4
lealing with abnormalities in the environment and safety.

E See C.5 for more details on the abiermalities of an AM environment and safety.

Technical requirements of autonomous coordination with shop floor devic

1 General

5 subclause describes-the technical requirements of an SAMS from the "autonomous ca
h an SFDS" capability perspective.

E See 1S023704-1:2022, 10.2 for “autonomous coordination with shop floor device” capabil

2 Coordination among shop floor devices

ues on the
n, balling,

AM process

s from the
ronmental
hiled here.

AM process

ordination

ty.

and should

smart manufacturing environment, an SAMS needs to be integrated with the shop floor

not

] 4 do1 | H Fal a - A3 L. £1 A | H H ) A
VWUI N do d oudIIUdIUIIT UTVILT, WUUTUIIIAdtlvuIll auluus DllUlJ ITUJUI UTVILTS, uu.u,u.uus, C.s. all

M machine

and a post-processing device, implies automatic interaction among them based on each device’s status
and process plan for increasing production efficiency.

In a process chain involving AM the post-processing largely affects the production capabilities and
overcoming the capabilities limit is the one of key issues in the AM domain. In terms of shop floor
operation, not only enhancing the operational performance of each machine itself but also the operation
performance of the interaction among them is important.

Explicitly, an SAMS should have a means for coordination among shop floor devices.

NOTE1  Ashop floor composed of, e.g. an AM machine, robot, machining centre, is an example of an automated
shop floor where the shop floor devices are coordinated in some fashion[2],
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NOTE 2

after build operation are examples of interactions with the shop floor.

6.4 Technical requirements of autonomous collaboration with a shop floor control

system

6.4.1 General

Loading feedstock to the AM machine, unloading the finished product, and requesting finishing job

This subclause describes the technical requirements of an SAMS from the "autonomous collaboration
with the shop floor control system" capability perspective.

q

NOTE

6.4.2 Re

This techn
shop floor

NOTE1 |
resources r

ee [SO 23704-1:2022, 10.3 for “autonomous collaboration with shop floor control system” capabillity.

ceiving a coordinated process plan

cal requirement means receiving the coordinated process plan, by which the optimization of

pperation is taken into consideration.

rocess planning is defined in ISO 18629-1[21] as the analysis and design of the'sequences of proces
bquirements needed to produce goods and services.

ses,

For coordination, the data from, e.g. the AM machine, CAx data system,human, can be incorporated.

As described in 6.3.2, increasing process capabilities is one of €he’key issues in the AM domfain.
Operation pf the shop floor under the coordinated process plan ¢an contribute to shop floor operation
performanice enhancement.

Explicitly, an SAMS should have a means for receiving a coordinated process plan.

NOTE 2 Example data items of a process plan includejob number, product number, start time, numbdgr of
product, endl time.

6.4.3 Prpviding the AM process data for.shop floor operation

This technlfical requirement means transmitting the acquired and processed data related to the(AM
process asdescribed in 6.2.5 to 6.2.10%0 the entities that perform shop floor control.

The coordinated process plan on the'shop floor should be changed, taking, e.g. shop-floor devices, shop

floor opergtion, an AM process;.into consideration. For this, data related to the AM process should be
shared to the entities that pexferm shop floor control.

Explicitly, pn SAMS should’have a means for providing data related to the AM process to the entities
that perforjm shop flo@r-control operation to support the update of the coordinated process plan.

NOTE xamples of data that can be provided include AM machine status (e.g. idle, running, stan
fault) and densar§ (e.g. pyrometer, CCD camera, thermocouple), monitoring, prediction, diagnosis result
abnormalities-

dby,
for

6.4.4 Interoperability for the data interface

Interoperability involves the ability of different data technology systems and software applications to

communicate, exchange data, and use the data that has been exchanged.
NOTE1 See Reference [23] for details on interoperability.

Providing data from the AM shop floor devices to the entities that perform shop floor control in platform
independent fashion is key enabler for this.
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Explicitly, an SAMS should have a means for independence from a specific platform.

NOTE2  OPC-UA (IEC/TR 62541-1) server, MTConnect (ANSI/MTC1.4-2018) Adapter / Agent are examples of
interoperability standards.

6.5 Technical requirements of interface with AM workflow

6.5.1 General

This subclause describes the technical requirement of an SAMS from the "interface with an AM

1.£1 u
WOIKTTOW

l,apaludlt_y PCI DlJCLtiVC.
NOTE1 SeelSO 23704-1:2022, 10.4 for “interface with life cycle aspects” capability.

NOTE 2  The ‘life cycle aspect’ defined in ISO 23704-1 corresponds to ‘AM workflow’ in the AM dorpain.

6.5{2 Interface with AM workflow

Thif technical requirement means communication between the AM Wworkflow and AM pgystem for
data exchange. This interface performs a) transmission of the data related to an AM systen} to the AM
wotkflow, and b) transmission of the output of the AM workflow to‘an'AM system.

Thg AM workflow data update is necessary not only to improve‘the AM process performarfce but also
for supporting optimization throughout the whole AM workflow.

Explicitly, an SAMS should have a means for interaction‘with AM workflow.

6.5{3 Interoperability for interface with AM workflow

Thip technical requirement means providing.data from the AM shop floor devices to the AM workflow
in platform independent fashion. Otherwise, AM workflow needs to have separate communication
profocols for each shop floor device supporting different protocols.

Explicitly, an SAMS should have @ yjmechanism for independence from a specific platfform when
intdrfacing with AM workflow.

6.6 Technical requirement of interface with hierarchy levels

6.6{1 General

Thip subclause describes the technical requirements of an SAMS from the "interface with hierarchy
levgls" capability perspective.

NOTE See IS0 23704-1:2022, 10.5 for “interface with hierarchy level” capability.

6.612 -~ Interface with a hierarchy level

This technical requirement means communication between the hierarchy level and shop floor devices
including AM system.

It contributes to a) shortening the time to reflect the data from the hierarchy level to the AM process,
and b) updating the hierarchy level data considering an AM process and shop floor status.

Explicitly, an SAMS should have a mechanism for interaction with hierarchy levels.

NOTE An example of interaction with a hierarchy level includes receiving updated product orders from the
hierarchy level accompanying the build geometry file (e.g. STL,[23] AMF,[41] [SO 14649-17[15]),
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6.6.3

Interoperability for interface with hierarchy level

This technical requirement means providing data from the AM shop floor devices to the hierarchy level
in platform independent fashion. Otherwise, the hierarchy level needs to have separate communication
protocols for each shop floor device supporting different protocols.

Explicitly, an SAMS should have a mechanism for independence from a specific platform when
interfacing with the hierarchy level.

6.7 Technical requirement of interface with humans

6.7.1 Ge

This subcl
capability

dq

NOTE

6.7.2

This techn
AM systen
from shop

Explicitly,

NOTE i
visualized d
post-proces

neral

huse describes the technical requirement of an SAMS from the "interface witly hun
berspective.

§ee I1SO 23704-1:2022, 10.6 for “interface with stakeholders” capability.

Interface with humans

cal requirement involves communication between humans and-shop floor devices includ
s. This interface performs a) receiving human input, and b)(transmission of data generz
floor devices to humans.

in SAMS should have a mechanism to interact closely with humans
xamples include sharing the operation status with tié human operator (e.g. the transmissio

iagnosis results on surface balling through the UIS); cooperation with human operators invol
c5ing work in an AM machine shop (e.g. part removal'performed by humans).

6.7.3 In

eroperability for interface with humans

This technlical requirement means providing.data from the AM shop floor devices to the human
platform independent fashion. Otherwise,\htimans need to have separate interfaces to communi

with differ]

Explicitly,
interfacing

ent shop floor devices.

with interface humans.

7 Refe

Based on the technijcal' requirements of SAMS (Clause 6), its solution architecture is given in Clau

accommo

ence architecture of a CPSMT for AM

ting the generic reference architecture for a CPSMT given in ISO 23704-1.

Figure 3 displays the reference of a CPSMT for AM.

"

an

ling
ted

n of
ying

S in
Cate

an SAMS should have~a-mechanism for independence from a specific platform when

~

The structure is as follows:

14

The CPSMT primary system for AM is composed of a cyber-physically controlled machine tool
(CPCM) for AM and a cyber-supporting system for machine tools (CSSM) for AM. It has the primary
function to deal with machine tool abnormalities in autonomous fashion (see ISO 23704-1:2022,
10.1).

The CPSMT associated system for AM is composed of a shop floor device system (SFDS), a shop floor
control system (SFCS) has various capabilities as described in ISO 23704-1:2022, 10.2 and 10.3.

Through the UIS, the CPSMT for the AM interfaces with external entities, such as humans, life cycle
aspects, and hierarchy levels according to ISO 23704-1:2022, 10.4, 10.5, and 10.6.
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Largely speaking, compared with the reference architecture for subtractive manufacturing specified in
ISO 23704-2:

— A CPCM for AM is distinguished from the AM machine unit (AMU), which is viewed from three
perspectives; the AM process, the AM component, and the AM functions,

— ACSSM for AM is distinguished from the digital thread unit, which is composed of: the AM workflow
data model, the AM workflow data management, the AM behaviour model, and the behaviour model
engine, and

— Thelife cycle aspect for AM is distinguished from the AM workflow, which is composed of a) product
€51gn, b) Teedstock, ¢) bulld preparation, d) process Control, €) postprocessing, 1) qualjty control,
and g) part.

se 9 specifies a set of requirements for the functional units and elements for.a’CSSM fpr AM, and

Clayise 8 specifies a set of requirements for the functional units and elements for ia CPGM for AM,
Cla%
Clayse 10 specifies the interface view of a CPSMT for AM.

© IS0 2023 - All rights reserved 15
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Key

1 data ejchange between an AM machine unit (AMU) and a CPS unit

2 data ejchange between a data processing unit and a digital thread unit
3 data echange between a digital threadwunit and a MAPE unit

4  data ejchange between a MAPE unit and an external interface unit

5  data ejchange between a data proeessing unit and a MAPE unit

6  data ejchange between a dafa,processing unit and an external interface unit
7  data ejchange between a-CPCM for AM and a UIS

8  data ejchange between'd CSSM for AM and a UIS

9  data ejchange between a human and a UIS

10 data ejchangesbetween a hierarchy level and a UIS

11 data ejchange between AM workflow and a UIS

12 data exchange between a SEDS and a UIS

13 data exchange between a SFCS and a SFDS

14 data exchange between a SFDS and a CPCM for AM

15 data exchange between a CPCM for AM and a SFCS

16 data exchange between a UIS and a SFCS

17 data exchange between a SFCS and a CSSM for AM

18 data exchange between a CSSM and a CPCM

Figure 3 — Reference architecture of a CPSMT for additive manufacturing (AM)
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NOTE The different process categories in the AM process perspective box are the categories defined in
ISO/ASTM 52900 and do not refer to particular processes.

8 Functional view of a CPCM for additive manufacturing (AM)

8.1 General
This Clause specifies a set of requirements for the constituent elements of a CPCM for AM.

A CPCM for AM should consist of a) an AM machine unit (AMU), and b) a CPS Unit (see 8.3).

The specific configuration of a CPCM structure and related data items should be deterniinéd based on
the [purpose of implementation.

NOTE The functionality of a CPCM conforms to the reference architecture of a CPSMT (see SO 23704-1:2022,
Clayse 7), but is adapted to the characteristics of AM.

8.2 AM machine unit (AMU) of a CPCM

8.2/1 General

Thg AMU is the physical system to be monitored, analysed, and for which decisions are rhade about
poskible abnormalities to enhance operational performancet

Thg AMU should be viewed from the perspective of a) d0sAM function, b) an AM process, arld c) an AM
conjponent.

8.2]2 AM function perspective

From the AM function perspective, the AM. function should be described as follows:

— |AM machine operation, includingbuild process, build motion, and machine control,
— |Process conditioning,

— |Workpiece handling,

— |Feedstock / supporthandling,

— |Recyclables and“waste handling, and

— |Machine cobling / heating.

NOTE Compared with machine function for subtractive manufacturing (defined in ISO 23704-2:2022,

Clayse 7)5two attributes of the machine are replaced by the build process / build motion and feedstofk / support
hanfling.due to the difference of manufacturing method.

8.2.3 AM process perspective

From the AM process perspective, according to ISO/ASTM 52900, process categories consist of: a)
binder jetting, b) directed energy deposition, c) material extrusion, d) material jetting, €) powder bed
fusion, f) sheet lamination, and g) vat photo polymerization. See ISO/ASTM 52900 for the definition of
these processes.
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8.2.4 AM component perspective

Based on ISO 17296-2, the AM components should be grouped into: a) the motor drive, b) hydraulic
system, c) pneumatic / vacuum system, d) electric system, €) heating / cooling system, f) building
nozzle / head, control system, and g) other peripheral devices.

NOTE1 Compared with the machine tool component group described in ISO 14955-1, the building nozzle /
head is added, and the lubricant and chip extraction system are excluded. This is due to the difference in the
manufacturing method.

NOTE 2  Physical components of AMU can be grouped by the AM process and AM functions. The following are
example coppotrentsin AM-funetiotrfor-the- powderbed-processtasaan
— For bui]d process in machine operation function:

— Energy source (e.g. laser, electron beam), in building nozzle / head component type.
— For build motion in machine operation function:

— Sefvo motor on, e.g. mirror, build platform, in motor drive component type.

— For mafhine control in machine operation function, e.g.:

— Voltage transformer, power supply, lighting system, frequency converter, relays, in electric syqtem
conponent type,

— Numerical control system, programmable logic controller, in control system component type, and

— Display, sensors, decoder / encoder, camera, XCT, touch probe, in other peripheral devices compohent
type.

— For prdcess conditioning in machine operation function,.e:g.:
— Ingrt gas circulation system, vacuum pump, in pneumatic / vacuum system component type, and

— Helating element for controlling the temperature in the chamber, laser heating / cooling element, mifror
hepting / cooling element, etc., in heating'/’cooling system component type.

— For wofkpiece handling in machine operation function, e.g.:

— Pajlet changer, product handling robot, the hydraulic clamping device, in hydraulic system compohent
type,

— Pnfeumatic clamping device, in pneumatic / vacuum system component type, and
—  Wire electro discharging machine, bandsaw, in other peripheral device component type.
— For feeflstock / support handling in machine operation function, e.g.:

— Mgtor inpowder spreading device, powder feeding system, in motor drive component type, and

— Fepdstock container, in other peripheral device component type.

— For waste and recyclable handling in machine operation function, e.g.:
— Air exhaust system, in pneumatic / vacuum system component type, and

— Support removal system from the part and build platform, excess feedstock removal system from the
build chamber, in other peripheral device component type.

— For cooling and heating in machine operation function, e.g.:

— The heating element of the platform, frame, cooling system for control cabinet, in the heating / cooling
system component type.
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8.2.5 Abnormalities of an AM machine unit (AMU)

According to 6.2.12.2, functions of the AM machine can lose performance due to the degradation of
mechanical properties (e.g. fatigue, hardness.) or malfunction.

According to 6.2.12.3 to 6.2.12.5, performance can also be degraded from the abnormalities of an AM
feedstock / support, workpiece, and environment and safety.

In the capacity of a CPCM for AM, the abnormalities of the AM operation should be dealt with as follows:

— Function-wise, the machine control subfunction and their interface with the cyber- physmal system

ulllL bllUulu qul \A%4 lLll LllC dUllUl llldllLlCD LU LUlllUl I vv lLll LCLlllllLal lCl.iull ClllCllLb SIVCII n 6 2 12 2

6.2.12.3,6.2.12.4,and 6.2.12.5.

— |Component-wise, the controller (including CNC and programmable logic contral) together with
actuators should deal with the abnormalities, and

— |Process-wise, the abnormality resolution should be applied to all types of"AM procesg, including
a) binder jetting, b) directed energy deposition, c) material extrusion, d) material jetting} €) powder
bed fusion, f) sheet lamination, and g) vat photopolymerization.

NOTE See Annex C for more abnormalities to be dealt with.
To this end, the machine control subfunction in the AM machiné¢peration function should:
— |Control the AM machine operation and all other functioris of the AMU,

— |Receive and manage the part program from a UlS‘to execute the AM process to cojform with
technical requirements given in 6.5.2 and 6.7.2,

— | Generate status signals via sensors and [/Oanodules to conform with technical requirenpents given
in 6.2.4,

— |Transmit the collected data to the eybéer-physical system unit, a CSSM, and a UIS, to copform with
technical requirements given in 6:2,6.5,

— |Receive control instructions’ from the cyber-physical system unit to conform with technical
requirements given in 6.2.2,6.2.3 and 6.2.10, and

— |Coordinate with the metion connected with the adjacent shop floor devices to corfform with
technical requirements given in 6.3.2.

8.3| Cyber-physical system (CPS) unit

8.3/1 General

Distinguished from the conventional stand-alone AM machine, the CPS unit of a CPSMT is thd key player
that controls and coordinates the AMU directly with a CSSM, an SFDS, an SFCS, and indifectly with
external entities (AM workflow, Hierarchy levels, and Humans) via a UIS.

In terms of the six capabilities of a CPSMT, the CPS unit enables the CPCM to realize the two capabilities
of a CPSMT:

— Autonomously dealing with abnormalities by interfacing with sensors, numerical control kernel /
programmable logic controller, and a UIS, and a CSSM for realizing hard / soft-real time abnormality
resolution, and

— Autonomously collaborating with the SFCS.

NOTE1 Coordination with an SFDS is performed in a numerical control system, programmable logic controller,
as described in 8.2.5.
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To fulfil these tasks, a CPS unit should consist of:

— Aninn

er-loop element,

— Anintra-loop element, and

— Aninter-loop element

The inner-loop element is the part of the CPS unit that detects and resolves abnormalities for the
machine tool unit in hard real-time. See ISO 23704-1:2022, 3.1.17 for the definition of hard real-time

The intra-l op element is the part of the CPS unit that generates control instructions for the machine
tool unit based on the data from a CSSM in soft-real time. See ISO 23704-1:2022, 3.1.28 for the definition
of soft-realltime.

The inter-lpop element is the part of the CPS unit that generates event-driven control instructiong for

the machire tool unit based on data from an SFCS for the sake of collaboration.

NOTE 2 PS control scheme means that all AM processes and AM functions are controlled with the AMU

functions anpd three elements in the CPS unit.

The AM fynctionalities in the AMU are coordinated by the machine contrel subfunction of an{AM

machine operation.

Physical dgployment of the CPS unit should be determined in the implementation phase. A CPS unit|can

be in the AM machine controller, outside of the AM machine controllér, or both.

8.3.2 Inmer-loop element

Inner-loop|element is the part of the CPS unit that deteets and resolves abnormalities for the sake of

abnormalify detection and resolution in hard real-timé<This is to conform with technical requirements

specified ip 6.2.2.

To this end| the inner-loop element should:

— Receive the data from the AM components (e.g. sensor and controller) and a UIS (e.g. a part program
conforfming with the ISO 14649 series, ISO 6983-1, 3D modelling file) to conform with techrfical
requirgpments specified in 6.2.4,6:5.2, 6.6.2 and 6.7.2,

— Identifly the current CPCM for, AM status based on data from the AMU,

— Compdre the current state of the AMU with the reference state,

— Genergte control ifstruction for improving operation of the AMU,

— Transrpit the generated data to the UIS to conform with technical requirements specified in 6J5.2,
6.6.2 and 6.%2; and

— Transmitthe generated control instruction to the AMU to conform with technical requirements
specified in 6.2.2 and 6.2.10.

NOTE 1

thermal condition into consideration on the laser base powder bed fusion.

The example use case for the inner-loop element is adaptation of layer processing strategies taking

It is recommended to follow the inner-loop element structure shown in Figure 4 which is composed
of a) data interface component, b) parameter estimation component, and c) adjustment mechanism

component.
NOTE 2  The structure is similar to that of in ISO 23704-2:2022, 7.3.2, reflecting the characteristics of AM.

The data interface component conforms with technical requirements specified in 6.2.4, 6.5.2, 6.6.2, and
6.7.2, and should consist of controller data interface, sensor interface, and a UIS interface.
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Inner-loop element

Data interface
Sensor/Actuator Controller data UIS
interface interface interface

1]

Parameter estimation

[ CPCM status 1 [CPCM reference 1

dal

| Sy 4. 1
L T eHRTTeY ) L cortTror Mot )

Adjustment mechanism

y

Key
1 |transmission of collected data from the data interface to parameter estimation
2 |transmission of generated feature from the parameter estimation component to the adjustment mechanism

Figure 4 — Functional structure of theinner-loop element
NOTE3 Compared with ISO 23704-2:2022, Figure 4, tHe\¢ontroller data interface is distingyished from
nunjerical control kernel (NCK) / programmable logic contgoller (PLC) interface.

Thg parameters acquired from controller data interface vary over the AM process.

NOTE4 In the case of material extrusion, example parameters are layer height, nozzle temperatyre, printing
feed speed, layer width, cooling rate, bed / rooth-temperature, humidity.

NOTE S5 In the case of vat photopolymerizZation, example parameters are layer thickness, light int¢nsity, hatch
spa¢ing, blade with, fill cure depth, printing resin temperature.

NOTE 6 In the case of binder_ jetting, example parameters are binder set time, drying time, emitter output,
targdet bed temperature, layer,thickness, recoating speed, heater power ratio.

NOTE 7 In the case of ‘material jetting, example parameters are layer height, layer thickness) dispensing
appratus temperaturey/light intensity, dispensing apparatus feed speed, humidity, chamber tempefature.

NOTE 8 Inthe ease’of powder bed fusion, example parameters are heat source energy, scanning fe¢d, scanning
spoft size, raster-spacing, and pattern, chamber preheat temperature, chamber pressure, chamber dxygen level,
build platform temperature, hatching space, layer thickness, layer height, scaling factors, recoating speed.

NOTE 9, VIn the case of direct energy deposition, example parameters are heat source energy, scgnning feed,
scaILnlng spot size, raster spacing, and pattern, chamber preheat temperature, chamber pressure, chamber

en 1ann] r\r\urr‘nr flowaz vqf—n shialding aag
O O

NOTE 10 In the case of sheetlamination, example parameters are laminator roll speed, laminator roll vibration
amplitude, clamping force, tension force, layer thickness, layer height, material roll / stack speed.

For the sensor interface, various types of sensor data can be collected. Representative examples include
data from, e.g. camera (IR, optical), photodiode, pyrometer, thermocouple, strain gauge.

For the UIS interface, the data received from a UIS include part program conforms with the ISO 14649
series and ISO 6983-1, 3D modelling file. For detailed contents of part program for AM domain, see
ISO 14649-17. For standards on 3D modelling for the AM domain, see ISO/ASTM 52915.

The parameter estimation component should estimate the AM process's state based on the data from
the data interface component. The difference between the estimated state and the reference state is
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provided by the parameter estimation component to conform with technical requirements given in
6.2.7 and 6.2.8.

NOTE 11 The example estimated parameters for the powder bed fusion process includes distribution amount
of support, melt pool geometry, melt thermal pool distribution, residual stress, servo disturbance.

The adjustment mechanism component should generate a series of control input values based on the
output from the parameter estimation component and transmit them to the controller to conform with
technical requirements given in 6.2.2 and 6.2.10.

NOTE 12 The example control input for the powder bed fusion process includes laser power, scan feed, servo

position cor

8.3.3 Int

Intra-loop

4= 1
LI UL,

ra-loop element

element is the part of the CPS unit that generates control instructions for.the contrg

based on the data from a CSSM for the sake of optimization of the AM functions in soft‘real time. Th

ller
IS is

to conform| with technical requirements specified in 6.2.3 and 6.2.10.
Compared with the inner-loop element's capability, the intra-loop element can produce superior resjults
in terms off for example, predictability of AM machine behaviour.
To this end, the intra-loop element should:
— Receive the control command data from the CSSM for AM,
— Receive the status of the controller from the AMU to conférm with technical requirement givep in
6.2.4,
— Conveft control commands for the AMU,
— Make g decision as to whether the proposed command can be accommodated, based on data from
the AMU,
— Genergte an override command for the AMU, and
— Transrpit the generated commandtto the AMU to conform with technical requirements giveh in
6.2.3 and 6.2.10.
NOTE1 The example use case for.the intra-loop element is the change of the support structure to hahdle
unsuitable ghermal distribution gr-structural stability issues during AM process through the modification of part
program.
Intra-loop element
. CSSM interpreter Override
CSSM interface AM Machlne for AM Checke.r for command
unit interface . . override
machine unit generator

Figure 5 — Functional structure of the intra-loop element

It is recommended to follow the intra-loop element structure shown in Figure 5, which is composed
of: a) CSSM interface, b) AMU interface, c) CSSM interpreter for AMU, d) checker for override, and
e) override command generator.

NOTE 2

22

The structure is similar to that of ISO 23704-2:2022, 7.3.3, reflecting the characteristics of AM.
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8.3.4 Inter-loop element

Inter-loop element is the part of the CPS unit that generates event-driven control instructions for the
controller based on data from an SFCS for the sake of collaboration. This is to conform with technical
requirements given in 6.4.2, and general requirements specified in ISO 23704-1:2022,10.3.

NOTE1 SeelSO 23704-1:2022, 3.1.16, for the definition of event-driven.

NOTE 2 Example use cases on an SFCS include a) resource reallocation or rescheduling of the shop floor
devices due to failure and delay of some shop floor devices, b) special requests from manufacturing operation
management, ¢) monitoring the shop floor performance comparing with the provided schedule, and d) diagnosing

th £l 11 s L. £] L. Lol 1
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To this end, the inter-loop element should:
— |Receive outputs (e.g. task allocation plan) from an SFCS,

— |Receive the status of the controller from the AMU to conform with technical requiremgnt given in
6.2.4,

— |Convert control commands for AMU,

— |Make a decision as to whether the proposed command can be.decommodated, based o1} data from
the AMU,

— |Generate override commands for the AMU, and
— |Transmit the generated command to the AMU to coniform with technical requirement giyen in 6.4.3

It igrecommended to follow the inter-loop element’structure shown in Figure 6, which is composed of:
a) SFCS interface, b) AMU interface, c) SFCS interpreter for AMU, d) checker for override, and ) override
conjmand generator.

NOTE 3  The structure is similar to that of in\ISO 23704-2:2022, 7.3.4, reflecting the characteristic of AM.

Inter-loop element

) SFCS interpreter Overr|de
. AM Machine P Checker for
SFCS interface N\ for AM . command
unit interface . . override
machine unit genergtor

Figure 6 — Functional structure of the inter-loop element

9 |Functional view of a CSSM for AM

9.1 General

This Clause specifies a set of requirements for the constituent elements of a CSSM for AM defined in
Figure 3 of Clause 7.

A CSSM for AM should consist of:
a) The data processing unit,

b) Digital thread unit,

c) A MAPE unit, and

d) External Interface unit.
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NOTE The functionalities of a CSSM conform to the reference architecture ofa CPSMT (see ISO 23704-1:2022,
Clause 7) reflecting the technical requirements of AM, given in Clause 7.

The specific configuration of a CSSM structure and related data items should be determined based on
the purpose of implementation.

9.2 Data processing unit (DPU)

9.2.1 General

DPU is a sg e A —— aeqtired-datafor-thetseofadis nit,
and externfl interface unit. A DPU is the foundation of a CSSM operation.

The DPU should consist of:

— a CPCN interface element,
— aUlS ipterface element,
— a Datalfusion element,

— aDatalstorage element, and

— a Dataltransformer for external entities element.

9.2.2 CPCM interface element

The CPCM [interface element is the element that acquires.data related to the AM process status ffom
sensors anfl controller, to conform with technical requirement given in 6.2.4.

To this end, the CPCM interface element should:

— Retrieye the data from a CPCM, mostly focusing on the controller / sensor data, and
— Transrpit the retrieved data to the datd fusion element.

NOTE1  Jee 8.3.2 for the example dataditems from the controller for each AM process type.
NOTE 2  {ee 8.3.2 for the example sepnsor data.

NOTE3  This document does“ript specify industrial communication protocols for the CPCM interface [(e.g.
Profibus, Mpdbus, and Ethernet).

9.2.3 UIS interfaceelement

The UIS interface-element is the element that acquires data from the external entities via a UIp to
conform wijithtechnical requirements given in 6.2.4, 6.5.2, 6.6.2, and 6.7.2.

To this end,; tThe UTS intertace element should:

— Receive data from the AM workflow (e.g. part program conforms with the ISO 14649 series and
[SO 6983-1, product 3D modelling.) via a UIS to conform with technical requirement given in 6.5.2,

— Receive data from the hierarchy level, such as order data via a UIS to conform with technical
requirement given in 6.6.2,

— Receive human input to conform with technical requirement given in 6.6.2, and
— Transmit the retrieved data to the data fusion element.

NOTE1 The AM workflow supports close linkage among the AM workflow data to achieve the major goals of
AM from the perspective of Industry 4.0, such as reduction of time-to-market and personalized production.
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refer to ISO 14649-17. For standards on 3D modelling for the AM domain, see to ISO/ASTM 52915.

NOTE 3

NOTE 4

Profibus, Modbus, and Ethernet).

9.2.

4 Data fusion element

For the detailed contents of part program conforming with the ISO 14649 series in the AM domain,

For the detailed data contents on hierarchy level, see ISO/IEC 23510 (AM service platform).

This document does not specify industrial communication protocols for the UIS interface (e.g.

The data fusion element is the element in the data processing unit that integrates multiple data sources

frofta CPCM and a UIS Intertace elements in order to proauce Consistent, accurate, and usq

acc

Dat
thré

To t

NO']
marj
the
the

9.2

Thd
of a

monitoring, analysis,and the planning function.

To t

pmplish technical requirement given in 6.2.5.

b that has gone through data fusion should conform to the AM workflow data model in
bad unit for the usage of organized data in the digital thread unit and MAPE unit:

his end, the data fusion element should perform:

Data cleansing to search for and correct (or remove) a) corrupted orjinaccurate data if
collected data, b) identifying incomplete, incorrect, or irrelevant parts of the data, and c
modifying, or deleting the data,

Data formatting to organize cleansed data to fit in a predefified specification that is def
AM workflow data model in the digital thread unit,

Data grouping to group the data items involved in each abnormality, and

Transmission of the output to the a) data storage, b) data transformer for external intg
and c) the AM workflow data management inwdigital thread unit.

E Example use cases on the data fusion element include a) the storage, pre-processing, intg
agement of big data in sustainable and smart AM,[89] b) the collaborative data management syst

bntire AM lifecycle and value chains,[90\and c) data pre-processing and cleansing in the form a
all and chassis for large-scale AM[21L;

5 Data storage element

data storage elementlis the element in the data processing unit that stores the d
CSSV, including thé output of data fusion, behaviour model in digital thread unit, th

his end, the data storage element should store and manage:
The processed data from the data fusion element (see 9.2.4),

The output of the MAPE unit (see 9.4), and

ful data to

the digital

ems in the

replacing,

ned by the

brface unit,

gration and
em through
heatmap for

eliverables
e output of

9.2.

The output of the behaviour maodel pnginp (cpp 93 '-'{) inthe digifn] thread unit

6 Data transformer for external entities element

The data transformer for external entities elements is the element in the data processing unit that
transforms the output of the data fusion element to fit into the data structure in the external interface
unit.

The data transformer for the external entities element should transform the data processing unit data
to fit into the data structure based on the interface schema element (see 9.5.2) of the external interface
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unit to conform with technical requirements given in 6.4.3, 6.4.4, 6.5.2, 6.5.3, 6.6.2, 6.6.3, 6.7.2, and

6.7.3.

NOTE

is an example of data transformation for external entities.

9.3 Digital thread unit

9.3.1 General

Usage of ‘Adapter’ in MTconnect for transforming the acquired data to the MTconnect data modell92]
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which has
provides f
6.2.6.

NOTE 1
abnormaliti]

NOTE2 1
within the 4

As a key e
in conjunc
contribute

bone through data fusion (see 9.2.4) in the data processing unit. Also, the digital thread
inctions that generate value-added data to conform with technical requirement| give

ompared with the inner-loop element, the digital thread unit has advanced means to deal Y
es in a deeper way for the accuracy of prediction.

'he digital thread unit supports monitoring, analysis, planning, and execution if a structured fas
llowed soft-real time.

habler of personalized production, the AM process needs to bg'updated in a shorter c
fion with CAx activity compared with other types of mandfacturing. Digital thread
b to this by providing value-added data in view of operation/phase, utilizing data from of

AM workfl
phases is

NOTE 3
that digital
operation p

view by p
based on

be summa
d) environ

NOTE4 4
the ISO 237

To this end
An AM
AM wd
An AM

cessary.

or this reason, digital thread unit is distinguished\from the digital twin unit in ISO 23704
thread unit utilizes data from all AM workflow phases. For digital twin unit, it mainly utilizes
ase data (state data model) with circumstance given (context data model).

oviding value-added data to a MAPE unit. The types of abnormality during operaf
nnex C and technical requirements given in 6.2.12.2, 6.2.12.3, 6.2.12.4, and 6.2.12.5,
ized into four categories as.a)AM machine, b) feedstock / support, c) workpiece,
ment and safety:.

4 series.

, the digital thread unit should consist of:
workflow data'model,

rkflow data management,

behaviour model, and

ata
Init
W in

vith

hion

ycle
1nit
her

w phases in comprehensive manner. Therefore, datasmodels covering whole AM workfllow

P in
the

, the digital thread unit supports abniormality resolution from a soft-real time poinft of

ion,
can
and

\s specified in 3.1.15, the tegm “workpiece” is utilized rather than “part” for consistency throughout

Behav

our model engine.

9.3.2 AM workflow data model

9.3.2.1 General

The AM workflow data model is the data model describing the AM workflow data.

NOTE 1

See IS0 23704-2:2022, 3.1.3 for the definition of the data model.

The AM workflow data model should be used as a format for the operation of the data fusion element.
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Based on the AM workflow defined in 3.1.5, the AM workflow data model should consist of:

Product design,

Feedstock / support,

Build preparation,

Process control, and

Inspection.

NOT
con

9.3

In

E2

2.2

Distinguished from AM workflow in 3.1.5, post-processing is not included here in, as_it is done in

unction with an SFCS.

Product design

he workflow of product design, data related to product design should be“organized anc

| managed.

ran be used.

nvolved in

cal, thermal

ed.

925 can be

M F3049-14

Representative examples are 3D model files such as STL, vertex, colour, design rationale, requifrement[681,
NOTE1 For details on STL, see Reference [93].

NOTE 2  For the product design requirements, guidelines and recommendations, ISO/ASTM 52910
NOTE3  For managed model-based 3D engineering, ISO 10303-242 can be used.

9.3{2.3 Feedstock / support

In the workflow of feedstock / support, data related to feedstock / support specifications
profduct manufacturing should be organized and managed.

NOTE1 Representative feedstock / support properties include optical, chemical, physical, rheologi
properties. See C.3 for a detailed description of'the representative properties of feedstock / support.
NOTE 2  Forrequirements on materiakextrusion of plastic feedstock, ISO/ASTM 52903-1 can be us
NOTE 3  For qualification guidance for feedstock materials, ISO/ASTM 52907 can be used.

NOTE4  For qualification of materials for laser-based powder bed fusion of polymers, ISO/ASTM 5
usedl.

NOTE 5 dFor guidance for characterizing properties of metal powders used in AM processes, AST
canpe used.

9.3]2.4 Build’preparation

In

is workflow, data related to build preparation, including process parameters, part d
supportdistribution, should be organized and managed.

rientation,

NOTE 1
parameters[72-81],

NOTE 2

NOTE 3

NOTE 4

NOTE 5

NOTE 6

Examples in this category include sliced files, support structures, orientation,

and setup

For process design recommendations for laser-based powder-bed fusion process of metal,
ISO/ASTM 52911-1 can be used.

For process design recommendations for laser-based powder-bed fusion process of polymer,
ISO/ASTM 52911-2 can be used.

For a standard guide for directed energy deposition of metals, ASTM F3187-16 can be used.

For an overview of a data model for CNCs, ISO 14649-1 can be used.

For an application interpreted model for CNCs, ISO 10303-238 can be used.
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NOTE7  For general process data for CNCs, [SO 14649-10 can be used

NOTE 8  For process data for CNCs for AM, ISO 14649-17 can be used.
9.3.2.5 Process control and inspection

9.3.2.5.1 General

In this workflow, the actual process is carried out, which is the main focus from the perspective of

a CPSMT for AM. Contribution to the enhancement of AM operational performance can be achieved

th h narmaalitirracaliition A ot o oot oy b o AN o oo
roug a ITUTL lllull\.-y ICovUIrulIivIl uUur llls CIIcC Ul.l\,l ALIUIT UL CITC 131Vl l.ll ULUL OO,

The group pf abnormalities dealt with in the CPSMT should be classified as follows:
— AM mgchine body,

— Feedstock/support,

— Workpliece, and

— Envirgnment and safety.

NOTE1 §ee Annex C, for a detailed description on each type of abnormality.

NOTE 2  Abnormality types vary depending on the type of AM process.Examples taken in these subclauseq are
for the powgler bed fusion (PBF) and direct energy deposition (DED).

9.3.2.5.2 | AM machine body

The abnormalities of the AM machine body (e.g. print head, feed motor) are mainly due to degradation
of machin¢ components, which cause various phenomena such as path disturbance, inapproprjate
feedstock f support distribution, and inappropriaté€energy supplement.

NOTE 1 Jee C.2 for details on abnormalities of AM 'machine body.

To deal with abnormalities in machine body, the data from CPCM should be organized and managefl as
specified i the technical requirementigiven in 6.2.12.1.

NOTE 2  HRor process equipment and operational parameter requirements for plastic parts using mat¢rial
extrusion, IFO/ASTM 52903-2 can belused.

NOTE 3  Hor requirements and test methods for the qualification and requalification of laser beam machiines
for metal pqwder-bed fusjen, ISO/ASTM 52941 can be used.

9.3.2.5.3 |Feedstock / support

The abnormatities of the feedstock / support are mainly due to unsuitable variation of mechanjcal,
chemical, rhedlogical, optical, thermal properties.

NOTE1 See C.3 for the details on abnormalities of feedstock/support.

To deal with abnormalities in the feedstock / support, the data from CPCM should be organized and
managed as specified in the technical requirement given in 6.2.12.2.

NOTE 2  For requirements on material extrusion of plastic feedstock, ISO/ASTM 52903-1 can be used.
NOTE 3  For qualification guidance on feedstock materials, ISO/ASTM 52907 can be used

NOTE4  For qualification of materials for laser-based powder-bed fusion of polymers, ISO/ASTM 52925 can be
used.

NOTES5  For guidance for characterising properties of metal powders used for AM processes, ASTM F3049-14
can be used
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2.5.4 Workpiece

The abnormalities of the workpiece are mainly due to low geometric accuracy, unsuitable surface
roughness, warping / distortion, porosity, balling, un-fused material, insufficient bonding between
layers, cracking, etc.

NOTE 1

See C.4 for the details on abnormalities of workpiece.

To deal with abnormalities in the workpiece, the data from CPCM should be organized and managed as
specified in the technical requirement given in 6.2.12.3.

NOTF or—process—e 3

extifusion, ISO/ASTM 52903-2 can be used.

NOTE 3  For principal requirements applied to test of parts, ISO 17296-3 can be used.

NOTE4  Forrequirements for purchased AM parts, ISO/ASTM 52901 can be used.

NOTES5  For geometric capability assessment of AM systems, ISO/ASTM 52902 cambe used.

NOTE 6  For practice for metal powder bed fusion process to meet critical.applications, ISO/ASTN
be used.

NOTE 7  For classification of part properties for AM of polymer pargs, ISO/ASTM 529241 can be ug
NOTE 8 For requirements and ensuring component properties on’ AM titanium-6aluminium-4va
6Al144V) components, ASTM F2924-14 can be used.

NOTE9  For requirements and ensuring component properties on AM titanium-6aluminium-4var
extra low interstitials (Ti-6Al-4V-ELI) components, ASTM\F3001-14 can be used.

NO']
14a

NOT
be u

NOT
can

NOTI
AST

NOT
F32

9.3
Abr

E 10 Forrequirements and ensuring componeft properties on AM UNS N07718 components, A
can be used.

E 11 For requirements and ensuring sémponents on AM UNS N06625 components, ASTM F30
sed.

E 12 Forrequirements and ensuring component properties on AM UNSS31603 components, AS
be used.

E 13 For requirements..and ensuring component properties on AM titanium alloy ¢
MF3302-18 can be used.

E 14 For a standard specification for Cobalt-28 Chromium-6 Molybdenum via powder-bed ft
13-17 can be used/

2.5.5 ‘Environment and safety

ormalities in the environment are mainly due to, e.g. unsuitable energy consumption,

inn

sing material

[ 52904 can

ed.

hadium (Ti-

adium with

STM F3055-

b6-14el can

M 3184-16

omponents,

sion, ASTM

unsuitable

br-atmosphere condition, insufficient reuse of materials, excessive waste, and abnor

malities in

safety are mainly due to, e.g. explosion, leakage.

NOTE 1

See C.5 for the details on abnormalities of workpiece.

To deal with abnormalities in the environment and safety, the data from CPCM should be organized and
managed as specified in the technical requirement given in 6.2.12.4.

NOTE 2

perspective, ISO/ASTM 52931 can be used.

1

©IS

Under preparation. Stage at the time of publication: ISO/ASTM FDIS 52924:2023.
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NOTE 3

extrusion, ISO/ASTM 529332) can be used.

9.3.3 AM workflow data management

For considerations for reduction of hazardous substances emitted during the operation of material

AM workflow data management includes a) managing the data transmitted from data fusion by time-
stamp, and b) providing data to the behaviour model engine (see 9.3.5) for extraction of value-added

dataand a

MAPE unit (see 9.4).

It is to accomplish technical requirements given in 6.2.5.

To this en

Receiy

Mainta

Transij

, the AM workflow data management element should:
e the data from the data fusion element,
in the data from the data fusion element by a timestamp value, and

hit the right data to the behaviour model engine (see 9.3.5) and a MAPE unit (see 9.4).

9.3.4 AM behaviour model

The behav
conform wj

To this end

Be abl
feedst
fromt

Be des

Be exe
NOTE )i

Machin
see Ref]

Feedst
details

Workp

our model is a set of models that describe the AM process behaviour for the MAPE un
ith technical requirements given in 6.2.6 for extracting valug€-added data.

, the behaviour model should:

e to generate value-added data about abnormalities/occurring in the AM machine b
bck / support, workpieces and environment and.sdfety, which it is difficult to obtain dire
he data processing unit,

jgned for calculating value-added data, which'is utilized in the MAPE unit, and
cuted in the behaviour model engine (see 9.3.5) to generate outputs.
xample behaviour models are:

e body, see Reference [94] for miere details on temperature shutdown error in powder bed fusion
erence [95] for more detailsjon'seeded driving belt fault in material extrusion,

ck / support, see Referenceé [96] for more details on material flow analysis in binder jettingl2¢]
on characterization pf' metal powders in AM,

ece, see Referenee_[98] for more details on porosity detection in direct energy deposition, see

Reference [99] for meve\details on surface roughness in material extrusion, and

Enviro

9.3.5 Be
The behav

nment, se€ Beference [100] for more details on energy consumption.

haviour model engine

t to

hdy,
ctly

and

for

hlso

our model engine is the element that runs the behaviour model with the input from

workflow data management' (see 9.3.3) and ‘data storage element’ (see 9.2.5).

Thisistoc

onform with technical requirement given in 6.2.6 for extracting value-added data.

AM

The behaviour model should be executed in the behaviour model engine for extracting value-added

data.

To this end, the behaviour model engine should transmit the output of the behaviour model to:

The MAPE unit, and

2) Under preparation. Stage at the time of publication: ISO/ASTM DIS 52933:2023.
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— The data storage element in the data processing unit.
9.4 MAPE unit

9.4.1 General

The MAPE unit is the unit that monitors, analyses, plans, and executes for the machine tool based on the
data and behaviour models for the enhancement of key performance indicators (KPI) of the AM process
defined in the digital thread unit.

Thegoutputof the MAPE it Tam beutitized for updating AM workflow data mammaged]in the AM
wotkflow (e.g. 3D model design, support deployment, part orientation).

To this end, the MAPE unit should consist of:
— |Monitoring element,

— |Analysis element,

— |Planning element, and

— | Execution element.

9.412 Monitoring element

Theg monitoring element is the element that calculates key performance indicator (KPI) valug¢s from the
vieypoints of the AM machine body, feedstock / support, workpiece, and environment and safety for
detérmining whether or not the abnormality occurs.in the time span of control.

Thif is to conform with technical requirements'given in 6.2.7.
To this end, the monitoring element should:

— |Generate the KPI values at the . mement of current AM operation from the perspectivg of an AM
machine body, feedstock / suppert, workpiece, and environment and safety, and

— |Evaluate the KPI values to~determine whether the current operation state is abnormal of not.

NOTE Example use case~on monitoring includes the measuring melt pool thermal distrjbution and
temperature in powder bed-fusion using camera and pyrometer.

9.4]3 Analysis.eléement
Thd analysiselément is the element that:

— |Prediets the future KPI values from the viewpoint of an AM machine body, feedstock|/ support,
workpiece, and environment and safety to conform with technical requirement given in{6.2.8;

— Conducts diagnosis for finding the cause of the problematic KPI values to conform with technical
requirement given in 6.2.9.

To this end, the analysis element should:

— Generate the expected future KPI values from the perspective of an AM machine body, feedstock /
support, workpiece, and environment and safety, to clarify whether or not the abnormality occurs
in the future, and

— Diagnose the cause of inappropriate KPI values generated in the monitoring element.
NOTE1 Example use case on analysis includes: a) the predicting the residual stress and distortion in the

powder based AM,[Z2] b) predicting surface roughness in the material extrusion,[102] and c) process failure
diagnosis based on acoustic emission in material extrusion103],
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NOTE 2  For more information on KPIs in shop floor operation, see Reference [25].

9.4.4 Planning element
The planning element is the element that:

— Redefines the AM workflow data including process parameters or decides the action to conform
with technical requirements given in 6.2.10 and 6.2.11, and

— Verifies the planning output to conform with technical requirements given in 6.2.10 and 6.2.11 for
the sake of the "autonomously dealing with abnormalities" capability.

To this end, the planning element should:

— Redefipe the AM workflow data including process parameters or decide the action-to (take that
contributes to the enhancement of AM operation from the viewpoint of the AM ymachine bpdy,
feedstpck / support, workpiece, and the environment and safety, and

— Verifythe redefined parameters via simulation.

NOTE Example use case on planning includes optimizing the path in terms of{geometrical accuracy, Huild
time, materfal usage, surface quality of partlll.

9.4.5 Expcution element

The executfion element is the element that:

— Transrpits the output of planning elements to the CPCM’to conform with technical requirenpent
given in 6.2.10, and

— Transrpits the output of monitoring, analysis, and planning elements to the data storage in DPU fand
externpl interface unit to conform with technical requirements given in 6.4.3, 6.4.4, 6.5.2, 6J5.3,
6.6.2, $.6.3, 6.7.2 and 6.7.3.

To this end, the execution element should:
— Receive the output from the monitoring, the analysis and the planning element,
— Transrpit the output to the inttasloop element of a CPCM, and

— Transrpit the output of monitoring, the analysis, and the planning element to data storage elenjent
in DPU and external intesface unit.

NOTE Example use.case on execution includes transmission of modified laser power parameter value tq the
intra-loop e|lement in.th& CPCM for AM.

9.5 Ext(1rnal interface unit

9.5.1 General

The external interface unit is the unit that receives data from the data processing unit via the data
transformer for the external entities' element and data storage element, a MAPE unit via execution
element.

The external interface unit transmits that data to an SFCS and a UIS for the sake of a) collaboration
with an SFCS, b) data exchange with AM workflow, c) data exchange with hierarchy level, and d) data
exchange with humans with interoperable communication to conform with technical requirements
givenin 6.4.3, 6.4.4, 6.5.2, 6.5.3, 6.6.2, 6.6.3, 6.7.2, and 6.7.3.

NOTE1 OPC-UA (IEC/TR 62541-1), MTConnect (ANSI/MTC1.4-2018)[52], are representative standards for
ensuring interoperability.
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NOTE 2  See References [87] and [88] for the example configuration of OPC-UA server for an AM domain,
including system architecture, data model, a prototype system.

To this end, the external interface unit should consist of:
— Interface schema element, and

— Interface manager element.

9.5.2 Interface schema element

Thermterface schemmaetement istheetemment that represents the data structure ima €SShtojshare with
thelexternal entities such as a UIS and an SFCS.

The interface schema element makes the a UIS and an SFCS refer to and find the right data irj a CSSM.
To this end, the interface schema element should:

— |Manage the table of contents of a CSSM for an SFCS and a UIS, and
— |Provide the data schema to the interface manager element.

NOTE Examples of the table of contents are: a) manifest in administration shell of IEC/PAS 63088, b) XML
sch¢ma of OPC-UA (IEC/TR 62541-1).

9.5]3 Interface manager element

Theinterface manager element is the element that manages the collected data from the datajprocessing
unit, a MAPE unit, and transmits them to an SFCS+and a UIS to conform with technical requirements
given in 6.4.3, 6.4.4, 6.5.2, 6.5.3, 6.6.2, 6.6.3, 6.7.2,'and 6.7.3.

To this end, the interface manager element should:

— |Communicate with and transmit datato an SFCS and a UIS, based on the table of content$ defined in
the interface schema element,

— |Receive the schema from the.interface schema element, and
— [Manage the collected data-from the data processing unit and a MAPE unit.

NOTE OPC-UA server in’ IEC/TR 62541-1 and MTConnect agent in ANSI/MTC1.4-2018[32] are pxamples of
intefface manager element.

10|Interfaceview of a CPSMT for AM

10.1 General

Thl‘ Clonca canncifine o cot of o ot nnd e ot a tbanfo o0 b

IaAlk-—takaknalkantc o
CroaasC—SpPtTImTICS o SCT OT TCqUuIT CIIICTICS TOT et TreCTrace u\,\.vvv\.,ll COTIPOTICIICS O

a-cRIMT from a
data perspective, as shown in Figure 7.

Communication protocol of the interface is out of scope. It should be determined in the implementation
phase based on the purpose of implementation, considering the required latency threshold, system
configuration type (e.g. edge, fog, cloud), the amount of data.

NOTE1 This clause describes mainly the internal and external interfaces on a CPCM and a CSSM, indicated by
the key in Figure 3.

NOTE 2  This clause does not deal with interfaces between associated systems and external entities. See
ISO 23704-1:2022, Clause 9 for those interfaces.
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Figure 7 — Interface view of a.CPSMT for AM

M interface

neral

use deals with internal and éxternal data interfaces on a CPCM.
ternal interface with a\CPCM

feneral

use deals with-external data interfaces on a CPCM.

hterface*between an SFDS and an AM machine unit (AMU)

To conforn[ with technical requirements given in 6.3.2, this interface should exchange all controls and

data for cobrdt

For the interface for automated machine tending, see ISO 21919-1.

10.2.2.3 Interface between a UIS and a CPS unit

To conform with technical requirements given in 6.5.2, 6.6.2, and 6.7.2, this interface should transmit
the data from the external entities (e.g. part program and AMF file) to the CPS unit via UIS.

To conform with technical requirements given in 6.5.2, 6.6.2, and 6.7.2, this interface should also
transmit the parameter estimation output in the inner-loop element to the external entities via UIS. The

parameter

34

estimation output can be grouped by abnormality types described in 9.3.2.5.
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10.2.2.4 Interface between a UIS and an AM machine unit (AMU)

To conform with technical requirements given in 6.5.2, 6.6.2, and 6.7.2, this interface should transmit
the data from the external entities (e.g. part program) to the AMU.

To conform with technical requirements given in 6.5.2, 6.6.2, and 6.7.2, data values generated by
controllers and sensors can be transmitted to the external entities via a UIS if necessary. For examples
of relevant data items, see 8.3.2.

10.2.2.5 Interface between an AM machine unit (AMU) and data processing unit

To gonform with technical requirements given in 6.2.4, this interface should transmit the da

fro

For|example data items, see 9.2.2.

10.

To
res
loo

Dath from a CSSM to a CPCM can be grouped by abnormality typés described in 9.3.2.5.

10.

To

SF(S (e.g. task allocation plan) to the inter-loop element in the CPS unit.

To

CPdM for AM based on the current status ofthe shop floor system.
10.

10.

Thif subclause deals with internal data interfaces on a CPCM.

10.

To
fro

8.312.

To

con

i the AMU to a CPCM interface element in data processing unit.

p.2.6 Interface between a CPS unit and a MAPE unit

fonform with technical requirements given in 6.2.3 and 6.2.10, thig-interface should tr
It of the planning element, which is performed by the execution elenrént in MAPE unit, t
x element in the CPS unit.

p.2.7 Interface between a CPS unit and an SFCS

onform with technical requirement given in 6.4.2/this interface should transmit the o
this end, the SFCS delivers, for example, a'device allocation plan to each device in an §

p.3 Internal interface with a CPCM

P.3.1 General

p.3.2 Interface between an AM machine unit (AMU) and a CPS unit

donform with’téchnical requirements given in 6.2.4, this interface should transmit the da
1n sensors.and controllers in the AMU to the inner-loop element. For examples of relate

fonform with technical requirements given in 6.2.2 and 6.2.10, this interface should tr

a acquired

hnsmit the
b the intra-

itput of an

FDS and a

a acquired
d data, see

Ansmit the

Lrolinput generated by the adjustment mechanism component in the inner-loop element ffo the AMU.

To conform with technical requirements given in 6.2.3 and 6.2.10, this interface should transmit the
converted commands from a CSSM in the intra-loop element to the controller in the AMU.

To conform with technical requirement given in 6.4.2, this interface should transmit the converted
commands from an SFCS in the inter-loop element to the controller in the AMU.

10

.3 CSSM interface

10.3.1 General

This subclause deals with internal and external data interfaces on a CSSM.

© IS0 2023 - All rights reserved
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10.3.2 External interface with a CSSM

10.3.2.1 General

This subclause deals with external data interfaces on a CSSM.

10.3.2.2 Interface between a UIS and data processing unit

To conform with technical requirements given in 6.5.2, 6.6.2, and 6.7.2, this interface should transmit
the data from the external entities (e.g. part program and AMF file) to the UIS interface element in
the data ' ' ' ' gl itviagata

p:llUCESSI'IIg it TheacquiTed data s mappedarmd mrarraged i the digitat thread ot viag
fusion elenpent.

10.3.2.3 1

hterface between external interface unit and a UIS

To confornp with technical requirements given in 6.5.2, 6.5.3, 6.6.2, 6.6.3, 6.7.2, and &%3, this inter

should tra
history dat
elements t

10.3.2.4 1

1smit a) the output of monitoring, analysis, and planning function in thesMAPE unit, b)

the external entities via a UIS.

hterface between external interface unit and an SFCS

To confor
output of
data storag

10.3.25 1

This clausq

i

with technical requirements given in 6.4.3 and 6.4.4, thisinterface should transmit a)
onitoring, analysis, and planning function in the MAPEunit, b) the history data stored in
e element, and c) data from data transformer for extérhal entities elements to an SFCS.

hterface between a CPS unit and a MAPE unit

is included for completeness but is the samme connection as that already dealt with from|

face
the

a stored in the data storage element, and c) data from data transformerifor external entities

the
the

the

CPCM. For details, see 10.2.2.6.

10.3.2.6 Ipterface between an AM machineunit (AMU) and data processing unit

This clausq the

CPCM. For

is included for completenes$biit is the same connection as that already dealt with from
details, see 10.2.2.5.

10.3.3 Internal interface with.a CSSM

10.3.3.1 General

This subclduse deals-with internal and internal data interfaces on a CSSM.

10.3.3.2 Ipterface between data processing unit and external interface unit

To conforn .7.3,
this interface should a) transmit the output of the data transformer for external entities element to the
interface manager element in the external interface unit, and b) transmit the history data in the data
storage element to the interface manager element for the interaction with a UIS, and an SFCS.

10.3.3.3 Interface between data processing unit and digital thread unit

To conform with technical requirement given in 6.2.6, this interface should transmit the data fusion
result to the AM workflow data management element in the digital thread unit. The output of data
fusion is the organized data mapped to the AM workflow data model.
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This interface should transmit a) the data past a certain amount of time in AM workflow data
management, and b) the output of the behaviour model engine to the data storage element for managing
the history.

To conform with technical requirement given in 6.2.6, this interface should transmit data managed
by the data storage element to the behaviour model engine as input for the behaviour model, which
requires the history data.

10.3.3.4 Interface between data processing unit and a MAPE unit

ace should

trapsmit the stored data to the MAPE unit for the functions that require history data.

Thif interface should also transmit the MAPE unit's output to the data storage element fo managing
thehistory.

10.8.3.5 Interface between digital thread unit and a MAPE unit

To ¢onform with technical requirements given in 6.2.7, 6.2.8, 6.2.9, and)6.2.10, this interface should
trapsmit the value-added data from the behaviour model engine to the-MAPE unit.

10.8.3.6 Interface between a MAPE unit and external interface unit

To ¢onform with technical requirements given in 6.4.3, 6.44, 6.5.2, 6.5.3, 6.6.2, 6.6.3, 6.6.4, and 6.7.3,
thig interface should transmit the MAPE unit's output to the interface manager element.
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Annex A
(informative)

Collected stakeholder requirements on smart additive

manufacturing system (SAMS)

A1l Ge

ral

This annex contains the results of a pre-study to collect stakeholder needs and formalise thenp as
requirements in this document.

The stakeholders addressed in this document are aimed at those who are directly involved in
development of the SAMS. As defined in ISO/IEC/IEEE 1220710, a stakeholder|is an individuall or
organizati¢n having a right, share, claim, or interest in a system or in its possession of characteris

that meet t
NOTE A

considered
and mainta

A.2 The

The stakel
the supply

heir needs and expectations.

\ccording to ISO/IEC/IEEE 42010:2022, 5.3, the following stakéholders are recommended t
n the architecture description: users, operators, acquirers, owners, suppliers, developers, build
ners of the system.

principle on the derivation of stakeholdér requirements for the SAMS

industry, there are machine builders, controller and drive makers, and system integraf]

In user inglustries, there are process designers, the AM machine operators, mechanics, produc

managers.

To identify
experts, bg
reports, R¢
and organ]
of a CPSM
stakeholde

the key features of the SAMS for Industry 4.0, extensive interviews / workshops V
nchmarking / reverse engineering, comprehensive analysis of documents including ma
D papers in the AM domalin; have been conducted. The identified features are elaborz:
zed, taking AM workflpw-defined in 3.1.5 and the perspective of the generic architect
[ given in ISO 23704-1 into consideration. Figure A.1 shows the AM workflow and rel:
rs.

olders for the SAMS can be largely divided-into the supply industry and user industry.

the

tics

be
ers,

In
or'S.
Fion

vith
ket
ted
ure
ted
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Figure A.1 — AM workflow and related stakeholders for identifying the key featu
the SAMS

pite the great potential for enabling the Industry 4.0.paradigm, mainly due to the immg
he-art technology, there exist limitations in the AMdomain, which can be thought of as th
requirements for an SAMS. Examples of limitatiohs include the type of the materials, qu
Huct, size of the product, cost of the product;;production lead time including design, mat
ding / printing, post-processing.
E A standard for data processing along the AM workflow is ISO/ASTM 52950.

M the perspective of operation(of*the AM process, the following have been identified
1lirements that need to be fulfilled by the smart AM system:

tohandle various abnormalitiesin the AM domain that occur during the build process and

to share continuouslythe various data on the whole AM workflow to the shop floor and
to increase process_performance;

to interact with/the various shop-floor devices, office floor system, and an AM machine t¢

res of

ture state-
e source of
ality of the
brial setup,

as the key

nspection;

vice versa

overcome
the differeat.communication methods, data specifications;
to incerporate the concept of combination with a subtractive manufacturing process pnd an AM
pracess into one machine.

02023 - All rights reserved 39


https://standardsiso.com/api/?name=ea2bcf66038fa90adae8cf5db1f88b42

IS0 23704-3:2023(E)

Annex B
(informative)

Concept of the digital thread in AM

The key advantage of the AM process is short time-to-market and personalized production. In

7ith

producing
CAX activi
among diff

In this respect, the digital thread is the key enabler for achieving those objectives. Digital'thread is

framework
interconne
a product's
CNC, CMM]

The digita

workflow for emphasis on the life cycle management/update from AM perspective.

The digital
— Provis
Reduc
Intero
Optim

Enabli

The digita
acquire an

From the G

— provide the life cycle infoermiation on products to CPSMT primary system (CSSM, CPCM) for the s

of the

roducte tha nroduction nracnce naondceto bao yundatad 1n o chortar ~ucla 1 contiinceting ©
FoeHets+ttre-proatetoh Pt Heeas—+to-De-Hpaateaa-Saerter-eyere - eonjuhReHon

y compared with other types of manufacturing through active feedback and feedforw
erent life cycle information.

that provides an integrated view of all data throughout the life cycle of a preduct, which
cted in a series of feedback and feedforward loops. The digital thread manages a recor
or system's lifetime, from its creation to its removal. The CAx chain (CAD, CAPP, CAE, C
is a key enabler for this[63],

thread can be realized throughout the whole AM life cycle, which is represented in

thread can bring the following to the SAMS, as well as ta atyenterprise:

jon of an integrated view on the life cycle data,

ion of time-to-market,

pberable and bi-directional data flow among al]'life cycle phases,

zation of operability, manufacturability(on the product, and

hg feedback loop for the life cycle monitoring and control of product, process, resources.

thread and the digital thread unit as referenced in 9.3 have a common point in that t
] manage the AM product life\cycle and use it in a comprehensive manner.

PSMT perspective, the digital thread can:

autonomous dealing with abnormalities” capability;

generate
The capabilities of '

aspect

40

the life cy¢le information on products to CPSMT associated systems (SFDS, SFCS, UIS)

ard

the
are
d of
AM,

AM

hey

ake

for
CS"

tive

rom an ata rlow among all l1te cycCle pha

, support this function.
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'interface with life cycle aspect, hierarchy level, humans," especially the life cycle
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C.1—General

AC

AM

Ongofthe main capabilities of the primary system of CPSMT is "Autonomous dealing with abn

To
rec
are

In general, the types of abnormality during an AM operation aréthe following:

C.2 Abnormalities on AM machine body

For

depprture in the operational performance of any device, equipment, or system from it

per

NOT
allo

NO1
plar]

NO7
reag

NO
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Annex C
(informative)

Types of abnormality in AM

workflow perspective.

brevent abnormalities and enhance an AM operation from the CPS.control scheme p

key points.

Abnormalities on an AM machine body,
Abnormalities on feedstock/support,
Abnormalities on workpiece, and

Abnormalities on environment and safety:

abnormalities on an AM machine body, ISO 11452-1 defines machine degradation as an

formance imposed on the'AM machine.

E1 Inappropriate.energy supplement is the variation of energy reaching the interaction
vable limits(82l.

E2 Path disturbance is the phenomenon happening to a servo system that induces a gap 4
ned path and actual path.

E3 dnappropriate feedstock / support distribution is the variation of feedstock / support
hing the'interaction zone out of allowable level.

PSMT is a smart machine tool system supporting smart manufacturing on the shop floor yia a cyber-
physsical system control scheme. Given this, the CPSMT mainly focuses on the operationpha

be from the

prmalities”.

erspective,

gnition of the symptoms of those types of abnormality and resolution in an autonomqgus fashion

undesired
S intended

zone out of

etween the

supplement

E 4 QOther abnormalities can be inr‘m‘pnrnfpd in the implpmpnf;\finn ph:mp

C3

Abnormalities on feedstock/support

For abnormalities on the feedstock/support, unsuitable variation in mechanical, chemical, rheological,
optical and thermal properties, is the major cause and the representative data related to this are:

©IS

Optical properties including the absorbance, reflectance, transmittancel6?];

Rheology properties including surface tension, melting viscosity, wetting angle, thermal

conductivityl70];

Chemical properties including the reaction enthalpy, impuritylZL72];
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