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Abstract Nowadays, the implementation of digital thread
for Additive Manufacturing (AM) and product data man-
agement system strongly depends on specified file formats
and used interoperability standards in order to integrate geo-
metric dimensioning and tolerancing (GD&T) information
directly in the 3D CAD model. The consideration of geo-
metric deviations and variations is a key issue for design and
tolerancing, inspection and management of manufacturing
part information in AM through product and manufacturing
information (PMI). PMIhas beenused todescribeGD&Tand
non-geometric data, such as surface texture, surface finish-
ing requirements, material specifications, process data, and
other annotations, based on ISO standards. Standards play an
important role in enabling the interoperability and efficiency
of AM systems through the development of AM standard
formats. This paper reviews current challenges of geometric
and tolerancing model and formats for AM processes, which
largely impede the advancement of AM technologies. Two
criteria to enhance AM geometric and tolerancing model and
standards are presented in this paper: GD&T management
and compliance with PMI. STL, AMF and STEP formats are
discussed on their characteristics of product definition and
manufacturing specification for AM. The review presented
here highlights that STEP standard can be a good basis for
future research work to integrate and standardise material
information, geometric and tolerancing model, and process
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planning for AM. Finally, new specifications of STEP-AM
format are proposed in this work.
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1 Introduction

3D Printing also known as Additive manufacturing (AM) is
a promising technology enabling feasible approach for man-
ufacturing three dimensional objects directly from digital
models through an additive process, typically by deposit-
ing successive layers of polymers, ceramics, or metals [1].
AM technology has been applied to the automotive, aero-
nautical and medical industries for many years. Within the
aeronautical industries in particular, metal AM has gathered
a plenty of investment to manufacture structural compo-
nents for aircraft subsystems and engine components [2]. The
use of advanced computer-aided design (CAD), computer-
aided engineering (CAE), computer-aided manufacturing
(CAM) and enhanced computing facilities have extensively
improved digital manufacturing technology [3]. However, it
is still one of difficult questions for AM that geometric and
tolerancing models describe precision and accuracy of prod-
uct shape, dimensioning and tolerancing. AM standards are
used to represent digital definition of product and exchange
product information, which include the definition of geo-
metric and tolerancing models. Geometric and tolerancing
modelling information questioned with CAD product need
be transferred into AM machines by standardized format to
ensure accurate product information.

Geometric and tolerancing models are supported by
numerous digital tools for product development [4]. In the
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1960s Herbert Voelker considered the possibilities of using
computer-aided machine to operate machine through CAD
geometry. In the 1970s mathematical tools for describing 3D
solidmodelling had been invented in the early algorithms [5].
Still now, accurate geometric models of physical products
have been extensively developed. But geometric deviations
are still one of major issues integrated of research work on
tolerances. Computer-aided tolerancing systems have been
developed for tolerancing effects on digital product simula-
tion [6]. Skin model concept has been applied to represent
product tolerances and tolerancing analysis [7]. Standards
play an important role in the adoption of many technologies.
There are significant activities in developing AM standards
through ASTM International F42 committee. These stan-
dards in materials and processes, terminology, design and
data formats, and testmethods havewidely applied in solving
engineering technical problems inAMprocess [8]. Standard-
ized formats include Stereo Lithography (STL), Additive
ManufacturingFile (AMF) andSTandard forExchangeProd-
uct (STEP). STEP is a complementary technology, which
provides significant standardized content models [9]. Due to
an increasing development of digital manufacturing technol-
ogy, AM technology has reached a high level of maturity.
But there still exist many difficulties between geometric and
tolerancing models, and standards for AM (ASTM and ISO).

In such a context, theoretical geometric and tolerancing
models have been developed to consider geometric devi-
ations that are expected, predicted and observed by skin
model shapes in real manufacturing [10]. The development
and use of standards (i.e. ASTM AMF, 3MF, ISO 10303
STEP) and tolerances (ASME) [11,12] have integrated all
relative information to AM process [13]. In order to support
the AM process: design, simulation, build plan, monitor-
ing and control and verification, standard organizations have
begun to establish AM file format for data exchange. Man-
ufacturing imprecision and measurement uncertainty lead to
observable geometric deviations, which decrease the func-
tion and quality of products and have thus to be limited
by geometric tolerances [14]. The design and manufacturing
of high performance product may lead to an efficient need
for geometric deviations and tolerances management [15].
Tolerances analysis has been used in predicting inevitable
geometric deviations on the function and quality of product
[16]. Skin model shapes contains various kinds of geometric
deviations, which can extract valuable information through
visualization techniques [17]. Product and manufacturing
information (PMI) includes the geometric dimensioning and
tolerancing (GD&T), which is used to communicate permis-
sible deviations of product [18]. So these PMI standards, such
as ISO TC213, ASME Y14.5, can help to define tolerances
in smart manufacturing systems [19].

Next sections will highlight challenges of geometric and
tolerancing models and standards for AM technologies.

These challengesmainly focus on two issues: geometric devi-
ations and tolerances management, and refer to two criteria:
GD&T management and compliance with PMI in AM Stan-
dards. In Sect. 3, in order to solve geometric deviations in
real manufacturing, skin model is proposed, and PMI stan-
dard redefine tolerances in AM systems. In Sect. 4, different
AM standards, i.e. STL, AMF and STEP, are compared. In
Sect. 5, we propose STEP-AM. In Sect. 6, a conclusion and
future works are drawn.

2 Challenges of current AM

As AM is a fairly new technology, there is still a need for
understanding the basic science of each building block ofAM
technology. Regarding this AM technology there exist many
questions to be urgently solved on insufficient understand-
ing of geometric shape variations, part accuracy, needs for
qualification and functionality, and interoperability of AM
standards [20]. Geometric and tolerancing models, and stan-
dards for AM technology have become one of main issues
for fabricating precise and accurate 3D part.

2.1 Geometric modelling and tolerancing definition
issues

Geometric and tolerancing models need to provide all the
needed geometric data of an object. It is required to automat-
ically handle the information to generate shape, dimensions,
and tolerances in manufacturing systems [21]. In CAD and
manufacturing process, the discrete geometric data need
to be fitted and filtered by measurement of manufactured
part. Manufactured part may be analysed to characterize
manufacturing process or to check the conformance of its
representation to designer-specified tolerances. In terms of
manufacturing tolerances, there are the two acknowledged
axioms for manufacturing process: manufacturing impre-
cision and measurement uncertainty [22]. Therefore, it is
important to consider tolerances, manufacturing error, geo-
metric compensation and any feedback from measurement
in AM.

Geometric deviations and tolerances management have
seriously restricted the precision and accuracy of AM tech-
nologies. These deviations can be random or systematic, or
a more and less complex combination of both. Systematic
manufacturing deviations from perfect geometric forms can
be offset and eliminated by using different geometricmodels.
Moreover, PMI provided by CAD can describe dimensional
tolerances on length and diameter, and geometric tolerances
on flatness, perpendicularity, position, surface profile, and
circular out. PMI syntax and semantics are defined by ISO
TC 214 and ASME standards. The skin model shapes and
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PMI may have been applied to solve geometric deviations
and tolerances management.

– The skin model shapes which stemmed from the theoret-
ical foundations of geometric product specification and
verification has been developed to consider geometric
deviations in AM.

– PMI can theoretically realise data management (i.e.
tolerances) through ASME and ISO standards in man-
ufacturing systems.

2.2 Standard issues

National Institute of Standard and Technology have pro-
posed a series of AM standards focusing on defining general
concepts and common requirements [23]. The standard-
ized methods aim to improve the performance of data
exchange for AM. Standards for data representation that can
be exchanged by most CAD in manufacturing software are
essential to AM. The standardized formats can be used to
convert CAD to layers for building parts. These standards
define a syntax and structure of 3D modelling and annota-
tions for geometric definition and tolerancing specification
so that each other’s models in this manufacturing process can
be understood.

Some of common standard formats include STL, AMF
and STEP. There exist many issues for AM standards, so
it is necessary to come up with many criteria that have key
effects on the development of advancedAM technology. Two
criteria are used to compare STL, AMF and STEP as follows:

– GD&T management
– Compliance with PMI

2.3 Analysis of criteria

The current GD&Tmanagement is a good solution for toler-
ance classification, analysis and offsets, which is also helpful
for an improved quality of building part in AM technology.
The use of design and tolerance specification in manu-
facturing has evolved to support design interchangeability
and mass production. The GD&T management extensively
accommodate the quality of desired part in entire design,
manufacturing and assembly process. Owing to much of
the literatures focus on the participant’s perspectives rather
than empirical data, the existing methods used for GD&T
management lack a specific, complete and continuous pro-
cess for improvement and development of this management
needs. In fact, there exists no single methodology for GD&T
management for AM that defines a specific solution to opti-
mize and manage tolerances from product design to project
handover. It has been proposed a novel therapy to solve
design,manufacturing and assembly tolerance issues in smart

manufacturing process based on STEP (AP242) standard
management [24]. This method applies PMI to manage the
entire tolerance information in product lifecycle. In AM pro-
cess, the origin of tolerances is an important issue for solving
tolerances management. AM process can be fundamentally
classified into eight steps: (1) part geometry; (2) tessellated
data; (3) tessellated 3D model; (4) build file; (5) machine
data; (6) fabricated part; (7) finished part; (8) validated part
[25]. The tolerances in digital thread can be defined into
three process: pre-processing, fabricated process and post-
processing. During the pre-processing, the manufacturing
tolerances mainly include tessellated model deviations and
slicing deviations, which could be compensated by some
optimized models. During the fabricated process, the accu-
racy of equipment and the properties of material are mainly
focused on minimizing the probability of tolerances. During
the post-processing, surface treatment or/and support struc-
ture need to be handled according to manufacturing require-
ments, but these processes could cause the deformation and
change of desired part. As an GD&T data model, GD&T for
AM represents dimensioning and tolerancing information in
product definition, particularly for the classification of toler-
ances in different processes, which is beneficial to support
GD&T management and advance the development of smart
manufacturing. In future, data format should consider more
manufacturing information, such as GD&T management.

The issue of compliance with PMI is based on printing
formats for AM, which use different international standards
to exchange printing data in entire manufacturing process.
PMI includes annotations to specify GD&T, as well as
non-geometric data such as surface texture specifications,
finish requirements, process notes, material specifications,
and welding symbols. GD&T annotations including dimen-
sions, tolerances, geometry control tools, tolerance zones,
datum reference frames, and datum features. PMI is a crit-
ical element to specify product definition based on digital
product model and to enable all data to digital manu-
facturing, especially in AM process a large amount of
additional geometric information, manufacturing informa-
tion and inspection information need to be conveyed in order
to meet AM needs. So compliance with PMI can become an
important criterion in AM format.

In short, the purpose of both GD&T management and
compliance with PMI for AM formats is to develop a high
integrated, interoperable and compatible AMfile. Geometric
and tolerancing models and standards will be considered in
detail in next section.

3 Geometric and tolerancing models

Geometric and tolerancing models are used to describe geo-
metric shape, dimensioning, constraint and tolerances in
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Table 1 Characteristics of nominal model, skin model and PMI

Nominal model Skin model PMI

Geometry
only

Geometry and
deviations

Annotations and
attributes

CADandCAMsystems.Although comprehensive geometric
and tolerancing models for AM are not mature yet, explo-
ration anddevelopment of thesemodels are still goingon.The
modelling of geometric deviations for evaluation of product
quality is still a key issue in tolerances research.

As shown in Table 1, nominal model is not satisfactory to
solve geometric deviations in manufacturing process. There-
fore, skin model has been becoming a good therapy to focus
on geometric deviations in manufacturing systems [25]. And
PMI support non-geometric information as annotations and
attributes integrated in the global information flow.

3.1 Skin model

In product design and manufacturing, geometric deviations
are generated during manufacturing operations according
to the accuracy of considered manufacturing technology.
Considering measurement uncertainty, measurements will
generate geometric deviations. The geometric deviations
should be dedicated in manufacturing process, which will
be helpful to define functional tolerance specifications. By
developing concepts of geometry deviations (i.e. dimension-
driven, constraint-based technique), solid offset approach has
solved the fit of geometric surface model by using rigid body
movements. Solid offset model and tolerance specification
language are used to describe tolerance constraint. These
geometric entities included feature axes, edges, faces and
feature-of-size has been proposed by a dimension and geo-
metric model. By interpreting dimensional and geometric
tolerance for solid part, mathematical scheme for geometric
deviations has been modelled as well. Moreover, standard
for geometric product specification builds a comprehen-

sive framework and an unambiguous language to describe
geometric deviations. This standard is modelled by all the
concepts and operations based on skin model. Skin model
as an ideal representation is a shape model to present non-
perfect shape.

Generally, skin model has been developed realistic phys-
ical shape compared to nominal geometry. The discrete skin
model can be used to represent particular skin model, to
define a proximate shape and to simulate assemblies in a
computer system (Fig. 1). The fundamentals of skin model
could be analysed through its concept, geometry represen-
tation schemes and geometry deviations. And skin model
concept describes deviations of manufacturing and assem-
bly process, which come from these aspects of workpieces
themselves and design perspectives. Skin model cannot be
described but be approximated by the finite number of points
or parameters. Owing to impossibility to support the infi-
nite description for surface points or parameters, skin model
shapes has been proposed as finite descriptions. Furthermore,
skin model shapes are not related to a specific geometry
representation scheme. Common representation schemes for
3D models are wire frames, surface models, volume models
and cell models. Discrete geometry representation schemes
such as point clouds and surface meshes can be modelled
as surface model [26]. Point clouds can be represented by
solid surfaces of objects. A based-point representation is
often used formodelling geometry deviations. The geometric
deviations can be divided into systematic and random devia-
tions. These different methods for geometric deviations can
be applied according to these different characteristics, such as
systematic and random parameters. These methods for solv-
ing geometric deviations have been applied to all relevant
part features. Skin model shapes can be obtained by gather-
ing these features to accomplishing offset and elimination of
geometric deviations

Furthermore, statistical analysis of shape deviations or sta-
tistical shape analysis (SSA) is commonly used for shape
variability considerations in scientific domains [27]. A set of
quite similar shapes can be described by a mean shape and

Fig. 1 Schemes of nominal
model, continuous and discrete
skin model [9]
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deviations for using SSA in the context of skin model. Fur-
ther developments inAMwill concern on fundamental issues
of skin model and specific geometric deviations, which inte-
grate more physical manufacturing properties.

3.2 Product manufacturing information

PMI consists of annotations and attributes associated with
the edges and faces of CAD model in order to detail product
geometry and specifications in a manufacturing perspec-
tive. PMI includes annotations to specify GD&T, as well as
non-geometric data, such as surface texture specifications,
finish requirements, process notes, material specifications,
and welding symbols. GD&T is a symbolic language used to
communicate tolerances on manufactured parts. The inter-
national standards for presentation of GD&T in views of 3D
space are also used inCADsystems, i.e. ASMEY14.41-2012
[28] and ISO 16792:2006 [29]. These standards present the
syntax and semantics of GD&T for manufacturing indus-
try (Fig. 2). It has been developed to address issues related
to description of geometric deviations in part and assembly
[30].

PMI representation includes all the needed information
for description of GD&T without any graphical presentation
features and elements. PMI representation is associated with
CADmodel geometry and is computer-interpretable forman-
ufacturing, measurement, inspection and other processes.
PMI presentation consists of geometry elements such as lines
and arcs describing exact appearances (colour, shape, posi-
tioning) of the GD&T annotations. PMI presentation cannot
be computer-interpretable and cannot transfer any repre-
sentation information. PMI representation does not include
the visual appearance of annotations (See Table 2). The
characteristics of PMI representation and presentation are

Fig. 2 Schema of PMI

an explanation for the product geometry, coordinate sys-
tems, supplemental geometry, annotations, and saved views.
STEP as a family of standard includes EXPRESS model
for PMI that standardizes specifications for dimensional
and geometric tolerances, surface properties, and the related
requirements [31]. PMI representation is specified by the ISO
10303 standard, so PMI can be inserted into AM standards
that support all related data management.

Moreover, PMI data for verification contains the type
and properties of each annotation, and any relationship
between different annotations. The process of comparing
PMI construct in dissimilar CAD systems for validation is
more complex, because all of the presentation characteris-
tics can vary without changing their representation. These
cannot be reliably used for matching purpose. The pur-
pose of conformance and interoperability testing of PMI
aims at determining whether the STEP schema and relevant
recommended practices are compliant with expected test-
ing. Recommended practices are specifications that provide
implementation guidance for data exchange. Recommended
practices define syntax and structure of information needed
for conformance testing. If there are no recommended
practices, STEP file can only exchange the simplest char-
acteristics of a manufacturing part. Conformance testing is
necessary to better ensure interoperability with the CAD sys-
tems, because PMI conformance testing of STEP file is used
to check whether PMI representation and presentation can
be correctly encoded by data file in CAD system.

4 Assessments of AM standard formats

Standards play an important role in AM technology and
there has been significant work in developing AM standards
through the ASTM International F42 committee. These stan-
dards in materials and processes, terminology, design and
data format, and test method have widely applied in solving
engineering and technical problems of AM process. Some of
standardized formats include STL, AMF and STEP. STEP
as a complementary technology provides significant content
models. The digital presentation and sharing of diverse tech-
nical information will be presented as follows.

STL is used to communicate CAD models to the local
rapid prototyping system [32]. The manufacturing technol-
ogy is capable of directly generating physical objects from
CAD files. Firstly, the physical object is designed as a geo-
metric solid model. Then, tessellated algorithm creates a
simple boundary representation that covers entire surface of
geometry solid with triangle. Such triangular meshes as def-
inition of real geometry solid would be stored in STL file.
STL file produced by 3D CAD systems is based on trian-
gular facet representation of surfaces and is largely used as
standard format of rapid prototyping and manufacturing sys-
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Table 2 Characteristics of PMI representation and presentation

Annotations Coordinate system Supplemental geometry Saved view

PMI representation Structure; parameter; geometry Structure; parameter; Structure; parameter; /

PMI presentation Visibility; colour; name; layout;
location; orientation;

Visibility; colour; name; text Visibility; colour Structure; name;

Lines; Text

tems [33]. STL file usually need to be repaired to ensure that
it can be pre-processed (sliced) for 3D printing. The tessel-
lation can also be modified in other ways to optimise the
manufacturing process. The basic tessellated algorithm has
two basic steps: edge subdivision and face triangulation [34].
Although STL format is a very simple, there existsmany defi-
ciencies, such as redundancy in the format, lack of complete
geometric description, not well-defined approximation and
lack of technological information, etc. Therefore, it is clear
that STL format should be replaced by a suitable format.

AMF is part of ASTM 2915 standard. STL format only
represents the objects in a latticework of triangular mesh,
while AMF can specify the material, texture, and colour of
each volume, as well as colour of each triangle in the mesh.
In addition, in order to improve geometric accuracy and to
reduce surface triangles, individual triangles within object
lattice can be curved. AMF has more readability of functions
than STL for additional information, such as colour speci-
fication, texture maps, material specification, constellations,
additional meta-data, formulas and curved triangles. How-
ever, AMF format has been developed to be independent of
model resolution and layer thickness.

STEP (ISO 10303) is a family of standards defining a
methodology for describing product data throughout prod-
uct life cycle [35]. STEP is widely used in CAD systems and
is a critical enabler of digital manufacturing, an information-
based paradigm that allows for rapid design-to-production
and reduces downstream costs. It is often used for long-term
archiving and retrieval of product information. ISO 10303
covers awide variety of different product types, and describes
standardized data models in several application protocols
(APs) [36]. Two STEP application protocols that have been
widely implemented in CAD systems: AP203 [37] known as
3D design of mechanical parts and assemblies and AP214
[38] known as automotive mechanical design. STEP AP242,
known as Managed Model Based 3D Engineering, is a new
STEP specification approved by ISO in 2014 [39]. It inte-
grates the scopes of both AP203 and AP214, and contains
many new capabilities that enable the machine-readable rep-
resentation ofmanufacturing and assembly information, such
as assembly tolerances, surface finish, and manufacturing
process information. STEP AP242 covers many computable
representations for several types of 3D model data, includ-
ing GD&T (Fig. 3). In other word, STEP AP242 integrates

Table 3 Characteristics of AM standard formats

Criteria STL AMF STEP

GD&T management No Partial Yes

Compliance with PMI No No Yes

3D PMI module to represent product information that is
machine-readable. The module uses XML and EXPRESS
schema languages to define product datamodel [9].However,
ISO have defined the standardized information models for
graphical presentation and representation of PMI according
to STEP recommendations. PMI presentation is an important
capability thatwill enhance the human readability of complex
data. But the presentation alone will not enable a manufac-
turing system to become smart. So PMI representation is a
needed mechanism to ensure data exchange in smart man-
ufacturing through STEP AP242 in industry [40,41]. The
capability of STEP AP242 in handling tolerance informa-
tion associated with product geometry enable manufacturing
systems to be intelligent. STEP AP242 also integrates the
kinematics features that can be used to describe kinematic
topology, structure, state, motion representation, and analy-
sis control in entire information systems [42].

However, the application of STEP-based standards in
AM will promote the development of smart manufacturing,
which particularly includes much of information in prod-
uct design information, such as complex curve tessellations,
graded materials, internal lattice structures, material proper-
ties, build orientation and process information. ISO STEP
and ASTM AMF standards can be used to describe original
part, support structure and process plans as well. So STEP
will be a promising standard to transfer data models in AM
process.

Clearly, STL and AMF are dedicated to printing format,
which have been used to transfer information from CAD and
AM software to printing hardware. If a STEP file need to be
printed, the original format can be converted into the printed
format. The STEP file retains these characteristics of precise
geometry, tessellated geometry and tolerances. Table 3 shows
these characteristics for AM standard formats (STL, AMF
and STEP). AM standard formats have been compared by
using two criteria: GD&Tmanagement and compliance with
PMI, which show advantages of STEP standard for future
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Fig. 3 An overview of STEP
AP242 PDM
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AM technology. Therefore, it is an obvious trend that STEP
standard has broadly applied in industrial fields, because it
has the properties of both printing formats and 3D product
model. So the STEP-based format as a neutral file will be
used to interact the bi-directional printed information from
product design to AM machining. The interactivity of the
STEP-based format approach is to enhance the interoperabil-
ity and compatibility of all the related information in AM.
The part of specific works mainly focus on representation
of geometric and tolerancing models, and PMI, the issues of
whose is still under an arduous challenge. Next section intro-
duce the related STEP standards for AM will be presented.

5 STEP-based AM standards

Nowadays, it is an unquestionable challenge to meet the
needs of market changes by increasing flexibility, adaptabil-
ity and improving productivity. To reach this goal, the new
solutions and technology improvements should be found by
focusing on programming standards, which ensures the bi-
directional links between ideal CAD model and machined
parts. It also can support the intelligence of CAMprocessing,
and transfer information of process planning and operations
management.

However, STEP standards have specific usage, all of them
use EXPRESS as a modelling language and allow building
neutral data repositories, which covers material data, manu-
facturing tool information, planningmanufacturingmethods,
tolerance data, features, numerical control data, kinematic

Fig. 4 Data exchange schema of STEP-AM files

simulation data, etc. STEP standards also cover the extension
to product data management, 3D geometry, composite and
mechanical design. STEP standards will ensure the higher
interoperability between different systems. It is a good way
to use the eXtensive Markup Language (XML) as a means
of capturing and transferring STEP information. XML has
many advantages, for example it can be easily interpreted by
computers systems.

The AM technology has developed a set of data stan-
dards to support 3D printing. These standards can exchange
all related information of product in the entire manufactur-
ing process. This will be an obvious trend for using STEP
standard to produce complicated part in AM process. This
result may lead to a combination of STEP standard and other
related standards called “STEP-AM” (Fig. 4). This sched-

123



502 Int J Interact Des Manuf (2018) 12:495–504

ule describes basic data transmission of STEP-AM files for
AM. The STEP-AM can be defined as neutral file to accom-
plish entire data exchange between CAD/CAM systems and
AM machines. The CAD/CAM systems could exchange bi-
directional data with STEP-AMfile. Similarly, feedback data
can also transfer to AM machines in the same way of the
proposed implementation of STEP-NC. In virtual and inter-
active way, STEP standards are the fundamental reference to
enhance the interoperability and compatibility of all related
information, which bridge the basic data exchanges between
the different CAx systems and machines [43].

Furthermore, STEP standards for AM have many partic-
ular advantages in developing the entire product lifecycle:
(1) exchange and manage data from produt design to dis-
posal; (2) enhance product data interoperability among
CAD/CAPP/CAM and AM machining; (3) standardise and
integrate process planning and operations management. In
fact, the purpose of STEP AP242 is to support a manufac-
turing enterprise with a series of standardised information
models through a long and wide digital thread in manu-
facturing systems. In such standardised information model,
material information, tolerances of product’s geometry and
process planning can be managed according to the concrete
specifications.At the same time,AMinformation canbe stan-
dardised according to STEP and complementary standards
couldbe integrated to cover entiremanufacturing system (See
Fig. 5). The material information contains single materials,
composite materials and multiple materials, the two formers
can be represented by STEP standard, but the latter cannot
be described under the same STEP standard. So it is too
difficult to implement in STEP standard, because the distri-
bution of material is based on mathematical functions [44].
For geometric data representation, product’s geometric tol-
erances and PMI have been researched in AM systems and
attempt to improve the integration and standardisation for
digital thread. The semantics of PMI for AM have not been
standardised yet. For AM process planning, process imple-
mentation describing the machining operations to execute
on the workpiece could be based on STEP-NC [45]. This
standard is to develop standardised data model. Manufac-
turing management and control supports the implementing
and sharing management databases and archiving based on
ISO15531 (MANDATE) [46]. This format is to create data
models for improvingmanufacturingmanagement and infor-
mation exchange. The information flow for an operation or a
process plan could be provided by ISO 18828 with addition
information [47].

However, standards of geometric data representation
urgently need to combine with those of material infor-
mation and process planning, and finally integrate into a
conformed STEP standard. The 3D geometry can be rep-
resented by B-rep solid modelling, CSG solid modelling,
wire frame modelling, etc based on STEP standards in CAD.

STEP-AM

Materials
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Materials

Data 
Representa�on

3D 
geometry

GD&T
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Process 
Planning

Process 
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Fig. 5 A data diagram of AM system based on STEP standard

The detailed GD&T and PMI have still been confronted with
many challenges in the interoperability of geometric data in
different systems. Hetegeneous material information try to
apply mathematical functions in STEP standards to define
material regions. Process panning refers to specific opera-
tions in AM, including orientation, support structure, slicing,
path planning and making decision. These specific processes
need to bemanaged by adopting a series of standardised oper-
ations. The conformed STEP-based format file will improve
the interoperability and compatibility of all related informa-
tion from product design to manufacturing in AM. Although
STL, AMF and STEP formats can describe geometric infor-
mation with different functions and features in entire digital
thread for AM, STEP standard hasmore advantages than oth-
ers, so it may be a trend that STEP format is used as a data
backbone for emerging other formats in AM.

6 Conclusion

This paper has presented a research review of standards,
geometric and tolerancing models for information exchange
and systems interoperability in AM. First, comprehensive
geometric and tolerancing models considered in design and
manufacturing have been introduced for a review synthesis
of related works. Particularly, skin model has been studied to
solve geometric deviations in digital manufacturing. Second,
tolerances can be managed by PMI in order to define GD&T
for product design and manufacturing process engineering.
These PMI standards, such as ISOTC213, ASMEY14.5, can
support the description of tolerances for product definition
in AM systems. Finally, different AM standard formats have
been considered, i.e. STL format, AFM format and STEP
format. It seems an obvious trend that an extension of STEP
standard will be a good candidate to replace other AM file,
because STEP format may support GD&T management and
compliance with PMI by standardizing product information.
Further works are currently under development for clarify-
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ing and integrating in STEP standard the relevant and needed
AM entities for full systems interoperability from CAD to
AM.
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