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Abstract

Additive Manufacturing (AM) has many advantages, but the lack of access to the knowledge associated with it minimises its development in
industry. The design phase is crucial for the success of AM, a challenge for Design for Additive Manufacturing (DfAM) methods is therefore
to facilitate the access and manipulation of this knowledge. This transfer of knowledge can be achieved by formalising rules at all scales, and
communicating them to the designer at the appropriate phase. It is hence necessary to find a way to formalise information in time, space and
space-time dimensions since AM is a process that places material in space and layer by layer. The concept of mereotopology is used to study the
relationships of connection and interaction between parts, wholes and boundaries, and may be a suitable resource to study DfAM along these three
dimensions. The aim of this paper will therefore be to present a method for searching and formulating design guidelines based on a discretisation
of the process enabled by the concept of mereotopology. This method consists in the decomposition of a 3D model into features between which
spatial, temporal and spatio-temporal interactions are studied. Simultaneously, the analysis of manufactured defects on a printed version of the
model allows to link manufacturing defects with a configuration of spatial and temporal elements.

This method could be integrated in industry to take advantage of manufacturing defects in order to add data to the statistical study.
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at the scale of the micro-structure, which is considered as the
micro-scale [8].

1. Introduction

Several factors are still holding back the development of Ad-
ditive Manufacturing (AM) in the industry. One of them is that
the restrictions induced and the opportunities offered by the AM 22
processes are not always known to designers, who might there-

fore favour traditional methods and miss out on innovations that The objective of

can have been made possible with AM [2]. One way to promote
its development is to facilitate access to AM-related knowledge
[18]. Information must be provided to the designer throughout
detailed design of the product, taking into account constraints at
all scales. Guidelines for AM have been developed on a macro-
scale, i.e. considering the object as a whole, in its shape, orien-
tation and location [5][14]. Others have been developed at the
scale of a layer, which is called the meso-scale [15], and finally

2212-8271 © 2022 The Authors. Published by Elsevier B.V.

this paper will therefore be to present a method to search for
and formulate design rules at the meso-scale in order to pro-
vide designers with AM constraint information during detailed
design.

The discretisation of the AM process in time, space
and space-time is then introduced to obtain a clear way to for-
mulate detailed design rules. Finally, a research and formalisa-
tion method is defined. It is illustrated and discussed through a
case study.

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
Peer-review under responsibility of the scientific committee of the 32nd CIRP Design Conference.
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2. Literature review
2.1. Design, guidelines and tools for AM

The notion of Design for X (DfX) refers to guiding the de-
sign of a product according to either a stage in its life cycle, or a
given constraint [11]. DFAM methods consist in optimising the
design through the integration of AM-related knowledge. The
methods can be applied at the beginning of the design process
or afterwards in order to assess if the solutions found are in line
with the initial objectives [12].

A popular DfAM approach is to start from defining the func-
tional surfaces and to design the rest of the part by making
use of the advantages of AM. [19] The emergence of topolog-
ical optimisation (TO) and the use of lattice structures have
allowed to make a lot of progress in optimising the design
of parts manufactured in AM. For example, Boyard et al. [3]
propose a method that starts from a graph of function from
which the functional surfaces are deduced to create a prelim-
inary solid, which is then refined by using TO. Moreover, it has
been pointed out that the combination of lattice structures and
TO allows the optimal solution to minimise a part’s weight [21].

Computation-based DfAM methods are therefore widely
used for optimisation purposes. However, few researches are
conducted on the integration of manufacturability constraints
in this type of methods. To optimise the design of a product,
it is necessary to take into account the constraints related to
AM as early as possible in its design. It has been shown that
the best way to achieve this is to combine computational and
knowledge-based methods [20]. It is therefore necessary to de-
velop guidelines for design for AM.

Rules of this type have been developed, often in the form
of guidance on the limiting sizes and orientations of certain
geometric features, as proposed by Thomas et al. [17] for the
Selective Laser Melting (SLM) process. In some cases the ob-
jective of the designer may be to verify the manufacturability
of a product in AM. Manufacturability analysis tools are de-
veloped for this purpose, in some cases to choose the global
orientation of a part in order to obtain the best result [14], in
others to ensure that the printing of an element will proceed
properly. This is for example the purpose of the "Will it print”
tool developed by Budinoff et al. [4] which analyses features
and highlight problematic geometries, such as walls which are
too thin to be printed according to mathematical rules that have
been formulated.

However, these methods apply to isolated features, but in
practice a single part is composed of several geometric shapes
that can interact with each other. These features can cause prob-
lems during printing depending on their position within the part.
Changes in geometry take place when passing from one layer
to the next. Depending on where a feature is located, as well as
when it is built compared to the others, different physical phe-
nomena can take place locally. It is therefore interesting to for-
mulate guidelines that take into account the features and their
interactions, at the transitory scale between successive printing
layers, which can be called the meso-scale.

2.2. Mereotopology

AM consists of the deposition of material in layers, built up
one after the other, it is therefore a process that can be discre-
tised in time, space and space-time. Such a discretisation can
allow to locate and formulate some meso-scale design guide-
lines, by using for example the concept of mereotopology.

Mereotopology is a philosophical theory that arose from the
combination of mereology and topology. Mereology was first
introduced by S. Lesniewski and refers to the study of the re-
lations between parts and wholes [13]. Topology is a theory
based on the notion of connectedness, and can be described as
a study of spatial relations [? ]. A definition of mereotopology
could therefore be the study of the relations of connectedness
and interactions between parts, wholes and boundaries [16].

The physical or temporal entities that are studied and be-
tween which interactions take place are called regions. A Time
Region (TR) will therefore be a time interval or a moment in
time [7]. Regarding the spatial regions, their nature will depend
on the field of study. The relationships between regions can be
described by using primitives that can be spatial, temporal or
spatiotemporal (ST). The fields of application of mereotopol-
ogy are numerous, ranging from geography to artificial intelli-
gence [6].

In the case of spatial interactions, Smith [16] has formulated
a set of primitives with the format xIy, x and y being the spatial
regions we want to describe, and I the symbol of the primitive
(Fig.1(a)). For example (xPy) means that x is part of y. xTy
means that X is tangential to y, that is to say that the spatial
regions X and y have one point in common but are not overlap-
ping.

Regarding temporal interactions, Allen [1] has defined sev-
eral primitives that are used in a similar way (Fig.1(b)). For
instance, the designation x=y means that the time regions x and
y are starting simultaneously and ending at the same time.

a. Part Interior Overlaps Discrete Crosses Tangential Boundary

OIOXONORNONOR®.
Py Py Oy Dy Xy Ty By

b. Before Equals Meets Overlaps During Starts Finishes

H P 1 T =
<y x=y omy xoy xdy sy fy

Fig. 1. (a) Smith’s primitives [16]; (b) Allen’s primitives [1]

In the field of AM, Khan and Kim [10] have used spatiotem-
poral mereotopology to describe the different stages of an AM
assembly, i.e. the evolution of the surfaces that interact dur-
ing the folding process of an element manufactured in AM.
However there is no current record of using spatiotemporal
mereotopology to describe the additive manufacturing process
in itself.
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3. Discretization of AM processes
3.1. Spatial and temporal discretization

Smith’s and Allen’s primitives are relevant to describe the
spatial and temporal interactions occurring during the manufac-
turing process and have therefore been used in this study. First,
isolation of regions based on slicing is required. On each layer,
several spatial regions can be observed, and can be classified
into 3 types:

e The material that is used to build the final product and
which is not intended to be removed will be referred as
matter (M) for the rest of the study.

e The support material is the matter which is added in ad-
dition to the product in order to support surfaces which
are too far from any point of attachment to be built other-
wise.

e In opposition to these two categories, a third type of el-
ement is defined, void (@), which corresponds to an ab-
sence of matter and support at a given spatial area.

Thus, Smith’s primitives allow the spatial description of in-
teractions between elements of different types or of the same
type within a layer. Besides, it is considered that each spatial
region perdures in time. The perdurantist approach implies that
each region is considered as a 4-dimensional object consisting
of all its representations in time [9]. In other words, if the ge-
ometry of a region changes over time, it is still considered as
the same entity.

The same entity can thus be present on several layers, but
changing slightly from one layer to the next. Considering the
fabrication of a layer as a unitary temporal region, the interval
of layers on which a spatial entity is present will constitute a
temporal region. Thus, Allen’s primitives enables the temporal
description of the interactions between the builds of different
spatial features.

However, the spatial evolution of the geometry in time can-
not be characterised with the existing primitives, so it is nec-
essary to develop a spatio-temporal discretisation in order to
study the evolution of spatial regions through time.

3.2. Fundamental ST primitives

In order to determine a set of ST primitives, a layer-by-layer
analysis was performed on several 3D models. For each model,
three orientations were chosen and the printing process was
simulated with a track thickness of Imm. By observing the evo-
lution of every spatial regions from one layer to the following,
the list of ST primitives described in Fig.2 has been developed.

The primitives are represented by two bold letters and are
framed by the two elements interacting. x and y are distinct
spatial regions, and z represents the entirety of either the matter
(M) or the support (S) present on the layer. The description is
divided into a succession of time regions noted TR, which is

Spatio-temporal primitives Mereotopological descriptions
(xPO)ry A(XPZ)1r2

(xPZ)rr1 A (XPO)rro
((xP2)A(YPZ) AXDY)) i A TY)rre A(XXy e
XXy AXTy) e A (XPZ) A(YPZ)A(XDY))irs
(XPZ)rr) A ((X)rr1 P(X)1r2)1R2

(XPZ) ey A((X) 2 P(X)1r1) 182

(XPZ)rri A (XPZ)1r2

XApz x Appears in z

xDiz x Disappears from z
xMey x Merges with y

xSey x Separates from y
XAiz X Area increases in z
xAdz x Area decreases in z
xAcz X Area is constant in z
xCgz x Changes geometry inz | (XPz)mi A((X)mr1 Xy)mre
(XPZ) |'R|/\((X)Tru X(X)mz)m:

xMoz x Moves within z

Fig. 2. Fundamental ST primitives

equivalent in this case to the building of one layer. Within each
interval, Smith’s primitives are used to establish a spatial de-
scription of the interaction between the elements. In addition,
fundamental operators of mereotopology are used for these de-
scriptions [? ]. In this paper, the symbols A and V respectively
stand for ”logical conjunction” and “logical disjunction”, i. e.
”and” and “or”.

For example for the xMey primitive, x and y are both ei-
ther matter or support and are distant from each other (((xPz) A
Pz) A (xDy))7,1). During a second interval, corresponding to
another layer, x and y become tangent ((xTy)7,2), and finally
they end up crosses in the third time interval ((xXy)7,3).

As a result, it becomes possible to describe the spatio-
temporal evolution of spatial regions when progressing from
one layer to the next.

3.3. Common ST primitives

The set of ST primitives mentioned above enables the de-
scription of ST interactions between one layer and the follow-
ing. However, to determine rules at the multi-layer scale, it is
necessary to have a little more distance and to observe the evo-
lution of geometry over a wider layer interval.

Some geometric shapes within a single object can be prob-
lematic during printing. Benchmarks such as the one proposed
by Vorkapic et al. [22] allow a number of parameters to be
tested by offering a variety of shapes found in printed models.
Based on these shapes and personal experience, a set of features
(Fig. 3) has been developed, and described spatio-temporally
using the previously defined primitives. This new set is referred
to as common ST primitives, and it provides a means of descrip-
tion at different scales. At the macro scale they can be used to
describe simple geometric elements. At the meso scale, they
describe portions of geometric elements and thus allow the de-
scription of complex geometric shapes discretized into smaller
simple features.

When considering the extrusion for example, it can be either
orthogonal or swept. In the first case, this means that the geom-
etry will have the same shape from one layer to the next, either
maintaining its area (xAcz), increasing it (xAiz) or decreasing it
(xAdz). The use of this feature consequently requires to specify
the type of surface evolution involved.

Thus, the study of benchmark artefacts specific to AM as
well as a layer-by-layer study of 3D models have enabled the es-
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Common ST primitives
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Fig. 3. Common ST primitives

tablishment of a spatio-temporal discretisation of the AM pro-
cess. This discretisation is based on geometries that are inde-
pendent of the material or process used.

4. Method for design guidelines formalisation
4.1. Research protocol

In order to create and formalise some rules for AM design, a
protocol using the discretisation above mentioned has been set
up. This method can be broken down into 4 parts. The first step
(1 on Fig.4) is to choose a part and to design it according to
the specifications. The process and material used must be spec-
ified so that the resulting rules can be classified according to the
right application. The 3D model created is then used for steps
2 and 3 which can be carried out simultaneously. This model is
imported in a slicer and depending on the part’s size, a number
of layers "N” is determined. This number is not related to the
printing parameters and will simply be used as a temporal unit
of measurement for the spatiotemporal study. N should be high
enough to allow a certain degree of precision while avoiding
being too large so that the discretisation is not too complex.

Step 2 is the defects analysis. The 3D model is printed with
the parameters, process and material stated in the specifications.
Then, the objective of the study must be defined. Depending on
the type of rules that are going to be formulated, the scale and
the tools used for the analysis will be different. For microscopic
defects, tomography imaging can be used for instance. Once
this is done, all the defects present on the physical model are

Specifications

1
3D model -
Slicing

. Process [ e e e - hypothesis :
. Parameters F======--= . N layers
. Material w ;

{ Print part } { Slice part

( Physical part G‘art sliced into N Iayers)

Objective Set of X
.Scale = |[m====== geometrical
Tools features

SType L Set of temporal

-Lgcation and spatial

primitives
Table of defects
2 Rows : defects 3
Columns : layers
Link defects to the
respective primitives
Configuration of
primitives that might
cause a defect
Classify configurations
by occurrences
4

Chart of probability of
occurrence

Fig. 4. Protocol for design rules formulation

listed and classified depending on their type and location. A ta-
ble is then built, with N columns and one row per defect. Thus,
the layer interval on which the defect is present is highlighted.

The mereotopological analysis (step 3) is carried out by ob-
serving the 3D model slice by slice. The feature recognition
at the mesoscale is done layer by layer and varies depending
on the slicing direction. It is therefore crucial to respect the di-
rection in which the part was printed. Every geometrical fea-
tures from the set defined previously are recognised and listed
in what will be referred to as the ST table (Fig. 5 (a)). The
columns of this table are the N layers defined during step 1.
This table is then declined into a spatial interactions table (Fig.
5 (b)) and a temporal interactions table (Fig. 5 (c)). On the first
one, horizontal arrows are placed over the ST table to indicate
the time intervals during which each interaction takes place. On
the second one, vertical arrows indicate the primitives linking
the features with each others.

The last step is the rules formulation (4 on Fig. 4). The de-
fects, spatial and temporal tables are compared in order to high-
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Fig. 5. (a) Spatio-temporal table; (b) Spatial table; (c) Temporal table

light the configurations of primitives that may have caused the
defects. This method is based on an evolution of features from
one layer to the next, so defects are not always linked to the pre-
cise location where it is detected. The spatio-temporal study al-
lowed by mereotopology enables not only to link a defect to the
features on which it is spatially located, but alos to the succes-
sion of features that precedes it. When the process is repeated
on a certain amount of models, the configurations of primitives
and defects that tend to appear a lot of times will be consid-
ered as general rules. Part quality assessment is used in industry
worldwide, the defect analysis phase could thus be associated
to 3D model features analyses in order to generate rules. Con-
figurations exceeding a certain number of occurrences would
be listed and considered as general rules. These rules, in addi-
tion to the guidelines that can be found in literature, can then be
implemented in a tool as visual warnings. This tool will trans-
mit the appropriate information to the designer according to his
current geometry so that he can identify the problematic areas
throughout the detailed design.

4.2. Case study

A case study has been carried out on the Benchy (fig. 6 (a))
to illustrate the method. The Benchy is a 3D model designed
specifically to test the printers’ parameters, hence presenting a
huge diversity of shapes and surfaces which can cause problems
when printed.

The model has been sliced with a layer thickness of Imm,
thus creating 48 layers (d). By isolating each layer and compar-
ing it to the ones following it, a total of 12 features were noted
(e). As the part is symmetrical, the features are only noted once
to simplify the study. All the features were sorted in order of
construction, starting with the hull and ending with the chim-
ney. By recording the construction interval of each of them, the
basis for the spatial (f) and temporal (g) interaction tables was
created.

For example, the benchy cabin is a shell whose construction
extends from layer 10 to layer 38. In the first table (f) all spatial
interactions between features are represented by two-way hori-
zontal arrows with labels corresponding to the interaction. For
example the benchy’s hold, which is feature 4, is tangent to the
cabin, feature 5, from layer 10 to layer 16. A horizontal arrow

5

Fig. 6. Rules formulation protocol applied to the Benchy

therefore extends between column 10 and 16 with the notation
4T5 (fig. 7).

1]--[ 9]10]11]12]13[14]15]16]17]- -[48
5T4

4 - Shell upside down
5 - Shell

Fig. 7. Extract of the spatial table from the Benchy study

The second table (g) records the temporal interactions be-
tween the features, which are represented by single-way verti-
cal arrows labelled with the primitive linking the two features.
For instance the manufacturing of the cabin and the doors start
at the same time, but the doors are finished first. Thus, an arrow
starts on the row corresponding to the cabin and ends on the
row of the doors with the label s (fig. 8).

1[---[ 9]10]11]---[34]35]36]37]38]--[48
I-

Fig. 8. Extract of the temporal table from the Benchy study

5 - Shell

7 - Horizontal hole

Simultaneously with this mereotopological study, the
benchy was manufactured in LPBF with a cobalt-chromium al-
loy. For the purpose of this paper and its understanding, the
defects that were visible to the naked eye have been pictured
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(b). The 11 defects that were found are classified according to
whether they are due to the presence of support (either support
removal trace or unreachable support), a surface problem (ei-
ther spatters or a poor surface state), or some deeper defects
(cracks, porosity or collapsed surfaces). In table (c), the layers
corresponding to the location of each defect are coloured, and
the corresponding features are specified.

Finally, the defects are correlated with the spatial and tem-
poral interactions of the features on which they are located, or
simply with one feature. On table (h), the resulting rules are
formulated. For example on fig. 9, the rule associated with the
crack shown in illustration (b) is that if an upside down shell
(Feature 2) is a boundary of an area increased extrusion (Fea-
ture 1) and that this extrusion is built during the building of
that shell, the two elements are in contact until the end of the
manufacturing of the extrusion, and once its manufacturing is
finished, there is only one shell element left, which has a much
smaller section. This configuration could therefore cause a sud-
den area variation that could result in a local heat variation and
thus a crack forming.

Mereotopological primitives Possible Possible
ST S T | consequences defects
- ""’“L["-l-"'lil"‘ Al B2 | 2q1 | Suddenarea Crack
2 = shell upside down variation

Fig. 9. Example of a rule formulated from the Benchy study

Repeat-
ing this process on other benchys might show different defects
and therefore add other specific rules. In order for these specific
rules to become general rules, the process must be repeated on
other models in order to define which ones are relevant and re-
current, thus establishing a more general set of design guide-
lines.

5. Conclusion

After reviewing DfAM and mereotopolgy literature, a spa-
tial and temporal discretisation was presented. It enabled the
definition of primitives adapted to AM, which led to the de-
velopment and formalisation of a set of spatio-temporal primi-
tives. A method for deducing rules based on mereotopological
configurations was shown by using these primitives to decom-
pose different 3D models and by confronting them with com-
mon manufacturing defects. This method, which is adaptable to
different processes and scales, enables first to formulate rules
specific to a given model, and then by applying it to a large
number of cases, allows to select rules that can be generalised
and thus applicable to any model.
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