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Proposal of a standard for 2D
representation of bio-inspired lightweight
lattice structures in drawings

Antonio Bacciaglia ®, Alessandro Ceruti and Alfredo Liverani

Abstract

The interest of industrial companies for the Additive Manufacturing (AM) technology is growing year after year due to
its capability of producing components with complex shapes that fit industrial engineering necessities better than
traditionally manufactured parts. However, conventional Computer-Aided Design (CAD) software are often limited
for the design and representation of complex geometries, especially when dealing with lattice structures: these are bio-
inspired structures composed of repeated small elements, called struts, which are combined to shape a unit cell that is
repeated across a domain. This design method generates a lightweight but stiff component. The scope of this work is to
analyse the problem of the lattice structures representation in 2 D technical drawings and propose some contributions
to support the development of Standards for their 2 D representation. This work is focused on the proposal of rules
useful to represent such hierarchic structures. Python language and the open-source software FreeCad'" are used as a
software platform to evaluate the suitability and usability of the proposed representation standard. This is based on
simplified symbols to describe complex lattice structures instead of representing all the elements which constitute the
lattice. The standard is thought to be used in technical 2D drawings where assemblies are represented and lattice
components are used (e.g. parts assembly, maintenance, parts catalogues). A case study is included to describe how the
proposed standard could be integrated into a 2 D assembly drawing, following technical product documentation pro-
duction typical workflow.

Keywords
Additive manufacturing, lattice structures, design, drawing standards, ISO standards

Date received: 3| January 2020; accepted: 16 July 2020

Introduction . . .
To exploit the AM potentials, engineers must

Nowadays Additive Manufacturing (AM) is extreme-
ly appealing for designers thanks to several
advantages such as time reduction in the design-
to-manufacturing cycle, reduction of parts number
with the following reduction of bolted connections
or welding, and capability to produce complex geom-
etries in one part. Complex 3D components with
bio-inspired efficient structures can be easily pro-
duced by adding material layer by layer, in contrast
to traditional manufacturing processes based on chip
removal, or casting. One of the major topics investi-
gated by literature in this field is the high freedom of
shaping guaranteed by AM, characterized by high
customization, design flexibility. All these issues can
be summarized with the expression: “What You
See Is What You Build”.! This is in contrast
with traditional machining processes where a lot of
manufacturing restraints should be kept into account
while designing a part due to technological issues.

change the way in which a component is designed:
topological optimization® can inspire complex
shapes useful to obtain light and stiff structures.
With AM “the design drives the shape” concept is
valid, opposed to the strategy “the manufacturing
drives the shape” which applies with traditional
machined parts. Cellular complex structures, called
hierarchic structures, may be included in AM compo-
nents where lightweight, stiffness and high strength to
mass ratios are needed. In literature, there are differ-
ent types of cellular structures like foams (stochastic
structures), honeycombs and lattices (periodic
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structures).” Lattice structures are composed of
simple small elements, such as cylindrical beams,
called struts, all together connected to form a unit
cell that is repeated hundreds or even thousands of
times along the body (Figure 1). The paper* includes a
complete overview of recent papers on general cell
patterns. This unit cell can show different shapes
and different topologies, but the easiest structure to
be implemented is based on voxels® which are cubic
unit cell, where eight vertices are linked together fol-
lowing different schemes.®

A challenging problem which arises with these
structures is the design methodology. On the one
hand, even if the advantages of such structures are
clear, current design tools available to the engineer,
such as CAD (Computer-Aided Design) software
packages, still present large limitations: this is
mainly because CAD tools use boundary representa-
tion technology (B-rep) which is not well suited for
lattice structures where the external surfaces are very
complex.” Some contributions in the literature pro-
pose frameworks for lattice generation,®'” but the
largest part of them developed stand-alone solution
not embedded in CAD software. Moreover, the lack
of easy interface with Finite Element Method solvers
can be noticed. Just to cite an example, the work''
tries to fill the gap developing an environment embed-
ded in the open-source FreeCad "™ software to design
different type of 3D lattices and honeycombs, as
commercial CAD tool PTC’s CREO does.

A large number of alternative approaches has been
developed over the last few decades to describe the
design methodology to follow for the generation of
3D models ready to be manufactured in AM.
Following the general workflow, AM machines require
the 3 D model of the part to be manufactured be saved
in STL or AMF format, so that for manufacturing
purposes there is no need for 2D part drawings.
However, 2D drawings are still necessary to suggest
assembly/disassembly sequences, maintenance manual,
bill of materials and spare parts nomenclature: in such
a framework, the representation of lattice structures
could be a challenging task.

The sketching of 3D parts is the first step of the
design workflow in modern CAD systems; in the fol-
lowing, these parts are assembled together, and other
parts can be modelled in the assembly if necessary.

Finally, 2 D constructive drawings (including GD&T
symbols and tooling details) and exploded views are
produced in an automatic way to support workshops,
manufacturing, maintenance manuals, and illustrated
parts catalogues for spare parts. However, the lattice
structure representation in 2D technical drawings
hasn’t been studied in detail. If the part is modelled
with small cell elements (like cylinders, beams,
spheres typical of lattice structures), the representa-
tion on the drawing becomes hardly understandable
because of too small details, and problems of repre-
sentation can arise. Moreover, an eventual quoting
and dimensioning of such a structure could be con-
fusing and operator dependant.

As far as we are concerned, no previous specific
researches investigated problems dealing with the rep-
resentation in 2 D technical drawing of lattice compo-
nents; neither the ISO drawing standards mention this
type of structure, nor specific national standards do.
This is the reason why standards Organizations such
as International Standard Organization (ISO), ASTM
International, American Society of Mechanical
Engineers (ASME), Society of Automotive Engineers
(SAE), American Welding Society (AWS) should be
pressed by companies to develop new Standards deal-
ing with Additive Manufacturing and lattice structures.

This paper highlights some of the problems which
should be addressed to propose new representative
standards to represent lattice structures, based on
the use of conventional symbols to describe shapes
and dimensions. The proposed Standard has been
preliminarily embedded in a workbench environment
in FreeCad™ to test and evaluate it: new commands
for this original add-on have been developed in
Python language. The framework developed to fill
the Standards gap related to this issue can represent
lattice structures in 2D technical documentation
using conventional symbols in a simplified way. The
proposed methodology allows a conventional repre-
sentation of lattice structures which is light from a
computational point of view but provides all the
information required to understand the features of
the lattice structures.

This paper is organized as follows: ‘Additive
manufacturing standards and regulations: State of
the art’ section describes the available Standards deal-
ing with AM technology and 2D drawings. Then,

Figure I. FCC and Octet lattice CAD model in the left and 3D printed in the right with SLA technique.
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lattice structures typical features and discusses the
approach which is proposed to represent it in 2D
drawings are described. The ‘Proposed representative
standard’ section describes the implementation of the
representation methodology in FreeCad™ environ-
ment, while the penultimate section shows a case
study where the proposed representation methodolo-
gy is applied. The final section reports conclusions
and future works.

Additive manufacturing standards and
regulations: State of the art

The Standards are defined as “technical methods,
processes, specifications and  definitions  with
respect to a physical system on which there is general
agreement as promulgated by recognized standards
organizations”."?

International Standards and regulations are
extremely important to facilitate wider adoption of
a certain technology, to allow the technical exchange
within foreign countries, to guarantee the process
consistency and the parameters standardisation and
to guarantee an adequate level of safety.

There are several international Standards
Organizations and Associations active in different
technical fields and technologies. However, focusing
the attention on Standards for AM technology, few
standards are approved and available to date. This is
because the AM technologies are improving rapidly,
and no deep knowledge of technologies/materials has
been already gained. According to a study made by
American National Standards Institute (ANSI),"? sev-
eral technology gaps (ANSI identified 93 gaps) can be
identified for AM: standards or specifications don’t
respond adequately to industry needs. Nevertheless,
some standards and specifications are already pub-
lished and the most significant ones are collected in
the following, grouped for similar categories.

Terminology. The most important standard (ISO/
ASTM52900-15) defines the basic nomenclature, ter-
minology, process definition and commonly used
acronyms. Powder Bed Fusion (PBF) and Directed
Energy Deposition (DED) have the highest number
of standards available due to the widespread use of
this kind of technology in aerospace/automotive/
medical field.

Standards for PBF and DED. Two standards for PBF
process in critical applications are available
(AMS7003 from SAE Int. and ASTM F3303-2018
from ASTM Int.) for the production of metal end-
user components. A standard guide for DED has
been published by ASTM (ASTM F3187-16) and by
SAE Int. (AMS7005) to regulate the specific process
and the materials.

Metal AM in general, inspections and qualifying training.
AWS published a more general standard about the
AM for metal components (AWS D20.1/
D20.1M:2019) providing processes flowcharts, test
builds, performances of machine operators and
inspection personnel.

Design for AM. 1SO and ASTM published in 2017 gen-
eral guidelines for the design for AM (ISO/ASTM
52910:2017(E)) and PBF for both metals and polymers
(ISO/ASTM 52911-1 and 2:2019(E)). Regarding com-
plex shapes made in AM, such as topologically opti-
mized structures and lattices, ASME published a
standard about their dimensioning and tolerances
(ASME Y 14.46-2017).

Material characterization. ASTM provides important
guidelines to characterize properties for metal pow-
ders (ASTM F3049-14), while AWS issued guidelines
for filler metals, consumables etc. (AWS AS5.01M/
AS5.01:2013).

The application of Standards for the AM technol-
ogy is very slow and appears as a “vicious loop cycle”.
On one hand, industries need standards to shift the
use of AM parts from prototypes and mock-up
models towards critical structural applications. On
the other hand, regulatory agencies, such as ASTM,
SAE and ISO, need historical data and experience to
understand how to deal with these technologies in
critical applications in aerospace, automotive and
biomedical fields. This stalemate reflects on a slow
regulation and certification process, even if
Standards will gradually widen their applicability.

Focusing on the AM technology, the high
machine/process/material dependency is another
important aspect that may slow down its applicabili-
ty, as mentioned in.'* For this reason, material and
process properties must be accurately checked due to
wide changes in final AM parts characteristics: this is
true especially in a context where AM requires the
respect of existing standards, like the FAR 25
Airworthiness Standard for the Aerospace Industry.
In this framework, the U.S. Federal Aviation
Administration (FAA) is developing a roadmap for
the process qualification and certification for AM
applications in aerospace.

Moving to structures drawing Standards, ISO
Technical Committee focused recently on drawing
standards dealing with rules for parts representation
in CAD software, GD&T system (Geometric Design
and Tolerancing), roughness indications, isometric
3D representation of components, and composite
material representation (EN 4408-001')

As a matter of fact, drawing standards (both ISO
and ASTM) do not include information about how to
deal with the sketching and representation of parts
obtained through AM processes. This turns out to
be even more problematic because if a complex AM
part (lattice structure or topologically optimized
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component) has to be represented in a 2D drawing,
there are no guidelines about how to deal with it.

Therefore, in this paper, we propose a draft of a
Standard for 2 D representation of Bio-inspired light-
weight structures such as lattices, being inspired by
regulations and standards which have been already
published.

2 D drawing importance

From a first perspective, it seems that only 3 D digital
models are needed in an Industry 4.0 context'® to
exchange the component design information inside
or between companies technical offices: the need for
2 D and assembly drawings seems to be not adequate-
ly addressed. However, 2 D drafting can be still used
in an industry context where new technologies, such
as augmented reality, are used in maintenance oper-
ations.!” This applies as well where 3D models are
exchanged very quickly thanks to universal file for-
mats such as STEP and IGES which are compatible
with all the CAD software available nowadays.

2D technical drawings are still used in companies
to exchange data between technical office and oper-
ators without the need for PC or tablets. Moreover,
2 D drafting can preserve intellectual property better
than giving a 3D model to a customer/third party
company by hiding sensitive information and eventu-
ally using simplified geometrical representations.

2D drawings are widely used in the maintenance
sector, in quoting, and illustrative catalogues.
Indeed, Augmented Reality and 3D manuals
require long developing times for animations and
this approach makes sense only for high-value
maintenance operations.

Moreover, the typical complex geometries that can
be manufactured in AM and 3 D printing aren’t opti-
mized from a representation point of view by CAD
software, and file dimensions of lattice shapes are
bulky if compared to 2 D drawings.

In these circumstances, it seems that 2D technical
drawings can still play a role in design and manufactur-
ing. Moreover, since the research community focused
on AM is pushing the development of new complex
types of structures unconceivable up to a decade ago,
it follows that an important gap exists in the represen-
tation standards of such complex structures (e.g. bio-
inspired ones) in the 2 D technical drafting.

Bio-inspired material structures

There are different types of hierarchic structures that
can be used as a constituent material for lightweight
component design. Lattice structures are a combina-
tion of dense materials and void spaces arranged to
create an architectural material with properties not
achievable with a single material:'® this makes these
structures very attractive for their lightweight. This
important advantage can be exploited in sectors

such as aerospace, automotive, transportation indus-
try for lightweight structure employment or as energy
absorption structures and finally for anti-sloshing
properties (e.g. fuel tanks).

Lattice structures can be classified according to
different characteristics which will be summarized in
the following, but for further information please refer
to Azman et al.’

Going deeply with bio-inspired structure classifica-
tion, a first main distinction can be done based on the
periodicity of unit cells; hierarchic structures can be
stochastic (foams) or periodic (lattices). For the
scope of this paper, only lattice structures will be con-
sidered. However, a similar approach to the one dis-
cussed in this paper could be developed for foams too.
Lattice structures can be subdivided into different cat-
egories based on pattern (unit cell type), surface limits,
inner progressivity and conformity (Figure 2).

For illustrative purposes, only the lattice structures
based on a cubic cell are considered in the following
examples, but an extension of this methodology to
other kinds of cells can be carried out in a similar way.

A workbench embedded in FreeCad™ called
LSWM'! has been developed at the University of
Bologna to investigate and propose a tool for lattice
structure design, and it is still in a development phase.
Thanks to the experience gained, LSWM has been
selected as the software platform where to implement
some automation to evaluate the easiness of the rep-
resentation methodology discussed in this paper:
cubic component has been implemented at this
stage, but functions to manage other structures are
in development.

The six-unit cell topologies (Figure 3) which will be
considered in the following of the paper are listed and
described below:

e Box: (8 vertices, 12 bars per each cell)
e Body Centred Cubic, BCC (9 vertices, 20 bars)
e Face Centred Cubic, FCC (14 vertices, 36 bars)

=

/
‘l Box ” Octet || FCC l
— Pattem p— |

BCC ” cve ||0cla l

Surface Spline

Limits

Lattice

|/
Structure \
Progresshity

Graded

Ci

‘——~ Conformity

IEiﬁsi(

Non-conformal

Figure 2. Lattice structure classification (adapted from Azman
3
et al.”)
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BOX BCC FCC

Octet Octahedron e

Figure 3. Unit cells library implemented for the scope of this paper.

e Regular octet (14 vertices, 36 bars)
e QOctahedron (6 vertices, 12 bars)
e Cube vertex centroid, CVC (9 vertices, 8 bars)

All these kinds of unit cells differ only in the way
the eight vertices of a cube are linked together. Cubic
unit cells are the simplest and easiest to implement.
They can be used as a support for the voxelization
method!? that creates the point cloud needed to gen-
erate all the cells. This point cloud is generated in the
form of an array of points inside a body at the same
distance in all the three dimensions, and then properly
connected to create the lattice structure.

Moreover, each line connecting two points, called
strut, can be of different types of cross-sections, such
as square, circular, triangular and so on. For the
scope of this work, only the square and circular
shapes will be considered.

Graded lattice structures, whose geometry charac-
teristics change in the structure following a gradient
function, are commonly used in industrial applica-
tions because the designer can modify the material
characteristics in specific limited regions based on
the knowledge of applied forces and displacement.
In this way optimized and lightweight component
can be obtained. The lattice design routines imple-
mented in commercial and research optimization soft-
ware packages operate by increasing the lattice
relative density where the material has to be stiffer.
Decreasing the unit cell dimension or increasing the
cross-section dimension are the typical strategies fol-
lowed by software packages.

The conformity is the last property which can be
used to characterize lattices. The non-conformal fill-
ing is the easiest way to fill a component with hierar-
chic structures: in this case, the external surface shape
is ignored, and the filling operation is based on a fixed
unit cell orientation, independent of the body shape.
On the other hand, conformal lattice structures are
based upon distorted unit cells which follow the exter-
nal surface curvature and better fit it, trying to obtain
more regular meshing.

Proposed representative standard

As introduced in the previous sections, no mention is
done in the literature of 2D drawing Standards for
hierarchic structures and lattices that are typically
manufactured using AM technologies. It is worth
noting that technical 2D drawings are not necessary

for components when AM is selected as manufactur-
ing process: in this case, the 3D model is usually
saved in STL file extension, or in the newest
Additive Manufacturing File Format (AMFF),
which is under development nowadays.

On the other hand, when designers deal with com-
plex 3D assemblies, 2D exploded drawings are nec-
essary for manuals and technical documentation in
case of assembly/disassembly and maintenance oper-
ations. The assembly drawings are useful to compile
in an automatic (or semi-automatic) way the “Bill of
Material” (BOM), by labelling each component with
a number. This operation is implemented in several of
the commercial CAD packages available off-the-shelf
and it is widely used in technical departments to
obtain the BOM.

The scope of this work is to fill this gap in the
availability of Standards for the lattice components
representation in 2 D drawings, by spotting the lights
on this problem and proposing a draft of a simple and
user-friendly representation standard. Literature
research has been carried out to find the Standards
dealing with problems related to the representation of
complex structures in 2 D drawings. The EN 4408-001
regulation about the “Representation of parts made
of composite materials” has been detected as a poten-
tial source to understand the approach followed by
Certification Agencies. In a similar way to what
already suggested by the EN 4408-001, a possible
way to represent lattice structures in 2D drawings
could be based on simple tables used to summarize
the most important lattice structure parameters which
describe completely it: they could be positioned over
the title block (T/B) section of the drawings.

The following of the paper provides the reader
with a description of the tables developed by the
authors which can be used to describe in a visual
way the features of the lattice structure, according
to the lattice dimension characteristics (Figure 4).
With reference to Figure 4, d describes the cross-
sectional dimension, v the original voxel edge dimen-
sion used to fill the component, while L provides with
the length of strut elements. To date, only cubic unit
cells where L =v have been considered in this
research, but in the near future, the developed work-
bench could handle lattice structures based on paral-
lelepipeds. In this latter case, the unit cell would be
based on a cube which is scaled along a direction
and L would be different from v This feature could
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Figure 4. Lattice unit cell fundamental dimensions.

be kept into account in the tables proposed in this
research as well as with the orientation of the scaling
transformation.

In the present research, different types of tables
have been developed according to the lattice structure
they have to refer to.

Uniform non-conformal lattice. The simplest lattice struc-
ture is the uniform and non-conformal one, where the
unit cells are identical all around the structure and
only an infill operation is done when the lattice is
created, ignoring the external component surfaces.
For this kind of lattice, a particular table is developed
(Figure 5).

The first row of the table describes the lattice bar
cross-section shape. Two different kinds of symbols
can appear according to the cross-section types, i.e.
circular (Figure 6(a)) or square (Figure 6(b)). The
user must insert the cross-sectional dimension d in
millimetres which is automatically listed on the side.

The second characteristic summarized in the table
is the cubic edge dimension v (always in millimetres),
which is the voxel dimension used for the lattice tes-
sellation: it is represented by the symbols reported in
Figure 6(c).

The unit cell type used to fill the component is the
property listed in the third row of the proposed table:
it is selected from a library available to the designer,
as illustrated in Figure 3. An image is added in the
third row of the table to show the lattice unit cell
type name.

The fourth row of the proposed table describes the
strut mean-line length using the symbol included in
Figure 6(d). The length L in millimetres is added
automatically by the workbench after the user

1.0

3.0

BCC
3.0

S1
45 A

Figure 5. Proposed table to describe uniform non-conformal
lattice structures in 2 D drawings.

input, right beside the symbol icon. As previously
mentioned, with cubic-based lattices L will be equal
to v, but in a wider approach where the unit cells are
scaled along one (or even two) direction, L could
differ. Moreover, an additional label with the indica-
tion S1 states that a sphere with a radius of 1 mm is
added to both the ending points of the strut element:
this is carried out to correct the intersecting point of
different bars in case of circular cross-section based
elements (Figure 7(a)) A similar approach could be
carried out with a cube (label with indication C1) with
an edge of 1 mm added to improve the geometry in
case of square cross-section (Figure 7(b)).

The last row provides with information about the
orientation of the lattice structure in terms of angles
with respect to a datum which can be an axis or a
surface identified with a label, in a similar way to
what introduced by the GD&T system (according to
Figure 5, the lattice structure is oriented with 45° angle
with reference to a datum called A). In this specific
case, the plane of the lattice elements grid is parallel
to the plane of the drawing, and only a rotation of 45°
is applied along the axis exiting from the drawing sheet
perpendicular to its surface. However, if the lattice
pattern is rotated in a freeway along the three axes,
all the rotations must be defined in the table to provide
the operator with all the information necessary to iden-
tify the specific lattice features and reduce possible
errors. The order the designer must follow to insert
the rotations along the three axes is: z (axis exiting
from the drawing sheet), y (vertical axis) and x
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(a) (b) (©)

NE

(d

) (e)
= <

Figure 6. (a) Strut symbols for circular lattice cross-section type; (b) strut symbols for square lattice cross-section type; (c) voxel-
based lattice dimension; (d) strut mean line length; (e) lattice reference angle with respect to an axis or a surface.

(@)

Figure 7. Intersection point of multiple bars needs the placement of: (a) a sphere in case of circular cross-section, (b) a cube in case

of square cross-section.

4

Figure 8. Portion of a table representing a 3D general ori-
entation of a uniform non-conformal lattice structure.

45, 45, 30 A

(horizontal axis). As an example, Figure 8 shows a part
of a table for a uniform non-conformal lattice which is
oriented in a freeway: 45°, 45° and 30° respectively
along axes z,y and x with respect to the datum A
which is used to define the horizontal and vertical
directions. Clockwise rotations respect to axis direc-
tions are considered positive.

Graded lattice structures. A similar table is developed
for the graded lattice structures. Additional informa-
tion, concerning the uniform lattices, are collected in
the table to describe the change of lattice properties in
space which is a fundamental characteristic in case of
graded lattice structures (Figure 9).

Some rows of the table are similar to the ones
developed for the uniform lattice, but additional

rows contain the change of strut dimension according
to a gradient function d(x). In particular, the gradi-
ent is centred in a point (H according to Figure 9)
whose coordinates are given in the fifth row (the spa-
tial coordinate x goes from 0O to r). The sphere of
influence of the gradient will have a radius r whose
value is collected in the sixth row and finally, the
mathematical expression of the gradient function is
given in the last row of the table, where dr stands
for the strut dimension at the centre of the sphere
of influence, while d is the general strut dimension.
For simplicity, only a linear gradient function has
been taken under consideration in this standard pro-
posal. For further details about this kind of struc-
tures, the reader is addressed to the source.””

Conformal lattice structures. The last type of lattice con-
sidered in this project is the conformal one. In this
case, the unit cells will be distorted in 2 dimensions to
match in the best way an external surface chosen by
the designer. A new table is developed and shown in
Figure 10.

When compared to the other two tables for con-
formal lattices, some differences should be noticed:
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L1

1.0

. 10.0

L~

TYPE <

&)
+

-

P 100

BCC

45 A

H(xy; Yy 2y)

do —d
d(x) = dy + ——Lx

d(x)

Figure 9. Proposed table to describe graded non-conformal
lattice structures in 2 D drawings.

the user has to specify the external surface the lattice
has to be conformal to with a label. This property is
collected in the fourth row. The last row contains the
number of subdivisions of the conformal surface
which will be equal to the number of lattice cells
along that surface. This representation works with
constant height components, where the flat side is
parallel to the sheet. Conformal structures in two
directions could be managed to add a line to define
the number of cells in the height direction as well.

A label containing the lattice structure name (i.e.
L1 meaning of Lattice number 1) is inserted in the
drawing to easily recognize a part filled with periodic
structures among all components represented in the
technical drawing. This label is used to differentiate
several components filled with periodic structure in
case of multiple one in the same technical drawing.
The same label is taken up over the table correspond-
ing to the specific lattice structure, which contains all
the fundamental characteristics.

Moreover, a symbolic image is placed inside the
contour of the component filled with a lattice struc-
ture according to Table 1, depending on the lattice
topology used.

Crosshatches (already used in 2D drawings for
sections) could be used to recognize the components

L1

1.0

do

%

. 10.0

BCC

Y A
NS 18

Figure 10. Proposed table to describe conformal lattice
structures in 2D drawings.

filled with periodic structure in critical tasks such as
complex BOM or technical documentation. However,
the standards dealing with general principles of pre-
sentation for basic conventions for cuts and sections
(ISO 128-3:2020) already use crosshatches: the sym-
bols which could be useful to describe a periodic
structure are already used to represent insulating
materials or electrical windings. Moreover, the intro-
duction of crosshatching would decrease the readabil-
ity of the technical drawing. These are the reasons
why it is preferred to adopt symbols proposed in
Table 1 to detect and recognize periodic structures.

Case study

In this section, a simple case study involving a uni-
form and non-conformal lattice is shown to demon-
strate how this proposed representation standard
works. The standard symbols and tables automatic
generation have been embedded in a FreeCad™
add-on. FreeCad™ is an open-source CAD software
based on environments: some are already available,
and new ones can be programmed in Python.
FreeCad™ automation to draw lattice structures
have been already developed'' and an existent envi-
ronment is modified to host the lattice structure quot-
ing in technical drafting.

The standard explained in the previous section has
been embedded in the TechDraw workbench, by
coding some macros in Python language to create a
user-friendly graphic interface. TechDraw is an avail-
able FreeCad™ environment which can be used to
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Table I. Collection of symbolic images depending on the
lattice structure type, useful to easily detect the lattice struc-
ture inside a complex drawing.

Uniform non-

conformal lattice ™
structure P ———
g——
\‘J

Graded lattice
structure ‘

Conformal lattice
structure 1

]

Figure I1. 3D assembly in FreeCad™ of lattice components.

obtain automatically a technical drawing, being avail-
able a 3D model.

The case study implemented in this paper is based
upon an assembly made by 2 rods linked together by
a pin, (see Figure 11 for reference). The rods are made
of two thin bosses connected by a lattice structure
based on a box unit cell.

In the design scenario investigated, the user is
tasked to represent the assembly in a 2D technical
drawing. The designer models the 3D parts in the
Part and Part Design workbenches and assembly it
in Assembly 2 Workbench. When dealing with com-
ponents filled with lattices, according to the devel-
oped standard described in this work, only the fully

dense volume has to be modelled, by reducing the
computational time and costs for 3D lattice model-
ling. Finally, a technical 2D drawing from the con-
sidered assembly is generated automatically thanks to
TechDraw. In the following, to add the proposed lat-
tice notation in the technical drawing, the user is
asked to set the icon shown in Figure 12 (label “17)
and follow the instructions. According to the type of
lattice involved (label “2” in Figure 12), the designer
has to choose the specific strut cross-section shape
(label “3” in Figure 12), in the new window that
appears in the screen. Finally, the user is asked to
insert all the lattice specifications in a new window,
such as the lattice component label, the characteristic
dimensions and the lattice type among the available
ones (label “4” in Figure 12).

By confirming the inputs, FreeCad ™ automatical-
ly generates the table discussed in Section 4 and
places it over the title block (label “5” in Figure 12)
obtaining a 2D technical drawing that is clear and
comprehensive.

Thanks to this representative standard, designers
can avoid representing the lattice components with
small elements (like cylinders, beams, spheres typical
of lattice) without making the drawing representation
hard to understand because of too small details.

Moreover, thanks to this developed add-on for lat-
tice structures the quoting of such a structure could be
clear and far from being operator-dependant.

To better evaluate the advantages, in Figure 12 one
of the two lattice rods is represented in the way the
CAD software automatically does if the lattice com-
ponent is imported in the 2 D drawing environment.
In this case, all the small details of the structure are
represented, while the other picture of Figure 12 is
obtained using the proposed standard. It is worth
noting that the new standard allows a clearer and
more comprehensive drawing, without small undistin-
guishable details in the component. The representa-
tion suggested in this paper can reduce the number of
errors that the technicians can do picking components
or assembling them. The resulting complete 2 D draw-
ing of the assembly carried out applying the proposed
standard can be seen in Figure 13, where the symbolic
image of a uniform non-conformal lattice is used,
according to Table 1.

Advantages and limitations

The proposal of the methodology discussed in the
previous sections aims at filling the gap in the avail-
ability of Standards for the representation of periodic
structure in 2D drawings. In this paragraph, a pros
and cons analysis of the application of the proposed
Standard is discussed based on the experience gained
in the simulation of several case studies carried out to
test the standard, not included here for brevity.

The proposed standard is intuitive and suits non-
expert operators too, thus reducing mistakes in all the
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Figure 12. Print screen of TechDraw environment with an additional command (1) for lattice quotes. A new window appears, and
the user has to select the right lattice type (2), the cross-sectional shape (3). All the lattice specifications must be declared by the user
(4). A new table is automatically created with lattice specifications (5).

scenarios where 2D drawings are still used in the
industry. It can handle 3 kinds of lattice structures
in a proper way: 1) uniform and non-conformal, 2)
graded and non-conformal, 3) uniform and confor-
mal structures. Another advantage of the proposed
standard is the introduction of a few symbols in the
drawing itself, collecting all the lattice information in
tables that do not affect the readability of the techni-
cal documentation. This approach imitates what
already developed by standardization authorities for
composite structures.'* Moreover, add-ons could be
developed to help and guide step by step the designer
in the setting of the information needed to character-
ize the periodic structure. The positioning of tables,

datum, and other symbols can be automated develop-
ing proper add-ons for specific CAD systems.

On the other hand, some limitations of the
Standard suggests the need for further developments.
The proposed Standard can handle only voxel-based
lattice structures® of the strut-and-node arrangement
type, while it is still not able to model other kinds of
periodic shapes, such as Triply Periodic Minimal
Surface (TPMS) structures. A reduced portfolio of
unit cell types (Figure 3) and cross-section topologies
is noticed in this first embodiment of the Standard
and add-on developed for its testing. However, the
library developed to test the Standards can be easily
populated with new topologies thanks to the open-
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Figure 13. 2D drawing of the assembly structure made by lattice components using the proposed standard.

source environment of FreeCad™, or other CAD
systems where macro can be implemented. Another
problem that may slow down the design process
should be highlighted: considering a typical work-
flow, the designer must model two different parts,
namely the 3D model of the periodic structure, and
a fully dense model. The first one is needed for
manufacturing purposes (e.g. to obtain the STL file
format for AM machines), while the second model is
a fully dense representation of the same component.
This second model is required by FreeCad™ to
obtain the 2 D technical drawing. This is due to the
lack of an automated process that recognizes the
boundaries of a lattice structure and converts it into
a bulk 3D model: a tool able to carry out this oper-
ation could be developed in future works. On the
other hand, a hybrid modelling strategy where a
dense equivalent part is used in 3D assembly and
the true shape part is modelled apart (it can reach
hundreds of MB in case of complex structures)
could reduce the computational weight with current
computational capabilities: therefore, a 3D dense
model of a part based on complex lattice structures
is often available. In the future development of this
work, the problem of double representation of the
CAD models (dense for 2D and lattice for
manufacturing) will be addressed thanks to the flexi-
bility of CAD macro environments.

Conclusion and future developments

Additive Manufacturing is widening the kind of struc-
tures which can be designed in CAD software. AM
Standards need to support the drawing of geometri-
cally complex structures to increase the readability of
all the technical documents needed during all the

design, manufacturing, assembly and maintenance
phases of the products lifecycle.

To date, few standards applicable to AM parts
have been published, even though AM technologies
are spreading and its application is strongly changing
the way in which parts are designed and manufac-
tured. For this reason, the standardization authorities
should start to chase technological development and
introduce more updated standards.

This work aims to discuss the representation of
complex structures in CAD systems and to suggest
the need for a new representation standard for lattice
structures in 2 D technical drawings.

Due to an important gap in the available literature
about the specific subject, this paper would like to
propose a draft of a new representative standard,
based on tables collecting all the important data
and characteristics of a lattice component.

This Standard could dramatically decrease the
drawing complexity and the number of details
which should be included in the drawing and
quoted, making the representation clearer and more
intuitive for all the insiders.

The lattice component in 2D assemblies is repre-
sented only by the external surfaces, giving to the
drawing reader a clear idea of the volume occupied,
the position and the constrains with the surrounding
components. On the other hand, all the lattice char-
acteristics are summarized in tables. The lattice cross-
section type and dimension, unit cell type, voxel
dimension, bar length and orientation are listed in a
clear way. In this way, the notation is more compre-
hensive and reduces possible error sources for techni-
cians that have to manufacture and assembly together
a large number of components. The standard is flex-
ible enough to allow the introduction of further
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symbols for the new structures that are under devel-
opment nowadays and will be adopted by companies
in the next years.

In the near future, the environment will be opti-
mized to make the process more automatic and user
friendly and the representative standard has to be
expanded considering the conformal non-uniform lat-
tices. Additional information should be contained in
the proposed table to consider all kinds of gradient
function description of the non-uniform lattice.
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