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Abstract Topology optimisation is an effective approach to
design extreme lightweight components. However, most of
the resulted optimum lightweight components usually have
complex structures which cannot be produced successfully by
traditional manufacturing processes. Selective laser melting is
one of the additive manufacturing processes. It shows powerful
capacity in the manufacturing of metal components with com-
plex structures. Therefore, the combination of topology optimi-
sation and selective laser melting shows a promising prospect
for metal components. However, support structures were usu-
ally introduced during the selective laser melting manufactur-
ing process, which resulted to some disadvantages, for exam-
ple, the support structures are generally difficult to remove from
the original components because it is difficult to clamping and
machining. Therefore, a design method was proposed in this
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study, named lightweight and support-free design method, the
detailed design process and advantages were presented. In the
design process, topology optimisation was applied to realise
lightweight design, and support-free design process was devel-
oped to meet the support-free requirement. Finally, as a case, a
cross-beam component was designed using the proposed meth-
od, and the final model was produced successfully using selec-
tive laser melting process. The case study result verified that the
proposed design method is effective to design lightweight and
support-free industrial metal components for SLM process.

Keywords Selective laser melting - Topology optimisation -
Lightweight - Support-free

1 Introduction

Topology optimisation (TO) is a mathematical method that dis-
tributes materials optimally within a given design domain, based
on specific loads and boundary conditions. It is an effective
approach to reducing weight for component design. However,
most of the optimum lightweight components from TO have
complex structures, which usually cannot be manufactured
using traditional manufacturing processes. Sometimes, it is in-
feasible to manufacture complex structures because of the need
for tool access space in machining or removing of the dies in
casting [5]. Selective laser melting (SLM) is an additive
manufacturing (AM) technology, which can manufacture metal
components directly from three dimensional (3D) models. In
SLM processes, components are manufactured selectively by
fusing and consolidating metal powder layer-by-layer via a
computer-controlled scanning laser beam. Therefore, SLM
shows a high potential for manufacturing metal components
with complex structures which cannot be manufactured by
traditional processing technologies [4].
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Because of the complexity and intricacy of the solutions ob-
tained, TO was often constrained to research and theoretical stud-
ies. However, SLM as an additive manufacturing process, fills the
gap between TO and metal application. Therefore, the combina-
tion of TO and SLM shows a promising prospect for the optimum
lightweight metal components. Many researches have been car-
ried out to study the combination of TO with AM technologies.
For example, Brackett et al. [S] summarised the main challenges
and opportunities of TO for AM. Brackett et al. [5] emphasised
that the applicability of TO for AM will develop and increase
rapidly. Chahine et al. [7] designed porous structures using TO
and manufactured them using Electron Beam Melting (EBM).
Aremu et al. [2] investigated the effects of starting design, finite
element mesh and parametric values on optimum structure
achieved by Solid Isotropic Material with Penalisation (SIMP)
and bi-directional evolutionary structural optimisation (BESO)
algorithms, since they have been widely implemented to achieve
practical designs. Xiao et al. [20] explored the maximum stiffness
of microstructure with the constraint of volume fraction by TO
method and produced metallic biomaterial scaffolds by SLM
technology. Zegard and Paulino [21] explored the applicability
of two TO methods, i.e. the ground structure method and the
density-based method, for the optimal design structures produced
using FDM and SLS technologies. Aremu et al. [3] studied the
effect of TO design parameters on the performance of an addi-
tively manufactured part. The EADS (European Aeronautic
Defence and Space Company) Innovation Works and EOS (a
German SLM systems and service supplier) cooperated in the
manufacture of Airbus A320 and A380 brackets with optimised
topology. The results showed an obvious reduction in weight and
raw material consumption [12, 18, 22]. However, the majority of
the studies on TO and SLM focused on micro-lattice structured
parts. Only few designs focused on the macrostructure parts. One
great obstacle is that the support structures are generally imported
in the SLM process as there are some technical constraints and
design rules for SLM, such as the minimum feature size, the
manufacturing inclination angle and the allowable overhang dis-
tance [8, 10]. Some studies have been conducted to investigate
design constraints. Thomas [17] developed a set of design rules to
allow for predictable and reliable results when manufacturing
parts using SLM process. Kranz et al. [9] investigated the influ-
ence of part position and orientation on the dimension accuracy
and surface quality, thin walls, bars and bore holes with varying
diameters were built in different orientations to determine the
process limit. Wang et al. [19] studied the design rules, including
the critical inclined angle, thin walls and cylinders, in order to
fabricate the porous structure precisely based on SLM. Adam and
Zimmer [1] developed design rules within the project “direct
manufacturing design rules” for three additive manufacturing
processes, namely SLM, SLS and FDM.

Support structures are required in several AM processes
(such as SLM and EBM) to sustain overhanging parts, in
particular for the production of metal components [16]. For
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SLM process, support structures are designed to be withstand
the thermal stress at locations where it could cause damage on
the part. The main shortcomings resulted by the support struc-
tures can be summarised as follows:

» The support structures are difficult to remove from the
original part. This is due to the final optimum lightweight
model resulted from TO usually have a complex structure,
which is not suitable for clamping and machining.

* The total manufacturing time increases because (i) a pre-
processing time is required to generate support structures,
(i1) a SLM processing time is required to manufacture
support structures and (iii) a post-processing time is re-
quired to remove the support structures.

» The total cost increases as the support structures need extra
material and SLM processing time, in addition to the pre-
process and post-process.

Since the abovementioned reasons, the design of support-free
components for SLM technology will be a hotspot in near future.
So far, extremely little attention was paid to this topic. Leary et al.
[10] presented a strategy for minimising the support material use
by comparing the feasible limits of FDM manufacture to the build
angles that exist within a proposed geometry. Leary et al. [11]
proposed a method which modifies the theoretically optimal to-
pology as required to enable support-free AM. A case was
analysed using fused deposition modelling (FDM) process.
Calignano [6] investigated the manufacturability of overhanging
structures using optimised support parts and performed an exper-
imental study to identify the optimal support-free overhanging
structures using Taguchi L3 design. Seabra [15] optimised an
aircraft bracket and manufactured it by means of SLM using
the TO method. The optimised component showed considerable
weight reduction with an increase of the safety factor. However,
as shown in Fig. 1, the final structure was not support free which
needed post-processing to remove the support structures.

To the best of authors’ knowledge, no research was con-
ducted on the simultaneous lightweight and support-free

(b)

Fig. 1 Optimised aircraft bracket a with support structures, b removal of
the support structures [15]
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design of industrial metal components for the SLM process.
This study proposes a simultaneous lightweight and support-
free (L&S) design method for SLM and presents its design
details for the first time in the literature. As a real-world appli-
cation, a cross-beam structure component is designed using the
proposed method and manufactured using the SLM technolo-
gy. The case study verifies the effectiveness of the proposed
L&S design method for SLM process. Thus, this study shows
how metal components can be produced using SLM consum-
ing less material and requiring no post-processing operations.

The remainder of this paper is organised as follows.
Section 2 describes the L&S design method proposed.
Section 3 presents a case study on designing an L&S cross-
beam structure using the proposed method, and manufacturing
itusing the SLM technology. A discussion is also presented in
the same section followed by the conclusions and future re-
search directions provided in Section 4.

2 L&S design method

A L&S design method is proposed in this study in order to
design lightweight industrial metal components, which can be
produced directly by SLM process without any support struc-
tures. In the design process, TO technology is introduced to
realise the goal of lightweight and support-free design process
was developed in meeting the requirement of support-free.

The L&S design method is an optimisation process to find
optimal lightweight structures that fulfil support-free expecta-
tion of SLM technology. The flow chart of the L&S design
method is shown in Fig. 2. The following sub-sections provide
the detailed design steps.

2.1 Analysis of the original part

The original part is analysed to determine whether the original
model needs to be optimised to realise lightweight. It is obvi-
ous that every component has its own design constraints, such
as the maximum strain, stress, mass and displacement, which
can be expressed mathematically as in Equation (1).

Tijk, .. (x) < Cijk..(x) (1)

where x is the design variable and i, j, %,... are different con-
straint types. The terms 7; ; . (x)and C; ; 4 . (x) denote the
result functions and the constraint functions, respectively,
which may be constant or variable. The possible conditions
are as follows:

*  T(x) is much smaller than C(x): The original model needs
to be optimised.

* T(x)is equal or close to C(x): The original model does not
need to be optimised.

e T(x) is much larger than C(x): The original model is an
unqualified design which does not need to be optimised.

The finite element method (FEM), also referred to as finite
element analysis, is employed to analyse the original model.
FEM is an effective computational tool for performing engi-
neering analysis. In practice, FEM usually consists of three
principal steps:

(a) Pre-processing: The original models are built and
meshed, elements are connected by “nodes”. Prescribed
constraints and load are applied on the nodes.

(b) Analysis: The dataset prepared by a pre-processor is used
as an input to the finite element code itself, which con-
structs and solves a system of linear or nonlinear alge-
braic equations. For example, the basic finite element
equation to be solved for a structure which experiencing
static loads can be expressed as:

Ku="P (2)

where, K is the stiffness matrix of the structure. The terms u
and P denote the displacement vector and external applied
loads at certain nodes, respectively.

(c) Post-processing: The results are analysed and expressed
in a desired style.

2.2 Lightweight design

TO method is employed in this step to optimise the original
model to realise lightweight design. TO is a mathematical
approach that optimises material layout within a given design
space, for a given set of loads and boundary conditions such
that the resulting layout meets a prescribed set of performance
targets. The characteristic material is distributed in the design
space during the TO procedure which results in the best ob-
jective function value while preserving all constraints in the
problem definition. Using TO, engineers can find the best
concept design that meets the design requirements.

Several methods have been proposed for implementing TO
in determining material layout on a given design space. Some
of those popular ones are SIMP, homogenisation, BESO, level
set method, ant colony optimisation algorithm and genetic
algorithms [2]. The SIMP approach is selected in the L&S
method due to its advantages over other methods. Firstly, it
has been studied extensively and can be applied to complicat-
ed problems. Secondly, SIMP requires less computational ef-
fort as it has only one design parameter for each element.

Based on the SIMP method, the structure lightweight opti-
misation problem can be expressed as in Equation 3.

Min V(X) = V(x1,x2, ..., Xy) (3)
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Figt.thFlow chart of L&S design Original Model Finite Element Analysis and
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Subject to: depending on the machine type and process parameters. For
example, let o, and o be the actual and the constraint inclination
g(X) <0 (4)  angles of model A%, respectively. If o, > ., no support structure
is required; otherwise, support structures need to be built.
<x<xl i—1 n (5) If model A* satisfies all of the following main SLM

where, V(X) is the objective volume function, g(X) is the con-
straint function, x is the design variable which represent ele-
ment densities in TO. x; denotes the i-th density design vari-
able where there are a total of n design variables, L and U
denote the lower bounds and upper bounds of x;, respectively.

The TO model with design varieties, responses, constraints
and objective is generated and executed based on the FEM
model given in Section 2.1. The optimal design model obtain-
ed eventually is named model A*.

2.3 Support-free evaluation of model A*

The build orientation is influenced by function requirement
and assembly relations. Different build orientation will result
in different support structure volume, manufacturing time and
cost. Therefore, the build orientation should be identified be-
fore support-free evaluation of model A*. In general, the build
orientation can be identified directly by engineer’s experience
for the part with simple structures. For the parts with complex
structures, the optimal orientation should be identified by an
optimization algorithm. Please refer to a relevant study per-
formed by Strano et al. [16].

Model A* is evaluated to determine whether it can be
manufactured directly without any support structure using SLM
process. Evaluation process is based on the SLM manufacturing
constraints, such as the inclination angle, minimum circle diam-
eter and maximum overhang distance, which may vary

@ Springer

manufacturing constraints, it is considered as the final support-
free model, which has the optimum lightweight. Otherwise, it
needs to be designed to satisfy following conditions:

>0 (6)
Dy<Dy<Dy, (7)
0,<0, (8)
T,>T, (9)

where, D.,, D, and D,,, are the lower bound, actual and upper
bound values for the diameter of the support-free circle, respec-
tively. O, and O, are the actual and constraint values of the over-
hanging distance, respectively. 7, and 7, denote the actual and
constraint values of the thickness of shell or beam, respectively.

If model A* has a simple structure, it can be evaluated
directly by the designer according to the SLM manufacturing
constraints. If it has a very complex structure, a commercial
software can be employed for the evaluation process, such as
Magics 13.0 [14]. The models obtained from the TO usually
have irregular narrow surfaces, which cannot be identified
using a software. Therefore, the evaluation process usually
requires experienced designers.

2.4 Interpretation of model A*

Usually, model A* resulted from the TO cannot be edited
using a modelling software. Therefore, a 3D solid model,
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named model B*, is built according to the outlines of model
A*.

The interpretation process contains two main steps: (i)
Measuring of model A* and (ii) modelling of model B*.
Due to the following main reasons, model B* cannot be ex-
actly the same as model A*. Firstly, the model obtained from
TO (model A*) usually has many irregular surfaces, which
cannot be measured exactly. Secondly, small and narrow sur-
faces do not need to be built because this will need large
amount of modelling time in this step and support-free design
time in the following step. Therefore, model B* must have a
slight increase in size and volume in order to confirm the
stiffness of the part.

2.5 Support-free design of model B*

In this step, some material is added on model B* according to
the SLM manufacturing constraints given in Section 2.3 to
realise support-free requirement. The support-free model re-
sulted from this process is named model C*.

2.5.1 Support-free design process

As shown in Fig. 3b, the actual inclination angle «,. is much
less than the allowable angle «. If it is manufactured directly
without any further design, support structures are required for
the SLM manufacturing process in the area enclosed by the
blue line (see Fig. 3a). However, the design can be converted
into a support-free design by adding as little material as pos-
sible in the blue line enclosed area according to the SLM
design constraints. The detailed design process is as follows.
Firstly, the area enclosed by the blue line is minimised accord-
ing to the minimum inclination angle «., given in Fig. 3b.
Afterwards, the enclosed area is designed using «. and mini-
mum thickness of shell or beam (represented by 7.). As in

Fig. 3c, the red lines are built in sequence with the same
inclination angle of «. These lines represent the beam with
the minimum thickness of 7,, which may vary at different
angles and heights. The design area is reduced to the yellow
areas and beams, which cannot be changed later. The yellow
areas are usually narrow and it is less effective to design these
areas in this step. Therefore, the yellow areas are designed
using circles and ellipses, which are tangent to the lines (see
Fig. 3d). As discussed in Section 2.3, support-free circle
should conform to the constraint of D,<D,<D.. A
support-free ellipse is developed based on the support-free
circle, as will be explained in Section 2.5.2.

In a narrow space, the allowable maximum support-free
circle and support-free ellipse are certain. The one which has
the larger area is selected so that more material can be saved.

2.5.2 Support-free design of ellipse

Support-free ellipses are developed on the basis of the
support-free circles. The equation of an ellipse whose major
and minor axis coincide with the Cartesian axis can be
expressed as follows.

Major axis coincides with x axis:

—+5=1 (10)
Major axis coincides with y axis:

2 2
y X
Gt (1)
where, a is the distance of semi-major axis and b is the dis-
tance of semi-minor axis.

Fig. 3 Support-free design
process

(a)

(b)

(d)

(c)
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The equation of a circle whose axis coincide with the
Cartesian axis can be expressed as:
4yt =R, R:%D (12)
where, R and D are the radial and diameter of the circle,
respectively.

The support-free ellipses whose major axis coincides with
x axis cannot be derived from the support-free circles. This is
because there is no definite relationship between @ (the angle
of tangent line with level for ellipse) and W (the angle of
tangent line with level for support-free circle). Therefore, the
support-free ellipses whose major axis coincides with X axis
should be obtained from the SLM experiments. In this study,
only the ellipse whose major axis coincides with y axis is
developed.

As shown in Fig. 4, the circles D, and D,,, are the lower
and upper bound diameters of support-free circles O/ and O2,
respectively. For the ellipse whose major axis coincides with y
axis, the support-free ellipse should satisfy any one of the
following constraints:

(@) 1Dy <b<a<iD asinFig. 5a

(b) §Du<b<1D<a, asin Fig. 5b

(¢) whena>b> %Dcu, points P and Q are below points M
and N, as in Fig. Sc. Move the circle O2 up to realise points
H and H' coincide, where points P and Q are the intersec-
tion points of ellipse O and circle O2. L is the tangent line
of circle O2, the angle of L with level line is the constraint

angle o, where M and N are the tangent points.

2.6 Size optimisation of model C*
It is obvious that model C* is heavier than A* and B*, because

additional material was added in the interpretation and
support-free design steps. Size optimisation defines ideal

a

(a) (b)

Fig. 4 Constraints for support-free ellipse
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(a) (b)

Fig. 5 Support-free ellipse in different conditions

component parameters, such as cross-section dimensions
and thicknesses. If model C* conforms to size optimisation
rules, it is further optimised using size optimisation technique
and the final model (called model D*) is eventually obtained.
Otherwise, model C* is considered as the final model. As the
size optimisation technique is a widely used well-known op-
timisation method, the detailed optimisation process will not
be repeated here.

2.7 Verification of the final model

FEM is used in this step to make sure that the final model
satisfies the design objectives and constraints. Afterwards,
the final model is manufactured using SLM to verify that it
can be produced successfully without any support structures.

3 Case study

The aims of this section are to design an L&S cross-beam
structure using the proposed method and to manufacture it
using SLM technology.

Load surface

Cross-beam

Fig. 6 Original cross-beam structure
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Non-design space

e

Design space Constraints

Fig. 7 Load and constraint conditions of cross-beam structure

The cross-beam structure is made of steel and fixed to the
base structure by welding, as shown in Fig. 6. The original
component is assembled using riveting and thread-connecting
processes from eight parts, which were produced by tradition-
al processing technologies. Therefore, the structure of the
original component is largely defined by the traditional pro-
cessing technologies. Its design is simple and imaginable for
designers. Although it can be manufactured directly without
any support structures using SLM process, it is obvious that
the cross-beam structure does not have an ideal lightweight
structure.

3.1 Analysis of original part

The original part was analysed through FEM using commer-
cial software, Altair HyperWorks 13.0. The original cross-
beam component is a support bracket which has a vertical load
on the top surface, as shown in Fig. 7. The solid model is
meshed with a hexahedral element and divided into two
spaces: design space and non-design space. The eight square
red pillars show the non-design space, which will be fixed to
the base by welding and matched with other parts. The blue
part is the design space, which will be optimised and designed
to have a lightweight and support-free structure. The con-
straints were applied at the bottom surface of the eight non-
design spaces, so that each node was constrained fully. RBE 3
element was put on the top surface of the component in order
to distribute the force on all nodes uniformly and the load was
applied on the RBE 3 element. The material properties of
steel, including elastic modulus, Poisson’s ratio and density
were used for both design and non-design spaces, as shown in

Table 1  Material properties of steel

Properties Parameter
Elastic modulus (E) 2.1ES (MPa)
Poisson’s ratio (NU) 0.3

Density (RHO) 8.0E-9 (t/mm> )

Contour Plot

Displacement(Mag)

Analysis system
6.343E-02

[5 B38E-02
4.933E-02
—4.228E-02
[3 524E-02
=2 B19E-02
2.114E-02
1.409E-02
7.047€-03

0.000E+00

Max = 6 343E-02
Grids 11656

Min = 0.000E+00
Grids 38

Fig. 8 FEM analysis of original component

Table 1. A maximum displacement of 0.2 mm was allowed in
the final structure, the thickness of the beam can not be
changed.

When FEM was conducted, the maximum displacement
was observed as 0.063 mm (Fig. 8), which is much less than
the allowable displacement of 0.2 mm. This indicates that
there is a significant amount of inefficient material in the orig-

inal structure.
Pre-processing of
Geometry

Finite Element
Analysis

\’

Sensitivity
Analysis

\’

NO | Low pass Filtering

\’

Update Design
Variables

v

Converged?

YES
A 4

Stop and

Post-processing

Fig. 9 Flow chart of TO process
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Table 2  Displacements at different threshold values

Threshold value 0.10 020 030 040 031 032 033

Displacement 0.135 0.157 0.186 0.238 0.191 0.197 0.204

3.2 Lightweight design

The TO parameters were set up (including design variables, re-
sponses, constraints and objectives) based on the FEM, and the
SIMP-based TO was performed. A feasible design was obtained
from the TO, of which the flow chart is presented in Fig. 9.

Various models with different threshold values were
analysed to determine the minimum part volume under the
allowable displacement constraint. The threshold value is a
constant between 0 and 1. The smaller the threshold value,
the larger the final extracted volume. In the contrary, the
smaller the final volume, which companied with a lower stiff-
ness and strength. Therefore, the selection of threshold value
is crucial for the final design. The selection procedure of
threshold value is as follows. Starting from 0.1, the threshold
value is increased by 0.1 step-wise and different models were
executed through FEM. When the threshold value was in-
creased to 0.4, the maximum displacement of 0.218 mm was
generated, which is over the allowable displacement of
0.2 mm. Therefore, the reasonable threshold value is between
0.3 and 0.4. This time, the threshold value is increased by 0.01
starting from 0.31 and FEM was conducted accordingly until
the maximum displacement of 0.204 mm was obtained at the
threshold value of 0.33. So it was concluded that the reason-
able threshold value was 0.32. The threshold values observed
during this process are presented in Table 2. Model A*, with
0.32 density, was exported in STL format as in Fig. 10.

3.3 Support-free evaluation of model A*

The build orientation was identified as in Fig. 11 because the
top surface of the part is the loading surface which to be

Fig. 10 Model A* in STL format at 0.32 density

@ Springer

Fig. 11 Model A* with support structures

assembled with other components. If it was built upside down,
the assembly process could be disturbed because additional
structure was designed on the top surface.

Support-free evaluation was performed using the SLM
manufacturing constraints listed in Section 2.3. As model
A* is very complex, the commercial software, Magics 13.0,
was employed in this step, which can be used in all kinds of
additive manufacturing processes to build support structures
and calculate the volume for the part. As shown in Fig. 11,
model A* was generated with support structures. The red
space corresponds to support structures which are required if
the cross-beam part is manufactured directly using model A*.
Therefore, according to the L&S method, model A* needs to
be redesigned to be support-free.

3.4 Interpretation of model A*

In this step, model A* was interpreted into a 3D solid model
(model B*) using a modelling software, Pro/Engineer 4.0. In
order to confirm the stiffness of the part, the interpreted model
usually has a slight increase in size and volume [13]. As
shown in Fig. 12, model B* was built as the measurements
gathered from model A*. The final model B* is shown in
Fig. 13a. The support structures of model B* were generated
by Magics 13.0, as in Fig. 13b, which is similar to the support
structures of model A*. The volumes of model A*and model
B* were measured 95,682.425 mm’® and 110,114.4 mm’, re-
spectively, which indicate that the interpretation design was
reasonable.

3.5 Support-free design of model B*

The objective of this step was to design model B* using the
method developed in Section 2.5. As shown in Fig. 14a, the
minimum inclination angle of «,. and the minimum thickness
of T, were used to define the overall material distribution in
the blue line enclosed area. The support-free ellipses were
designed in the narrow space according to the design rules
developed in Section 2.5.2. The model obtained in this step
(model C*) is shown in Fig. 14b. Fig. 14c shows model C*
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Fig. 12 Interpretation of model
A*

with support structures. It is obvious that support structures
are not required, which indicate that the developed design
method for support-free was effective. As model C* violates
its size constraints, it was considered as the final model.

3.6 Verification and manufacturing of final model

In this step, FEM was conducted in order to verify that model
C* meets the design constraints. Model C* was meshed using
tetrahedral element as the final part was very complicated. The
FEM process was conducted and the results are shown in
Fig. 15a. The maximum displacement does not go beyond
the constraints of 0.2 mm, which indicates that the proposed
L&S design method is effective. As shown in Fig. 15b, the
final model was produced successfully without any support
structures using SLM technology.

3.7 Results and discussion

As can be seen from Fig. 15a, only 0.103 mm of maximum
displacement was found, which still greatly lower than the
allowable displacement of 0.2 mm. This is due to the large
increase of the final model volume compared with the initial

Ko

<

(a) (b)

Fig. 13 a Model B* and b its support structures

optimisation result. There are two main steps resulted in the
large volume increase: interpretation step and support-free de-
sign step. Table 3 shows the volumes at different design stages.
It is obvious that TO is an effective way to remove material
from the original part, 52.2 % of the volume of the original part
was removed. The volume of model B* increased slightly
(about 7.2 %) compared with model A* in the interpretation
process in order to confirm the stiffness of the part. The volume
of model C* increased dramatically owing to material being
added in order to realise a support-free design. A 13.6 % vol-
ume increase was observed compared with model B*, which
indicates that support-free design process is critical for the
lightweight design of the part.

4 Conclusions and future work

A new lightweight and support-free design method for selec-
tive laser melting was proposed, named L&S design method.
The detailed design process which includes two main steps was
presented. Initially, TO was employed to optimise the parts to
be lightweight. Then, support-free design process was devel-
oped to enable producing parts without any support structures.
The SLM manufacturing constraints were introduced, and
support-free ellipse was developed building work over the
support-free circle. The proposed L&S design method enables
the SLM process to present its high potential capacity in the
manufacturing of lightweight and complex structures. At the
same time, additional advantages can be drawn as follows: the
parts designed by L&S method do not need post processing to
remove support structures; the total cost and total manufactur-
ing time (including pre-processing time, manufacturing time
and post-processing time) have been minimised.

As a case study, a cross-beam component was designed using
the L&S design method. The model that was generated finally
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Fig. 14 a Support-free design of
model B*, b model C* and ¢
support stage of model C*
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Fig. 15 a FEM of final model, b
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(a)

has a 31.4 % volume reduction compared with the orig-
inal part. To show the effectivity of the L&S design
method, the final model was manufactured directly
using SLM technology without any support structures.
In terms of the potential applications of the study, the
proposed L&S design method can be used in industry
for manufacturing L&S parts by SLM technology, es-
pecially in aerospace field which has a high demand
for lightweight components. Also, the support-free

(b) (©

(b)

design method developed in this study is suitable for
the two dimensional design. One limitation of the
study is that, a 20.8 % volume increase has occurred
in the redesign process, of which 13.6 % volume in-
crease belongs to the support-free design process.
Therefore, more efforts should be devoted in the re-
design process (and also the interpretation and
support-free design steps) to keep the increase in vol-
ume at a minimum.

Table 3 Evaluations at different

design stages Models Volume (mm®) ~ Volume Reduction (%)  Volume of support structures  Post processing
Original 200,313.4 N/A 0 No
Model A*  95,682.4 52.2 - Yes
Model B* 110,114.4 45.0 42,346.1 Yes
Model C*  137,491.4 314 0 No
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