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Abstract: Interest in lightweight geometries and cellular structures has increased due to the freeform capabilities of additive 
manufacturing technologies. In this paper, six different cellular structures were designed and parameterised with three design 
variables to carry out the lightweight optimisation of an initial solid sample. According to the limitations of conventional  
computer-aided design (CAD) software, a new parametric optimisation method was implemented and used to optimise these six 
types of structures. The best one in terms of optimisation time and stiffness was parameterised with nine design variables, 
changing the dimensions of the internal cellular structure and the reinforcement zones. These seven optimised geometries were 
manufactured in a Phenix ProX200 selective laser melting machine without using support. The samples obtained were tested under 
flexural load. The results show that the cubic cell structures have some advantages in terms of CAD definition, parameterisation 
and optimisation time because of their simpler geometry. However, from the flexural test results it can be concluded that this type 
of cell structure and those with horizontal bars experience a loss of stiffness compared to the estimates of the finite element 
analysis because of imperfections in the manufacturing process of hanging structures. 
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1  Introduction 
 

The improvement of additive manufacturing 
(AM) systems has led to a great uptake of these 
technologies in industry (Gibson et al., 2009; Wong 
and Hernandez, 2012; Wohlers and Caffrey, 2014). 
AM is defined as a “process of joining materials to 
make parts from 3D model data, usually layer upon 
layer, as opposed to subtractive manufacturing and 
formative manufacturing methodologies” (ISO/ASTM 
International, 2015). It allows the fabrication of 

complex geometries (even with internal hollows) that 
can be costly or impossible to produce with conven-
tional manufacturing procedures.  

Taking into account the capabilities of AM 
technologies to create internal structures, the possi-
bilities of these technologies regarding lightweight 
optimisation have become an interesting challenge for 
AM users. The application of internal cellular struc-
tures in additive-manufactured parts can lead to 
lighter designs, which means more efficient parts and 
lower production time and cost (reduction of time and 
material costs). 

This study is focused on the application and op-
timisation of cellular structures to design lightened 
parts for selective laser melting (SLM) technology. 
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This technology belongs in the powder bed fusion 
process category of AM. It consists of a thermal en-
ergy that selectively fuses regions of a powder bed. In 
the case of SLM, metal or ceramic powders are used 
(Yap et al., 2015; Protasov et al., 2017; Sing et al., 
2017; Zhang et al., 2018) and the thermal energy is 
provided by a laser. Conventional 3D computer-aided 
design (CAD) software and finite element method 
(FEM) tools, usually available within CAD software, 
are used to accomplish the optimisation. FEM is used 
to simulate the mechanical behaviour of the different 
designs evaluated during the optimisation process. 
That enables weight minimization while keeping the 
minimal mechanical properties required for the part. 
In this case, a parametric optimisation is carried out. 
Although topology optimisation (available in most 
FEM software) (Akin and Arjona-Baez, 2001; Sie-
mens PLM Software, 2010; Aremu et al., 2013; 
Kulkarni and Tambe, 2013; Lynch et al., 2013) can 
achieve better results than parametric optimisation, it 
may lead to geometries that cannot be manufactured 
by SLM. To overcome these limitations of topology 
optimisation tools, Salmi et al. (2018) proposed a 
methodology in which they first apply a topology 
optimisation and then a manual redesign to overcome 
the manufacturing constraints. A final FEM simula-
tion is then required to check that the design complies 
with the optimisation constraints (otherwise, it should 
be modified again). All these steps must be carried out 
by the designer. However, by applying an appropriate 
parameterisation and controlling the interval of each 
design variable, it is possible to optimise the geome-
try and, at the same time, obtain an optimum design 
that can actually be manufactured. Several programs 
have been developed during the last decade to take 
advantage of AM capabilities, including tools to eas-
ily define cellular structures (Autodesk, 2015; Auto-
desk Within, 2015; Materialise 3-matic, 2015; Syn-
opsys, 2015), and some of them even have FEM and 
optimisation tools. However, the manufacturing con-
straints of SLM technology cannot be easily con-
trolled with this type of software when the optimisa-
tion of the cellular structure is carried out. Addition-
ally, many AM users still work with conventional 3D 
CAD software despite the limitations or inability of 
such software in generating cellular structures. 

Among the wide range of AM technologies 
available in the market, those based on powder bed 

have some advantages in creating hanging structures 
without support material since the powder bed acts as 
the support itself. However, there are some difficul-
ties that must be considered. In the case of SLM, a 
high powered laser melts a metallic powder layer 
upon layer. When the powder is melted without 
support, the combination of low consistency of the 
powder beneath the layer and the high powered laser 
can result in bad surface finishing. Moreover, in cer-
tain circumstances, the powder feeding roller can 
displace the new layer if there are no supports. For 
this reason, hanging geometries are usually avoided in 
SLM designs.  

This type of cellular structures for metallic AM 
technologies has been of interest in the field of bio-
medical applications (Yang et al., 2001; Sachlos and 
Czernuszka, 2003; Hutmacher et al., 2004; Yeong et 
al., 2004; Jorge et al., 2007; Peltola et al., 2008; 
Mullen et al., 2009; Murr et al., 2010; Yoo, 2011). 
However, this idea can be applied in many other 
sectors to benefit from the advantages of lighter- 
weighted parts (Dotcheva et al., 2009). 

This paper combines different tools (CAD, FEM, 
and parametric optimisation) to accomplish a light-
weight parametric optimisation for SLM parts. The 
CAD tool enables the definition of complex structures 
inside any part. The FEM enables the determination 
of the mechanical properties of any design (Pepelnjak 
et al., 2001) according to the actual boundary condi-
tions. Finally, the developed optimisation method 
combines both tools to optimise the design. The entire 
process is automated via the application programming 
interface (API) of the CAD/FEM software through 
Visual Basic code. Therefore, the presented method-
ology is based on a parametric optimisation, which 
means that with a correct parameterisation of the 
design variables and intervals, the methodology will 
lead to designs that can actually overcame any man-
ufacturing constraints. Although the solution 
achieved may be less efficient compared to the to-
pology optimisation, the main advantage is that the 
presented method is automated (it only needs the 
correct initial set up of the parameters and FEM 
analysis) and manufacturability is guaranteed. On the 
other hand, there are some optimisation problems in 
which the external surface must be kept (e.g. aero-
dynamic components). In those cases, topology op-
timisation can be applied to optimise the internal 
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surface but it may lead to unfeasible solutions (holes 
with trapped powder, overhanging structures, too thin 
walls, etc.). In contrast, all these limitations can be 
controlled with the presented methodology, thus 
guaranteeing the manufacturability of the part. 
 
 
2  Methods 

2.1  Type of cellular structures applied 

Different types of cellular structures are pro-
posed in this study. Square bars are preferred com-
pared to circular bars as they require a lower number 
of mesh nodes, more accurate and simple triangula-
tion files (STL), and simpler laser paths. In all cases, 
the design strategies to define the internal structure 
(applicable in any geometry) were the following 
(Fig. 1): 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1. The initial solid design is used to obtain a shell 

and a negative of the initial geometry. 
2. The pattern structure is defined using extrusion- 

based features. 
3. Once the pattern of the internal structure is 

created, it is repeated along the three Cartesian axes 
all over the geometry to generate the internal structure, 
overpassing the dimensions of the initial part. This 
cellular structure is merged with the shell of the initial 
geometry. 

4. The negative of the initial design is subtracted 
to eliminate the excess of the cellular structure, thus 
obtaining the initial solid design with an external skin 
and an internal cellular structure. 

2.2  Sample geometry 

The sample geometry for the analysis was a 
square prism of 10 mm×10 mm×70 mm, with a flex-
ural load of 4000 N and two supports separated 
60 mm (Fig. 2). The diameter of the punch and sup-
ports was 10 mm. 

 
 
 
 
 
 
 
 
 
 
Double symmetry was applied to carry out the 

simulations (Fig. 3). Therefore, the force was divided 
by four and the displacements on the symmetry faces 
were constrained in the normal direction. On the 
other hand, the lower face of the support was fixed 
and two contact conditions were defined, one for the 
contact between the round face of the support and the 
lower face of the part, and another one for the round 
face of the punch tool and the upper surface of the 
part (non-penetration contact). “Node to surface 
meshing” was applied as it achieves better results 
when the contact area is low (González, 2010; Das-
sault Systèmes, 2013). This consists of applying the 
contact between the node or line of one of the com-
ponents and the nodes of a small area of the other 
component. 

 
 
 
 
 
 
 
 
 
 
 
 
 
All the external surfaces of the part were kept 

(0.49 mm thickness) except the ends to remove the 
powder (Fig. 4). This methodology is especially 

Fig. 2  Sample geometry and load conditions

Fig. 3  Model with double symmetry for carrying out the 
finite element (FE) simulations 

Fig. 1  CAD strategy followed to define the internal 
structure and keep the external surface 

Copy of the  
initial solid part 

Extrusion 
and pattern 

features 
Shell 

feature 

Negative of the 
initial design 

Final geometry

Subtraction  
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appropriate for the lightweight optimisation of parts 
whose external surface cannot be modified (e.g. 
aerodynamic components). For this reason, all the 
external surfaces were removed except the ends. 

 
 
 
 
 
 
 
 
 
 
The goal is to minimise the weight and keep the 

stiffness higher than 43% of the solid geometry, 
which is approximately the mean stiffness value of 
the solid part (Fig. 2) and the shell part (Fig. 4). 
Therefore, the optimisation constraint is related to 
the vertical displacement of the punch (deflection). 

2.3  Cellular patterns and parameterisation 

Six different types of cell geometries were pro-
posed, all of them with a total of three design varia-
bles. These cellular structures were defined according 
to the following sequence (Fig. 5). 

Cell 1: Simple cubic (Fig. 5a). 
Cell 2: Cross lattice (Fig. 5b). 
Cell 3: Cross lattice with only one bar in the 

cross section, the bar from the top to the laterals of the 
sample (following the load transmission) (Fig. 5c). 

Cell 4: Cross lattice with only one bar in the 
longitudinal section, the bar from the top to the ends 
of the sample (following the load transmission to-
wards the supports) (Fig. 5d). 

Cell 5: Cross lattice and simple cubic combina-
tion, the longitudinal horizontal bars from the simple 
cubic cell, and the cross bars top-lateral and top-end 
from the cross lattice cell (load transmission towards 
the support and laterals of the sample) (Fig. 5e). 

Cell 6: Cross lattice and simple cubic combina-
tion, the vertical bar from the simple cubic cell and 
the cross bars top-lateral and top-end from the cross 
lattice cell (load transmission towards the support and 
laterals of the sample) (Fig. 5f). 

According to literature reviews (Thomas, 2009; 
Campanelli et al., 2010; Kranz et al., 2015) and the 
experience of the authors regarding the capabilities 

of SLM technology, the parameterisation and limits 
of the design variables were defined to keep the next 
list of constraints in the design.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1. The distance between bars will be at least 

1 mm to be able to remove the powder from the in-
side of the part. 

2. The distance between bars will be kept lower 
than 2 mm to avoid problems of hanging structures in 
the manufacturing process. 

3. The minimum angle of the bars (except for 
geometries with horizontal bars) will be 45° to avoid 
manufacturing problems in the hanging structures. 

4. The side of the square bars will not be lower 
than 0.5 mm to guarantee good definition of the bars. 

2.3.1  Cell 1 (reticular structure) 

The first cellular structure pattern was a simple 
cubic structure (Fig. 6). The definition of the geome-
try was carried out by the extrusion of a matrix of 
squares in each Cartesian direction (Fig. 7). The main 
advantage of this cellular structure is that the CAD 
definition and parameterisation is very simple. 
However, bars parallel to the horizontal plane involve 
more difficulties in the manufacturing process 
(hanging structures). The design variables were the 
side of the square bars (VAR1), the distance between 
bars in the X and Y directions (VAR2, the same  

Fig. 4  Sample geometry with borders opened to remove 
the support material 

Fig. 5  Cell geometries used 
(a) Simple cubic; (b) Cross lattice; (c) Cross lattice with only 
one bar in the cross section; (d) Cross lattice with only one bar 
in the longitudinal section; (e) Top-lateral and top-end from 
the cross lattice and longitudinal horizontal bars from the 
simple cubic; (f) Top-lateral and top-end from the cross lat-
tice and vertical bar from the simple cubic 

(a)                               (b)                               (c) 

(e)                               (f)                               (g) 
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distance in the X and Y axes), and the distance be-
tween bars in the Z direction (VAR3) (Fig. 6). The 
limits of each variable are shown in Table 1.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

2.3.2  Cell 2 (four cross bars) 

The second type of cellular structure consists of 
four cross bars (Fig. 8). The final geometry (Fig. 9) 
was achieved by applying the steps listed in Fig. 1. 

The design variables were the side of the square 
bars in the horizontal projection (VAR1), the distance 
between bars in the XY plane without taking into 
account the thickness of the bars in the other direction 
(VAR2, the same distance in the X and Y axes), and an 
additional value to the distance between bars in the Z 
direction (VAR3). Therefore, the distance between 
bars in the X or Y direction is calculated as the sum of 
‘VAR2’ and ‘VAR1’ (VAR1+VAR2). The addition 
of ‘VAR1’ is needed to take into account the thick-
ness of the bars in the normal direction, to avoid 

non-interconnected hollows. On the other hand, the 
separation between bars in the Z direction is calcu-
lated adding ‘VAR3’ to the separation between bars 
in the X or Y axe. Therefore, the distance between bars 
in the vertical direction is calculated as the sum of the 
three design variables (VAR1+VAR2+VAR3). 

Regarding the limits of the design variables 
(Table 2), ‘VAR1’ was maintained. In the case of 
‘VAR2’, the minimum value was set to 1 mm to 
guarantee at least 1 mm separation between bars (to 
be able to remove the powder) and the maximum was 
set to 2 mm (to avoid more than 2 mm between bars). 
‘VAR3’ varies from 0 to 2 mm, which means that the 
distance between bars in the Z direction will be al-
ways equal to or higher than the distance between 
bars in the XY plane (consequently, the inclination of 
the bars relative to the horizontal plane will be always 
equal to or higher than 45°). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6  Cell 1 (reticular structure) 

Fig. 7  Sample model with internal structure according to 
cell 1 

Table 1  Design variables and intervals for the sample 
with internal structure according to cell 1 

Design variable Minimum value Maximum value

VAR1 (mm) 0.5 1.5 

VAR2 (mm) 1 2 

VAR3 (mm) 1 3 

Table 2  Design variables and intervals for the sample 
with internal structure according to cell 2 

Design variable Minimum value Maximum value

VAR1 (mm) 0.5 1.5 

VAR2 (mm) 1 2 

VAR3 (mm) 0 2 

Fig. 8  Cell 2 (four cross bars) 

Fig. 9  Sample model with internal structure according to 
cell 2 
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2.3.3  Cell 3 (two cross bars in the longitudinal di-
rection and one cross bar in the transversal direction) 

The third type of cellular structure was similar to 
the previous one but keeping only one bar in the 
transverse plane (Fig. 10). The same features were 
applied to generate the lightened geometry (Fig. 11). 
The parameterisation was carried out in a different 
way compared to the previous geometry because the 
minimum distance between bars can be now con-
trolled without taking into account the side of the bars. 
For this reason, the separation between bars in the X 
and Y axes was parameterised with ‘VAR2’, while the 
distance between bars in the Z direction was con-
trolled by ‘VAR2+VAR3’, with ‘VAR3’ being the 
same addition value for the separation between bars in 
the vertical direction. ‘VAR1’ was again the side of 
the square bars in the horizontal projection. The limits 
of the design variables were the same as in cell 2 
(Table 2). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

2.3.4  Cell 4 (two cross bars in transversal direction 
and one cross bar in longitudinal direction) 

In this case, only one cross bar was allocated in 
the longitudinal direction, while in the transversal 
direction the two bars of cell 2 were kept (Fig. 12). 

Fig. 13 shows the result of applying this cell pattern. 
The design variables and limits were the same as in 
cells 2 and 3 (Table 2). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

2.3.5  Cell 5 (one cross bar in each transversal and 
longitudinal direction and horizontal bars) 

The fifth type of cellular structure was defined 
keeping only two cross bars from the proposal of cell 
2, one in each longitudinal and transverse plane. The 
bars kept were the ones with direction from the zone 
of load application to the external faces of the part. 
Moreover, one horizontal bar was added in the joint 
between the two cross bars (Fig. 14). The parameter-
isation and design variables were the same as in the 
previous case (cell 4). The side of the horizontal bars 
in the Z direction was always 0.5 mm, while the side 
in the Y direction was the same as for the inclined bars 
(VAR1). The limits of the design variables were the 
same as in cells 2–4 (Table 2). Fig. 15 shows the 
geometry obtained with this cell. 

2.3.6  Cell 6 (one cross bar in each transversal and 
longitudinal direction and vertical bars) 

The last type of cellular structure was the same 
as in the previous case, but replacing the horizontal 

Fig. 10  Cell 3 (two cross bars in the longitudinal direction 
and one cross bar in the transversal direction) 

Fig. 11  Sample model with internal structure according 
to cell 3 

Fig. 13  Sample model with internal structure according 
to cell 4 

Fig. 12  Cell 4 (two cross bars in the transversal direction 
and one cross bar in the longitudinal direction) 
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bar by a vertical one (Fig. 16). Fig. 17 shows the final 
geometry. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The design variables and parameterisation 

(Fig. 16) were the same as in the previous case (cell 5). 

The side of the vertical bars was also defined by 
‘VAR1’. The limits of the design variables were the 
same as those used in cells 2–5 (Table 2). 

2.4  Optimisation 

2.4.1  Optimisation method 

The new optimisation method consists of three 
main stages. First of all, a design of experiments 
(DOE) is applied. This stage consists of selecting a set 
of sampling points of the domain to be evaluated by 
FE simulations in order to gather information about 
the behaviour of the part (vertical displacement of the 
punch and mass) according to the changes of the 
design variables. This stage first evaluates three 
points (design with the minimum, average, and 
maximum values of the variables, respectively) and 
afterwards uses two different genetic algorithms 
(GAs): a GA with binary coding to select n corners (n 
is the number of design variables), and subsequently 
another GA with ternary coding to add n more points 
in the middle of the edges. The binary and ternary 
codes allow using two and three levels for each design 
variable, respectively. GAs were used to maximize 
the distance between the selected sampling point and 
the previous points already added (to distribute the 
points all over the search domain). Hermite interpo-
lation was also used to add new sampling points try-
ing to approach the feasible/unfeasible border along 
one edge of the search domain. 

After the initial DOE, the second stage is carried 
out. This consists of creating a surrogate model based 
on Kriging with linear and exponential regression and 
correlation models, respectively. All the sampling 
points from the previous stage (DOE) are used to 
create the Kriging metamodel. The aim of this met-
amodel is to evaluate the fitness function during the 
evolution of the GAs employed so as to search the 
optimal design without carrying out FE simulations 
thus reducing the computational time. The GA is 
repeated several times. For each run, the best design 
achieved is simulated by FEM and the results are 
added in the database to update the metamodel. Some 
penalization strategies are applied in the first n itera-
tions to lead to new sampling points spread along the 
feasible/unfeasible border (location of the optimum), 
thus improving the metamodel accuracy in the rele-
vant areas of the search domain. This stage also in-
cludes a final refinement loop so that more sampling 

Fig. 14  Cell 5 (one cross bar in each transversal and lon-
gitudinal direction and horizontal bars) 

Fig. 15  Sample model with internal structure according to 
cell 5  

Fig. 16  Cell 6 (one cross bar in each transversal and lon-
gitudinal direction and vertical bars) 

Fig. 17  Sample model with internal structure according 
to cell 6 
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points are added until the metamodel achieves a cer-
tain level of accuracy against the predictions (5% 
error is allowed between the metamodel estimations 
and the simulation results). 

Once the metamodel reaches the required accu-
racy, a final optimisation is carried out. This last stage 
uses a standard GA to find the optimal design, sup-
ported again by the predictions of the Kriging meta-
model created with all the available data gathered in 
the previous stages. The optimal design obtained by 
the GA is simulated. If the results show that this de-
sign is better than the best design obtained in the 
previous stages, it will be the final optimum design. 
Otherwise, the Kriging is updated with the last point 
simulated and the GA is run again. This is repeated in 
a loop until the best design from previous stages is 
improved. 

This methodology was implemented and applied, 
but some limitations were found. As mentioned in 
Section 2.3, the maximum distance of the horizontal 
hanging structures was established at 2 mm to guar-
antee manufacturability. This leads to the definition 
of small internal structures that increase the CPU time 
of the geometry updating, increase the probability of 
geometry errors (zero thickness walls), and also cause 
more mesh problems. Therefore, the initial optimisa-
tion strategy was modified to resolve those problems. 

1. The first three points evaluated during the 
DOE were suppressed to avoid singular geometries 
that could cause zero thickness error during the op-
timisation process. 

2. The Latin Hypercube DOE was applied in-
stead of using a two-phase GA to determine the loca-
tion of the sampling points. Latin Hypercube pro-
poses random designs but by exploring all the areas of 
the domain and adding only one sample in each row 
and each column of the domain. The main difference 
is that the previous DOE added sampling points in the 
corners or middle points of the search domain (three 
levels for each variable: minimum, medium, and 
maximum values), leading to singular geometries 
with a higher probability of causing zero thickness 
errors. Latin Hypercube DOE works with random 
values that will not produce these singular geometries. 
This new DOE was implemented using a Matlab 
function (MathWorks, 2015) and maximising the 
minimum distance between points to explore all the 
zones of the search domain. 

3. The Kriging metamodel was modified to use 
different regression models (Lophaven et al., 2002a, 
2002b) depending on the amount of data available. In 
the previous version, the regression model was al-
ways a one-order polynomial, while in this case, the 
program tries first to generate the metamodel using a 
two-order regression model. If the number of sampling 
points or distribution is poor, the algorithm automat-
ically reduces the order of the polynomial until the 
metamodel is generated. This allows use of the best 
regression model according to the data available. 

4. Since SLM requires small structures to avoid 
hanging geometries, very small details such as hol-
lows can appear during the optimisation process 
(Fig. 18), and lead to mesh problems. To solve this 
limitation, a mesh refinement loop was implemented 
using two different types of mesher tools available in 
the CAD/FEM software. Initially, only the curvature- 
based mesher was used. This mesher automatically 
refines the mesh elements depending on the geometry. 
For this reason, it is the most robust mesher as it can 
successfully discretise many different designs with 
the same mesh parameters. However, the standard 
mesher includes a tolerance parameter that simplifies 
the mesh when there are geometric details smaller 
than the tolerance value. Therefore, when singular 
geometries are generated during the optimisation 
process, the curvature-based mesher may fail, while 
the standard mesher merges the nodes of the detail 
and successfully meshes the part. For this reason, the 
refinement of the mesh was modified. If the curvature- 
based mesher fails, the program tries it with the 
standard mesher and, if that also fails, the element 
size is reduced 10% and the cycle starts again. If the 
error continues, this refinement is repeated three 
times in a loop. If the geometry is not meshed after 
these three iterations, the optimisation program stops 
(Fig. 19). This strategy allows a more robust optimi-
sation as it can resolve mesh problems generated 
during the optimisation. 

Fig. 20 summarises the general strategy of the 
optimisation program. 

2.4.2  Results of the parametric optimisation 

The six cell type geometries were optimized 
using the new parametric optimisation method  
described in the previous section. In order to take  
into account the stochastic characteristics of the  
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optimisation method, each case was optimised five 
times to obtain a mean value of the different results 
(30 optimisation runs). The mean value of the mass 
and optimisation time were calculated from the 30 
optimums obtained. These average values were used 
as reference values. Subsequently, the average values 
of mass and optimisation time for each cell type were 
evaluated and represented in terms of variation 
compared with these reference values (Fig. 21).  

According to the results observed in Fig. 21, 
cells 1–3 achieve the best results in terms of weight 
reduction. Cell 3 obtains the best result, reducing the 
mass 8% compared with the reference value. How-
ever, cells 1 and 2 achieve similar results in mass (5% 
and 6% of weight reduction, respectively) but with a 
much lower optimisation time (51% and 30% of time 

reduction, respectively, against 37% of increasing 
time for cell 3). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Among the five different optimums obtained for 

each one of the cellular geometries, the best one in 

Fig. 20  Flow chart overview of the optimisation strategy 

Phase 1 DOE
Latin Hypercube

n points added and simulated

Surrogate model
Kriging metamodel creation/update

Regression model order: 2–0 depending on available data 

n+1 points simulated in phase 2?

No

Yes

GA
Fitness function evaluation with the metamodel predictions

Proximity penalty applied in the first n iterations (phase 2)

Optimum design
Simulation of the optimum design

Estimation error<5%
(metamodel vs. simulations)?

Yes

No

Surrogate model
Kriging metamodel creation/update

Regression model order: 2–0 depending on available data 

GA
Fitness function evaluation with the metamodel predictions

Optimum design
Simulation of the optimum design

Best design according to FE simulations?

No

Final optimum design

Yes

Phase 2

Phase 3

Fig. 19  Flow chart of the mesh refinement implemented 
in the optimisation program 

Fig. 18  Small geometry detail of a part (inside the white 
circle) 

Fig. 21  Variations of mean values of the mass of the op-
timums and the optimisation time for each cellular ge-
ometry compared with the reference values 
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terms of weight was selected. Table 3 shows the de-
sign variables and relative mass (variation of the mass 
compared with the reference value) of the optimum 
selected for each cell typology. 

 
 
 
 
 
 
 
 
 
 
 
 
As the FEM analyses were carried out using 

double symmetry, the selected geometries were 
adapted again to the initial dimensions by applying 
mirror features. Additionally, 2 mm of support 
structure was applied in the base of the selected ge-
ometries to have enough space to cut and separate the 
parts from the manufacturing platform. Fig. 22 shows 
the six final geometries and Fig. 23 the sectional 
views. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

2.5  Reinforced cellular structure and optimisation 

Apart from the six geometries shown in Fig. 22, 
another geometry was proposed to apply the concept 
of cellular structure and reinforcement. As cell 1 
achieved the best combination of weight reduction 
and optimisation time, this cellular structure was 
selected and three reinforcement zones were added in 
the most stressed areas, which are the contact zones of 

the support and punch tool, including also the lower 
zone under load. Nine design variables were defined 
in the reinforced geometry (Fig. 24), the same three as 
in cell 1 and six more described as follows: 

VAR1: side of the square bars (0.5–1.5 mm). 
VAR2: distance between bars in the X and Y 

directions (1–2 mm). 
VAR3: distance between bars in the Z direction 

(1–3 mm). 
VAR4: height of the upper reinforcement (0.5– 

4 mm). 
VAR5: angle of the upper reinforcement from 

the horizontal (45°–80°). 
VAR6: height of the lower reinforcement (0.5– 

4 mm). 
VAR7: length of the lower reinforcement (0.5– 

8 mm). 
VAR8: length of the reinforcement in the sup-

port zone (1–8 mm). 
VAR9: height of the reinforcement in the sup-

port zone (0.5–4 mm). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 3  Design variables and relative mass of the opti-
mum design selected for each cell type 

Cell 
type 

VAR1 
(mm) 

VAR2 
(mm) 

VAR3 
(mm) 

Relative 
mass (%) 

Cell 1 1.24 2.00 1.85 −5.16 

Cell 2 1.50 1.49 0.46 −5.46 

Cell 3 0.92 1.48 0.00 −8.06 

Cell 4 1.17 1.34 0.00 14.49 

Cell 5 0.66 1.00 0.00 −2.52 

Cell 6 1.16 1.39 0.00   6.70 

Fig. 22  Final geometries to be manufactured (best opti-
mum of each cell type) 

Fig. 24  Design variables of the reinforced cellular geom-
etry (cell 1 reinforced) 

Fig. 23  Sectional views of the geometries selected 
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This reinforced geometry was optimised five 
times and the average variations of mass and opti-
misation time (compared with the reference values) 
are represented in Fig. 25. 

 
 
 
 
 
 
 
 
 
 
 
 
 
The reinforced geometry achieves the highest 

reduction of weight (15%). Regarding the optimisa-
tion time, it was much higher than for cell 1 because 
of the greater number of design variables. However, 
it is even lower than the optimisation times of cell 3 
(37%), cell 4 (34%), and cell 5 (42%). 

Among the five optimums achieved, the best 
one in terms of mass was selected for manufacture. 
Table 4 shows the dimensions of the design variables 
and Fig. 26 the longitudinal section of the final ge-
ometry with 2 mm of support in the base. 

 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 

2.6  Manufacturing of the parts and mechanical 
tests 

The geometries selected in the previous section 
(cells 1–6 and the reinforced geometry) were saved  
as STL and located-oriented in the manufacturing 
platform using the Phenix Processing 3.3.6 software 
(Fig. 27). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The layer thickness was 30 μm, the total number 

of layers was 400 and the power of the laser was 
300 W. The material used was Ti6Al4V and the SLM 
machine was a Phenix ProX200. The manufacturing 
process lasted 375.3 min. Once the build platform 
was cleaned and removed from the machine, the parts 
were cleaned in an ultrasonic bath to remove internal 
powder. The parts were then separated from the build 
platform using wire-cut electrical discharge ma-
chining. Fig. 28 shows the parts obtained. The fin-
ishing of the ends of the cell 6 part was not good 
because the first layer of these bars had no solid 
support or connection with the rest of the part. 
Therefore, it is deduced that the roller may have 
displaced the first layer of the bar during the powder 
loading. 

The samples were ground to remove the support 
material placed under the base of the samples. Sub-
sequently, the samples were measured at three dif-
ferent points (the ends and the middle point) to de-
termine the real height and width. Three measure-
ments were taken from each sample and dimension to 
obtain the average values. The parts were also 
weighed (Table 5). 

Table 4  Design variables and relative mass of the opti-
mum design selected of the cell 1 reinforced geometry 

Parameter Value Parameter Value

VAR1 (mm) 0.5 VAR6 (mm) 4 

VAR2 (mm) 1 VAR7 (mm) 8 

VAR3 (mm) 1.3 VAR8 (mm) 8 

VAR4 (mm) 4 VAR9 (mm) 0.5 

VAR5 (°) 45 Relative mass (%) −14.26

Fig. 27  Location of the seven parts in the manufacturing 
platform (Phenix Processing 3.3.6 software) 

Fig. 25  Variations of the mass and optimisation time 
averages of each cellular geometry compared with the 
reference values 

Fig. 26  Section view of the final reinforced geometry (cell 
1 reinforced) 
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Subsequently, the samples were tested under 
flexural load in a PB2 MicroTest machine (three- 
point bending flexural test). The speed of the load 
application was 5 mm/min and the separation be-
tween supports 60 mm (the same distance as used in 
the simulations) (Fig. 29). The frequency of data 
registration was 50 Hz. 

 
 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3  Results 
 

A linear regression of the force-displacement 
curve was carried out to obtain the stiffness of each 
sample (slope of the linear equation). The results 
obtained are summarised in Table 6. 

Fig. 30 shows the deviation of specific stiffness 
of each design compared with the reference value. 
The reference value is the mean value of all the sam-
ples except cell 1 reinforced. Both the real and sim-
ulated results are depicted. 

The differences between the real and simulated 
specific stiffnesses in Fig. 30 were calculated, as 
shown in Fig. 31. The positive values represent the  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 5  Dimensions and mass of the parts (theoretical 
dimensions are 10 mm×10 mm in height and width) 

Sample 
Average 

height (mm) 
Average 

width (mm) 
Mass (g)

Cell 1 10.264 10.323 18.492 

Cell 2 10.241 10.302 17.853 

Cell 3 10.353 10.289 19.698 

Cell 4 10.304 10.289 22.460 

Cell 5 10.292 10.287 21.345 

Cell 6 10.345 10.323 21.241 
Cell 1 

reinforced 
10.305 10.326 19.155 

Table 6  Stiffnesses of the samples 

Sample Stiffness (N/mm) 

Cell 1 5261.5 

Cell 2 5560.3 

Cell 3 5937.8 

Cell 4 5599.7 

Cell 5 5934.7 

Cell 6 5949.2 

Cell 1 reinforced 5685.4 

Fig. 29  Flexural test 
Fig. 31  Differences between the real and simulated spe-
cific stiffnesses compared with the average value 

Fig. 30  Specific stiffness deviation compared with the 
average value (real and simulated values) 

Fig. 28  Cell 1 (a), cell 2 (b), cell 3 (c), cell 4 (d), cell 5 (e), 
cell 6 (f), and cell 1 reinforced (g) parts 



Paz et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng)   2019 20(2):117-132 129

cases in which the experimental specific stiffness 
exceeds the simulated estimation. The negative val-
ues appear when the real specific stiffness is lower 
than the simulated one. 

 
 

4  Discussion 
 
According to the results, the best in terms of 

specific stiffness was obtained for “cell 1 reinforced”, 
as was expected from the simulations. However, 
some variance was found between the expected re-
sults obtained through FE simulations and the real 
results (Fig. 31). These differences may be caused by 
manufacturing imperfections related to the SLM 
process and to the wire-cut electrical discharge ma-
chining (samples with different heights despite the 
subsequent grinding). According to Labeas and 
Sunaric (2010), the accuracy of the FE model is 
highly dependent on the strut geometrical character-
istics and especially the cross-sectional radius of the 
final part. Therefore, the exact correlation between 
simulated and real results in 3D printed parts is dif-
ficult to achieve. 

Through a deeper analysis of Fig. 31, it can be 
observed that the simulations overestimated the re-
sults mainly for cell 1, cell 5, and cell 1 reinforced. 
These samples were precisely the ones with hori-
zontal bars in the cell pattern (horizontal hanging 
structures), which means that the loss of mechanical 
properties compared with the simulations may be 
caused by the more difficult manufacturing condi-
tions associated with horizontal hanging structures. 
The first layer of each horizontal bar is sintered 
without a complete solid base in the hanging areas. 
Therefore, the laser may displace the powder in the 
hanging areas of this layer (Fig. 32) during the sin-
tering, leading to reduced mechanical properties. As 
depicted in Fig. 31, “cell 1 reinforced” is the part 
with the highest loss of stiffness compared with the 
simulation results. This part is also the one with the 
highest number of areas without solid support be-
neath. On the other hand, “cell 5” and “cell 1” have a 
similar area of horizontal bars without solid support 
beneath, and that is the reason why the loss of stiff-
ness compared with the FEM results is similar be-
tween them. 

To evaluate whether there is a correlation be-
tween the area of horizontal bars without solid sup-
port beneath and the loss of specific stiffness com-
pared with the simulation results, this area was cal-
culated for the parts of cell 1, cell 5, and cell 1 rein-
forced. In order to compare these values with Fig. 31, 
a reference area was calculated to evaluate the per-
centage of hanging areas compared to it. Therefore, 
this reference value was adjusted to obtain 13.2% in 
the case of cell 1 reinforced. By using this reference, 
the percentages of cell 1 and cell 5 were also assessed 
and depicted in Fig. 33. It can be noted that there is 
correlation between the loss of specific stiffness 
(difference between simulations and experimental 
results) and the number of horizontal hanging areas. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The accuracy of the actual fabricated work with 

respect to the original CAD design parts was not 
considered in this study. This difference is difficult to 

Fig. 33  Correlation of the loss of specific stiffness with the 
horizontal hanging areas  

Fig. 32  Layer without solid support beneath

First layer of horizontal bars 

Plan view of the layer 

Darker areas are 
hanging zones 

Lighter areas are zones with  
solid support beneath 
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control as it depends on many factors such as the 
geometry itself, the accuracy of the STL file (Ca-
lignano, 2018), the laser power, the powder quality, 
and the machine accuracy. The difference between 
the initial CAD model and the STL file can be easily 
reduced by replacing the STL file by the additive 
manufacturing file (AMF, more accurate definition). 
Regarding the process parameters, Sing et al. (2018) 
proposed some polynomial equations for estimating 
the actual fabricated strut dimensions depending on 
the laser power, scanning speed, and layer thickness. 
Although the mathematical models were calculated 
for a unique strut geometry and material, the same 
procedure could be applied to extend the study and 
obtain some global mathematical expressions that 
could be implemented by this methodology. These 
equations could be introduced in the equation man-
ager and be applied to calculate the actual dimensions 
of the strut depending on the selected manufacturing 
parameters and the theoretical design value. In future 
work, compensation strategies (Bagheri et al., 2017) 
could be also implemented to reduce the mismatch 
between the initial CAD model and the final manu-
factured part, and thus reduce the difference between 
the simulated and experimental results. 

 
 

5  Conclusions 
 
This study presents a new optimisation algo-

rithm that has been developed for the lightweight 
parametric optimisation of SLM parts. The method-
ology has been tested to optimise six different types 
of cell structures and it overcomes the limitations 
described in Section 2.4.1. 

From the study of the different cell typologies it 
can be concluded that the cubic cell pattern has some 
advantages in terms of CAD definition, parameteri-
sation, and optimisation time. The simplicity of the 
geometry reduces the design and preconditioning 
time. Moreover, the updating of the geometry during 
the optimisation is also much faster compared with 
other cell structures. On the other hand, the quality of 
the optimums reached with cubic cells is close to the 
best designs achieved with other more complex cells. 
However, cubic cell structures have horizontal bars 
without solid support material beneath (hanging 

structures). This causes a loss of mechanical proper-
ties compared with the estimates of the finite element 
analysis. 

The combination of cubic cellular structures 
with user-defined and parameterised reinforcements 
allows the achievement of more efficient designs 
(higher specific stiffness) but it also involves longer 
optimisation time derived from the use of more design 
variables. 

This methodology can be applied in several 
sectors, especially in those where the SLM technol-
ogy has a high potential. Among them, tissue engi-
neering is considered a promising field because cel-
lular structures are needed to promote the cell prolif-
eration and tissue regeneration. In that sense, this 
approach could be also adapted and extended to other 
AM technologies (or even combined with innovative 
materials) to find new solutions for the medical sector, 
such as improved scaffolds for osteoarthritis (Monzón, 
2018). 
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中文概要 
 

题 目：通过新型轻量化参数优化方法比较激光选区熔化

部件设计的不同细胞结构 

目 的：1. 提出一种在外型不变的部件内模拟不同细胞结

构的方法；2. 发展激光选区熔化（SLM）部件轻

量化参数设计的新方法；3. 利用这一方案实现优

化设计并比较不同细胞结构的质量。 
创新点：1. 提出基于拉丁超立方实验设计、遗传算法、克

里金元模型和有限元方法的轻量化优化方案；

2. 该方法可通过较少的采样获得良好的结果并

能克服几何奇点（内部网格细化算法）的问题。 

方 法：1. 进行内部细胞结构的生成和参数化；2. 根据输

入数据（设计变量和约束条件等）采用拉丁超立

方实验设计模拟所选样本；3. 利用先前的数据创

建克里金元模型并利用预测的元模型来计算遗

传算法演化过程中的适应函数；4. 将模拟实现的

优化结果添加到数据中更新元模型，并通过数次

重复迭代提高元模型的准确度直至误差小于

5%；5. 将这一概念应用于不同的几何结构，然后

通过 SLM 加工制造优化后的几何结构，并在弯

曲载荷下进行测试。 

结 论：1. 该优化算法通过适当的参数化克服了 SLM 技

术的相关限制，可适用于 SLM 部件的优化；2. 立

方单元格在计算机辅助设计定义、参数化和时间

优化等方面有一些优势，但和有限元分析的估计

结果相比，其存在的缺乏坚实支撑的水平条（悬

挂结构）会造成机械性能损失；3. 将立方单元结

构与用户自定义的参数化增强相结合可以得到

更有效的设计结果（更高的比刚度），但更多的

设计变量也延长了所需要的优化时间。 

关键词：参数优化；细胞结构；激光选区熔化；有限元分

析；实验设计；精细化 

 
 


