
Vol.:(0123456789)1 3

Structural and Multidisciplinary Optimization (2023) 66:213 
https://doi.org/10.1007/s00158-023-03667-w

RESEARCH PAPER

Simultaneous optimization of topology and process parameters 
for laser‑powder bed fusion additive manufacturing

İstemihan Gökdağ1,2  · Erdem Acar2

Received: 24 April 2023 / Revised: 31 July 2023 / Accepted: 29 August 2023 / Published online: 15 September 2023 
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2023

Abstract
Additive manufacturing (AM) technology is used in sectors such as automotive and aerospace, due to its advantages in 
producing complex and lightweight structures. However, it is necessary to reduce the total manufacturing costs for AM 
technology to become widespread. The topology optimization (TO) studies in the literature typically optimize only the 
design without taking into account the manufacturing phase or sequentially optimize the topology first and then the process 
parameters. On the other hand, simultaneous optimization of topology together with process parameters provides more effi-
cient and less costly solutions. This paper describes a strategy for simultaneous optimization of topology along with process 
parameters of the laser-powder bed fusion (L-PBF) process. The topology, laser power, scanning speed, energy density, and 
yield strength are controlled by integrating the overall process–property–structure–performance relationship of the L-PBF 
process into the optimization. The proposed simultaneous optimization method aims to minimize the total cost function 
including material, manufacturing, and energy costs. Moreover, the constraint functions of the optimization include the 
volume fraction, the strength of the structure, and the energy density calculated according to the process parameters. The 
proposed method is successfully applied to three different design problems as cantilever beam, MBB beam, and L bracket, 
respectively. The results of different TO methods including conventional TO (compliance minimization), structural TO 
(similar to stress-constrained TO), and sequential process parameters and topology optimization are compared with the 
results of the proposed method. It is found that the proposed method provided the minimum cost results, and the obtained 
designs met the structural requirements.

Keywords Additive manufacturing · Simultaneous optimization · Topology optimization · Process parameters 
optimization · Cost minimization · Laser-powder bed fusion

1 Introduction

Additive manufacturing (AM) is a production method that 
generates 3D objects by adding material layer by layer (Gib-
son et al. 2010). AM is a more convenient method to produce 
complex structures, as it does not require additional cost and 
tools compared to conventional methods (Nazir and Jeng 
2020). Additionally, since Bendsøe and Kikuchi’s (1988) 

pioneering work, the topology optimization (TO) method, 
which optimizes the material distribution of the structure, 
has been widely preferred in the design stage. AM method 
also offers the ability to significantly increase fuel efficiency 
in many industries such as aviation (Boursier Niutta et al. 
2022), space (Willner et al. 2020) and automobile (Groß-
mann et al. 2020) by enabling the manufacture of light-
weight parts that meet performance requirements and are 
designed with TO methods.

The structures designed by TO are not always convenient 
to metal AM due to various reasons such as manufactur-
ing parameters, geometric accuracy, building direction, and 
anisotropy (Meng et al. 2020). Therefore, many researchers 
have studied to improve production quality and related costs 
by integrating constraints into TO (Liu et al. 2023). Since the 
metal AM produces the parts by melting the material, ther-
mal issues affect the quality of the manufacturing (Craeghs 
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et al. 2012). Distortion of the structure was integrated as a 
constraint into TO method to improve geometric accuracy 
by coupling manufacturing simulation and TO (Misiun et al. 
2021). A thermal constraint was integrated into TO method 
to control overheating during manufacturing (Ranjan et al. 
2023). Moreover, supporting and overhang constraints were 
integrated into TO (Wang et al. 2018; Zhang and Cheng 
2020).

Build orientation, support structures, and residual stress 
are other key factors that affect manufacturing quality and 
cost (Cheng et al. 2019). Building direction and topology 
were simultaneously optimized to get more printable designs 
(Chen et al. 2022). The effects of the building direction on 
fatigue behavior were integrated into TO method to be opti-
mized simultaneously (Olesen et al. 2021). Additionally, 
since residual stress is one of the major issues in the laser-
powder bed fusion (L-PBF) process, residual stress was inte-
grated into TO to reduce deformation and defects (Allaire 
and Jakabčin 2018; Chen et al. 2020).

Process parameters of AM method affect the microstruc-
ture, mechanical properties, and performance of the manu-
factured structure (Read et al. 2015; Liverani et al. 2017). 
The relationship of the process parameters and performance 
was investigated to consider the effects of manufacturing 
parameters on defects and the mechanical performance of 
the additively manufactured parts by mapping the process 
parameters on the mechanical properties (Narra et al. 2023). 
The developed relationships were used in the simultaneous 
optimization of topology and process parameters to improve 
structural stiffness (Li et al. 2021, 2023). Many studies in 
the literature have focused on the mechanical performance 
of process parameters of AM and its application to TO meth-
ods (Liu et al. 2018). However, some of the most preventing 
issues to AM technology being widely used in industry are 
manufacturing costs, manufacturing quality, and material 
uncertainty (Gao et al. 2015). Build time was integrated into 
TO method by considering support structures to control man-
ufacturing costs (Liu et al. 2019; Sabiston and Kim 2020) and 
developing process-based cost modeling (Ulu et al. 2019).

The current literature lacks a detailed description of the 
simultaneous optimization the topology along with the process 
parameters of the L-PBF to minimize manufacturing costs. 
The study aims to fill this gap by developing a simultaneous 
optimization method and applying it to various design prob-
lems. Scanning speed and laser power are selected as process 
parameters affecting manufacturing costs, and energy density 
value (one of the key factor affecting manufacturing quality 
and mechanical properties of the structure) is constrained dur-
ing optimization. This paper is organized as follows: the pro-
duction cost model, different TO methods (conventional TO, 
structural TO, and sequential process parameters and topol-
ogy optimization), constraint aggregation technique, and the 
proposed TO method (simultaneous process parameters and 

topology optimization) are described in Sect. 2. The appli-
cations of different existing TO methods and the proposed 
method to three different design problems such as cantilever 
beam, MBB beam, and L bracket are presented in Sect. 3. In 
addition, the comparison of different design solutions, total 
costs, and manufacturing time corresponding to different TO 
methods are discussed in Sect. 3. Finally, the conclusions 
drawn from this study are presented in Sect. 4.

2  Methodology

2.1  Production cost model

The production cost of a part to be produced by AM can be bro-
ken down into two main categories: (i) material-related costs 
and (ii) time-related costs. The material-related costs cover the 
amount of material required for the design and the rate of scrap-
ping the part when an error is encountered during production. 
The time-related costs cover the cost of the machine and the 
addition of maintenance costs to the pricing strategy, energy 
consumption and labor cost. Since the optimum values   of the 
design variables used in TO determine the design of the part, 
they affect both the material-related and the time-related costs. 
Since the optimum values   of the process parameters used dur-
ing production directly affect the production time, they affect 
time-related cost items (Thomas and Gilbert 2015). Compo-
nents of material-related costs are the material cost of the pro-
duced part and waste material cost, additionally, components of 
time-related costs are the cost of AM machine, the cost of labor, 
and the cost of energy to be used. Finally, the derived cost func-
tion used in this study is specified in Eq. (1) (Ulu et al. 2019).

where R is the reject rate, Cmaterial is the material-related 
cost, Ctime is the time-related cost, Cmat,part is the material 
cost of manufactured part, Cmat,waste is the waste material 
cost, Ctime,machine is the AM machine cost, Ctime,labor is the 
total labor cost for the produced part, Ctime,energy is the cost 
of energy, v is the total volume of the structure, t is the total 
manufacturing time, Pi is the laser power of the  ith element, 
lx, ly, lz are dimensions of the hexahedral finite element, �i is 
the artificial density value of the  ith element, h is the hatch 
distance, Ni is the number of passes to the in-layer area of the 
 ith element (cover unit distance in the x-direction), Vi is the 
scanning speed of the  ith element, and t0 is the pre-processing 

(1)
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time before manufacturing. Additionally, the coefficients to 
model AM machine and formulations are given in Table 1.

The laser is traveled on the xy-plane during manufactur-
ing, and the z-axis is determined as the build direction (see 
Fig. 1). According to this manufacturing scheme, the number 
of passes for fully melting to unit distance in the x-direction 
is calculated by Eq. (2), and half overlap is assumed between 
two melt pools.

where W  is the melt pool width and G
(

�i
)

 is the logistic 
function to adjust the number of passes of void elements. 
Melt pool width is a function of process parameters and 
it can be derived from the Rosenthal equation as given in 
Eq. (3) (Tang et al. 2017). Additionally, the logistic function 

(2)Ni = 1 + G
(

�i
)

(

2lx

Wi

− 1

)

,

that sets the number of passes equal to 1 for void elements 
is calculated by Eq. (4) (Ulu et al. 2019).

where d is the material density, Tm is the melting tempera-
ture, T0 is the temperature far from the melt pool, α is the 
absorption ratio, P is the laser power, and V  is the scanning 
speed. K is the coefficient of the logistic function to provide 
a smooth approximation.

The building time of additively manufactured structures 
is calculated as follows:

The effects of artificial density, laser power, and scanning 
speed on the cost function and its sub-cost items are demon-
strated in Fig. 2. Building time and production cost increase in 
the range of 0–0.18 of artificial density because of the logistic 
function. After this range, the production cost does not change 
even if the artificial density increases, only the material cost 
goes up linearly (see Fig. 2a). On the other hand, AM process 
parameters (laser power and scanning speed) are inversely 
proportional to the production cost as given in Fig. 2b and c. 
It is seen that the ratio of the production cost and total cost 
decreases with higher laser power or scanning speed. The arti-
ficial densities are taken as 1 while calculating total costs with 
respect to laser power and scanning speed.

2.2  Conventional topology optimization (CTO)

In the CTO problem, the optimum design variables con-
strained by the volume function are calculated using compli-
ance, which is the total strain energy of the structure, as the 
objective function. The CTO formulation is given in Eq. (6).

where � is the artificial density vector, C(�) is the compli-
ance of the structure, u is the displacement vector, K(�) 
global stiffness matrix, f  is the external force vector, vi is 
the volume of i.th element, and V  is the targeted volume 

(3)W ≈

√

8

�e

�P

dCpV(Tm − T0)
,

(4)G
(

�i
)

=
1

1 + e(−K(�i−�0))
,
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(6)

Find � =
[

�1, .., �N
]T

Minimize C(�) = uTK(�)u

Subject to K(�)u = f

v(�) =

N
∑

i=1

�ivi − V ≤ 0

0 ≤ �i ≤ 1

,

Table 1  AM machine coefficients and formulations (Ulu et al. 2019)

cm is the material unit cost, d is the material density, � is the scrap 
rate, ci is the investment cost, cl is the labor cost, L is the expected life 
of AM machine, H is the production time per year, ce is the electricity 
cost, V

env
 is the volume of the building envelope, and P0 is the laser 

power during pre-processing

Definition Formulation

A1 Material cost cmd(1 − �)

A2 Production cost ci+cmL

LH
+ cl

A3 Energy cost ce

A4 Scrap and pre-process energy 
cost

cmd�Venv + ceP0t

Fig. 1  Laser movement and manufacturing scheme
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value of the structure. The elastic modulus of each element 
is calculated using the modified SIMP method using the fol-
lowing equation (Sigmund 2007):

where Ei is the elastic modulus of each element, Emin is the 
minimum elastic modulus value used to prevent numerical 
singularities, p is the penalty factor, and E0 is the elastic 
modulus of the material used in the design.

2.3  Structural topology optimization (STO)

Since the maximum stress or minimum compliance (strain 
energy) should be constrained in engineering applications, a 
maximum allowable compliance constraint is integrated into 
STO formulation. The objective function is chosen as the total 
cost. Thus, both deformation and strain energy calculated at 
each iteration is constrained by the maximum allowable com-
pliance value and the total cost is minimized. Process param-
eters affect the maximum allowable compliance and they are 
taken as constant in STO.

(7)Ei(�) = Emin + �
p

i
(E0 − Emin),

where cmax
0

(�,P,V) is the maximum allowable compliance 
value of the structure, and it is calculated by Eq. (9) (Ulu 
et al. 2019):

where k is the safety factor ( k = Yi∕�i ), Yi is the vector of 
yield strengths which is a 6 × 1 size vector, and C0 is the 
unit constitutive matrix. The maximum allowable compli-
ance is the total strain energy value of the structure which 
is the deformation capacity under the loading conditions. 
The geometry and mechanical properties of the structure 
affect the strain energy capacity of the design. Von-Mises 
stress of the structure formed during the deformation is one 
of the parameters in the maximum allowable compliance 
function, and it is used in the calculation of the safety factor 
of the structure. According to the Von-Mises stress results, 

(8)
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]T

Minimize Cost(�)

Subject to K(�)u = f

N
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i=1

�ivi − V ≤ 0

C(�) − cmax
0

(�,P,V) ≤ 0

0 ≤ �i ≤ 1

,

(9)cmax
0

(�,P,V) =

N
∑

i=1

1

k2Ei

viY
T
i
(C−1

0
)
T
Yi,

Fig. 2  Effects of parameters on the cost function (a) artificial density, (b) laser power and (c) scanning speed
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the yield strength of each element is adjusted by changing 
design variables (artificial density, laser power, and scan-
ning speed). Thus, it is ensured that the designs remain in 
the safe zone in terms of structural performance by using 
safety factor parameter. The yield strengths of each element 
are calculated using the modified SIMP method similar to 
the elastic modulus (see Eq. (10)).

where Yi is the yield strength of each element, Ymin is the 
minimum yield strength value used to prevent numerical 
singularities, and �y is the yield strength of the material used 
in the design. Additionally, �y is defined as a function of pro-
cess parameters (Gökdağ and Acar 2023); thus, the vector 
of yield strengths becomes a function of process parameters 
(see Eq. (11)). This yield strength model was developed for 
L-PBF AlSi10Mg material. There are three strengthening 
mechanisms, which are Hall–Petch, Orowan and disloca-
tion hardening, determining the yield strength of AlSi10Mg.

where �0 is the resistance to dislocation motion, k is the 
strengthening coefficient, � is the material coefficient, G is 
the shear modulus, b is the Burger’s vector, vSi is the volume 
fraction of Si precipitates, � is the strengthening coefficient, 
M is the Taylor factor, and �d is the dislocation density.

2.4  Sequential Process Parameters and Topology 
Optimization (SePPTO)

The formulation to optimize process parameters used in the 
literature is stated by Eq. (12) (Ulu et al. 2019).

According to Eqs. (1) and (5), which are elements of the 
total cost function, it is understood that the building time, the 
production cost, and the total cost are reduced by increas-
ing the scanning speed. Thus, the objective function (total 
cost) can be improved directly at the higher scanning speed. 
In addition, the yield strength increases at higher scanning 
speeds, thereby relieving the maximum allowable compliance 

(10)Yi = Ymin + �
p

i
(�y − Ymin),

(11)
�y(�,�) = �0 + �H−P(P,�) + �Orowan(P,�) + �dislocation,

�0 +
k
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0.0067(
�Pi

Vi

)
0.788

+
�Gb

226.6(
�Pi

Vi

)
0.5445

(
6vSi

�
)
1∕3

+ �MGb
√

�d,

(12)

Find [�,�] =
[

P1, .., PN, V1, .., VN

]T

Minimize Cost(�, P,V)

Subject to K(�)u = f

C(�) − cmax
0

(�,P,V) ≤ 0

Pmin ≤ Pi ≤ Pmax

Vmin ≤ Vi ≤ Vmax

,

constraint. If the scanning speed increases, the cost function 
decreases and the compliance constraint is relieved. Therefore, 
this variable converges to its upper limit value since there is 
no other constraint that prevents the increase of the scanning 
speed. Consequently, the laser power becomes the only design 
variable to be optimized. According to the study that explored 
the effects of process parameters on microstructural and 
mechanical properties of AlSi10Mg manufactured by L-PBF 
(Gökdağ and Acar 2023), scanning speed has an impact on 
microstructure and mechanical properties. Therefore, it is not 
reasonable for the scanning speed to converge directly to its 
upper limit value without any limitation. To provide a remedy, 
the volumetric energy density (ED) parameter representing the 
energy input and affecting the mechanical properties of the 
structures is integrated into Eq. (12) as a constraint function 
and Eq. (13) is obtained.

where EDi is the volumetric energy density of each element, 
and it is calculated by Eq. (14). Since design variables are 
chosen as laser power and scanning speed, the other param-
eters such as hatch distance ( h ) and layer thickness ( t ) are 
taken as constant while calculating the energy density of 
each element.

Recall that in the STO problem, the process parameters are 
taken as constant while the artificial density values of the finite 
elements are taken as the design variables. In the SePPTO prob-
lem, the optimum artificial density values obtained as a result 
of STO are taken as constant (that is the optimum topology of 
the design and it is considered fixed), and the optimum values 
of the process parameters that leads to minimum total cost are 
calculated. Finally, the compliance and volumetric energy den-
sity functions are constrained in the SePPTO problem.

2.5  Calculation of ED constraint function using KS 
(Kreisselmeier–Steinhsauser) function

The ED constraint function is needed to be calculated for each 
finite element. In TO, the number of local constraint functions 
is equal to the number of design variables. Since the num-
ber of design variables is high in TO, both the calculation of 

(13)

Find [�,�] =
[

P1, .., PN, V1, .., VN

]T

Minimize Cost(�, P,V)

Subject to K(�)u = f

C(�) − cmax
0

(�,P,V) ≤ 0

EDmin ≤ EDi(P,V) ≤ EDmax

Pmin ≤ Pi ≤ Pmax

Vmin ≤ Vi ≤ Vmax

,

(14)EDi(P,V) =
Pi

Viht
.
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constraint functions and their derivatives make the optimiza-
tion solution inefficient (Luo et al. 2013). The most common 
method used to solve the problem of a large number of local 
constraint functions is to combine the constraints into a single 
global function. In the literature, KS function, P-norm, and 
P-mean methods are used as constraint aggregation methods 
(Kreisselmeier and Steinhauser 1979; Yang and Chen 1996; 
Duysinx and Sigmund 1998). In this study, the modified KS 
function with reduced numerical difficulties is used and cal-
culated by Eq. (15) (Martins and Poon 2005).

where gj is the calculated energy density functions, �KS is the 
aggregation parameter, and gmax is the maximum value of 
constraints. The derivative of the aggregated ED constraint 
function with respect to design variables is calculated as 
stated in Eq. (16) (Raspanti et al. 2000).

In this study, energy density constraints are aggregated 
using the modified KS function. Aggregated ED function and 
its derivatives are calculated by Eq. (17) and Eq. (18), respec-
tively. Since the ED constraint function has both lower and 
upper bounds, calculations are performed using a separate KS 
function for all bounds.

(15)KS
(

gj(x)
)

= gmax(x) +
1

�KS
ln
[

∑ng

j
e�KSgj(x)−gmax(x)

]

,
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(
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where g1max is the maximum value of the g1i function and g2max 
is the maximum value of the g2i function.

2.6  Simultaneous process parameters and topology 
optimization (SiPPTO)

It is advantageous to optimize the process parameters and 
topology simultaneously while finding the minimum value 
of the total cost. In AM process, the laser power and scan-
ning speed affect the microstructure and mechanical proper-
ties of the structure. The yield strength of L-PBF AlSi10Mg 
material decreases at low scanning speed and is inversely 
proportional to laser power (see Fig. 3a). Process mapping 
of L-PBF AlSi10Mg is given in Fig. 3b, and it is shown that 
the same energy density (constant P/V ratio) causes same 
microstructural properties and same yield strength value 
(Gökdağ and Acar 2023).

The formulation of the SiPPTO problem, which aims to 
find the optimum values of three design variable vectors 
(artificial density, laser power, and scanning speed for each 
element) simultaneously, is given in Eq. (19).

The procedure of the SiPPTO method is given in Fig. 4. 
According to the flowchart, firstly, the limits of the design 
variables, loading conditions, boundary conditions, and 
the properties of the material used in the design are deter-
mined. The value of the design variables (artificial density, 
scanning speed, and laser power) at the first iteration is 
estimated. The mechanical properties (elastic modulus and 
yield strength) of each finite element are calculated by the 
modified SIMP method using design variables. Finite ele-
ment analysis of the complete model is performed. As a 
result of the structural analysis, the value of the objective 
function (total cost) and the values   of the constraint func-
tions (volume, compliance, and energy density) are cal-
culated. The ED constraint is not imposed for each finite 
element, but it is used as a single global constraint func-
tion by integrating the KS function. Since the optimization 
is performed with a gradient-based optimization method, 

(19)

Find [�, P,V] =
[

�1, .., �N ,P1, ..,PN ,V1, ..,VN

]T

Minimize Cost(�, P,V)

Subject to K(�)u = f

N
∑

i=1

ρivi − V ≤ 0

C(�) − cmax
0

(�,P,V) ≤ 0

EDmin ≤ EDi(P,V) ≤ EDmax

0 ≤ �i ≤ 1

Pmin ≤ Pi ≤ Pmax

Vmin ≤ Vi ≤ Vmax

.
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the derivatives of the objective and constraint functions 
are calculated with respect to the design variables. Filter-
ing is performed separately for the three design variables 
(artificial density, laser power, scanning speed) within a 
certain filter radius to avoid large gradients between the 
adjacent elements. Thus, sharp transitions are prevented 
in terms of design (artificial density), scanning speed and 
laser power taking into account manufacturing limita-
tions while optimizing the design variables. The values 
and gradient information of the calculated functions are 
input to the optimizer. The optimizer outputs the design 
variable information for the next iteration. The iterative 
process continues until the objective function difference 
between the two iterations satisfies the optimization con-
vergence criterion. When the convergence criterion is met, 
the optimization is stopped and the result is accepted as 
optimum. As a result, using the SiPPTO method, optimum 
topology and process parameters (laser power and scan-
ning speed) are obtained simultaneously, which satisfies 
the requirements of weight, mechanical strength and pro-
ducible energy density.

The design variables, objective and constraint functions 
used in the topology optimization formulations discussed in 
this study are summarized in Table 2. CTO is the volume-
constrained minimum compliance problem and the process 
parameters used in the production of the structure are not 

included in CTO. In the STO problem, an optimum topology 
with minimum cost and constrained by maximum allowable 
compliance and volume constraints is calculated. In addition, 
the process parameters are taken as constant   in the STO prob-
lem. In the SePPTO problem, the optimum topology obtained 
with STO is added to the problem as input and optimum 
process parameters of the elements are calculated aiming for 
minimum cost, limited by the volumetric energy density and 
maximum allowable compliance constraints. Finally, in the 
SiPPTO problem, the minimum cost is objective and optimum 
artificial density and process parameters are obtained, which 
are constrained by volume, maximum allowable compliance, 
and volumetric energy density functions.

3  Numerical study

All design problems are solved using CTO, STO, SePPTO, 
and SiPPTO, respectively. MMA (Method of Moving 
Asymptotes) is used as the optimization algorithm (Svan-
berg 1987). The derivatives of the objective and constraint 
functions with respect to design variables are analytically 
calculated in this study to accelerate the MMA method, 
which is a gradient-based optimization method.

The structures are designed in CTO, STO, SePPTO, and 
SiPPTO using equations of (6), (8), (13) and (19), respec-
tively. In the CTO problem, the total cost is calculated to 

Fig. 3  Effects of process 
parameters on the yield strength 
of AlSi10Mg a) 3D plot and b) 
2D plot
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compare with other optimization solutions although it is not 
the objective function of this problem. While calculating 
the total cost, the scanning speed and laser power are taken 
as 1400 mm/s and 235 W, as in the case of the STO prob-
lem. These values are chosen to remain within the feasible 
region of the energy density constraint, used in SePPTO 

and SiPPTO. In SePPTO, the design obtained with STO 
is used to calculate optimum process parameters so as to 
minimize the total cost without changing the topology. In 
SiPPTO, the topology and process parameters of each finite 
element are simultaneously optimized. The developed yield 
strength formulation of L-PBF AlSi10Mg with respect to 

Fig. 4  Procedure of the SiPPTO method

Table 2  Comparison of different TO problems

Types of TO Predefined Input Design variables Objective function Constraint functions

Conventional topology  
optimization (CTO)

– Artificial density vector Compliance Volume

Structural topology  
optimization (STO)

Process parameters Artificial density vector Cost Volume, max. compliance

Sequential process parameters 
and topology optimization 
(SePPTO)

Optimum structural topol-
ogy (Artificial density 
vector)

Process parameters vector Cost Energy density, max. compliance

Simultaneous process param-
eters and topology  
optimization (SiPPTO)

– Artificial density vector, 
process parameters 
vector

Cost Volume, energy density, max. 
compliance
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laser power and scanning speed in the literature is used in 
the design problems. In addition, upper and lower bounds of 
process parameters and ED are chosen to ensure fully melted 

conditions of the additively manufactured parts (Gökdağ and 
Acar 2023). Finally, used ED constraint functions of the 
optimization problems are aggregated with the KS function 
and integrated into the problems.

3.1  Cantilever beam design

The volume fraction ( vf  ) is constrained with 0.4 for this 
problem. The design space of the cantilever beam is given 
in Fig. 5. The force is applied to all nodes of the free end 
of the beam while the left side of the design space is con-
strained at all DOFs (see Fig. 5a). Finally, the design space 
is discretized as 60, 20, and 4 finite elements of 1mm size in 
the x, y, and z axes, respectively (see Fig. 5b).

The obtained optimum designs given in Fig. 6 show that 
the CTO design is different from the other designs. The fact 
that the compliance constraint is not included in the problem 
is determined to be the reason for this difference. On the 
other hand, STO design and SiPPTO design are similar to 
each other, with an exception that there is one strut for sup-
port close to the point where the force applied in the design 
obtained with the STO method. The reason for the design 
change is thought to be concurrent integration of the gradi-
ents of the design variables as artificial density, laser power, Fig. 5  The cantilever beam design setup: a) design space, loading and 

BCs, b) discretization

Fig. 6  Optimum cantilever beam designs: a CTO, b STO (design used in SePPTO), c SiPPTO
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and scanning speed according to the objective and constraint 
functions in the SiPPTO problem.

The convergence tolerance is adjusted as 1E-03 for the 
total cost (objective function). According to Fig. 6, it is 
understood that single-node connections and the presence 
of gray elements can occur in the optimized designs. Finally, 
it is evaluated that these situations that should be avoided 
are the drawbacks of the SePPTO and SiPPTO methods, and 
it can be solved by decreasing the parameter of the conver-
gence tolerance.

The distributions of laser power and scanning speed, 
normalized Von-Mises stress, yields strength, and ED of 
the cantilever beam results solved by SePPTO and SiPPTO 
are presented in Table 3. The laser power and scanning 
speed distributions show that the connecting beams in the 
middle parts of the designs should be scanned with high 
laser power, whereas the elements in the regions where 
the loading and boundary conditions are applied require 
lower laser power for both SePPTO and SiPPTO designs. 
In contrast to the laser power distribution, scanning should 
be performed at high speeds on the outer frame elements 
of the structure and at lower speeds on the middle connect-
ing beams. These distributions of process parameters can 
be explained by stress and yield strength distributions. The 
finite elements exposed to high stress should have higher 
yield strength, and the relation of stress and strength is 
controlled by the compliance constraint function including 

the mechanical properties of the structure. The yield 
strength of the finite element is manipulated by process 
parameters and artificial density according to the distri-
bution of the normalized Von-Mises stresses. In earlier 
work, it was determined that the yield strength increases 
with the faster scanning speed and decreases with the more 
powerful laser (Gökdağ and Acar 2023). Therefore, it is 
observed that the elements exposed to high Von-Mises 
stresses are scanned with high speed and low laser power 
as a result of the optimization, as expected. Additionally, 
it was also presented that the yield strength is inversely 
proportional to the ED values (Gökdağ and Acar 2023). 
Finally, the low ED values of the elements with high Von-
Mises stress and high yield strength are explained by the 
ED–yield strength relationship.

The cantilever problem solved by SiPPTO method is 
converged in 129 iterations. The variation of the objective 
function, given in Fig. 7, shows that the total cost of the 
cantilever beam to be manufactured is decreased by 42.4%. 
In addition, it is considered that the reason for the increase in 
the total cost function between the  5th and the  13th iterations 
is a large number of design variables.

The normalized total strain energy, production time, 
and cost elements corresponding to the four different TO 
solutions are presented in Table 4 for the cantilever beam 
design problem. According to the strain energy results, CTO 
design has the lowest value since the compliance (total strain 

Table 3  Optimization results of the cantilever beam problem solved by SePPTO and SiPPTO methods
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energy) is the objective function to be minimized. STO 
design has the second lowest value, followed by SiPPTO and 
SePPTO solutions. For all solutions except CTO, designs 
are performed with a safety factor of 1.5. Thus, it is ensured 
that all structures remain on the safe side with calculating 
safety factor. Optimization of only the topology (with the 
fixed process parameters) and then the process parameters 
(with the design fixed) is not effective in terms of total strain 
energy. The reason why the total strain energy is relatively 
high in SePPTO and SiPPTO solutions is that these two 
methods do not use the same process parameters throughout 
the structure. Thus, they can change the process parameters 
to reduce the total production cost in places where the Von-
Mises stress value is low (less stiffness requirement). As a 
result, it is understood that the SiPPTO solution provides a 
design that meets the structural requirements with the low-
est cost.

The energy and material costs are very close for all TO 
solutions. Since the effect of the energy cost on the total cost 
is low, it does not play a significant role. The STO solution 
has a 10% smaller total cost compared to the CTO solution. 
According to the results obtained in the SePPTO problem, 
in which the optimum design obtained with STO is used, the 
total cost is reduced by 5% compared to the STO solution 

(14.9% total cost reduction compared to the CTO solution) 
through optimization of the process parameters.

In the SiPPTO solution, where both the artificial den-
sity and the process parameters are optimized simultane-
ously, the total cost is further reduced by 3% compared to 
the SePPTO solution. The total cost obtained by the SiPPTO 
method is reduced by 7.9% and 17.9% compared to the STO 
and CTO solutions, respectively. Therefore, it is understood 
that the SiPPTO method provides the mechanical strength 
requirements and least-cost result through concurrent opti-
mization of the design and manufacturing parameters, and it 
can be successfully applied to small-scale design problems.

3.2  MBB beam design

The volume fraction ( vf  ) is limited to 0.3 for this prob-
lem. The design space of the MBB beam is given in Fig. 8. 
Moreover, force is applied as a nodal force on the middle 
of the beam while the nodes in the corners at the bottom of 
the y-axis are constrained at all DOFs in y and z axes (see 
Fig. 8a). Finally, the design space is discretized as 60, 10, 
and 10 finite elements of 1mm size in the x, y, and z axes, 
respectively (see Fig. 8b).

Fig. 7  Optimization history of 
cantilever beam design problem 
solved by SiPPTO method

Table 4  Strain energy, 
production, and cost 
information of cantilever beam 
designs

CTO
[�]

STO
[� ] | P,V

SePPTO
[P,V  ] | �

SiPPTO
[�,P,V]

Normalized strain energy 0.859 0.885 1 0.956
Production time (h) 0.301 0.270 0.254 0.245
Material cost ($) 0.631 0.623 0.623 0.631
Production cost ($) 15.100 13.541 12.767 12.279
Energy cost ($) 0.002 0.002 0.002 0.002
Total cost ($) 15.737 14.170 13.395 12.915
Cost saving compared to CTO (%) - 10.0 14.9 17.9
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The obtained optimum MBB designs given in Fig. 9 show 
that the CTO design is different from the other designs. As 
noted earlier, the fact that the compliance constraint is not 
included in the problem is determined to be the reason for 
this difference. Moreover, STO and SiPPTO results are simi-
lar to each other, but the method of joining the struts in the 
middle region with the ceiling region is the major difference. 
In addition, it is determined that there are differences in the 
thickness of the struts.

The distributions of laser power and scanning speed, 
normalized Von-Mises stress, yields strength, and ED of 
the MBB beam results corresponding to the SePPTO and 
SiPPTO solutions are presented in Table 5. It is seen that 
the finite elements in the top and bottom regions of the 
beam require low laser power and high scanning speed for 
both SePPTO and SiPPTO solutions. In particular, since 
the elements in the region where the force is applied are 
exposed to higher stress, it is determined that the elements 
in that region should be scanned at higher scanning speed 
and lower laser power. In the SiPPTO solution, it is seen 
that the middle region of the beam is manufactured with 
higher laser power compared to the SePPTO solution. The 

reason for the difference can be attributed to the variations 
of the final designs and especially the middle region of the 
beams. Finally, it is concluded that yield strength and ED 
distributions are compatible based on Von-Mises stress 
distributions.

The normalized total strain energy, production time, and 
cost elements corresponding to the four different TO solu-
tions are presented in Table 6 for the MBB beam design 
problem. SePPTO design has the maximum normalized 
total strain energy value, followed by SiPPTO, STO, and 
CTO, respectively, as expected. It is seen that the energy 
and material costs are very close for all TO solutions. The 
STO solution has a 10.6% smaller total cost than the CTO 
solution. Since the objective function is the total cost in the 
STO problem, this decrease is expected behavior. Moreover, 
in the SePPTO problem, the optimum process parameters are 
calculated using the optimum design obtained from STO. 
According to the results of SePPTO, the total cost is reduced 
by 5.2% compared to STO (15.8% total cost reduction com-
pared to the CTO solution).

In the SiPPTO solution of the MBB beam design prob-
lem, the total cost is further reduced by approximately 5% 

Fig. 8  The MBB beam design 
setup: a design space, loading 
and BCs, b discretization
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compared to the SePPTO result due to the simultaneous 
optimization of the design variables. The total cost of the 
SiPPTO is reduced by 9.9% and 20.5% compared to the STO 
and CTO solutions, respectively. Finally, it is understood 

that the SiPPTO method, which has been shown to be appli-
cable to small-scale design problems with the cantilever 
beam problem, can be successfully applied to medium-size 
problems.

Fig. 9  Optimum MBB beam designs: a CTO, b STO (design used in SePPTO), c SiPPTO

Table 5  Optimization results of the MBB beam problem solved by SePPTO and SiPPTO methods
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3.3  L bracket design

The volume fraction ( vf  ) is constrained with 0.4 for this 
problem. The design space of the L bracket is given in 
Fig. 10. The force is applied to the  4th,  5th, and  6th elements 
in the z-axis of the bracket, and the nodes at the top point 
according to the y-axis are constrained at all DOFs in the 
x, y, and z axes (see Fig. 10a). Since the design space can 
be defined with a single variable along the axis for the TO 
setup, it is modeled as a rectangular design space using 30, 
30, and 10 finite elements of 1 mm size in the x, y, and z 
axes, respectively (see Fig. 10b). In order to represent the 
design space specified in Fig. 10a, the unemployed finite 
elements in the x, y, and z axes are made passive by setting 
their artificial density variables to zero at each iteration and 
removed from the design space.

The obtained optimum L bracket designs given in Fig. 11 
show that the solutions of the problems in which the com-
pliance constraint function is used are similar to each other, 
whereas the solutions of CTO are different from the other 
results (as discussed in the cantilever and MBB beam design 

problems). Additionally, the designs of STO and SiPPTO are 
almost identical with only a few thickness differences iden-
tified. The reason for the thickness change is thought to be 
simultaneous integration of the gradients of the design vari-
ables as artificial density, laser power, and scanning speed 
according to the objective and constraint functions in the 
SiPPTO method.

The distributions of laser power and scanning speed, nor-
malized Von-Mises stress, yield strength, and ED of the L 
bracket results corresponding to the SePPTO and SiPPTO 
solutions are presented in Table 7. According to the stress 
distributions, the Von-Mises stresses between the elements 
in the support connection of the bracket and the elements on 
the lower left side are calculated as high in a strip. In addi-
tion, the elements in the region where force is applied are 
locally exposed to higher stresses. Relatively lower stresses 
are calculated in the remaining elements. Since the com-
pliance constraint is integrated into SePPTO and SiPPTO 
methods, the stress–strength relation is considered during 
the optimization. When the optimum process parameters of 
the SePPTO and SiPPTO solutions are investigated, it is 

Fig. 10  The L bracket design setup: a design space, loading and BCs, b discretization

Table 6  Strain energy, 
production, and cost 
information of MBB beam 
designs

CTO
[�]

STO
[� ] | P,V

SePPTO
[P,V  ] | �

SiPPTO
[�,P,V]

Normalized strain energy 0.721 0.839 1 0.948
Production time (h) 7.35 6.53 6.13 5.77
Material cost ($) 15.97 15.97 15.97 15.84
Production cost ($) 368.77 327.84 307.83 289.92
Energy cost ($) 0.05 0.05 0.05 0.05
Total cost ($) 384.83 343.89 323.87 305.84
Cost saving compared to CTO (%) – 10.6 15.8 20.5
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seen that the elements on the left of the final designs are 
scanned at low laser power and high speeds, while the ele-
ments in the interior of the brackets are scanned at high laser 
power and lower speeds for both SePPTO and SiPPTO solu-
tions. Although the distributions of the process parameters 
are similar, the inner part of the bracket is manufactured at 
lower speed and higher laser power in the SiPPTO solu-
tion compared to the SePPTO solution. Additionally, it is 
seen that the finite elements exposed to high normalized 
Von-Mises stress have low ED values since the strength is 
inversely proportional to the ED value.

The normalized total strain energy, production time, 
and cost elements corresponding to the four different 
TO solutions are presented in Table 8 for the L bracket 

design problem. The same trend in terms of the normal-
ized total strain energy as for the other two design prob-
lems is observed in L bracket design. On the other hand, 
it is seen that the energy cost can be improved when the 
SiPPTO method is applied to the bigger size problem, unlike 
other design problem solutions. The STO solution has a 
5% smaller cost than the CTO solution. According to the 
results obtained with the SePPTO method, the total cost is 
reduced by 11.1% compared to the STO solution (16% total 
cost reduction compared to the CTO solution) through the 
optimization of process parameters.

In the SiPPTO solution simultaneously optimizing both 
the artificial density and process parameters, the total cost 
is reduced by 1.4% compared to the SePPTO solution. 

Fig. 11  Optimum L bracket 
designs: a CTO, b STO (design 
used in SePPTO), c SiPPTO
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The total cost of the SiPPTO solution of the L bracket 
design problem is reduced by 12.5% and 17.5% compared 
to the STO and CTO solutions, respectively. Finally, it is 

determined that the SiPPTO method can be applied to large-
scale problems such as L bracket design which is frequently 
used in the aerospace industry.

Table 7  Optimization results of the L bracket problem solved by SePPTO and SiPPTO methods

Table 8  Strain energy, 
production, and cost 
information of L bracket 
designs

CTO
[�]

STO
[� ] | P,V

SePPTO
[P,V  ] | �

SiPPTO
[�,P,V]

Normalized strain energy 0.803 0.852 1 0.939
Production time (h) 56.80 53.78 47.15 46.37
Material cost ($) 141.07 142.00 142.00 140.49
Production cost ($) 2849.88 2698.65 2365.71 2326.50
Energy cost ($) 0.41 0.39 0.38 0.35
Total cost ($) 2998.19 2847.86 2514.41 2473.64
Cost saving compared to CTO (%) – 5.0 16.1 17.5
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4  Conclusion

In this study, a procedure for simultaneous optimization of 
topology and process parameters (laser power and scanning 
speed) was comprehensively described. The laser power and 
scanning speed affect production time and the total cost as 
well as the mechanical properties of the structure. The topol-
ogy of the structure impacts the mechanical strength of the 
design, and the process–property–performance relationship 
was used to correlate the mechanical strength and process 
parameters. The overall process–property–structure–perfor-
mance relationship was developed by integrating the topology 
and process parameters into the maximum allowable compli-
ance function that takes into account the mechanical strength 
of the structure. Moreover, the topology of the structure, laser 
power, scanning speed, energy density, and yield strength 
could be controlled by the proposed method. Thus, it was 
determined that manufacturing and design optimization could 
be concurrently performed with the proposed method. Finally, 
the proposed optimization method (SiPPTO) was applied to 
three design problems, with an increasing number of design 
variables, and the results of the proposed method were com-
pared to those of the CTO, STO, and SePPTO methods.

From the results of this study, the following conclusions 
were drawn:

• Topological structural design and AM process design 
could be performed simultaneously to reduce produc-
tion costs and build time.

• The proposed SiPPTO method resulted in the minimum 
total cost and satisfied the mechanical requirements for 
the three design problems investigated.

• The overall process–property–structure–performance 
relationship could be successfully used during the pro-
cess and topology design by controlling the laser power, 
scanning speed, energy density, yield strength, and topol-
ogy of the structure.

• The proposed optimization method (SiPPTO) was 
applied to the cantilever beam (small scale), MBB 
beam (medium scale), and L bracket designs (large 
scale), respectively. The number of design variables was 
increased while solving the design problems and it was 
shown that SiPPTO method was successfully applied to 
different scale problems

• According to the results of the three solved design prob-
lems, the total cost was reduced by 17.5–20.5% compared 
to the CTO solutions, 7.9–12.5% compared to the STO 
solutions, and finally, 1.4–5% compared to the SePPTO 
solutions by the proposed SiPPTO method.

The overall process–property–structure–performance 
relationship of the L-PBF process was developed and 

integrated into the proposed method with this study. In addi-
tion, the SiPPTO method was shown to be applied success-
fully to the design problems investigated. As the next steps, 
it is planned to integrate other process parameters such as 
hatch distance and layer thickness that affect mechanical 
properties into the SiPPTO method. Finally, it is planned to 
modify the proposed method for strut-based structures and 
apply it to the lattice structure designs.

Appendix

Artificial densities determine the optimum material distri-
bution/optimum design, so, it affects the amount of mate-
rial and the material cost. If the value of artificial densities 
increases the objective function (total cost) will increase as 
well as compliance constraint will relax. There is a con-
flict between the increasing objective function and relaxing 
compliance constraint and an optimization can be performed 
using the conflict. This mentioned optimization is formu-
lated given in Eq. (20). The optimization formulation does 
not include the volume constraint and the optimization is 
performed for the cantilever beam design.

Optimization results are given in Fig. 12. It is shown that 
laser power and scanning speed of each element converged 
to upper bounds (Fig. 12a, b). Due to the convergence to 
upper bounds, yield strength and ED values of each element 
are constant (see Fig. 12c,d).

After the optimization, the average of artificial den-
sities converged to 0.56. Moreover, production and cost 
information are listed in Table 9. According to the results, 
the material cost is higher than the solution with volume 
constraint, as expected. On the other hand, production cost 
and therefore total cost is lower than the original SiPPTO 
solution. The yield strength of the element increases with 
increasing scanning speed and the compliance constraint 
relaxes at higher scanning speed. However, yield strength 
is inversely proportional to laser power. It is expected that 
laser power decrease and scanning speed increase at the 
regions that should have higher yield strength. In these 
results, both the decrease of the total cost and the increase 
of the yield strength with the increasing scanning speed 

(20)

Find [�, P,V] =
[

�1, .., �N ,P1, ..,PN ,V1, ..,VN

]

Minimize Cost(�, P,V)

Subject to K(�)u = f

C(�) − cmax
0

(�,P,V) ≤ 0

EDmin ≤ EDi(P,V) ≤ EDmax

0 ≤ �i ≤ 1

Pmin ≤ Pi ≤ Pmax

Vmin ≤ Vi ≤ Vmax
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is meaningful. However, it is unexpected that laser power 
converged the upper bound. Because, while decreasing the 
total cost with increasing laser power, the yield strength of 
the structure decreases. The increasing rate of the material 
cost is less than the increasing rate of the production cost. 
According to the results, it is concluded that while rising 
the material cost, production cost decreases radically with 
increasing artificial density, and therefore process param-
eters converge to the upper bound with the optimization 
formulation without the volume constraint. Therefore, it 
is suggested that the volume constraint function should be 
used in SiPPTO method.
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