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Abstract
Used in several industrial fields to create innovative designs, topology optimization is a method to design a structure
characterized by maximum stiffness properties and reduced weights. By integrating topology optimization with additive
layer manufacturing and, at the same time, by using innovative materials such as lattice structures, it is possible to realize
complex three-dimensional geometries unthinkable using traditional subtractive techniques. Surprisingly, the extraordi-
nary potential of topology optimization method (especially when coupled with additive manufacturing and lattice struc-
tures) has not yet been extensively developed to study rotating machines. Based on the above considerations, the
applicability of topology optimization, additive manufacturing, and lattice structures to the fields of turbomachinery and
rotordynamics is here explored. Such techniques are applied to a turbine disk to optimize its performance in terms of
resonance and mass reduction. The obtained results are quite encouraging since this approach allows improving existing
turbomachinery components’ performance when compared with traditional one.
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Introduction

Dynamic optimization methods are a gold standard
in the turbomachinery field especially devoted to
increase rotational velocity and, at the same time, to
reduce components mass. Moreover, it is possible to
increase the safety range of a component under oper-
ating conditions simply by changing its natural fre-
quencies. Optimization methods are usually classified
as follows (Figure 1):2,3 parametric optimization
(where the size of considered elements changes during
the optimization routine),4 shape optimization (where
the shape of the structures is subjected to modifica-
tions during the optimization),5,6 and topology opti-
mization (TO).7

Despite TO methods are commonly used for civil
applications8 and for optimizing automotive compo-
nents,9 they have not been fully explored in the turbo-
machinery field.10 Nevertheless, they have been
regarded among ‘‘the most challenging and promising
methods in structural optimization.’’11–15 In fact, TO is
a method ‘‘able to determine the best distribution of
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material once an optimization function is defined
together with a set of constraints.’’ It works starting
from a solid block of material whose material is
removed to minimize or maximize the optimization
objective function (OF).1 In other words, TO allows a
topology modification of the examined structure so
that the optimal design can be achieved to be compliant
with a certain set of loads, boundary conditions, and
constraints.16 It also allows creating a component
described lattice structures characterized by low-mass,
high impact energy absorption and high degree of
design freedom.17,18 TO problems are usually con-
fronted with the so-called solid isotropic material with
penalization (SIMP) method, that is, a structural proce-
dure where a parameter, named pseudo density, is
applied to each cell of a polygonal or polyhedral mesh
approximating the geometry of the component.19 In
detail, the material density is set to a value in the range
[0, 21]; 0 denotes the so-called void state and 1 defines
the so-called solid state.20

Other related methods aiming to solve the TO prob-
lem are in literature. In Guo et al.,21 a method allowing
TO is proposed. Optimization is based on the concept
of moving morphable components. In Gao et al.,22 a
TO methodology is presented. In such a work, both the
shape and topology of a structure can be simultane-
ously retrieved using an explicit boundary description
and evolution algorithm. In these approaches, TO can
be carried out in a geometrically explicit way, and size,
shape and TO can be integrated perfectly. Moreover,
both the number of design variables and degrees of free-
doms (DOFs) for structural response analysis can be
reduced substantially.

In this work, optimization is obtained using the
so-called lattice structural optimization (LSO).
Traditionally, this method allows achieving a solution
using a two-step procedure:

Step 1. Performing a conventional TO where three
density values (low, intermediate, or high) are

associated with the component. Low and high val-
ues are related to, respectively, void state (value
equal to 0) and solid state (value equal to 1). The
intermediate density is defined by all intermediate
values falling in the range [0, 1].
Step 2. Optimization of the geometry of areas char-
acterized by intermediate values; these are trans-
formed into a lattice structure whose lattice member
dimensions reach an optimized value.

By implementing both optimization steps, which
constitute the core of lattice-based optimization (LSO),
it is possible to create a structure where lattice compo-
nents are linked to solid parts.

The result of this two-step optimization consists of a
structure blended with solid parts and lattice zones.
LSO works by setting different external loads, by
imposing a set of boundary conditions, and by defining
an appropriate optimization function (typically in
terms of volume or compliance). Moreover, a set of
optimization constraints in terms of stress and/or vol-
ume fractions has to be defined. The manufacturability
of components whose shape is obtained by carrying out
LSO cannot be conveniently exploited using traditional
subtractive techniques. Fortunately, such a manufac-
turing restriction can be overcome by using additive
manufacturing (AM). In fact, by creating a part layer
by layer, AM allows to design structures having com-
plex geometry, thus allowing to broaden the design
space of lattice structures.23 Consequently, the combi-
nation of LSO and AM can be considered a new terrific
strategy for designing mechanical components.

Surprisingly, the extraordinary potential of
LSO + AM has not yet been extensively investigated
to confront with rotating machines. This is a lack in
scientific literature since the above-mentioned tech-
nique could be capable of retrieving an optimized geo-
metry for both rotor and stator parts.

Based on the above considerations, in this work, the
applicability of LSO and AM to the fields of

Figure 1. An example showing different methodologies for optimizing structures: sizing, shape, and topology optimization.1
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turbomachinery and rotordynamics is investigated. In
particular, such techniques are implemented with refer-
ence to a simplified turbine disk to modify the initial
geometry of the component characterized by a safer
behavior in terms of resonance conditions around the
frequency of external loads and, at the same time, to
reduce its mass. The result consists of a newly designed
component which is more efficient and have lower
mass, thus resulting as a convenient method also from
an economic viewpoint.

Starting from a traditional design of the disk tur-
bine, particular focus is addressed toward the imple-
mentation of the LSO approach with the final aim of
demonstrating the effectiveness of the lattice-based
design with reference to the traditional one. Eventually,
AM is used to fabricate a physical mock-up of a por-
tion of the studied disk turbine and to prove the feasi-
bility of the integrated LSO + AM approach.

As further described in the following sections, the
disk turbine is subjected to a static external load due to
its centrifugal force field. For the present simplified
study, the rotational velocity is maintained to a con-
stant value (i.e. the one reached and maintained in
operational conditions).

The boundary conditions set for the optimization
routine are on the front hub of the disk (tangential
bound) and on the rear hub of the disk (axial bound).
The OF adopted to carry out optimization (i.e. to be
minimized) may be defined according to the following
two options: deformation energy (compliance) or the

total volume of the disk turbine. In addition, natural
frequencies, maximum stress values, and volume frac-
tions are used to limit the TO.

The result of LSO approach consists of an optimized
design of the turbine disk (see Figure 3) whose shape
and geometry are, as already mentioned, based on lat-
tice structures. Finally, the performance in terms of
mass reduction, stress resistance, and vibration beha-
vior of such an optimized design can be compared
against the original one (i.e. not optimized) to prove
the effectiveness of the proposed method.

Materials and methods

With the aim of investigating the applicability of TO
using lattice structures and prototyping a portion of the
optimized part by means of AM techniques, a systema-
tic procedure consisting of five steps has been carried
out (see Figure 2). The main steps of such a procedure
are as follows:

Step 1. Test-case definition: in the present work, the
selected case is a turbine disk. The test case includes
physical and geometrical features, boundary condi-
tions, and external load. The choice of a test case
allows understanding the steps to perform the proce-
dure. Nonetheless, the same approach can be imple-
mented for any other component.
Step 2. Definition of the design space for lattice-based
optimization procedure. Such a design space consists

Figure 2. General architecture of the proposed procedure.
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of an area whose geometry can be subjected to dra-
matic changes during the TO routine.
Step 3. Determination of an OF to be minimized dur-
ing optimization. Depending on the design intent,
the OF can describe either compliance or volume.
Step 4: LSO. As mentioned above, LSO allows
changing the topology of structures layout first by
introducing different values of material density and
then by transforming the intermediate areas into a
lattice structure.
Step 5. Manufacturing of a portion of the disk turbine
using AM techniques. As already mentioned, one of
the main aims of this work is to demonstrate the
potential of using AM downstream to the optimiza-
tion process. Therefore, in this work, a prototype of
the optimized disk is realized. In fact, the optimized
disk is characterized by a complex lattice-based geo-
metry that is practically unrealizable using conven-
tional subtractive technology. Thus, AM is, indeed,
the only available technology to realize the disk.
However, the current AM technology shall prove to
be effective in prototyping lattice shapes. Therefore,
this step is crucial to test the feasibility of the pro-
posed method.

Using the above-mentioned procedure, a first out-
come consists of a structure blending solid parts and
lattice zones (at the end of Step 4). Such a structure is a
new design of the disk turbine whose geometry is com-
pletely changed when compared to the one defined in
the original design.

To prove the effectiveness of the proposed approach,
a comparison in terms of both static and modal perfor-
mances between the original disk and the optimized
version has been carried out. First, numerical static and
modal analysis on the test case selected in Step 1 has
been performed: obtained results are used as a reference
for benchmarking the newly conceived turbine disk.
Then, a comparison in terms of weight, natural

frequencies, and stress of the optimized design of test
case against the standard results is obtained by using
the same numerical analysis procedure.

The second result of the proposed method is a pro-
totype of the disk turbine, which is obtained by using
AM. Such a model is realized to investigate the poten-
tial of AM techniques when dealing with lattice struc-
tures. In fact, it is true that AM allows creating objects
with complex geometry, but, however, it is not obvious
that lattice structures are all achievable by using cur-
rent technology. Therefore, a feasibility study of the
actual capability of realizing complex lattice structures
for turbomachinery components has been carried out
to enhance AM capabilities and, at the same time, to
highlight possible drawbacks.

Test-case definition

Both to provide a more clear description of the pro-
posed method and to validate the procedure, a test case
is here used. Such a test case consists of a turbine disk
(see Figure 3) with an external diameter equal to
622mm (excluding the blades). The disk, which has 72
blades, has a maximum allowable axial size (i.e. maxi-
mum thickness) equal to 83mm. The case study was
provided by a major Italian company working in the
Oil&Gas sector. For reasons of confidentiality, the
exact shape (and number) of the blades cannot be dis-
closed. To take into account the effect of the blades on
the impeller in subsequent simulations, an equivalent
solution (in terms of dynamic behavior) is shown in
Figure 3. No particular issues arise from this simplifica-
tion of the three-dimensional (3D) model since, as
described in the following section, blades are consid-
ered non-design areas. An array of through holes
(F24mm) whose axes are located in a circumference of
diameter 325mm from the rotating axis is machined on
the disk to attach the flange used to transmit the rota-
tional motion.

Figure 3. Test case selected to carry out the proposed framework.
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The material used to manufacture the rotating com-
ponent is 34CrNiMo6 steel (as depicted in Table 1),
and it is here assumed that the selected material is char-
acterized by elastic isotropic properties (see Table 1).

The selected boundary conditions applied to the
test-case disk (to be used for finite element analysis
(FEA)) are, respectively, the one that tangentially con-
straints the disk and the ones constraining it axially
(see Figure 4).

As previously mentioned, the only load applied to
simulate the disk behavior consists of the static centri-
fugal force field. Operative rotational velocity is set to
10,200 r/min.

Design space for optimization routine

When a generic TO has to be carried out, it is necessary
to outline the design space, that is, an area enclosing
the set of elements that optimization process can change
or remove. In contrast, a non-design space can be
defined; this space shall remain unmodified during the
optimization routine. Referring to the selected test case,
the area around the holes and between the disk and the
blades is part of the non-design space. To admit more
topologically consistent geometries, the design space is
expanded to cover all the allowable axial size (see
Figure 5), so that, with respect to the original design of
the disk, much material can be ‘‘used’’ during the opti-
mization procedure.

Design and non-design volumes for the entire disk
are depicted in Figure 6.

Determination of the OF

To obtain a new optimized geometry, it is necessary to
minimize a properly defined OF. Two main optimiza-
tion strategies can be used to find the optimal topology
of the disk turbine: volume minimization and compli-
ance minimization.

In the first strategy, the overall volume of the design
space is considered as OF

V (rf )=

ð
O

rf dO ð1Þ

where rf is the density defined over the domain O.

Table 1. Turbine disk material properties.

Young’s modulus (E) 2:23105 MPa
Poisson’s ratio (n) 0.3
Density (r) 7:853103 kg=m3

Figure 4. Model constraints.

Figure 5. Expanded design space dimensions.
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In the second strategy, the compliance, that is, the
deformation energy of the structure, is considered as
the function to be minimized:

l u, rf

� �
=

ð
O

f � udO+

ð
St

t � udS ð2Þ

where f is the centrifugal load applied in O

f =
x

y

0

0
@

1
Arv2

u is the elastic displacement and t are the traction exter-
nal forces exerted by the boundary ST � sO.

With reference to the selected case study, the volume
minimization procedure was not able to converge; for
this reason, the final geometry of the disk resulted
unbalanced. Quite the reverse, compliance-based opti-
mization proved to be more effective in terms of con-
vergence and produced a smooth design of the disk
turbine.

Compliance-based optimization consists of finding
the material density distribution able to minimize the
structure deformation under the provided loading con-
ditions (subjected to a given set of boundary condi-
tions). The optimization constraints are applied both
on the maximum value of the stress and on the volume
fraction, which is defined as follows

Vfr =
Vt, i � Vn, i

Vd, i
ð3Þ

where Vfr is the maximum value of the design volume
fraction, Vt, i is the total volume value at a given itera-
tion of the optimization routine, Vn, i is the non-design
volume at the beginning of the optimization routine,
and Vd, i represents the initial design volume.

In detail, the constraints are

lmin\l\lmax

smax\sr

Vfr,max\Vfr

Vfr,min.Vfr

8>>><
>>>:

ð4Þ

where lmin and lmax are the most relevant constraints
for the selected case study since they represent, respec-
tively, the lower and the upper bounds (UBs) of the
resonance-free frequency range, smax is the maximum
stress value used for the model once optimized, sr is
the maximum stress values used for the optimization
test, Vfr,max is the maximum value allowable for the vol-
ume fraction of the model, and Vfr,min is the minimum
value allowable for the volume fraction of the model.

LSO

TO. As already mentioned, TO is a method that
changes the layout of a given solid part by removing
material in areas which are not crucial in terms of
external loads and boundary conditions.24 The design
problem can be reduced to the problem of finding,
within the domain O associated with the mechanical
component, an as optimal as possible value of the stiff-
ness tensor Eijkl(x) (the stiffness tensor is a function of
the position x). Let accordingly a(u, v) and l(u) be,
respectively, the energy bilinear form (which is a func-
tion of the real displacement u and of the virtual displa-
cement v) and the load linear form (see also equation
(2)). These are defined as follows

a u, vð Þ=
ð
O

Eijkl xð Þeijekl vð ÞdO ð5Þ

Figure 6. Definition of design and non-design space.
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l uð Þ=
ð
O

f � udO+

ð
St

t � udS ð6Þ

where

eij uð Þ= 1

2

∂ui

∂xj

+
∂uj

∂xi

� �
ð7Þ

According to the strain relation reported in equation
(7), the material is considered to be linear, isotropic,
and homogeneous.

The minimum compliance problem, equivalent to
finding the maximum global stiffness (see Figure 7), is
expressed by the following equation

min
rf

l rf

� �
s:t aE u, vð Þ= l vð Þ, 8v 2 U , E 2 Ead ð8Þ

where U represents the space of virtual displacement
field and Ead defines the set of all admissible stiffness
tensors for the optimization routine.1

This problem can be solved using typical finite ele-
ment method (FEM) software packages implementing
optimization tools. In this work, the OptiStruct tool20

within the engineering software package Altair
HyperWorks has been used. In detail, TO is carried out
by implementing SIMP method. In particular, a pseudo
material density rf is introduced as a variable for the
design process, being such a variable varying in the
range [0, 1]. In order to set density toward such a range
of values (as already stated, these are intermediate val-
ues between void and solid), the SIMP method adopts
a power-law penalization between stiffness and
density.19 In fact, stiffness and density can be supposed
as linearly dependent. Accordingly, the power-law rep-
resentation of elasticity properties can be defined by
the following equation13

E =E0 rp½ � ð9Þ

where E is the optimized stiffness value of the element,
E0 is the initial design space material stiffness, and p is
a penalty factor to control the generation of intermedi-
ate density elements.

The p value should be set to a value in the range
[2–5] to obtain a model with a low number of elements
with intermediate densities; however, using penalty val-
ues in the range 1 ł p\2 leads to a final model with a
higher percentage of lattice structures. Generally, opti-
mal values for penalty factor are as follows24 (see
Figure 8)

p= 1 for high porosity;
p= 1:25 for medium porosity;
p= 1:8 for low porosity.

In this work, the selected value for p is the one corre-
sponding to low porosity (i.e. equal to 1.8). Such a
value allows not only to have as low as possible num-
ber of intermediate density element but also to reach
high correlation between lattice structures, which is
obtainable using the approach described in section
‘‘Lattice conversion and optimization,’’ and virtual
intermediate densities.

With the aim of modifying natural frequencies and,
at the same time, to obtain a safe range without normal
modes (i.e. to avoid resonance), a preliminary analysis
of the normal modes of the standard turbine disk in
proximity of the blade alternating force frequency has
been performed. Referring to the turbine disk used to
test the procedure, such a frequency is equal to
f = 12:240kHz (see Table 2).

As described in Table 3, normal modes 73 and 74,
defined as l� and l+, should be changed for obtaining
a safer range. Let accordingly Dl� and Dl+ be the dis-
tances between, respectively, the blades’ forced vibra-
tion frequency and the lower and upper natural

Figure 7. Generalized shape design problem to decide the
optimal material.

Figure 8. High-, medium-, and low-porosity options for the
penalty method.
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frequencies (see Table 3). The safety margin can be
defined as the minimum among these two values (i.e.
120Hz).

Accordingly, the disk geometry shall be changed to
shift such modes to different values which are further
away from the frequency defined by the blade alternat-
ing force. Once all the above-mentioned conditions are
stated for the problem, TO can be performed using the
selected solver (as already mentioned, in this work
OptiStruct has been selected). The data used for con-
straining the optimization are as follows

lmax.12, 450Hz

smax\750MPa

Vfr,max\50%, on the inner disk part

Vfr,min.20%, on the outer disk part

p= 1:8

The above-defined set of constraints has been deter-
mined using a trial-and-error method, since no general
rule has been determined for the optimization analysis.

The model of the turbine disk consists of 30,624 solid
elements with 45,716 nodes. Each node has 6 DOFs.
Processed by using a PC whose performances are listed
in Table 4, the optimization procedure converged after
about 1000 s.

The result of optimization routine consists of a disk
model where density is properly changed to fulfill com-
pliance minimization (see Figure 9).

Concerning the numerical convergence of the analysis,
Figure 10 shows the numerical convergence of the struc-
tural optimization procedure in terms of global

deformation energy as a function of the iteration number.
At each iteration of the optimization procedure, a new
finite element analysis is performed by the solver.

Lattice conversion and optimization. Once the compliance
minimization has been carried out, it is possible to per-
form the lattice conversion and subsequent optimiza-
tion.20 In detail, the optimization allows to specify both
the lower bound (LB) and the UB on the density r (see
Figure 11). This allows to define the density range for
elements that can be transformed into lattice elements:

Elements with densities higher than the upper limit
remain solid elements.

Table 3. Safety margin definition.

Dl� 120 Hz
Dl+ 309 Hz

Table 2. Normal modes around the blade alternating force
frequency.

Mode Frequency (Hz)

69 12,068
70 12,091
71 12,098
72 12,104
73 12,120
74 12,549
75 12,654
76 12,703
77 13,240
78 13,340
79 13,360

Table 4. Characteristics of the PC used to perform the
simulation.

CPU Intel CORE i7
Clock frequency 3.33 GHz
RAM 24 GB
Operative system Windows 7–64 bit

Figure 9. Results of the compliance minimization on the
selected case study.

Figure 10. Numerical convergence of the structural
optimization procedure.
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Elements with a density between the upper and lower
limits are replaced by the corresponding reticular
structures; the dimensions of which are optimized
during the optimization of the structural grid.20

Elements with densities lower than the lower limit
can be considered as null elements and therefore not
involved in the optimized model.

The elements of the lattice reticular structure can be
considered as mono-dimensional bar elements having
the radius proportional to the density of replaced ele-
ments.20 When such a radius is too small, the optimiza-
tion phase is able to remove the element from the
structure. In the proposed routine, the selection of the
model mesh typology is an important task.20 Using
tetra elements, for instance, leads to only one possible
configuration. Quite the reverse, with hexahedral lattice
structures, it is possible to define two different config-
urations (see Figure 12). By performing a number of
optimization tests demonstrated that the first config-
uration (i.e. the one characterized by LT=1) of hexa-
hedrical elements gives higher performance results, and
therefore, it is the set used in this article.

The mesh dimension is also very important, because
it defines the length of the lattice bar elements. The

turbine disk is modeled by 54,484 solid elements (type
hexa) and has 39,650 nodes with 6 DOFs for each node.
The lattice boundaries rlattice on the fictitious density
are set to respect the condition 0:1\rlattice\0:7.

The outcome of lattice-based procedure, applied to
the case study, is depicted in Figure 13. It consists of a
new design of the disk turbine where solid parts are
blended together with optimized lattice structures,
which replaced the intermediate density area.

Disk manufacture using AM

As mentioned in the ‘‘Introduction’’ section, one of the
main aims of the proposed approach is to discover the
potential of AM to design lattice-based turbomachin-
ery components. In fact, the potential of AM technol-
ogy in supporting lattice structures with a gradual and
controlled porosity (not achievable by using conven-
tional manufacturing processes) has still to be demon-
strated in scientific literature when dealing with rotor
and/or stator elements.

To this purpose, the 3D model of the disk turbine
optimized by implementing the LSO has been pro-
cessed with the final aim of obtaining a 3D prototype
using AM. At least, three main issues arise when AM
has to be applied on rotating parts whose geometry is
described by lattice structures. The first issue is related
to the capability of 3D printing process to effectively
reproduce the thin lattice structures. It seems obvious
that AM can actually realize a turbomachinery compo-
nent composed of lattice structures; however, this has
not been addressed so far in literature and therefore it
deserves a practical demonstration. The second issue
concerns the behavior of the lattice-based component
in terms of fluid dynamics. If on one side it is possible
to demonstrate that the optimized component has bet-
ter performance in terms of weight, maximum stress,

Figure 11. Lower and upper bounds of the element density r,
to define the range of densities for elements that can be
converted into lattice elements in the selected case study.

Figure 12. Influence of the mesh type on the lattice generation.

Figure 13. Final optimization of the disk turbine selected as a
test case for assessing the LSO: (a) final model with highlighted
lattice structures and (b) final optimized design of the disk
turbine, blending lattice structures with solid parts.

Boccini et al. 9



and natural frequencies (see section ‘‘Results’’), it is
hard to demonstrate its effectiveness in operative condi-
tions, for example, when subjected to forces coming
from fluid stresses. Having the opportunity of investi-
gating a physical prototype could help in assessing fluid
dynamics behavior (e.g. by using a wind tunnel). The
third aspect, not investigated in this article, is related to
the mechanical strength of the overall prototype that
should be close to the actual resistance of the standard
design. To address all these aspects, a method could be
to manufacture the component using several 3D prin-
ters based on laser beam melting, electron beam melt-
ing, or laser metal deposition, under several printer
settings. Then, the best prototype obtained by scouting
both the technologies and the machine settings could
be experimentally characterized. However, this kind of
experimentation involves significant costs related to the
actual cost of prototyping metal powders, especially in
case the model is realized in full scale and, even worst,
in case more prototypes have to be realized prior to
obtain the best one. In other words, the above-
mentioned approach provides practically inconvenient
results. Since, as already mentioned, this work aims to
perform a feasibility study on the potential of AM in
realizing lattice-based structures for turbomachinery
components regardless of the actual mechanical
strength of the resulting prototype (i.e. only from a
‘‘geometrical’’ point of view), a different, cost-effective,
approach is proposed here.

In particular, the idea is to use a cost-effective 3D
printer based on selective laser sintering (SLS) of poly-
meric materials. Created by 3D Systems Inc., Rock
Hill, SC, such a 3D printer ‘‘uses a high-power laser to
fuse small particles of plastic, metal, or ceramic pow-
ders into a 3D object.’’25

The outcome of this process consists of a prototype,
realized, for instance, in nylon, with the exact geometry
of the optimized computer-aided design (CAD) model.
Evidently, being the realized prototype made of poly-
meric material, it cannot be used to address a mechani-
cal experimentation, that is, it is not possible to
compare actual performance in terms of maximum
stress of the optimized disk turbine against the perfor-
mance of the real, traditional, component. However,
such a prototype can (1) demonstrate the effectiveness
of AM to realize turbomachinery components based on
lattice structures and (2) can be used by designers to
perform several experimental analyses, for example, to
address possible issues coming out from fluid dynamics.
In fact, metal-powder-based processes, such as, for
instance, direct metal laser sintering (DMLS), are very
close to SLS for polymers being the main dissimilarity,
of course, in the different material processed; this
assure the manufacturability of the component also
using metal powders. Furthermore, the nylon-based
model is so realistic in resembling the optimized CAD

model that it can be effectively used for many design
purposes.26 Finally, the steps for creating the AM pro-
totype starting from the lattice-based model are not
straightforward since the AM process itself requires an
STL file that is not directly obtainable using Altair
HyperWorks.

According to the aforementioned considerations, the
first step for creating a prototype of the optimized com-
ponent consists in converting the 3D model into an
STL file to be printed. For this purpose, it is possible
to use available CAD converter software packages such
as, for instance, Materialize 3-matic (i.e. a software,
enabling both design modification and re-meshing,
allowing to (re)design topology-optimized data for
AM).

Once the STL file is available, a 60� portion of the
disk turbine is selected, to reduce the dimensions of the
printed object (see Figure 14).

It has to be noticed that by processing the model
using Materialize 3-matic or similar software packages,
the obtained model is not parametric. Consequently,
the extraction of single parts of the model to be further
processed, using, for instance, an FEM, is not straight-
forward. Therefore, a method to convert each model
entity in a parametric form is recommended, especially
for BAR lattice elements. To this end, an appositely
devised routine implementing the method described in
Nguyen et al.27 has been realized in C++.

The technology for printing the model is the
EOSINT P 390 by Eos, implementing Laser Sintering.
Since the model has been realized using polyamide
powder, no supporting structures are required.
Consequently, overhang-related issues can be neglected.
The part orientation is selected taking into account the
main practical considerations as suggested by the VDI
3405/3 standard.28 First, the warping effect is reduced
since the part thickness is approximately constant. In
order to achieve a trade-off between part roughness
(which is better for surfaces normal to the Z-axis of the

Figure 14. Selected portion of the disk turbine to be printed
using laser sintering.
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device) and accuracy of the cylindrical parts (character-
izing both holes and lattice structures), the part orienta-
tion is selected so as the surface A of Figure 14 lies
parallel to the XZ plane and surface B forms a 45�
angle with the Z direction. The final model is in
Figure 15.

Results

Using the above-mentioned procedure, two different
outcomes are obtained. The first consists of a structure
blending solid parts and lattice zones, that is, a new
design of the disk turbine whose geometry is completely
changed with respect to the original design. The second
outcome is a prototype of the disk turbine, obtained by
using AM, demonstrating the potential of this tech-
nique to physically manufacture complex structures
based on lattice. Therefore, in this section, the results
obtained both from the numerical comparison between
new and traditional designs and from a qualitative anal-
ysis of manufactured component are addressed.

Comparison between original and optimized design

The comparison between the newly designed turbine
disk, optimized using LSO, and the traditional one is
assessed with particular reference to natural frequencies,
stresses, and mass reduction. By simulating the opti-
mized design (see Figure 16), it is possible to notice that
natural frequencies have changed so that a safer range
can be obtained when the simulation is performed near
to the resonance condition (see Table 5). The frequency
responses in terms of modal frequencies and modes are
calculated through standard modal analyses of the whole
structure, taking into account the mechanical constraints
of the system. More particularly, the model analyses are
performed both on the original geometry (see Table 2)
and at each step of the optimization procedure (see the
final results in Table 5 and Figure 16).

In the optimized configuration, in fact,
l�= 12, 040Hz and l+ = 12, 486Hz. This means that
an increased safety margin can be obtained when con-
fronted against the benchmark case (i.e. 199Hz).

As reported in Table 5, the structural optimization
performed by the authors has moved the modal frequen-
cies far from the frequencies of the external loads (lead-
ing to a larger safety margin), but, at the same time, did
not substantially modify the shapes of the most impor-
tant global modes (in terms of amplitude and energy).
More in detail, the frequencies of the most relevant glo-
bal modes may have changed, but their shapes, their
amplitudes, and their energies are basically the same.
Furthermore, some ‘‘secondary’’ modes may appear or
disappear after the optimization, but such modes are not
relevant in terms of amplitude and energy; in addition,
they are usually local and often related to the bar ele-
ments of the optimized lattice structure.

Referring to maximum stress, it can be noticed (see
Figure 17) that it resulted lower than the one in the
standard disk turbine; in fact, the maximum stress
resulted equal to 739MPa for the optimized part, while
the same value for the standard part was found equal
to 788MPa. Finally, the optimized disk has a reduced
mass (166 kg) with respect to the original component.
A synthesis of the results is proposed in Table 6.

Qualitative analysis of 3D printed model and actual
advantages for the design

The most important requisite the 3D model has to sat-
isfy for demonstrating the potential of AM in realizing

Figure 15. Printed model of the disk turbine portion.

Figure 16. Comparison between the benchmark test and the
optimized model, in terms of safety margin.

Table 5. Normal modes nearest to operative conditions of the
machine in the optimized model.

Mode Frequency (Hz)

89 11,999
90 12,041
91 12,487
92 12,496
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lattice-based structures of turbomachinery components
is the capability of reproducing the thin lattice elements.
Therefore, to assess the quality of the 3D printed
model, it is necessary to verify that all lattice elements
are built without defects or material superimposition.
This can be performed only qualitatively by a visual
inspection, verifying that the actual topology of the
model resembles the digital design. In the case study
presented in this work, the prototyped disk reproduces
the correct geometry of the lattice structures, thus sug-
gesting also that the design is presumably realizable
using metal-powder-based processes.

Conclusion and future developments

Although still not a praxis in rotordynamics, the com-
bination of combining LSO and AM has the potential
to help designers in obtaining structurally efficient and
lighter components working safely in a frequency
domain far from resonance.

Methods to perform such an optimization were pro-
posed here and applied on a simplified disk turbine to
prove their effectiveness. Moreover, the feasibility of
AM for realizing lattice-based structure of turboma-
chinery components has been investigated. According
to Carfagni et al.,26 the availability of a physical proto-
type can surely help in achieving best results in the
design phase, especially when it is necessary to under-
stand the effects on design outcomes, which is derived
from the adoption of prototypes across the different
stages of the design process. In other words, although
the prototype cannot be used to perform an experimen-
tation, it can still provide useful hints for improving the
component design. In the optimization phase, in fact, a
number of parameters are set prior to converge to the
optimized procedure. By changing such parameters
(e.g. rlattice and p), different topology can be retrieved
and the obtained digital model can be both simulated
by means of FEA and prototyped using AM for asses-
sing the design feasibility. This iterative approach can
speed-up the choice of the best possible optimized con-
figuration. Only after the best solution satisfying both
functional requirements and AM feasibility is retrieved,
it will be possible to realize the metal prototype by
using powder-based metal 3D printers.

Although limited to a single-case study, the pro-
posed method can be easily extended to many kind of
components typically used in the turbomachinery field,
with particular reference to stator and rotor parts. It
can be used even to the whole machine, with the pur-
pose of performing rotordynamics optimization. More
possible future research directions are related to the
realization of the disk turbine using DMLS to allow
actual experimental analysis (structural and fluid
dynamics). This could further prove the effectiveness of
the LSO approach in designing better rotordynamics
elements since it will allow to experiment the obtained
prototype in real conditions.

Regarding the future developments of the research
activity, from a theoretical viewpoint, the authors focus
on the implementation of a more general and multi-
physics approach to the optimization of mechanical
components. The new approach will be able to integrate
structural optimization (including phenomena such as

Figure 17. Simulation results: (a) standard disk turbine, (b) 3D
element stresses on the optimized component, and (c) bar
element stresses on the optimized component.

Table 6. Comparison between optimized model performance
and ground truth.

Standard
disk

Optimized
disk

Improvement
(%)

Mass (kg) 200 166 17
Safety margin (Hz) 120 199 66
Safe range (Hz) 429 446 4
Maximum stress
(MPa)

788 739 6
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fatigue, wear, cracks, etc.) and fluid-thermal optimiza-
tion. Currently, the component performances in terms
of fatigue and fluid dynamics are only verified ‘‘a pos-
teriori’’ after the optimization through suitable simula-
tions and/or tests on specific prototypes manufactured
via AM techniques. In the future, thanks to the new
multi-physics optimization approach, such phenomena
(fatigue behavior, fluid dynamic and thermal aspects,
etc.) will be considered directly ‘‘a priori’’ into the opti-
mization procedure (as optimization constraints or into
the functionals to be optimized). In this way, also com-
plex multi-physics phenomena (as, for example, the
flutter) will be taken into account during the optimiza-
tion process.

From an experimental viewpoint, the experimental
validation of the proposed strategy will be taken into
account. In the next step of the research activity, after
this feasibility study and once the components are manu-
factured in high-resistance alloy, specific tests on the
final geometries will be performed to verify the perfor-
mances of the new components. The tests will concern
both the structural resistance and the fatigue behavior of
the components. During such tests, the prototypes of the
new components will be compared to similar components
having analogous mechanical and fluid-dynamical perfor-
mances but manufactured through standard techniques.
In this way, the strengths and the weaknesses of the new
design strategy will be better highlighted.
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Appendix 1

Notation

a u, vð Þ energy bilinear component
D(O) region without material
E optimized stiffness value of the element
Ead set of all admissible stiffness tensors for

the optimization routine
Eijkl xð Þ stiffness tensor
E0 initial design space material stiffness
f centrifugal load applied in O
l uð Þ compliance of the structure
l rf

� �
load linear component

p penalty factor to control the generation of
intermediate density elements

t traction external forces exerted by the
boundary

V rf

� �
overall volume of the design space

Vd, i initial design volume
Vfr maximum value of the design volume

fraction
Vfr,max maximum value allowable for the volume

fraction of the model
Vfr,min minimum value allowable for the volume

fraction of the model
Vn normal velocity
Vn, i non-design volume at the beginning of the

optimization routine
Vt, i total volume value at a given iteration of

the optimization routine
Dl� distance between the blades’ forced

vibration frequency and the lower natural
frequencies

Dl+ distances between the blades’ forced
vibration frequency and the upper natural
frequencies

lmin0lmax most relevant constraints for the selected
case study

v virtual displacement
r density
rf density defined over the domain O
rlattice lattice boundaries
smax maximum stress value used for the model
sr maximum stress values for the

optimization test
sO boundaries of the solution domain O
O domain of the solution
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