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Abstract 

During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract

Among optimization procedures, mesh morphing gained a relevant position: it proved to be a suitable tool in obtaining weight
and stress concentration reduction, without the need to iterate the numerical model generation. Shape modification through mesh
morphing can be performed in an automatic fashion adopting two approaches: defining parameters which will describe the modified
shape or exploiting results coming from numerical analyses. With this second approach, it is possible to achieve a very high
automation grade: stress values retrieved on component surfaces can be successfully employed to drive the shape modification
of the component itself. This ‘driven-by-numerical-results’ automatic approach can lead to complex optimized shapes, which can
be easily achieved with modern additive manufacturing processes, but not adopting traditional manufacturing processes. In the
present work a method to include manufacturing constraints in a shape optimization workflow is presented and applied to different
structural optimization cases, in order to demonstrate how even manufacturing based on traditional processes can take advantage
of automatic shape optimization of structural components.
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1. Introduction

Optimization in mechanical application is a natural paramount for every designer: through optimization it is pos-
sible to minimize both costs and failure risks of mechanical components. When dealing with complex component
shapes together with complex loads and constraints configurations, the optimization task can become very challeng-
ing. The introduction and widespread adoption of numerical simulation in mechanical design furnished valid tools
to the designer in charge of optimizing mechanical components: different shapes can be virtually tested using Finite
Element Method (FEM) and optimization techniques based on evolutive algorithms or metamodels. To perform the
optimization procedure several numerical models are required to be built, which can become a very time-consuming
task, specially dealing with complex shape models.
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A valuable alternative to the rebuilding of the model for each shape (including both the geometrical description of
the component and the model remeshing) is the mesh morphing. Mesh morphing (de Boer et Al. (2007), Biancolini
(2011) and Staten et Al. (2011)) is a powerful tool that allows to generate different model shapes by only modifying
the mesh nodes position, without the need of remeshing. This technique proved its reliability in several engineering
fields. Biancolini and Groth (2014) successfully applied mesh morphing in simulating ice accretion on aircraft wings
in Computational Fluid-Dynamics (CFD) simulations. Biancolini and Cella (2010) used mesh morphing to study the
coupling of CFD and Computational Structural Mechanics (CSM) in an aeroelastic application. Cella et Al. (2017)
adopted mesh morphing in geometric parametrization for shape optimization. Biancolini et Al. (2018) exploited mesh
morphing in the study of crack shapes, including the proposal of an automatic procedure to simulate the crack prop-
agation. An interesting approach in automatic optimization was illustrated by Groth et Al. (2018), which coupled an
adjoint solver with mesh morphing in a gradient based optimization obtaining a high computational and optimization
efficiency. This approach exploits information from the adjoint solver on model surfaces to decide where and how to
sculpt the surface itself in order to pursuit a specific goal (i.e. stress optimization).

Another approach that uses surface stress information to decide where apply a modification is the Biological
Growth Method, which is based on biological tissue under stress behaviour (see section 1.2). Although this method
can be successfully employed to optimize mechanical component shape, it could generate complex surfaces that can
hardly be realized if the manufacturing processes are subjected to specific manufacturing constraints.

In the present work a methodology to overcome these limits is be presented: in the framework of ANSYS R©
WorkbenchTM Finite Element Analysis (FEA) tool, the Radial Basis Functions (RBFs) based mesh morpher tool
RBF Morph, was used to generate optimized shapes consistent with linear and circular manufacturing constraints.
This goal was achieved exploiting the coordinate filtering functionality of the mesh morpher tool.

Coordinate filtering complying both linear and circular manufacturing constraint was employed with the parameter-
based optimization approach and with the BGM approach, so that a final morphed shape suitable for traditional
manufacturing processes can be obtained adopting both optimization approaches.

1.1. RBF Background

RBFs are a class of mathematical functions introduced in the early 60s as an interpolation method for multidimen-
sional scattered data (Davies (1963)). The main advantage of such mathematical tool is that it is possible to interpolate
everywhere in the space a scalar function defined at discrete points, called source points, obtaining the exact value
of the scalar function evaluated at source points. If the data to be interpolated is given in the form of scattered scalar
values at a series of source point xki in the space Rn, the interpolating function in the same space can be evaluated at
a generic location x as presented in (1).

s(x) =
N∑

i=0

γiϕ
(∥∥∥x − xki

∥∥∥) (1)

The points x at which the function is evaluated are the target points. ϕ is the so-called radial basis function, which
is a scalar function of the Euclidean distance between each source point and the target point considered. γi are the
weights of the radial basis which are to be evaluated solving a linear system of equations, whose order is equal to the
number of source points introduced. The behavior of the function in the space between the source points depend on
the RBF type adopted; typical RBF are shown in Table 1, considering r =

(∥∥∥x − xki

∥∥∥).
To guarantee the existence and the uniqueness of the solution a polynomial part h is added to the interpolation

function presented in (1) .

s(x) =
N∑

i=1

γiϕ
(∥∥∥x − xki

∥∥∥) + h(x) (2)
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manufacturing processes can be obtained adopting both optimization approaches.
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RBFs are a class of mathematical functions introduced in the early 60s as an interpolation method for multidimen-
sional scattered data (Davies (1963)). The main advantage of such mathematical tool is that it is possible to interpolate
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The points x at which the function is evaluated are the target points. ϕ is the so-called radial basis function, which
is a scalar function of the Euclidean distance between each source point and the target point considered. γi are the
weights of the radial basis which are to be evaluated solving a linear system of equations, whose order is equal to the
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To guarantee the existence and the uniqueness of the solution a polynomial part h is added to the interpolation

function presented in (1) .
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Table 1. Most common RBFs.

RBF type Equation

Spline type (Rn) rn, n odd
Thin plate spline rnlog(r), n even
Multiquadric (MQ)

√
1 + r2

Inverse multiquadric (IMQ) 1√
1+r2

Inverse quadric (IQ) 1
1+r2

Gaussian (GS) e−r2

The degree of polynomial h depends on the RBF type adopted for the interpolation problem. The weights γi and
the coefficient of the polynomial can be found if the following conditions are satisfied:

s(xki ) = gi

h(xki ) = 0
1 ≤ i ≤ N (3)

In (3) gi are the given values at source points xki . A condition of orthogonality is also required:

N∑
i=1

γi p
(
xki

)
= 0 (4)

for all polynomials p with a degree less or equal than that of polynomial h. A unique interpolator exists if the basis
functions is a conditionally positive definite function. If a linear polynomial is chosen in a 3D space

h(x) = β1 + β2x + β3y + β4z (5)

a non-singular square system can be obtained as follows:

[
M P
PT 0

] (
γ
β

)
=

(
g
0

)
(6)

M is the interpolation matrix

Mi, j = ϕ
(
xki − xk j

)
1 ≤ i, j ≤ N (7)

P is a constraint matrix that arises in the system to balance the polynomial contribution and contains a columns of
“1” and the coordinates of source points in following columns:
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P =



1 xk1 yk1
zk1

1 xk2 yk2
zk2

...
...
...
...

1 xkN ykN
zkN


(8)

RBFs can be applied to mesh-morphing: the RBFs are used to evaluate a vector field of displacement, which can
be accomplished by interpolating each component as an independent scalar field:



sx(x) =
N∑

i=0

γx
i ϕ (‖x − xi‖) + βx

1 + β
x
2x + βx

3y + βx
4z

sy(x) =
N∑

i=0

γ
y
i ϕ(‖x − xi‖) + βy

1 + β
y
2x + βy

3y + βy
4z

sz(x) =
N∑

i=0

γz
iϕ(‖x − xi‖) + βz

1 + β
z
2x + βz

3y + βz
4z

(9)

The source points of the RBF fit problem are the nodes that have to be moved according to a prescribed displace-
ment. The morphing action can be limited to the desired zones of the mesh by imposing a zero displacement to those
nodes that wrap the interested area. It is worth to remark that the mesh-morphing can affect the mesh quality and the
success of the morphing action depends on the skill of the user.

1.2. BGM Method

The Biological Growth Method (BGM) is a shape optimization method focused on stress of structural parts. This
method is based on the observation that biological structures as tree trunks and animal bones evolve by adding new lay-
ers of biological material at surface with a stress promoted growth rate. Heywood (1969) and Mattheck et Burkhardt
(1990) proposed to extend this concept: material can be added on surfaces with high stresses and can be removed from
surfaces where stresses are low. Heywood (1969) demonstrated that, thanks to photoelastic techniques it is possible
to obtain a uniform stress along the boundary of a stress concentrator by tuning the boundary itself according to BGM
approach. Mattheck et Burkhardt (1990) presented a 2D study capable to predict the shape evolution observed in nat-
ural structures and proposed this approach to be used in CAE based optimization, presenting also the result obtained
with a plate with a circular hole and with a chain link. In their work, the authors computed the volumetric growth (ε̇)
according to the von Mises stress (σMises) and a threshold stress (σre f ); the latter one was chosen according to the
allowable stress for the specific design.

ε̇ = k
(
σMises − σre f

)
(10)

Waldman and Heller (2015) proposed a more refined model for layer growth, suitable for shape optimization of
holes in airframe structures with multiple stress peak locations. The formula is more complex than (10), as reported
in (11):
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The model by Waldman and Heller moves the i-th boundary node of the j-th region by a distance d j
i , computed

using (11), where σ j
i is the tangential stress, σth

i is the stress threshold, c is and arbitrary characteristic length and s is
a step size scaling factor.

In the present work a different implementation of BGM is used. As stated before, the framework used to perform
numerical simulations is ANSYS R©MechanicalTM exploiting the RBF Morph ACT Extension. The capability of RBF
Morph in performing BGM optimization were already presented in Biancolini (2018). The BGM implemented is
define the node displacement (S node) in the direction normal to the surface according to (12), where σnode is the stress
evaluated at each node, σth is a threshold value for stress defined by user, σmax and σmin are respectively the maximum
and the minimum value of stress in the current set. d is the maximum offset between the nodes on which the maximum
and the minimum stress are evaluated; this parameter is defined by the user to control the nodes displacement whilst
limiting the possible distortion of the mesh.

S node =
σnode − σth

σmax − σmin
· d (12)

As can be easily understood, according to equation (12), nodes on the surface to be optimized can be moved either
inward, if the stress on node is lower than the threshold value, or outward, if the evaluated stress is higher than the
threshold value. In RBF Morph BGM implementation is possible to perform the optimization according to different
equivalent stresses and strains, as summarized in Table 2.

Table 2. Stress and strain types available in the RBF Morph implementation of BGM.

Stress/Strain type Equation

von Mises stress σe =
√

(σ1 − σ2)2 + (σ2 − σ3)2 + (σ3 − σ1)2

Maximum Principal stress σe = max(σ1, σ2, σ3)
Minumum Principal stress σe = min(σ1, σ2, σ3)
Stress intensity σe = max(|σ1 − σ2 | , |σ2 − σ3 | , |σ3 − σ1 |)
Maximum Shear stress σe = 0.5 · (max (σ1, σ2, σ3) − min (σ1, σ2, σ3))
Equivalent Plastic strain εe =

[
2 (1 + ν′)

]−1 ·
(
0.5
√

(ε1 − ε2)2 + (ε2 − ε3)2 + (ε3 − ε1)2
)

On a generic surface of a mechanical component, the stress distribution can be very complex: in the next sections
two different applications are described and analysed in order to demonstrate how the irregular stress distribution can
still be used to optimize mechanical components that exhibit linear or circular symmetry exploiting manufacturing
constraints.

2. Applications Description

The mechanical components described hereinafter were chosen with the aim of illustrating the developed proce-
dures maintaining as simple as possible the involved geometries. Two applications will be described to illustrate the
linear and circular manufacturing constraints of RBF Morph.

Both numerical models described hereinafter are realized using functionalities provided by ANSYS R©
MechanicalTM FEA tool, in particular material used to model the mechanical components is the standard “Construc-
tion Steel” provided in the in the Material Library of the FEA program.
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Fig. 1. Bracket geometry and dimensions

Fig. 2. a) Load and constraints; b) von Mises stress distribution

2.1. Bracket linear manufacturing constraints

The first application refers to the optimization of a holed bracket with a fillet (see Fig. 1). The bracket is loaded
as reported in Fig. 2a: a fixed constraint is placed on the internal surfaces of the circular hole and a 5000 N load is
applied on the upper surface of the vertical plate. As expected, this mechanical component in this specific load and
constraint condition has two points in which von Mises stress peaks arise (hot spots, see Fig. 2b): in proximity of the
hole and at the centre of the fillet. This latter hot spot will be object of the optimization adopting linear manufacturing
constraints, as explained in section 3.

2.2. Pin circular manufacturing constraints

The second application refers to a pin with a circular fillet as depicted in Fig. 3. The lower face of the pin is
constrained fixed and a remote force is applied on the upper circular face with a 5000 N force acting in the positive X
direction.

Also in this case, the hot spot for von Mises stress is located on the fillet (see Fig. 4); the morphing action will
therefore focus on this area in order to optimize the stress peak adopting both BGM and parameter-based optimization.

In the next sections the morphing strategies and the optimization results are illustrated.
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2.1. Bracket linear manufacturing constraints

The first application refers to the optimization of a holed bracket with a fillet (see Fig. 1). The bracket is loaded
as reported in Fig. 2a: a fixed constraint is placed on the internal surfaces of the circular hole and a 5000 N load is
applied on the upper surface of the vertical plate. As expected, this mechanical component in this specific load and
constraint condition has two points in which von Mises stress peaks arise (hot spots, see Fig. 2b): in proximity of the
hole and at the centre of the fillet. This latter hot spot will be object of the optimization adopting linear manufacturing
constraints, as explained in section 3.

2.2. Pin circular manufacturing constraints

The second application refers to a pin with a circular fillet as depicted in Fig. 3. The lower face of the pin is
constrained fixed and a remote force is applied on the upper circular face with a 5000 N force acting in the positive X
direction.

Also in this case, the hot spot for von Mises stress is located on the fillet (see Fig. 4); the morphing action will
therefore focus on this area in order to optimize the stress peak adopting both BGM and parameter-based optimization.

In the next sections the morphing strategies and the optimization results are illustrated.
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Fig. 3. Pin geometry and dimensions

Fig. 4. von Mises stress distribution on the pin

3. Linear manufacturing constraints optimization

As already stated, the optimization of the bracket was performed adopting two strategies: parameter-based and
BGM. The first one was carried out taking advantage of the ANSYS R© DesignXplorerTM functionalities, in particular
the Response Surface Optimization. The morphing action was limited to the central part of the bracket: meshes of
the vertical and the horizontal plates were not modified. To generate the optimized shape the profile of the fillet was
controlled through three parameters: the two extremal points of the profile tangential displacement and the central
point radial displacement (see Fig. 5a). The RBF Morph setup involved the nodes on the surfaces of the interested
volume around the fillet: surfaces highlighted in green in Fig. 5b were maintained fixed; furthermore, three translation
sets were defined for each of the points reported in Fig. 5a. The shape obtained by moving these three points was
then applied to the whole fillet profile using the coordinate filtering capability of RBF Morph. The coordinate filtering
allows to sample the shape modification at a selected location (i.e. the section on which the three points are defined)
and to replicate it along a specified coordinate direction. According to this setup, the surfaces highlighted in red in
Fig. 5b are free to deform.

The parameter-based optimization was performed using as target the minimization of the von Mises stress maxi-
mum value on the deformable surfaces and adopting the setup reported in Fig. 6.
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Fig. 5. a) points used to control the fillet shape and their displacement; b) location of fixed and free to deform surfaces

Fig. 6. Bracket deformable surfaces with von Mises stress and response surface optimization setup

After the ANSYS R© DesignXplorerTM run, a candidate point was identified: the von Mises stress peak on the
internal fillet was reduced to 122 MPa, -21.8% with respect to the initial value of 156 MPa. Stress distribution in this
optimized configuration are depicted in Fig.7b and Fig. 7c

The coordinate filtering generated a fillet profile consistent with a linear manufacturing constraint.
When BGM is employed as optimization strategy, resulting shape is more complex than the one observed in Fig.

7a. To comparison purpose only, it is possible to notice the differences between shape in Fig. 7a with shape depicted
Fig. 8a and Fig. 8b. This shape is obtained with the BGM without adopting the coordinate filtering and it is clear that
such a shape can be hardly obtained with traditional machining (e.g. chip removal).

To overcome these problems, the coordinate filtering of RBF Morph was employed to apply the shape modification
according to a linear manufacturing constraint. In this specific case the coordinate filtering was used to sample the
shape modification at the fillet hot spot location and then replicated along a specified coordinate direction. In Fig. 9
a comparison between the preview of the BGM prescribed nodes displacements with and without coordinate filtering
and with amplified displacement is depicted.

An optimized fillet shape was obtained after performing ten filtered BGM iterations: each iteration foresaw the
static solution of the FEM model in the specified load and constraints configuration and the morphing of the fillet
surfaces according to the retrieved von Mises stress values on the surface itself. For each cycle the value for σth and d
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surfaces according to the retrieved von Mises stress values on the surface itself. For each cycle the value for σth and d
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Fig. 7. Bracket parameter-optimized shape: a) mesh; b) von Mises stress distributions on whole component and c) on fillet surface

Fig. 8. Optimized configuration obtained with not filtered BGM

of equation (12) were imposed respectively to 100 MPa for von Mises stress and 1 mm. The optimized shape obtained
is reported in Fig. 10a whilst von Mises stress distributions on whole component and on the fillet surfaces are depicted
respectively in Fig. 10b and Fig. 10c. Maximum von Mises stress value decreased to 108 MPa, -30.7% with respect
to the initial value of 156 MPa.

10 S. Porziani et al. / Structural Integrity Procedia 00 (2018) 000–000

Fig. 9. Preview of nodes displacements: a) with no filtering; b) with filtering amplified displacement

Fig. 10. Bracket BGM-optimized shape: a) mesh; b) von Mises stress distributions on whole component and c) on fillet surface

4. Circular manufacturing constraint optimization

The same approaches described in section 3 were also applied to the component described in section 2.2. The
parameter-based optimization was performed imposing the minimization of the maximum von Mises stress value on
the surfaces depicted in Fig. 11. To investigate the optimized shape, the same three parameters described in section 3
and represented in Fig. 5a were used to control the fillet profile. In this case, the coordinate filtering used to replicate
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Fig. 11. Pin deformable surfaces with von Mises stress and response surface optimization setup

Fig. 12. Pin parameter-optimized shape: a) mesh; b) von Mises stress distributions on whole component and c) on fillet surface

the shape obtained along the whole profile was circular, in order to obtain a modified shape compatible with a circular
manufacturing constraint.

The optimized shape identified by ANSYS R© DesignXplorerTM is reported in Fig. 12a, whilst the maximum von
Mises stress value on the fillet decreased to 95 MPa, -28% with respect to the initial value of 132 MPa. Stress distri-
butions on the whole component and on the fillet surfaces are depicted respectively in Fig. 12b and Fig. 12c

As for the bracket application, an optimization via BGM was also performed. In this case, applying the BGM
without the coordinate filtering would have result in an optimized shape without any axial symmetry. Coordinate
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Fig. 13. Pin BGM-optimized shape: a) mesh; b) von Mises stress distributions on whole component and c) on fillet surface

filtering allowed to obtain a final shape compatible with circular manufacturing constraints. The optimized fillet shape
was obtained after performing ten filtered BGM cycles sequentially. For each cycle the value for σth and d were
imposed respectively to 75 MPa for von Mises stress and 5 mm. The optimized shape obtained is depicted in Fig. 13a
whilst von Mises stress distributions on whole component and on the fillet surfaces are depicted respectively in Fig.
13b and Fig. 13c. Maximum von Mises stress value decreased to 95 MPa, -28% with respect to the initial value of132
MPa.

5. Conclusions

In the present work two optimization strategies were illustrated with the aim of presenting a methodology to gen-
erate from them shapes that are suitable for being manufactured with traditional processes. The whole methodology
is developed in the ANSYS R©WorkbenchTM environment, in which RBF Morph mesh morphing tool was integrated.
The geometries chosen to illustrate the methodology where characterized by linear and circular features and the op-
timized shape should have kept these characteristics. Generally speaking, the selected optimization strategies does
not guarantee that linear or cyclic symmetries are respected. The optimization was carried out both controlling the
shapes using three parameters and adopting the BGM approach to optimize the stress levels on the component sur-
faces. Results from both approaches were filtered in order to obtain final shapes that were consistent with the original
component symmetry.

Optimization results of the presented application led in all cases to a substantial decrease of the maximum von
Mises stress in the hot spot of interest (stress decreases were in the range of 21% to 30%). The stress decrease levels
proved that the proposed methodology can be successfully adopted and implemented in the design cycle of those parts
or components that are realized with processes that are subjected to circular and linear manufacturing constraints.
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