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Reviewer: #1
The authors thank the referee for his careful, constructive review and for his suggestions. The
paper has been amended according to the reviewer’s suggestions, and the authors feel that the
present version is better and clearer.
The points raised by the reviewer are separately examined in the following.
Overall a good publication, with good science, and a novel topic.
1) From a combustion perspective, examining piston @TDC in the combustion stroke would not
represent peak pressure conditions. Normally maximum pressure should be circa 5-10deg ATDC,
depending on speed/load. Regardless, I do not suggest you alter the publication, merely take this
into account in further work.
Actually the maximum chamber pressure (12 crank angle degrees after TDC) has been used. The
authors decided to neglect the corresponding conrod tilting in order to not include in this load
case the piston/liner contact interaction. The following sentence has been added at page 3 of
the text:
“Actually, these values have been recorded at the instant of maximum combustion pressure,
which is located approximately 12 crank angle degrees after top dead centre. The connecting
rod should be lightly tilted, but the authors preferred to keep it perfectly vertical to not
complicate the model with the piston-liner contact interaction. Thrust forces related to the
piston-liner interaction are then considered in a different specific optimization load case.”
2) For the 1D model validation, the model of the spark plug pressure sensor would be helpful. Also
note for future reference you may have had superior correlation if you used a pressure sampling
rate of 0.5 to 0.2 CAD; 1.0 CAD is acceptable but considered bordering on too low resolution to be
meaningfully accurate.
The authors perfectly agree with this reviewer. Indeed, the 1° crank angle (re)sapling has been
adopted only for load estimation in the mechanical analysis. A finer resolution has been
adopted in 1-D cfd analysis which are out of the scope of the present contribution. The following
sentence has been modified in the text at page 3:
“Both the acceleration and the gas pressure were resampled in 1° crankshaft angle steps for the
structural analysis, and the corresponding values were employed for the different piston
positions considered.”
3) You propose the peak temperature of the piston was simulated to be 280C, in my experience
this is very high, and may be beyond the material capability of a stock Al piston. Without any
information to correlate this as reasonable it puts the validation of the model into question: If the
engine could not sustain the temperature the CFD is claiming, then the model may not be
representative.
The authors perfectly agree with this review. The following sentence has been added in section
Thermal analysis and reference [16] has been also included:
“Actually, an experimental campaign in order to validate the thermal model has not been
performed for the specific engine under investigation. Nevertheless, the methodology employed

by the authors has been previously validated in [16] versus experimental evidences for a similar
engine thus increasing confidence on the numerical forecasts obtained.”
4) The engine conditions would also helpful; I assume we are referring to peak power, but note that for
force analysis peak torque or peak BMEP could be higher that at TDCC. Adding a table with engine
speed/load validated against would be ideal, as well as a table with what kind of engine we are talking
about; the introduction mentions forced induction, but the authors do not clarify engine capacity, swept
volume, bore'stroke ratio, power rating, induction type, compression ratio, piston-to-bore clearance, bore
liner treatment/surface, or after-treatment classification. We do not even know if we are discussing a
passenger car engine, and all of these characteristics would add value to the publication, and help place the
relevance of this technique in the realm of possible engine technologies.

Details about the engine have been added at the end of section “Introduction”, page 1.
5) All CFD software output Figures need reasonable scales, and readable font sizes. Fig.8 in particular is
exceptionally bad; it is nearly impossible to read the tiny 2.806e+002. It should be 280.6C, and in a font that
is readable.

Corrected. Thanks.
6) Fig 24 & 27 are in too dark a colour to distinguish. A lighter colour than deep navy would help readability.

Corrected. Thanks.
7) On the discussion of piston temperature I am sceptical: We can not assume to know the cooling effect of
a piston cooling jet with such a radical piston design; indeed, the understanding how the PCJ effect changes
with this design would be the subject of a publication in its self. I do not believe it is reasonable to claim
60C temp drop by adding a 2nd PCJ as suggested in the thermal analysis without further qualifying the
statement. It may absolutely be true, but there is no evidence to support the statement is offered. I
propose the sentence changed to reflect "the temperature may be reduced further by adding a 2nd PCJ" if
suitable correlating evidence can not be provided.

We have further improved the piston geometry and we have (re)run all the simulations. Now
the steel piston thermal analysis is performed considering the same boundary conditions
adopted for the aluminium piston thermal analysis. The section has been modified as follows:
“Thermal analysis
A thermal model has been prepared, based on the same boundary conditions of Table 4. In
particular, the thermal exchange contribution given by the oil jet and the rest of the splashed oil
has been considered to be exactly the same of the previously investigated aluminium piston.
Results
Figure 30 shows the temperature contour plot. The piston crown reaches a maximum
temperature of 490°C.
In particular, these high values of temperature are confined to a small angular portion of the
valve pocket peripheries, while the rest of the top surface exhibits a comparable temperature
distribution with respect to the aluminium piston (ranging from 250°C to 290°C). Such a result
has been obtained properly designing very thin geometrical features of the piston top (Figure
31), thus minimizing the thermal resistance through the piston top thickness. In fact, the
thermal conductivity of steel can be up to five times lower than the aluminium one.

Unfortunately, it has not been possible to remove material under the identified critical portions
of the valve pockets periphery without modifying the non-design space (Figure 32). A smoother
temperature gradient could be obtained softening the geometry of these keen-edged features,
but it will simultaneously increase the combustion chamber volume, thus reducing the
compression ratio and the maximum power of the engine. Cooling galleries could be designed in
order not to modify the geometry of the crown. Furthermore, an integrated in-cylinder/CHT
analysis should be performed in order to guide the redesign process and to predict possible
abnormal combustion occurrence related to these concentrated peaks of temperature [19]. ”
8) There is no discussion on the implication of a 550C temperature on the feasibility of the component; any
surface significantly above 300C would make controllable combustion unlikely. With simulated
temperatures of 550C the technical feasibility of this exercise (particularly given the 9% mass increase)
make it a non-starter. This does not detract at all from the scientific interest of the paper, but in the
interest of a rounded conclusion should be mentioned in the conclusion. As it presently stands, the
Conclusion infers the main disadvantage of the proposal is the minor weight increase, which is inaccurate.

The authors perfectly agree with this review, these values of temperature need deeper CFD
studies and a redesign process of the piston top to be performed. Thermal section and
conclusions have been consequently modified.
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Reviewer: #3
The authors thank the referee for his careful, constructive review and for his suggestions. The
paper has been amended according to the reviewer’s suggestions, and the authors feel that the
present version is better and clearer.
The points raised by the reviewer are separately examined in the following.
Overall this is a very good paper. With high BMEP engines using EGR, high cylinder pressure is a current
limitation. The traditional methods of increasing piston strength have been sub-optimal due to the
increases in piston weight and component contribution to friction.
A few minor suggestions:
1) The details of the FEA model and material properties would read better as a table (Finite Element
analysis of the aluminium piston - 2nd paragraph). Same comment for the Finite element validation section.

Tables added. Thanks.
2) Keep the scaling for the von Mises contour plots consistent for Fig 3,5,7. Helps easily show the stress
difference between cases. Same comment for Fig 23,25,26.

Corrected. Thanks.
3) Clearly explain why the choice of relative density went from 0.4->0.5->0.4 in Fig 13,15,17.

The authors selected the particular lower bound of relative density contour plot in order to
better highlight the structural features identified by each load case.
The text has been modified as follows:
“The results of the optimization process have been discussed in terms of relative density
contour plots. Each load case has been analysed independently in order to better understand
how the density distribution is influenced by the load path and by the design constraints.
Different values of lower bound relative density, namely 0.1, 0.4 and 0.5 have been set to
highlight the structural features proposed by the optimization analysis and let the reader clearly
understand the consequent redesign process.”
4) Add clarification language to captions of Fig 29,30 to include addition of second oil jet boundary
condition in Fig 30.

We have further improved the piston geometry and we have (re)run all the simulations. Now
the steel piston thermal analysis is performed considering the same boundary conditions
adopted for the aluminium piston thermal analysis. The section has been modified as follows:
“Thermal analysis
A thermal model has been prepared, based on the same boundary conditions of Table 4. In
particular, the thermal exchange contribution given by the oil jet and the rest of the splashed oil
has been considered to be exactly the same of the previously investigated aluminium piston.
Results
Figure 30 shows the temperature contour plot. The piston crown reaches a maximum
temperature of 490°C.

In particular, these high values of temperature are confined to a small angular portion of the
valve pocket peripheries, while the rest of the top surface exhibits a comparable temperature
distribution with respect to the aluminium piston (ranging from 250°C to 290°C). Such a result
has been obtained properly designing very thin geometrical features of the piston top (Figure
31), thus minimizing the thermal resistance through the piston top thickness. In fact, the
thermal conductivity of steel can be up to five times lower than the aluminium one.
Unfortunately, it has not been possible to remove material under the identified critical portions
of the valve pockets periphery without modifying the non-design space (Figure 32). A smoother
temperature gradient could be obtained softening the geometry of these keen-edged features,
but it will simultaneously increase the combustion chamber volume, thus reducing the
compression ratio and the maximum power of the engine. Cooling galleries could be designed in
order not to modify the geometry of the crown. Furthermore, an integrated in-cylinder/CHT
analysis should be performed in order to guide the redesign process and to predict possible
abnormal combustion occurrence related to these concentrated peaks of temperature [19]. ”
5) High surface temperature achieved with new design may result in increased knock. Address this in more
detail with supporting literature to say if it will/will not be an issue.

The authors perfectly agree with this review, these values of temperature need deeper CFD
studies and a redesign process of the piston top to be performed. Thermal section and
conclusions have been consequently modified. Moreover reference [19] has been included.
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Design of an additive manufactured steel piston for a high performance engine:
developing of a numerical methodology based on topology optimization techniques

Abstract
Modern high performance engines are usually characterized by high
power densities, which lead to high mechanical and thermal loadings
acting on engine components. In this scenario, aluminium may not
represent the best choice for piston manufacturing and steel may be
considered as a valid alternative. In this paper, a methodology
involving optimization techniques is presented for the design of an
internal combustion engine piston. In particular, a design strategy is
preliminary investigated aiming at replacing the standard aluminium
piston, usually manufactured by forging or casting, with an alternative
one made of steel and manufactured via an Additive Manufacturing
process. Three different loading conditions are employed for the
topology optimizations set up. Optimization results are then
interpreted and the various structural features of the steel piston are
designed starting from the density distribution contour plots. Different
Finite Element thermo-mechanical models are finally prepared in order
to correct and validate the designed geometry.

Introduction
The piston represents the main alternating mass in an internal
combustion engine crank mechanism. To minimize piston mass is
therefore fundamental to contain inertial forces. Because of its low
density, aluminium is the material most commonly employed for
piston manufacturing. Unfortunately, aluminium exhibits low
mechanical properties, which further decrease when it is exposed to
high temperatures [1]. Turbocharging (downsizing), high
compression ratios, advanced spark ignitions strategies are some of
the techniques employed in modern engines in order to increase
engine efficiency to fulfil strict norms on engine pollution emissions
and to minimize fuel consumption. As a consequence, higher specific
loads are encountered which lead to higher mechanical and thermal
loadings of engine components [2, 3]. In this scenario, aluminium
may not represent the best choice and steel may be considered as a
valid alternative for piston manufacturing. Schreer et al. [4] analysed
the consequences of employing a steel piston: a better kinematic
behaviour of the crank mechanism, a comparable weight, more
homogeneous surface temperatures, a lower dead volume at the top
land, a lower blow-by and a more efficient combustion process are
the main advantages registered. Nevertheless, traditional
manufacturing technologies cannot be employed when steel is
considered as material for pistons. In fact, in order to obtain
components with a comparable weight when compared with those
made with aluminium, the thickness of the different parts of a steel
piston have to be reduced up to one millimetre. Additive
Manufacturing represents a promising technology to obtain thin
features. Bendsøe and Kikuchi [5] related optimization techniques to
structural design, noting that the resulting complex shapes could be
easily reproduced by Additive Manufacturing. Du and Tao [6] and
Zhao et al. [7] used the topology optimization for an engine piston
lightening, but they used the results only to understand which parts of
the piston were redundant, without ascribing any focused design
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validity. Brackett et al. [8] analysed the main challenges and
opportunities for topology optimization for Additive Manufacturing.
The importance of mesh resolution, manufacturing constraints and
the post-processing have been highlighted.
In the present paper, the results of previous optimization analyses are
interpreted [9]. In particular, three optimization load cases are
considered and the different structural features of the piston are
designed starting from each density distribution contour plot. Finite
Element models are then prepared in order to validate the obtained
geometry. Both thermal and structural analyses are performed.
Table 1 collects the main data of the engine equipped with the
particular piston under investigation: it is a L-twin high performance
four stroke engine for motorbike application.
Table 1. Engine data.
Engine configuration

L-twin

Displacement

955 cm3

Bore

100 mm

Stroke

60.8 mm

Maximum power

157 HP @ 11000 rpm

Maximum torque

107 Nm @ 9000 rpm

Maximum combustion pressure

91 bar

Design Strategy
A design strategy is presented based on different subsequent steps:
1.

2.

3.

Finite Element analysis of the original aluminium piston: first of
all the original aluminium piston has been analysed. Structural
simulations have been computed in order to record the
displacements of some critical part of the component. In
particular, at top dead centre during combustion and at top dead
centre at the beginning of induction stroke, the displacement of
particular nodes of the piston crown have been monitored. In the
case of maximum piston thrust force, the nodes on the skirt in
contact with the liner have been examined.
Topology optimization of the steel piston: the recorded
displacements have been then employed in the topology
optimization analysis as design constraints (maximum
displacement allowed). Relative density distribution contour
plots have been computed. These preliminary results have been
debated in detail in Barbieri et al. [9] and they will be briefly
presented in the next section for the sake of clarity.
Steel piston design: the topology optimization results have been
interpreted and the different structural features have been
identified, thus allowing a first proposal of the new steel piston
to be designed.

4.

Finite Element validation: Finite Element models, quite similar
to the ones employed for analysing the original aluminium
piston, have been set up in order to validate the new component.
This process of design and validation has been repeated until a
suitable piston geometry has been obtained.

Table 2 and 3 collect the main material properties employed to set up
the numerical analyses.
It could seem wrong to use the properties of bulk isotropic materials,
because Additive Manufacturing techniques always produce
anisotropic components due to their lay-up style process.
Nevertheless, results reported in the pertinent literature show that this
assumption can be accepted, at least in the preliminary initial phase
of the components design, with a negligible influence on the
outcomes. Tolosa et al. [10] and Spierings et al. [11] performed static
and fatigue tests respectively. They obtained selective laser molten
steel with properties very close to the ones of the classic bulk
material, even if a slightly anisotropic behavior was always reported.
Kruth et al. [12] studied the scanning strategies of Selective Laser
Melting techniques. A thin wireframe structure, similar to the one
typically resulting from optimization calculations, requires a short
scan vector. Hence, adjacent tracks are scanned rapidly one after the
other, leaving little cool down time in between, thus resulting in high
temperatures. Consequently, suitable wetting conditions are present
leading to a high density of the material. Kahlen and Kar [13]
determined the yield and ultimate strength of laser-fabricated parts.
The interface of two consecutive layers is not found to be the weakest
joint. However, the maximum strength is found to occur in a
direction, which is inclined at an angle with the direction of material
deposition. This angle is influenced by the temperature gradient
during the solidification of the melt pool. Gardan et al. [14] presented
a numerical optimization method for improving the internal structure
of models produced by additive manufacturing. They developed a
system to manage the additive manufacturing process and the
material characterization for a better integration with the topological
optimization technique.

material considered for the modelling of the piston is a generic
aluminium, Table 3.
Table 2. Steel data.
Young modulus

210000MPa

Density

7.8 kg/dm3

Poisson’s ratio

0.3

Thermal conductivity

0.039 W/mmK

Table 3. Aluminium data.
Young modulus

70000MPa

Density

2.7 kg/dm3

Poisson’s ratio

0.3

Thermal conductivity

0.17 W/mmK

Figure 2. FE model used in the load cases of TDCC and TDCI.

Finite Element analysis of the aluminium piston
The original aluminium piston has been analysed. Structural
simulations have been computed in order to record the displacements
of some critical part of the component.
In particular, three different load cases have been taken into account:
1.
2.
3.

top dead centre during combustion (TDCC)
top dead centre at the beginning of induction stroke (TDCI)
instant of maximum piston thrust force (PT)

The software employed is Marc2013.1. The components involved in
the crank mechanism (piston, piston pin and the connecting rod small
end) have been discretized and a symmetry plane has been properly
adopted. Figure 2 shows the model employed to mimic the TDCC
and TDCI conditions. Figure 3 shows the model employed to mimic
the maximum piston thrust force condition. In this case, the
connecting rod has been correctly tilted and a rigid surface has been
introduced in order to simulate the cylinder liner reaction. About 620
thousand elements have been employed: 73 thousand pentahedral
elements (bilinear, 6 nodes, 6 Gaussian integration points), 47
thousand hexahedral elements (bilinear, 8 nodes, 8 Gaussian
integration points) and 500 thousand tetrahedral elements (first order,
4 nodes, one Gaussian integration points), the average element size
being 1 millimetre. The material considered for the modelling of the
connecting rod and of the piston pin is a generic steel, Table 2. The
Page 2 of 10
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Figure 3. FE model used in the load cases of PT.

Structural analysis
A static model has been set up for each load case.
Different mechanical loads were applied depending on the piston
position during the operating cycle. In particular, the alternating
inertial acceleration was evaluated as a function of the crank angle θ
by the classical formula
𝑎(𝜃) = 𝜔2 𝑟[𝑐𝑜𝑠𝜃 + λ cos(2𝜃)]

(1)

where ω is the angular velocity, r is the crank radius and λ is the
connecting rod ratio. The inertial acceleration was applied to all the
elements of the model, considering that the portion of connecting rod
that was modelled approximately corresponds to its reciprocating
part. The maximum power revving speed (Table 1) has been taken
into account. It has been considered to be a good representation of the
most severe working condition since maximum temperatures are
registered together with high inertial loads and high combustion
pressures. Actually, the maximum compressive forces are usually
registered at maximum torque regime while maximum tensile inertial
forces occur at maximum revving speed regime. Nevertheless, the
authors decided to adopt the same operating condition for the
different considered load cases (TDCC, TDCI and PT). In fact, the
optimization process is based on a comparison between the
mechanical behaviour of the original aluminium piston with the one
observed considering the optimized steel piston. Consequently, it is
not crucial to precisely identify the most severe loadings to be
employed for each load case, but it is important that both the piston
configurations (aluminium and steel) are analysed referring to the
same (representative) operating conditions.
The combustion gas pressure, which acts on the top surface of the
piston, was evaluated via a CFD one-dimensional model of the whole
engine and validated versus the experimental data obtained during
bench tests of the engine equipped with a spark plug combustion
pressure sensor. Both the acceleration and the gas pressure were
resampled in 1° crankshaft angle steps for the structural analysis, and
the corresponding values were employed for the different piston
positions considered.

a)

b)
Figure 5. a) Nodes selected for design constraints; b) Y-direction
displacement of the piston top at TDCC.

Top dead centre during combustion (TDCC)
Top dead centre at the beginning of induction stroke (TDCI)
At TDCC a pressure of about 9.1 MPa has been applied on the piston
top and a gravity load of 48769 m/s2 has been assigned to the whole
crank mechanism. Actually, these values have been recorded at the
instant of maximum combustion pressure, which is located
approximately 12 crank angle degrees after top dead centre. The
connecting rod should be lightly tilted, but the authors preferred to
keep it perfectly vertical to not complicate the model with the pistonliner contact interaction. Thrust forces related to the piston-liner
interaction are then considered in a different specific optimization
load case.
Figure 4 displays the von Mises stress contour plot. A maximum
value of 92 MPa is registered under the piston top. The y-direction
displacement of the nodes belonging to the piston top and lying on
the symmetry plane has been recorded, Figure 5 a) and b).

At TDCI a pressure of about 0.07 MPa has been applied on the piston
top and a gravity load of 56008 m/s2 has been assigned to the whole
crank mechanism. Figure 6 displays the von Mises stress contour
plot. A maximum value of 83 MPa is registered under the pin bosses.
The y-direction displacement of the nodes belonging to the piston top
and lying on the symmetry plane has been recorded, Figure 7.

Figure 6. TDCI von Mises contour plot.

Figure 4. TDCC von Mises contour plot.
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Induction side skirt heat flux

0.185425 W/mm2

Exhaust side skirt heat transfer coefficient

0.008834 W/mm2°C @90°C

Exhaust side skirt heat flux

0.283754 W/mm2

Oil jet

0.005320 W/mm2°C @120°C

Inner surfaces

0.0007734 W/mm2°C @120°C

Outer surfaces

0.0015468 W/mm2°C @120°C

Surfaces of piston pin and connecting rod

0.0005 W/mm2°C @120°C

Results

Figure 7. Y-direction displacement of the piston top at TDCI.

Figure 9 shows the temperature contour plot. The piston crown
reaches a maximum temperature of 280°C.

Maximum piston thrust force (PT)
At PT a pressure of about 0.8 MPa has been applied on the piston top
and a negative gravity load of 22955 m/s2 has been assigned to the
whole crank mechanism. In this load case, the contact interaction
between the piston and the liner is crucial. Figure 8 displays the von
Mises stress contour plot. A maximum value of 93 MPa is registered
near the skirt. The x-direction displacement of the nodes belonging to
the skirt and in contact with the liner has been recorded.

Figure 9. Temperature contour plot.

Topology optimization

Figure 8. PT von Mises contour plot.

Thermal analysis
A static thermal analysis of the assembly has been prepared. Woschni
[15] model has been employed for the calculation of the heat transfer
coefficient and gas temperature to be applied on the piston top. All
the other thermal boundary conditions, Table 4, have been calculated
following the methodology presented in [1] and [16] at which the
interest reader is referred. Actually, an experimental campaign in
order to validate the thermal model has not been performed for the
specific engine under investigation. Nevertheless, the methodology
employed by the authors has been previously validated in [16] versus
experimental evidences for a similar engine thus increasing
confidence on the numerical forecasts obtained.

In the following, an excerpt from [9] is reported, showing the
topology optimization results.
The objective of the optimization is the minimization of the mass of
the steel piston while keeping the same stiffness of the aluminum
one.
Several optimization constraints have been imposed, based on the
deformations registered with Finite Element analyses of the original
aluminium piston briefly presented in the previous section.

Topology optimization process
The software package employed for the optimization is Altair
OptiStruct 13, while the model set up has been made with Altair
HyperMesh 13. In order to better calibrate the process, a sensitivity
analysis on the optimization parameters DISCRETE (corresponding
to the penalty factor, p) and MINDIM (related sensitivity filter, r) has
been performed [9]. The choice of the parameters has been driven by
the following considerations:

Table 4. Thermal boundary conditions.
Crown heat transfer coefficient

0.000637497 W/mm2°C @1144°C

1st piston ring heat transfer coefficient

0.003812 W/mm2°C @90°C

1st piston ring heat flux

0.104727 W/mm2

nd

0.002344 W/mm2°C @90°C

nd

2 piston ring heat transfer coefficient

0.104727 W/mm2

Induction side skirt heat transfer coefficient

0.008834 W/mm2°C @90°C

2 piston ring heat transfer coefficient

Page 4 of 10
7/20/2015

1.
2.
3.
4.

the solution achieved is more clearly defined;
the number of intermediate density elements is lower;
the convergence is achieved more easily;
the topology of the piston is considered more interesting,
innovative, and easier to be manufactured by the designer;

After the sensitivity analysis, it has been chosen to set the
optimization parameters to DISCRETE=3 and MINDIM=2.
The DISCRETE parameter influences the tendency for elements in a

topology optimization to converge to a material density of 0 or 1.
Low values of this parameter help the solution to converge but results
could be too sparse in terms of density distribution. Figure 10 shows
the results for top dead centre during combustion. Only the elements
with a relative density higher than 0.1 are shown. In this preliminary
analysis a DISCRETE value of 1 has been set. The structural features
are not easy to be interpreted and some elements are detached from
the rest of the structure even a low relative density value is
considered (see highlighted region in Figure 10).
Figure 12. Contour plot TDCI 0.1 density, different constraints.

Topology optimization results

Figure 10. Contour plot TDCC 0.1 density, DISCRETE=1.

The MINDIM parameter specifies the minimum diameter of
members formed in a topology optimization. A minimum dimension
of 2 millimetres for each features of the steel piston has been chosen
with the prospective to employ Additive Manufacturing as a
manufacturing technique. Unnecessary high values of the MINDIM
parameter could lead to suboptimal solutions. Figure 11 shows the
results for top dead centre during combustion. Only the elements with
a relative density higher than 0.1 are shown. In this preliminary
analysis a MINDIM value of 4 has been set. This parameter forces
the solver to converge to a low material density solution, which
cannot lead to an easily interpretable result. Useful topology
optimization results should display structural features at high values
of relative density.

The results of the optimization process have been discussed in terms
of relative density contour plots. Each load case has been analysed
independently in order to better understand how the density
distribution is influenced by the load path and by the design
constraints. Different values of lower bound relative density, namely
0.1, 0.4 and 0.5 have been set to highlight the structural features
proposed by the optimization analysis and let the reader clearly
understand the consequent redesign process.
Figure 13 shows the results for top dead centre during combustion
phase condition. It displays only the elements with a relative density
higher than 0.1. Ribs linking the pin boss to the crown are visible.
Moreover, a wireframe structure is present in the area below the pin
boss, where the presence of high-density elements far from the crown
increases the global bending stiffness of the piston. Increasing the
lower bound of the relative density up to 0.4, Figure 14, supports that
are fundamental for the stiffness of the piston are clearly identified.

Figure 13. Contour plot TDCC 0.1 density.

Figure 11. Contour plot TDCC 0.1 density, MINDIM=4.

Moreover, also the choice of the constrains has a crucial role in the
model set up. For instance, Figure 12 shows the results for top dead
centre at the beginning of induction stroke condition. In this analysis
the constraints in terms of fixed displacements have been applied to
the nodes of the upper side of the piston bosses. Only the elements
with a relative density higher than 0.1 are shown. Results do not
allow the structure to be interpreted since only a small portion of the
design space is interested by the optimization process. In order to
obtain good results, different constrains have to be adopted.
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Figure 14. Contour plot TDCC 0.4 density.

Figure 15 shows the results for top dead centre at the beginning of
induction stroke condition. Only the elements with a relative density
higher than 0.1 are shown. Ribs linking the pin boss to the crown are
visible. Moreover, a wireframe structure is present in the area below
the pin boss, where the presence of high-density elements far from
the crown increases the global bending stiffness of the piston.
Increasing the lower bound of the relative density up to 0.5, Figure
16, supports that are fundamental for the stiffness of the piston are
clearly identified.

Figure 15. Contour plot TDCI 0.1 density.

the topology optimization results of TDCC and TDCI. The material
linking the skirt and the pin bosses (highlighted with yellow in Figure
19) have been design tracing the optimization results corresponding
to the piston thrust force load case.
The optimization analysis produced a geometry abundant of small
fillets. These features have been implemented accurately in a first
steel piston proposal, Figure 21. These geometries (highlighted in
Figure 21) produced excessively high values of stress. Therefore,
greater radius have been used and a slightly heavier component has
been obtained. Using a greater value of the MINDIM parameter has
been thought to obtain a clearer solution without small fillets.
Unfortunately, this expedient has been useless: a contour plot rich of
low density elements has been obtained without provide an effective
guide to the design process.
The new steel piston has a mass of 415 g. If compared to the original
aluminium piston (380 g), a limited increase of 9% is registered.

Figure 16. Contour plot TDCI 0.5 density.

Figure 17 shows the results for the maximum piston thrust force
condition. Only the elements with a relative density higher than 0.1
are displayed. Ribs linking the pin boss to the skirt are visible.
Increasing the lower bound of the relative density up to 0.4, Figure
18, supports that are fundamental for the stiffness of the piston are
clearly identified.

Figure 19. The geometrical boundaries of the piston.

Figure 17. Contour plot PT 0.1 density.

Figure 20. The steel piston.

Figure 18. Contour plot PT 0.4 density.

Redesign
The software employed for the piston redesign is Solidworks 2016.
The geometry of the piston top, of the ring land, of the pin bosses and
of the skirt have not been modified with respect to the original
aluminium piston, in order to allow the new steel piston to
immediately fit the actual engine, Figure 19. The three different
contours plots of Figures 10-15 have been interpreted and the main
structural features from each load case have been identified. In
particular, the geometries under the crown and below the pin bosses
(highlighted with blue in Figure 20) have been designed following
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Figure 21. A first proposal of the steel piston, small fillets are highlighted.

Finite Element validation
Several Finite Elements analyses, quite similar to the ones prepared
for the aluminium piston, have been performed to validate the
designed geometry. The software employed is Marc2013.1. The
components involved in the crank mechanism (piston, piston pin and
the connecting rod small end) have been discretized and a symmetry
plane has been properly used. Figure 22 shows the model employed
to mimic the TDCC and TDCI conditions. Figure 23 shows the model
employed to mimic the maximum piston thrust force condition. In
this case, the connecting rod has been correctly tilted and a rigid
surface has been introduced in order to simulate the cylinder liner
reaction. About 1.4 million elements have been employed: 260
thousand pentahedral elements (bilinear, 6 nodes, 6 Gaussian
integration points), 47 thousand hexahedral elements (bilinear, 8
nodes, 8 Gaussian integration points) and 1.1 million tetrahedral
elements (first order, 4 nodes, one Gaussian integration points), the
average element size being 0.5 millimetre. The material considered
for the analysis of the whole crank mechanism is a generic steel,
Table 2.

crank mechanism. Fig. 24 displays the von Mises stress contour plot.
The material distribution computed by the topology optimization
correctly supports the external loads. A maximum value of 385 MPa
is registered on the diagonal beams linking the external areas of the
top to the pin bosses.
Figure 25 shows the buckle model results. The most critical beam of
the wireframe structure collapse with a combustion pressure of about
800 MPa, 88 times greater than the load actually applied by the gas
combustion.

Figure 24. TDCC von Mises contour plot.

Figure 22. FE model used in the load cases of TDCC and TDCI.
Figure 25. TDCC buckling collapse.

Top dead centre at the beginning of induction stroke (TDCI)
At TDCI a pressure of about 0.07 MPa has been applied on the piston
top and a gravity load of 56008 m/s2 has been assigned to the whole
crank mechanism. Figure 26 displays the von Mises stress contour
plot. The piston exhibits a lower level of stress if compared to the
TDCC case. A maximum value of 320 MPa is registered on the
diagonal beams linking the external areas of the top to the pin bosses.
The analysis also returns that the buckle mode collapse will be
triggered only by a negative acceleration. This result can be easily
understood considering that at TDCI, the thinnest beams of the
structure are subjected to a tensile load.
Figure 23. The FE model used for the load case of PT.

Structural analysis
Static and buckle mode models have been set up for each load case.
Top dead centre during combustion (TDCC)
At TDCC a pressure of about 9.1 MPa has been applied on the piston
top and a gravity load of 48769 m/s2 has been assigned to the whole
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component presents a minimum factor greater than one. The most
critical areas are restricted and placed on the diagonal beams linking
the external areas of the piston top to the pin bosses.

Figure 26. TDCI von Mises contour plot.

Maximum piston thrust force (PT)
At PT a pressure of about 0.8 MPa has been applied on the piston top
and a negative gravity load of 22955 m/s2 has been assigned to the
whole crank mechanism. In this load case, the contact interaction
between the piston and the liner is crucial. Figure 27 displays the von
Mises stress contour plot. A maximum value of 300 MPa is registered
on the material linking the skirt to the pin bosses.
Figure 28 shows the buckle model results. The most critical beam of
this wireframe structure collapse with a contact normal force 1000
times greater than the load actually applied to the piston. The
buckling mode results show that the piston is not subjected to
Eulerian instability.

Figure 27.von Mises contour plot.

Figure 28. PT buckling collapse.

Fatigue analysis
A fatigue analysis has been performed, based on Dang Van criterion
[17, 18]. This is a stress-based multi-axial criterion employed to
compute a fatigue safety factor by taking into account a certain load
history. A fatigue limit of 400 MPa has been considered. Figure 29
shows the Dang Van safety factor contour plot. The whole
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Figure 29. Dang Van safety factor contour plot.

Thermal analysis
A thermal model has been prepared, based on the same boundary
conditions of Table 4. In particular, the thermal exchange
contribution given by the oil jet and the rest of the splashed oil has
been considered to be exactly the same of the previously investigated
aluminium piston.
Results
Figure 30 shows the temperature contour plot. The piston crown
reaches a maximum temperature of 490°C.
In particular, these high values of temperature are confined to a small
angular portion of the valve pocket peripheries, while the rest of the
top surface exhibits a comparable temperature distribution with
respect to the aluminium piston (ranging from 250°C to 290°C). Such
a result has been obtained properly designing very thin geometrical
features of the piston top (Figure 31), thus minimizing the thermal
resistance through the piston top thickness. In fact, the thermal
conductivity of steel can be up to five times lower than the
aluminium one. Unfortunately, it has not been possible to remove
material under the identified critical portions of the valve pockets
periphery without modifying the non-design space (Figure 32). A
smoother temperature gradient could be obtained softening the
geometry of these keen-edged features, but it will simultaneously
increase the combustion chamber volume, thus reducing the
compression ratio and the maximum power of the engine. Cooling
galleries could be designed in order not to modify the geometry of the
crown. Furthermore, an integrated in-cylinder/CHT analysis should
be performed in order to guide the redesign process and to predict
possible abnormal combustion occurrence related to these
concentrated peaks of temperature [19].

the diagonal beams linking the external areas of the piston top to the
pin bosses. Preliminary thermal analyses have shown the requirement
to modify the geometry of the piston top in order to remove/reduce
concentrated peaks of temperatures arising at sharped geometrical
features inherited from the original aluminium piston configuration.
Such a modification has to be guided by ad hoc integrated incylinder/CHT analysis necessary to avoid undesired and detrimental
abnormal (knocking) combustion processes that may arise. The new
steel piston exhibits a mass of 415 g. If compared to the original
aluminium piston (380 g), a limited increase of 9% is registered. The
new steel piston could allow high mechanical and thermal loadings to
be reached; therefore a wider redesign of the engine components will
be necessary in order to totally take advantage of the steel piston
adoption.
Figure 30. Temperature contour plot.
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