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Abstract

The main objectives of optimising a mechanical system are to reduce costs and increase
performance. Thanks to additive manufacturing, it is possible to exploit shape
optimisation to place the material where it is needed. This optimisation implies a gain
in material and mass but also changes in mechanical behaviour, for example in the
connections. Thus, the boundary conditions on the functional surfaces are different
before and after the topological optimisation. The objective of this paper is to show that
following a topological optimisation, the functional surfaces (i.e. the non-design spaces)
have to be redesigned and/or adapted. For this purpose, it is proposed to study a
mechanism using two approaches. The first is the simple optimisation of a mechanism
along different optimisation paths. The second approach consists in optimising while
considering the inter-linkage efforts. The proposed methodology will be applied on a
case study which will demonstrate the impact on the performance with an improvement
of the functional surfaces. The result of the study shows that by adapting these non-
design spaces, the mechanical strength of the parts is improved with the same gain in
mass.
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1. Introduction
1.1. Study context

Additive manufacturing (AM) processes are now used in the industrial world in the
same way as traditional processes. The main advantages of AM are the possibility of
making very complex shapes, of adding functions, of obtaining lightweight and near net
shape parts. This has opened the field to applications in various sectors such as
construction [1], automotive [2,3] or aeronautics [4,5]. The evolution of metal additive



mailto:orquera@univ-tln.fr
mailto:orquera@univ-tln.fr

manufacturing [6] processes and the maturity of materials [5] make the use of this
technology credible.

In each of these sectors, material and mass savings are generally sought. In this context,
it is very common to exploit topological optimisation [7,8], which allows to obtain from
a volume, the optimal distribution of material that meets an objective under constraints.
In a mechanical system, which has moving parts that are linked together, topological
optimisation affects the mechanical behaviour. The authors [9] have shown previously
that the optimisation paths of a so-called open kinematic system has an impact on the
computation time, the mechanical behaviour as well as on the mass reduction. In this
study, only the design spaces were optimised. However, the topological optimisation
also influences the linkage forces and thus the non-design spaces may be also optimised.
The focus of this paper is the optimised redesign of a mechanism consisting of linked
metal parts.

1.2. Literature

Design for additive manufacturing (DfAM) gathers the method for designing and
optimising parts and products while taking into account the constraints of the
manufacturing process, exploiting the possibilities of additive manufacturing to
improve performance, quality, and cost effectiveness [10].
This definition shows the complexity of the design, which is why many DfAM
methodologies have been proposed in the literature.
[11] have distinguished two families of DfAM:
o DfAM in the strict sense which takes into account:
o AM resign rules,
o the exploitation of the design freedom offered by AM.
o DfAM in the broad sense which takes into account:

o the choice of the AM process and the production strategy,

o the choice of parts to be additively manufactured,

o manufacturing settings such as machine parameters, hybrid
manufacturing (combination of AM and traditional processes), choice
of orientation...

Following this analysis, a global design methodology (inspired by the standardised
product development and design process VDI 2221) has been proposed to guide novice
or experienced designers.
[12] have shown that the skills and knowledges required for AM part design are very
extensive.
[13] has proposed a DFAM methodology to gather most of the knowledge needed to
design both a part and a mechanism by AM. In this methodology, three families of
optimisation have been highlighted:
1. Architectural optimisation, in which the location of the links (between rigid
body) must be optimised without manufacturing constraints;
2. Functional optimisation, in which the potential of the AM is exploited,
3. Topological optimisation (supplemented by parametric optimisation if
necessary).




In the paper [9], a method for the optimisation of a complex, open-chain mechanical
system was proposed. This method - which is called Topological Optimisation of a
Mechanical System (TOMS) - performs Topological Optimisation Loops (TOL) taking
into account changes in boundary conditions (Fig. 1). The boundary conditions change
as the mass (or inertia) of the components decreases due to their topological
optimisation.
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Fig. 1. Topological optimisation loop (TOL) organization chart considering inertia and mass decrease [9]

These methodologies perform the optimisation of design spaces and do not include the
optimisation of non-design spaces.

The design space (DS) is the volume that can be modified during an optimisation
[14,15]. For [16], design space is defined as a volume that is used to connect functional
surfaces (FS) and help them fulfil their functional roles. The design space should be as
large as possible "to explore all opportunities for design improvement" as advised by
[17].

A non-design space (NDS) is the volume of the part in which the software does not
change the material distribution. Non-design spaces are:

e used to represent an external part (such as a bush bearing),
e avolume that should not be modified (such as a logo, or a pipe),
¢ volumes on which functional surfaces are loaded.
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The design example for AM proposed by [18] shows first the optimisation of design
spaces. A hydraulic connector made by conventional processes is completely
redesigned and adapted to AM to improve its performance and mass. Thus, the non-
design spaces ensuring fluid guidance or the embedding links with external parts have
been optimised among others to decrease the drop pressure.

[19] has proposed a topological optimisation of a part in which the number and the
positions of the embedded links are variables of the topological optimisation.
Generative design is an additional tool that allows a multitude of topological
optimisation (TO) results to be obtained according to multiple criteria (price,
mechanical strength, manufacturing process, etc.). [20] shows the potential of this tool
and proposes a method for optimising a part.

These methodological proposals make it possible, for a single part and in a static case,
either to take into account the constraints of the technological solutions, or to obtain the
best positioning and number of inserts. However, the non-design spaces are not
modified after the topological optimisation, even if the boundary conditions applied to
these volumes are no longer the same.

1.3. Article scope

Thus, most of the time non-design spaces are designed at the first design and sized to
meet mechanical stresses as well as constructive constraints (operating and / or
technological solution). This state of the art highlights the lack of adaptation of NDS
when setting up optimisation loops as shown in the Fig. 2. The objective of this article
is to propose the application of a method for designing a complex system by exploiting
topological optimisation loops (TOL).

Stress Constructive

resistance /3 constraint
first design | (e.g. to ensure good
kinematics) Gap:
Adaptation of
NDS to
Ca]’_";”" 0’;’2@ Based on the t0p010giCﬂl
vat Fj’; ¥ Jirst design optimisation

loops

Minimizing
mass

Fig. 2. Non-Design Space (NDS) requirements achieved to date and shortcomings (colour figure online)




To achieve this objective, the remainder of this manuscript is divided into three parts.
The first will detail the method used by the authors. The second is the setting up of the
case study. Finally, the article will end with the conclusion and perspectives.

The chapter on the study case will start with the presentation of the mechanism studied.
This is followed by the presentation of the methodology. Then, different optimisation
paths are explored, to choose the path performing the best mass gain due to the
topological optimisation of the parts. Afterwards, it is shown how the non-design spaces
are redesigned. Therefore, an optimisation loop to consider these new non-design spaces
is performed and validated by finite element analysis. A discussion of the findings
concludes the case study.

This article will end with a conclusion on the contributions of this methodological
approach.

2. Research method

In order to show, on the one hand, the importance of taking into account the results of
TO in the behaviour of functional surfaces, and on the other hand how to apply the
redesign, two approaches are proposed.

e A first study consists in applying the TOMS method following the three paths
proposed in [9]. The results will be compared to this article to complete the criteria
for choosing a path. Following the results of this study, the optimisation path with
the most interesting results will be selected for the implementation of a design
methodology, which is the subject of the second study (Fig. 3).

e The second study demonstrates the application of a methodology to achieve
optimisation for the non-design space. This research strategy is summarised in the
diagram in Fig. 4. The methodology is implemented to optimise not only the design
spaces but also the non-design spaces throughout the topological optimisation.

The results of this second study will be compared to the first one in order to highlight

the interests.

y I I
TOMS-type TOMS-type TOMS-type
optimisation path 1 optimisation path 2 optimisation path 3
[ | |

Choice of the best path

Fig. 3. Research strategy for the first study (colour figure online)
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Fig. 4. Framework to optimise both space design and non-design space (colour figure online)

Both studies are carried out on the same case study, the results of which will be analyzed
and compared to the original product.

3. Case study
3.1. Case study presentation
3.1.1. Four-stroke diesel engine

The case study is a single-cylinder 4-stroke diesel engine (Fig. 5). This type of engine
is used as the basis for analyses of multi-cylinder engines [21].

Cylinder of the
engine block

Main bearing caps

Connecting rod

Crankshaft

Fig. 5. Presentation of the study case, single-cylinder 4-stroke diesel engine (colour figure online)




3.1.2. Assumptions and restrictions of the study
To simplify the approach, the study will not deal with thermal stresses due to fuel
ignition and heat removal.
The piston, connecting rod and crankshaft will be studied in the optimisation paths. It
is evident that all parts that interact with the optimised components will have to be
redesigned afterwards, e.g. the crankcase. This will not be discussed in this article.
The friction between the parts is neglected, as well as the effects of gravity in
comparison with the intensity of the forces involved.
The following dimensions will remain fixed throughout the study: the connecting rod
centre-to-centre distance, the stroke and the piston diameter.

The non-variable data of the study are :
Piston diameter: d=70 mm
Stroke: c=72 mm
Connecting rod centre-to-centre distance: L=130 mm
Ignition pressure: P=100 bar
Crankshaft speed: ®=4500 rpm

The pressure of 100 bar is the relative pressure to atmospheric pressure at full load for
the given diesel engine speed ®=4500 rpm.

3.1.3. Materials

The parts studied are optimised for additive manufacturing using the laser powder bed
fusion (L-PBF) process. For this reason, the finite element analysis study of the original
parts is carried out with materials adapted to this process. This perfoms the mechanical
behaviour of the parts to be determined and compared with the behaviour of the
optimised parts.

The piston is made of 316L [22] and the connecting rod of TiAl6V [23]. The crankshaft
will continue to be a part made by traditional processes (forging or casting) and then
machined in 42CrMod4.

Young Density Yield
Initial part Material | modulus /cma3) strength Mass (g)
E (Gpa) s Re (Mpa)
Piston 316L 182 7,95 491 687
Connecting Rod TiAIBV 1315 45 1110 253
Crankshaft 42CrMo4 210 7,85 730 4295

Table 1. Summary of materials suitable for AM and characteristics of original parts
3.2. Method

The detailed steps of the method used in this case study are shown in the flowchart in
Fig. 6.
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Fig. 6. Workflow of the study.

3.2.1. Load cases

The loading of the piston and connecting rod is studied for all four strokes. The choice
of load cases -for topological optimisation- is defined by studying the forces undergone
by each rigid body for each stroke. The maximum intensity will be taken into account
as shown in Fig. 7 for the piston and in Fig. 8 for the connecting rod.

The piston is subjected to the forces of the connecting rod (Fb), the gas (Fg) and the
cylinder (Ft). Fig. 7 shows the evolution of these forces as a function of the crankshaft
angle (a). The piston will be optimised under the five load cases detailed in Fig. 7.
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Fig. 7. Load curves for the piston and choice of load cases (colour figure online)

The different load cases of the piston were chosen as follows:
e Case 1: Force exerted at the beginning of the cycle when the piston is at top
dead centre,
e Case 2: Maximum transverse force and opposite to the force exerted by the
connecting rod,
e Case 3: Maximum transverse force over the entire operating cycle,
e Case 4: Maximum gas force over the entire duty cycle,

e Case 5: Transverse force in addition to the gas forces and opposing the force
exerted by the connecting rod.

—— Centrifugal force
—— Force of the piston

> Z
(] x x Q
o o
L s L
(5] <}
W ~ g .
!
2 /
INTAKE STROKE RESSH TR POWER STROKE EXHAUST STROKE
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o 100 200 300 400 500 600 700
Crankshaft angle (°)

Fig. 8. Load curves for the connecting rod and choice of load cases (colour figure online)

The different load cases of the connecting rod were chosen as follows:

e Case 1: Maximum tensile force on the connecting rod during intake. The connecting
rod is subjected to traction due to the inertia of the piston,

e Case 2: Maximum compression force on the connecting rod during ignition.

3.2.2. Behaviour of original parts
The finite element study of the mechanical behaviour was carried out on the piston. The
boundaries conditions are detailed in the Fig. 12. The five load cases were imposed. The
maximum stress obtained is 220 MPa for the fourth load case. The safety coefficient is
equal to 2.2 (as shows the Fig. 9).
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Fig. 9 Stress distribution in the piston (a); Highlighting of internal stresses (b) (colour figure online)

The finite element study of the mechanical behaviour was carried out on the connecting
rod (Fig. 8) for the two load cases. The results show that in case 1, one obtains the
highest equivalent Von Mises stress which is equal to 369 MPa. This is equivalent to a
minimum safety factor of 3 (Fig. 10).

Fig. 10 Stress distribution in the connecting rod (colour figure online)

3.2.3. Implementation of optimisations
Design spaces are shown in green and non-design spaces in orange in Fig. 11. These
spaces fill the free volume as much as possible while allowing the movements of the
linked parts.
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Fig. 11 Definition of design (green) and non-design (orange) spaces for the connecting rod (left) and piston
(right) (colour figure online)

As for the boundary conditions, the connecting rod small-end bearing is embedded, and
the rotating big-end bearing will be loaded. Two planes of symmetry are imposed on
the design space (Fig. 12 (a)).

For the piston (Fig. 12 (b) and (c)), the piston crown will be subjected to the gas forces,
and the wrist pin hole to the inertia, connecting rod, and transverse forces. The skirt will
be considered fixed. A plane of symmetry is imposed on the design space.

Symmetry plane for Force of the connecting rod Fb

the design space

(b) ©

Fig. 12 Boundary conditions and planes of symmetry for the connecting rod (a) and piston (b) and (c)
(colour figure online)

The parts (piston and connecting rod) are optimised, following different paths, until
convergence is reached. The convergence is based on a mechanical criterion [24]. In
this study, we want to decrease the masses and inertias of the moving components in
order to reduce the bouncing and longitudinal (first order) vibration nuisance (Fig. 13).

11



+Z Vertical (Bounce)

Fig. 13. Powertrain movements [25]

Only the rotating mass influences the longitudinal vibration (Equation 1 and Equation
2). Alternating and rotating masses influence the bounce (Equation 3 and Equation 4)
[21,26].
Connecting rod "I
x

Connecting rod journal

Flange

Fig. 14. Settings to estimate loads (colour figure online)

Equation 1
Fiy = —Myotr. R. w?.sin ()

Equation 2
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2
Mrotf = 2. mFlange-? + mConnectingRod]ournal + §-mConnectingRod

Equation 3

Faounce = (Mayr + Myotr). R. w?. cos(a)
Equation 4

1
Malt = mpiston + §-mConnectingRod

With (parameters are shown in Fig. 14)

F,y, : Longitudinal vibration force

M, : Rotating mass to estimate the force

w : Crankshaft rotational speed

« : Angular position of the crankshaft

R : Half stroke

m; : mass oh the part i

Thus the convergence of the optimisations (Equation 5) of the connecting rod will be
done on the longitudinal vibration (Mb, = F,;,) and that of the piston will be done on
the bounce (Mb;, = Fgounce) [9]-

Equation 5

Mby, e -
Ry, = € 1Y/ withe = 0.1
Mb Mbp 41

Therefore, the objectives of optimisation can be established as follows:
e For the piston: Maximize stiffness with a constraint of 35% of the mass,
o For the connecting rod: Maximize stiffness and frequency with a constraint
on the mass (which will be detailed in each case).

The crankshaft must make it possible to balance the single-cylinder. For this, it must be
sized to balance the rotating mass and the alternative mass.

The balancing of the rotating mass is done with the help of the counterweight. Thus,
each counterweight must meet Equation 6.

Equation 6

R
2.7

MCounterweight_ROT = -Mrotf

With
y; : center of gravity of the counterweight,
Mcounterweignt_ror- Mass of the counterweight
M,..¢5 - defined in Equation 2
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The position of the center of gravity of the counterweight y; is established according to
the free volume and must be as large as possible to decrease Mcoynterweignt rot-

Balancing bounce movements of order 1 can be achieved by several methods:
e  Setting up two primary balancing shafts,
e  Setting up one primary balancing shaft,
e Setting up no primary balancing shafts (the first order of the bouncing
vibration effort is balancing and there appears a longitudinal vibration effort
of order 1).
In this study it will be retained the latter case. The crankshaft will receive the mass
detailed in Equation 7 which will be added to each counterweight mass

MCounterweight_ROT-

Equation 7

M _ Malt
Counterweight ALT —

To optimise the crankshaft while respecting these data, it will be imposed the mass
Mcounterweignt_ror Which is indicated in orange in Fig. 15. A design space (in green in

Fig. 15) will be subjected to topological optimisation with a stiffness objective and a
constraint on the mass such that the percentage meets Equation 8.

Equation 8

M Counterweight_ALT

100

MassConstraint% =
MDesign_Space

Fixed geometry for all optimizations

Design space for the alternative mass

Non-design space for the modified rotative mass

Fig. 15. Crankshaft section for optimisation. Design spaces for the alternative mass (in green), the orange
part is the rotating balancing mass, the gray parts are the frozen elements during the study (colour figure
online)

The optimisation of the crankshaft must consider the traditional manufacturing process
(molding or forging and machining). Therefore, topological optimisations will be
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subject to manufacturing constraints. For this the optimisation model will be subjected
to the extrusion constraint as shown in Fig. 16 (a). The crankshaft bearing is embedded,
and the rotating counterweight undergoes a radial centrifugal force detailed in Equation
9.

Equation 9

— 2
Fcentrifugal - MCounterweight_ROT- w*.R

) (b)

Fig. 16. (a) Manufacturing constraints - of the extrusion constraint type - imposed during the topological
optimisation of the alternative mass. (b) Results of topological optimisation (colour figure online)

The extrusion constraint leads to obtain a geometry that can be easily machined (Fig.
16 (b)) and whose mass of the design space obtained approaches the target alternative
mass.

For each optimisation, the mechanical strength of each part is checked by finite element
analysis to ensure a safety coefficient greater than or equal to 1.5.

3.3. First study: Optimisation following the three paths

In order to best show the progression of the study without repetition, only the first path
will be detailed and the results of the two others will be directly provided

3.3.1. Path 1: Piston then connecting rod
The piston is optimised according to the objectives mentioned above, the results are
shown in Fig. 17. The resulting evolution of the bouncing vibration is shown in the Fig.
18.
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Fig. 17. Evolution of piston mass during optimisations of the path 1 (colour figure online)
15000
14500 — —— — — — — —
14000

13500

13000 \

12500 \

12000 \ 11784
\

Bounce force (N)

11500 N 098
11000
e Bounce (N)
10500
== == |nitial bounce (N)
10000 t 1
1 2 3

Number of loops

Fig. 18. Influence of optimisation loops on the bouncing vibration (colour figure online)

The objective of connecting rod optimisation is the minimization of compliance and
maximizing the eigen frequency with constraint on the mass at 35%.
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Fig. 19. Evolution of the mass of the connecting rod during the optimisations of path 1 (colour figure

online)

The vibration forces at zero iteration are determined by considering the characteristics
of the connecting rod with the initial DS and NDS, and the optimised piston (see the

Fig. 20).
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Fig. 20. Influence of optimisations on the bouncing and longitudinal vibrations (colour figure online)

The masses obtained thanks to the topological optimisation of the crankshaft meet the
constraints mentioned in the section 3.2.3. The final mass of the crankshaft reaches
2023g for path 1. The result of the optimisation is shown at the Fig. 21.

Fig. 21. Redesign of the crankshaft after optimisation for path 1 (colour figure online)

At the end of these optimisations, a redesign is carried out in order to improve the shapes
of the optimised parts (smoothing operation) and to impose rounded edges (Fig. 22).
This is done by taking into account the manufacturing constraints of the L-PBF [27,28].

Fig. 22. Redesign of the piston on the left and the connecting rod on the right.

From this reconstruction, a finite element verification is carried out with the same
boundary condition of the Fig. 12 and load cases of the Fig. 7. The stress resistance of
the piston and connecting rod shows that the safety coefficient is 1.76 for each of them
(Fig. 23 and Fig. 24). The forces subjected to the piston and connecting rod are derived
from the results of the optimisations.

Mawx 2.787e+02 MPa

—2.787e+d2 MPa
—2.508e+02 MPa
—2.230e+02 MPa
—1.951e+02 MPa
—1.673e+02 MPa
—1.394e+02 MPa
—1.115e+02 MPa
— 8.368e+01 MPa
—5.582e+01 MPa
— 2.796e+01 MPa
»E —1019e-01 MPa

Mim: 1.018e-01 MPa
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Fig. 23. Von Mises stresses of the re-designed piston (colour figure online)

Min: 1.762e+00
Fig. 24. Safety factor of the re-designed piston (colour figure online)
3.3.2. Results of the first sudy

As previously announced, in order not to be redundant, the studies of path 2 and 3 are
not detailed but the results are shown in Table 2.

Path 1: Path 2 : Path 3 :
Initial | Piston -> | Connecting | Piston +
system | Connecting | Rod -> | Connecting
Rod Piston Rod
Piston Mass (g) | 687 317 318 317
Gain (%) 54 54 54
Connecting Rod | - 5 113 152 210
Mass (g)

Gain (%) 55 40 17
Bounce (N) 14335 9868 10506 10510
Gain (%) 31 27 27

Longitudinal

vibration (N) 8165 7345 7768 7772
Gain (%) 10 5 5

Torque (N.m) |171,69| 195,25 194,46 193,42
Gain (%) 13,7 13,3 12,7

Table 2: Summary of the results of the 3 paths

The Table 3 summarizes the crankshaft optimisation results as well as the total mass of
the "Piston + Connecting Rod + Crankshaft" assembly for each of the paths. The total
mass gain on the assembly {piston, connecting rod, crankshaft} reaches 25.7% for path
1.

Path 1 | Path 2 | Path 3

MCounterweight,ROT (g) 4849 | 497,7 517,4
MCounterweight,ALT (g) 177,3 184,3 193,5
MassConstraint% (%) 314 33,1 35,8
Centrifugal force (N) 165,9 | 170,4 | 176,7

Crankshaft mass (g) 2023,0 | 2046,3 | 2066,2
Total mass (g) 2453 | 2516 | 2593
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(Piston+Connecting Rod+ Crankshaft)
Total mass gain (%) 25,76 | 23,84 | 21,51

Table 3: Summary of crankshaft optimisations for the three paths

The Fig. 25 shows the CAD of the engine for the three paths.

(b) (©
Fig. 25. CAD of the engine for path 1 (a), path 2 (b), path 3 (c). The piston is in quarter cut. (colour figure
online)

3.3.3. Discussion
At the last stage of this study (Fig. 3) the results of each optimisation path are compared.
Based on the Table 2 -in which are all the results and gain for each of the paths
considering the redesign of the parts- path 1 shows better mass gains for the connecting
rod (61%) and also a clear decrease in bouncing vibration (31%) and longitudinal
vibration (10%). The mass gain of the piston is almost identical for all three paths.

Engine torque T is determined by the sum of torque due to the effects of the gas T, and
torque due to inertial effects T;, as shown in the Equation 10. The latter torque is
influenced by variations in the alternate mass M,,;; (Equation 4). Thus the value of the
engine torque increases favorably when the alternating mass decreases. The Table 2
indicates that the highest gain is 13.7% for the first path.

Equation 10
T = Tg +T;

For all the reasons mentioned above, the rest of the study will focus on path 1.
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This choice of path can be made a priori by identifying the part that has the most impact
on the objectives of the design. In this case study, it is desired to reduce the vibration
forces of the bouncing and longitudinal type as well as to increase the engine torque.
The characteristic to have the greatest possible effect on these vibrational forces and
engine torque is sought. The study of reduced sensitivity S* [29] will be performed to
determine which part has the greatest impact. This makes it possible to compare the
effects of coefficients that do not have the same unit. The reduced sensitivity coefficient
S* is determined for each characteristic, from each of the formulae given in the Table
4,

Feature Ci Myiston Meonnecting rod
« 9Fgounce
S*(Fpouncemax/C;) = C;.— oem 7.99 X Myiseon = 5.49 7.99 X Meonnecting.rod = 2
* 9F ongitudina
S (FLangitudinal/Ci) = Ci-%idl (N) 0 -0.66
B _ ITMAX For alpha =325° For alpha =325°
SY(T/C;) = C;. o, (N 315 775

Table 4: Influence of characteristics on engine behaviour

It should be noted that the piston has a strong influence on the bouncing vibrations (2.7
times greater than the connecting rod) while only the connecting rod influences the
longitudinal vibrations. Finally, the piston influences 4 times more than the connecting
rod on the torque.

It can be noted that, most mechanisms have a rigid body by which mechanical energy
is transmitted as input or output of the mechanism. Comparing these results with those
proposed by [9], it can be noticed that optimising first this rigid body makes it possible
to obtain the main gain whether for a closed or open system.

3.4. Second study: Inter-link impact analysis

In this second study, the method presented in the Fig. 4 is used. This method makes it
possible to adapt "a priori" the non-design spaces to the estimated gains.

3.4.1. Optimisation of non-design spaces
Engine parts are linked together by functional surfaces or technical components. These
surfaces and components must be sized to meet the stresses and constraints of the
technological solution. In the Fig. 26, the connections are indicated between the
functional surfaces of each part.
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Fig. 26. Graph of the connections of the system {Piston, connecting rod, crankshaft, crankcase}
decomposed into functional surfaces, the influences of inertia and external forces (colour figure online)

Optimisations have led to a gain in mass and inertia. The influence of the variation of
inertia is indicated between the parts in the Fig. 26.

In general, the decrease in inertia is favorable for mechanical behaviour. However, the
inertia of the connecting rod enable to "counter"” the gas forces on the piston as shown
in the Equation 11. This equation indicates the strength of the connecting rod on the
piston following the axis of the connecting rod.

Equation 11
5 cos(2.a) 1
F, = | My, R. w*. cos(a)+T | os®
R
With:
in2
cos (,8) - |1- smlz(a)

Reducing the inertia of the connecting rod thus induces an increase in the forces on the
piston. Fig. 27 shows the difference between the initial force of the connecting rod on
the piston and that following the optimisation of path 1.
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Fig. 27. Highlighting the strength of the connecting rod on the piston before optimisation and then after path
1 (colour figure online)

The curve of the Fig. 28 shows the evolution of the maximum force of the connecting
rod on the piston during iterations for path 1.
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Fig. 28. Evolution of connecting rod forces on the piston during iterations for load case number 4
(combustion stroke) (colour figure online)

These forces are transmitted to the piston via the axis. The dimensioning of the gudgeon
pin and the bearings must again be carried out to ensure the good performance of the
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link. For this, the diameter of the gudgeon pin has been resized to meet the following
constraints [30] :

e shear resistance (Equation 12)

e the maximum longitudinal deformation (Equation 13)

e the maximum pressure for the bearing (Equation 14).
As shown in Table 5, the diameter of the axis (of material 20MnCr5, Re=720Mpa,
safety coefficient s=2) which was initially 25.5 is resized to 29 mm to meet all
constraints. Equation 12 to Equation 14 express the relationships between the geometric
parameters and the forces involved.

Initial | Path 1
Gudgeon pin diameter D (mm) 255 29
Deformation f (um) 28,9 22,2
Permissible deformation (um) 30,4 30,4
Shear stress (Mpa) 2714 | 2735
Permissible shear stress (Mpa) 288,0 | 288,0
Small-end bearing pressure (Mpa) | 18,52 18,8

Table 5: Sizing of the piston axis and bearing

Equation 12
F, R
_ n—b <0, .—e
7.(D% - d?) s
Equation 13
0,12.F,. L3 -3
f - m < 0,4’ 107°. DpiStOn
Equation 14
Fy
p = ﬁ S pmax

Fig. 29 and Fig. 30 detail the non-design spaces as well as the geometric parameters
used for resizing.

Fig. 29. Geometric parameters of the non-design spaces of the gudgeon pin. Parts and parameter in green
are the variables to be optimised. In black, unmodified parameters and spaces.
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Fig. 30. Geometric parameters of the piston non-design spaces. The parts and parameters in green are the
variables to be optimised. In black, unmodified parameters and spaces. (colour figure online)

The transverse forces of the cylinder on the piston are also a function of the alternating
mass. When it decreases, the transverse force also decreases (Fig. 31).
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Fig. 31. Evolution of transverse forces on the piston during iterations, in the initial case and for path 1.
(colour figure online)
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This is why the piston skirt must also be resized so that the pressure on the projected
surface of the skirt due to the lateral force of the connecting rod does not exceed 0.5
MPa [31]. The length and angle of the skirt are therefore resized (as shown in the Table
6) using Equation 15. The transverse force in the column "Adapted path 1" is in
parentheses because it will have to be redefined from the new geometry of the piston.

Path 1 | Adapted path 1

Skirt length Lg (mm) 40 30
Skirt half angle 6, (°) 18 30
Projected area on the skirt (mm2) 879 1050

Tranversal load Ft
for the case n°5 (N)

Bearing pressure p,(Mpa) 0,56 (0,47)

494 (494)

Table 6: Piston skirt sizing
Equation 15
Fy

Dyiston- Ls. sin (%)
)
)

Fig. 32. (a) Piston from the beginning of the study with the non-design spaces (left), with the design spaces
(right); (b) Piston with optimised non-design spaces (left), with design spaces (right). (colour figure online)

Ps =

(a

o
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The connecting rod and crankshaft have been adapted accordingly, especially the
dimensions of the big-end bearing for the first and on the counterweight for the second.
CAD is shown at the Fig. 33.

Fig. 33. All parts with design spaces in green and non-design spaces optimised in orange (colour figure

rod.
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3.4.2. Results of second study

The piston then the connecting rod and finally the crankshaft are optimised according
to path 1 under the same conditions described above. The results of the different
optimisation loops are detailed in Fig. 34 for the piston and on Fig. 35 for the connecting
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Fig. 34. Evolution of piston mass during optimisations (colour figure online)
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Fig. 35. Evolution of the mass of the connecting rod during optimisations (colour figure online)

A finite element study validates the resistance of the piston and connecting rod as shown
in the Fig. 36. The boundaries conditions are the same as the optimization (as shown in
Fig. 12). Load cases are those of the Fig. 7 for the piston, and the Fig. 8 for the
connecting rod.

Contrainte de von Mises:
Max:  3.533e+02 MPa
— 3.533e+02 MPa
— 3.180e+02 MPa
— 2.827e+02 MPa
— 2.474e+02 MPa
— 2.120e+02 MPa
— 1.767e+02 MPa
— 1.414e+02 MPa
— 1.061e+02 MPa
— 7.078e+01 MPa
— 3.546e+01 MPa
— 1.454e-01 MPa
Min:  1.494e-01 MPa

b

Fig. 36. Optimised connecting rod finite element analysis (colour figure online)

Finite element analysis indicates that the maximum Von Mises stress is 353.3MPa, so
the safety coefficient is 2.34.

Vibration analysis (Fig. 37) shows that the bouncing and longitudinal vibrations is
docked-identical to study 1. The gains are therefore similar.
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Fig. 37. Evolution of the bouncing and longitudinal vibrations during optimisations (colour figure online)

Table 7 shows the results and gains for each of the two studies (for the redesigned parts).

Piston Connecting Rod
Original First study Second study Qriginal First study | second study
mass (g) 687 317 340 253 100 98
Gain (%) 54 51 61 61
Bounce (N) 14335 11098 10883 14335 9868 10329
Gain (%) 23 24 31 28
Longitudinal vibration (N) 8165 8165 8165 8165 7345 7336
Gain (%) 10 10
coeff of security 2,2 1,76 1,8 3 2 2,34

Table 7: Table summarizing the results of the two studies

3.4.3. Discussion

The results of the second study show a mass gain of the assembly {Piston; connecting
rod; crankshaft} of 27% compared to the original engine. This reduces bouncing
vibration forces by 30% and longitudinal vibration by 10%.

Both studies have comparable gains in terms of mass (equal to 26%) and impact on
mechanical behaviour. Study 2 also shows a holding of the parts guaranteeing a better
service life (safety coefficient higher than study 1 and eigen frequency).
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Thus this study demonstrates the interest of taking into account the impact of
topological optimisations on interconnection surfaces.

4, Conclusion

In conclusion, it has been shown that for a complex system the TOMS method can bring
a gain on mechanical performance. The additional mass gain (following the
optimisation loops) also makes it possible to lighten the mechanism, which implies a
reduction in material cost as well as consumption.

Furthermore, the study of non-design spaces demonstrates the importance of involving
them during optimisation cycles. On the one hand, it is shown that during optimisation,
the stress values could change and the original dimensions may not respond efficiently
to the performance requirements. On the other hand, it is shown that by redesigning
these spaces, it is possible to improve the mechanical strength of the parts as well as
their service life.

In perspective, in order to carry out an optimisation of the design space in parallel with
the non-design space, a mathematical tool will have to be developed. This tool will be
able to perform a topological optimisation (for the DS) in parallel with a parametric
optimisation (for the NDS). Thus, the topological optimisation will provide a concept
that meets an objective and constraints, while the parametric optimisation will adapt the
parameters of the NDS to match the results of the topological optimisation.
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