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New Characterizing Method of a 3D
Parametric Lattice Structure

Engineering designers often adapt their design structure to the needs of
functional requirements independently of the capacity of the designed
technical system to offer innovative capacities. Based on the notion of
contradiction brought from TRIZ theory (Russian acronym for theory of
inventive problem solving), we have developed an approach to reversely
build a parametric intelligent structure potentially solving a wide range of
inventive problematic situations. The proposed structure relies on an
elastic buckling instability. A parametric CAD (Computer-Aided Design)
model of the structure was carried out and its behavior is studied with
finite element analysis (FEA), driven by a design of experiments (DoE). In
this article, a specific method of characterization and multi-objective
optimization of the structure is offered. Our objective is to bring a method
to allow an engineering designer to solve rapidly and inventively his
contradictory requirement in adapting it to the industrial application
sought for.

Keywords: Lattice structure, Inventive design, TRIZ,Optimization,Additive
manufacturing

1. INTRODUCTION

Meta-materials are specific materials with special
characteristics which cannot be found in natural
materials. In this article, meta-materials are investigated
for their specialresponses which offer new mechanical
possibilities. Nowadays, material limitations are
observed in industrial applications and these new types
of material can open new ways of innovation in many
applications. The evolution can be done with new lattice
structures which are investigated to offer specific
mechanical behaviors[1],[2]. This article studies an
auxetic structure which means that the structure owns a
negative Poisson's ratio. More exactly, a structure with
zero Poisson's ratio (ZPR) is studied. This study relies
on a structure with a snapping mechanism. In other
words, the mechanism is built around an elastic
buckling instability. Numerous 2D structures built
around this phenomenon were studied [3], [4]and to
complete the approach, 3D structures with a snapping
phenomenon also analyzed [5], [6]. Moreover, the
studied structure were is intended to be manufactured by
additive manufacturing due to its complex shapes.
Characterization of these types of structures can rely on
traction or compression method with finite element
analysis (FEA) or experimental aspect[7]-[10]. The
structure model proposed is a new structure not already
studied in the scientific literature (according to our state
of art). A parametric CAD (Computer-Aided Design)
model of the structure was carried out. And this, to
study the impact of the geometric parameters of the
structure on the mechanical responses. So, to study the
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influence of the action parameters on the mechanical
responses, this paper relies on a design of experiments
(DoE) [11]-[13]. To exploit the DoE's results, we used
the response surface methodology (RSM)[14]-[17]
which shows the action of parameters' influence on the
evaluation parameters.

In brief, with this article, a specific method is
offered to implement the geometric parameters of a
structure depending on the desired response for a
selected application. Indeed, a method for a multi-
objective optimization of this special structure is
spotlighted[18]-[21]. Following this optimization step,
contradictions in the studied system can be identified.
To obtain an innovative solution and not a compromise
of the evaluation parameters, the resolution of the
contradictions is necessary.

The concept of contradiction was put forward by
Genrich Altshuller and it is an important notion of the
TRIZ (Russian acronym for theory of inventive problem
solving)method[22]-[24]. To build this method, several
thousand of patents were analyzed and finally,
formalized principles of problem's solving were
extracted. Generally, in an engineering problem solving,
a compromise is adopted between the different product
parameters. To obtain an innovative solution of the
problem, the contradictions have to be solved [25], [26].
The contradiction concept relies on two subcategories:
the technical contradictions and the physical
contradictions. First, the technical contradiction relays
the impossibility that the studied system can satisfy two
specific features together. These output characteristics
are called evaluation parameters. The physical
contradictions are built around the physical origin of the
conflict: the action parameters. An element of the
system must have two different states to respond to the
desired features together. In other terms, the physical
contradiction is described with the action parameters
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which have to be in different states to respond to each
evaluation parameter's desired state.

Initially, in the classical TRIZ method, the notion of
contradiction is built with one action parameter with
two levels and with two evaluation parameters. The first
level of the action parameter improves the first
evaluation parameter and degrades the second, whereas
the second level of the action parameter degrades the
first evaluation parameter and improves the second. So,
there is the contradictory aspect. Nevertheless, this
notion can lead to the elaboration of an important
number of contradictions in a complex engineering
problem. This results in the processing of only judicious
contradictions according to the experts due to the
complexity to treat all the contradictions with TRIZ
method. Moreover, with this understanding, there is a
segmentation of the initial problem with different
contradictions with two evaluation parameters and one
action parameter each time. There is not a global vision
of the problem because the evaluations parameters are
not considered in a simultaneous way. To group the
results of contradictions, different approaches were
studied[27], [28]. The concept of generalized
contradiction was proposed[29]-[32]. This approach
allows to spotlight a conflict with several evaluation
parameters and not only with two of them as previously.
This is the concept of generalized technical
contradiction (GTC). Similarly, the notion of
generalized physical contradiction (GPC) is developed
to allow the building of physical conflict with several
action parameters. In an innovative strategy with an
engineering problem, contradictions have to be
identified and thereafter solving of those can be
performed with TRIZ based methods. This to open the
innovation way.

TRIZ and TRIZ-based frameworks are robust
methods for engineering problem solving. These
methods can be applied directly in product
designing[33]-[35]. Besides, they can be combined with
other optimization techniques to increase their
capacities. For example, some authors proposed to
integrate Lean principles into the process of Inventive
Design Methodology (IDM), one of the TRIZ-based
frameworks. This integration helped to increase the
agility of the IDM framework [36]-[40].

Concerning the applications of the studied structure,
we can imagine a future utilization as a specific shock-
absorber or as an air compressor even if other various
possibilities can offer to us. Currently, the
characterizing method of the structure 1is the
predominant step. However, later research steps will be
able to be carried out on a concrete application.

2. MATERIAL AND METHODS

The method used to obtain a multi-objective
optimization of the structure proposed (see Figure 1) is
described below. This method is based on a DoE which
relies on FEA. Finally, an analysis of the DoE's results
led to obtain the influence of the different input
parameters on the output parameters and to realize a
multi-objective optimization. Figure 2, we can see the
approach followed in this paper.
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To start with, we rely on an industrial need. In our
case, it is more exactly a research aspect for a future
industrial application due to an actual limitation of the
materials on the market. The structure's definition
consists of the choice of a global shape for the model.
With the defined structure, it is important to choose
appropriate action parameters and evaluation parameters
to study and to characterize the structure. Then, a
parametric CAD model of the structure was performed
and preliminary simulations were carried out. The levels
of the different factors of the DoE were chosen.

Figure 1. CAD model of the structure with a 3D cross
section

Then, the numerical analyse were run according to
the DoE. This allows to extract an experimental model.
After this step, an optimization of the structure is
proposed with different cases. If these optimizations are
not acceptable for an industrial application, a new
iteration of the method's first steps has to be performed
or a new approach has to be led. This approach consists
of the contradictions' spotlighting and with a typical
method as inventive design or TRIZ method, the aim is
to open the innovation way.

2.1 Design of Experiments (DoE)

The chosen structure is controlled by 3 parameters:
T\, T, and L.These parameters are shown in the Figure
3.

So, the DoE is composed of these 3 factors. We
chose to study 3 levels for the factors 71 and 72 and
only two levels for the factor L. This configuration of
the DoE requires 18 experiences.

Furthermore, to build the model other parameters are
needed. We chose to fix the gap noted awith a value of:

1
a=—1L 1
24 M
The snapping elements' length is defined as:
A=L-T2 2

This is to respect variable parameters' values. The
relation which defined the height of the snapping
elements is the following:
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B=L-T2-2a-TI 3)

In this way, the structure has a height of 2L and a
width and depth of 2L + 72 which facilitates repetitionin
space for a specific application. Indeed, an overlap is
necessary for the repetition of the unitary model.

Industrial need

Structure’s
definition

Choice of evaluation
parameters and
action parameters

CAD model

Preliminary FEA

DOE definition

FEA according to
DOE

Experimental model
extraction

Optimization

Industrialization
and

validated ? manufacturing

Research of
contradictions

Innovation

Figure 2. Diagram of the used method

To choose the values of the variable geometrical
parameters (71, 72 and L) in the DoE, preliminary tests
were performed with numerical simulations to check the
convergence of the analysis. The finally chosen values
of the geometrical parameters are (in millimeters):

e T1e{0.8;1;1.2}
o T2e{2;3;4}
o Le{l0;12}

These values are visible in the Table 1.
After taking charge of the structure with primary
simulations, we chose to study 4 output parameters also
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called evaluation parameters. The Poisson’s ratio of the
structure is analyzed to see the importance of the
external deformations of the structure during istrac—
tion/compression. The maximum force needed to de—
form the structure activating the snapping mechanism is
also studied. The maximum longitudinal deformation of
the structure is considered. This is relies to know the
maximum deformation of the model which on the ratio
of the displacement of extremum points by the initial
height of the structure. Furthermore, the viewable
maximum stress of the structure is analyzed in
comparison with the ultimate tensile strength. These
evaluation para—meters are visible in Table 1 and there
are respectively noted v, Fiuux, €max  aNd Gy

Figure 3. Geometrical parameters (front view)

2.2 Finite Element Analysis (FEA): Structure
modelling

For this study, a 3D model of ZPR structure with
snapping mechanism was chosen. First, a CAD model
of this new structure was made with the software PTC
Creo. The built model is completely parametric, driven
by relations and parameters which is means that the
geometric parameters can be changed and the CAD
model will be regenerated automatically.

The structure is composed of 8 external symmetric
snapping beams and also 4 internal symmetric snapping
beams in two levels. These beams have U-shape defined
by a trigonometric cosine function. Moreover, internal
curved surfaces are added. This forms a double
snapping mechanism with two levels. The snapping
elements' shape is inspired of the deformation of an
initial plane plate submitted to an imposed displacement
of 4 areas and a fixed displacement on the 4 corner and
the center of the opposite face. The shape obtained is
illustrated in Figure 4.

The structure offers the possibility to be repeated in
the three directions of space to perform a global
structure with different characteristics. In this article,
the unit structure is analyzed.

The complete 3D CAD model is built on a 2D model
with one snapping element and two supporting seg—
ments. A symmetry was performed on this first design
and then an axial repetition with 4 elements to form the
top external snapping elements was made. The internal
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Table 1. Design of experiments

. . Geometrical parameters Evaluation parameters
Simulation
no. T1 12 v Fnax €max Omax
[mm] [mm] [N] [MPa]
1 0.8 2 10 -0.0223 35.47 1.21 61.10
2 1 2 10 -0.0158 54.34 1.11 81.06
3 1.2 2 10 -0.0111 76.05 1.06 117.30
4 0.8 3 10 -0.0417 45.19 0.95 62.85
5 1 3 10 -0.0439 66.02 0.86 69.00
6 1.2 3 10 -0.0436 91.66 0.76 75.20
7 0.8 4 10 -0.0479 60.81 0.77 62.71
8 1 4 10 -0.0566 82.35 0.69 69.14
9 1.2 4 10 -0.0621 106.15 0.56 79.46
10 0.8 2 12 -0.0126 33.61 1.33 54.58
11 1 2 12 -0.0072 51.92 1.27 82.25
12 1.2 2 12 -0.0031 73.68 1.23 142.60
13 0.8 3 12 -0.0364 40.89 1.09 50.40
14 1 3 12 -0.0350 61.93 1.04 71.60
15 1.2 3 12 -0.0330 85.50 0.99 81.24
16 0.8 4 12 -0.0409 52.74 0.92 59.30
17 1 4 12 -0.0466 76.16 0.87 69.38
18 1.2 4 12 -0.0503 102.61 0.80 70.84

snapping element with its supporting segments was
drown and, in the same way, an axial repetition with 4
elements was carried out. To finish the top part, 2 extru—
sions were made to fill the 4 corners. Then, a symmetry
of the previous steps was made to obtain the model
without the internal curved surfaces.These surfaces
were built with the surface mode and with a solidify
method with the normal copied surfaces of the structure.
The different CAD construction's steps are illustrated in
the Figure 5.

Displacement
[mm]

Figure 4. Deformation of a plate with the corners and the
center fixed and a displacement imposed in 4 different
areas in the opposite face (displacement [mm])

2.3 Finite Element Analysis (FEA): Numerical
simulations

In this study, the behavior of the structure is analyzed
by numerical simulations with Simulateextension of
PTC Creo. First, concerning the limit conditions, the
bottom surface of the structure is fixed and on the top
surface a displacement is imposed. The traction speed is
set to 3 mm/s. Concerning the material, we used a
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thermoplastic polyurethane (TPU) material with p =
1250 kg/m®, E = 70 MPa and v = 0.46 where p, E and v
designate respectively the density, Young's modulus and
Poisson's ratio of the material. The behavior of the
material is set to linear elastic for all the simulations. An
illustration of the traction of the structure with FEA is
visible in Figure 6.
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Figure 5. Designing of the CAD model

In the simulations, the longitudinal and traversal
displacement of 4 points (see Figure 7) was studied to
finally obtain the longitudinal and the transversal
deformations of the structure. The transversal defor—
mation is obtained from the measure of the transversal
displacement of each point. First, the transversal length
variation is calculated with the values of two point's
displacement.Knowing the initial length between the
two points, we can calculate the nominal deformation:

AL
e 4
nominal LO ( )

(S
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where AL is the transversal length variation and L0 the
initial length between the two points.

£

Step 8;Time 1.4

2

Step 22;;Time 4.2 Step 29:Time 5.6

o Displacement
[mm]

Step 36 Time 7.0 Step 42;Time 8.2

Figure 6. FEA - Evolution of the structure with T1 =1 mm;
T2 =3 mm and L = 12 during traction (displacement [mm])

Figure 7. Position of the measuring points on the structure

The true deformation is also calculated, defined by:
Erue™ In (1+ €nominal ) (5)

In our case, due to the little transversal deformations
the two values are almsost identical. Next, the value of

€4ue 1 used for other operations. The longitudinal de—

formation is calculated as the ratio of the longitudinal
length variation by the initial height of the structure.
Each calculation is done with a couple of two points and
an average value of each results is calculated. For
example, the transversal deformation is calculated with
the couple of points 0 / 3 and the couple of points 1 /2.
For the longitudinal deformations, the couples of points
0/ 1 and 2 / 3 are used. Moreover, the results are
calculated at each simulation's times steps. The number
of steps for the simulation is defined in such a way the
times step to be fixed to 0.2 s.The Poisson's ratio is
calculated at each step as the ratio of the transversal
deformation and the longitudinal deformation. More—
over, our convention is to write a transversal length
variation as positive if there is a dilatation of the
structure and negative if the model is contracting. The
longitudinal deformation is always positive (due to the
displacement imposed). In this way, the sign of the
Poisson ratio is defined by the opposite of the sign of
the transversal deformation. In other words, if the
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average transversal length variation is positive, then the
Poisson ratio would be negative and conversely.

Moreover, the snapping phenomena of the structure
are illustrated in the Figure 8.

80
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+
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Figure 8. Evolution of the force needed to deform the
model according to longitudinal deformation of the
structure with T1 =1 mm; T2=3 mmand L =12 mm

Indeed, as explained previously, the model is built
around two levels with two curved snapping surfaces. In
this figure, the force value needed to deform the
structure according to the longitudinal deformation of
the model is studied. We can see two extremmus which
correspond to the deformation of each level of the
structure defined by the snapping surfaces. According to
this plot, the force value progressively grows and
decreases in a prompt way twice. This event appears for
each level of the structure and it is characteristic of the
snapping phenomenon.

3. EXPERIMENTAL PLANNING

This section relates to Table 1 where v, Fiax, €pax and

Oomax are respectively the Poisson ratio average, the
maximum traction force, the maximum strain and the
maximum stress of the structure during only the
snapping behavior. The geometrical parameters
spotlighted in Table 1 are illustrated in Figure 3. The
parameters 71, 72 and L are expressed in milli-meters,
Fiax in Newtons and oy, in Mega-Pascals.

To exploit the simulation results prescribed by the
DoE, the software Minitab was used. A regression of
each evaluation parameter was built. This, to express the
evaluation parameters depending on the action para—
meters (the geometrical parameters). First, the regre—
ssion was realized with all the full quadratic terms.
Then, only the significant terms were retained relying
on the p-value (Fisher's test). To simplify the model, we
keep only the terms with a p-value lower than 0.05. To
simplify the model and to have regressions with only
significant terms, we used an automatized stepwise
method with a a-value of 0.05. This method carried out
a variable selection by adding or deleting terms from the
model based on the F-test.  The wvariables are
progressively added into the model or deleted according
to the p-value obtained in comparison with the chosen
value of a. So, the simplified stepwise regression model
is visible in the Table 2.
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Table 2. Simplified stepwise regression models

v =-0.04391+0.08225%T1-0.03716x12s
+0.004441xL+0.007569x72x72-0.02761xT1xT2

Frnax = -8.5+5.1xT1+42.37xT2+0.622 XL+39.4 XT1xXT1+1.957xT2xT2+9.09x T1xT2-0.929x T2 xL

€max = 2:439-1.159xT1-0.4760x72-0.0312xL+0.03587xT2x72-0.0608 X T1 x 72+0.\0892x T1 xL+0.00969%x T2 x L

max

Omax = ~1104307.02xT1-2.8x T2+10.76x T2x T2-72.5x T1x T2

Table 3. Analysis of variance (ANOVA) of Poisson'’s ratio »

Source DOF? Adj SS° Adj MS® F-value P-value
Model 5 0.005325 0.001065 627.54 <0.0001
Error 12 0.000020 0.000002

Total 17 0.005345

Term Coded coef* SE coef® T-value P-value

Constant -0.038991 0.000532 -73.31 <0.0001

T1 -0.000116 0.000376 -0.31 0.764

2 -0.019358 0.000376 -51.47 <0.0001

L 0.004441 0.000307 14.46 <0.0001

TIx T2 0.007569 0.000651 11.62 <0.0001

TIx T2 -0.005522 0.000461 -11.99 <0.0001

* Degrees Of Freedom

® Adjusted Sums of Squares

¢ Adjusted Mean Squares

4 Coded coefficient

¢ Standard Error of the coefficient

3.1 Poisson’s ratio

In Figure 9, we can notice the comparison between the
experimental values of the Poisson's ratio and values
given by the simplified regression.

0r

+
+
001}
- +
=
0021
-003}
2 1+ T
004 -
o+ o+ .
005 ¥ +
+

-006 | +
e S S SRR R S

12 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

Simulation no.
+  experimental values

+  regression values

Figure 9. v: Comparison experimental values and regres—
sion values

The value of R* of this regression is 99.62%. The
higher this value, the better the model fits data. In our
case, this value means that 99,62% of the Poisson ratio
variation is explained by the model and that only 0,38%
is unexplained. We can say that the model used is a
good approximation of the Poisson ratio.

In this section, we will detail one case of the analysis
of variance (ANOVA) with the parameter of Poisson's
ratio v. The approach is similar to the other evaluation
para—meters, so we will not detail the ANOVA of

maximum traction force F,,,, maximum strain €max OT

maximum stress om... The ANOVA study was per—
formed with a confidence interval of 95%, i.e with a

FME Transactions

value of o of 5%. The results of ANOVA are showed in
Table 3.

The F-value calculated for the model is 627.54. This
means that the part of variance of the Poisson's ratio
explained by the model is 627.54 times larger than the
part of variance that remains unexplained. Moreover,
the p-value of the model is smaller than 0.0001. This
value means that the probability that the model is not
significant is smaller than 0.01%. In other words, this
possibility is negligible. In Figure 10, the influence of
the different terms in the regression of the Poisson ratio
is shown. Normalized values are used to build this bar
chart and to compare the variables. In this comparison,
T2 has the largest impact on the Poisson ratio but other
terms’ influences are present.

To analyze the influence of the different action
parameters on the responses of evaluation parameters,
we plotted the surface response charts of each case.The
Figures 11 and 12 show that 72 has more influence on
the Poisson ratio in comparison with 7'1 and L.

0.01

0.005

-0.005 |

-0.01

Normalized coefficient values

-0.015

-0.02

T T2 L T2'T2 T1'12
Terms

Figure 10. v: normalized regression values

VOL. 49, No 4, 2021 = 899



Figure 12. Surface plot of v and 72; L (for T1 =1 mm)

Moreover, the lower 72, the nearer the Poisson's
ratio is to zero. And,the higher 71 and L, the nearer the
Poisson ratio is to zero, even if these two parameters
have a minimal influence.

3.2 Maximum traction force

In the same way, a regression of the maximum traction
force was established according to the action
parameters.

In Figure 13, we can see a comparison between the
experimental values of the maximum traction force and
values given by the simplified regression.

The value of R* of this regression is 99.89%. This
value means that 99.89% of the maximum traction force
variation is explained by the model and that only 0.11%
is unexplained. The regression model is sufficient.

110

+
100 | *
% | +
N +
_ 8sof .
70}
g +
“ 6ol ¥ +
+ +
50 +
+
40 b +
N +
o ‘ R
12 3456 7 8 9 10111213 14 15 16 17 18

Simulation no
+  experimental values
+  regression values

Figure 13. F,.x: Comparison experimental values and
regression values

Figure 14 expresses that the higher 71 and 72, the
higher the traction force needed to deform the structure
is. As we can see in Figure 15 the influence of L on the
maximum force of traction is not very important.

900 = VOL. 49, No 4, 2021

Fmax

Figure 15. Surface plot of F,.x and T1; L (for T2 = 3 mm)

3.3 MAXIMUM STRAIN

In the Figure 16, we can catch sight of a comparison
between the experimental values of the maximum strain
of the model and values given by the simplified reg—
ression.The value of R* of this regression is 99.84%.
This value means that 99.84% of the maximum defor—
mation variation are explained by the model and that
only 0.16% are unexplained. The approximated model
is largely correct.

141

€ max

0.8

061

0.4 S S S S S S S S
12 3 45 6 7 8 9 10 11 12 13 14 15 16 17 18
Simulation no.

+  experimental values
+  regression values

Figure 16. €., Comparison experimental values and
regression

As shown in Figures 17 and 18, 72 is the para—meter
which has the most important influence on the
maximum deformation. The lower 72, the higher the
maximum deformation is. Furthermore, the lower T1,
the higher the maximum deformation of the structure is.
And, if the parameter L is important, then the maximum
deformation will be important.
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Emax 10 |

08 |

Figure 17. Surface plot of € and T1; T2 (for L =11 mm)

max

Emax 10

08

0.6

Figure 18. Surface plot of € and T2; L (for T1 =1 mm)

max

3.4 Maximum stress

In Figure 19, we can notice the comparison between
the experimental values of the maximum stress in the
structure and values given by the simplified regression.

The value of R of this regression is 88.02%. This
value means that 88.02% of the maximum stress
variation of the structure during traction is explained by
the model and that 11.98% is unexplained. This
regression is not as good as the other models. However,
this regression remains acceptable.

150

+
+ +
_ +
0
o
=
= 100
g +
+ . . +
+ +
£, % +
* - + + +
4
5 . S ‘
12 3 4 6 6 7 8 9 10 11 12 13 14 15 16 17 18

Simulation no.

+  experimental values
+  regression values

Figure 19. o,.x Comparison experimental values and
regression values

The value of the stress is maximum when 71 is
important and 72 is small (see Figure 20). The influence
of L on the stress of the structure is minimal as we can
see in Figure 21. We can underline a major quad-ratic
aspect, unlike the previous surface plots where the
linear aspect was predominant.
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Figure 20. Surface plot of o, and T1; T2 (for L =11 mm)

Figure 21. Surface plot of of oy.x and T2; L (for T1 =1 mm)
4. OPTIMIZATION

4.1 Mono-objective optimization

In this section, we search to optimize one evaluation
parameter independently of the others. The objective
functions were built from the previous regression for
each evaluation parameter and we desire to minimize or
maximize these functions. The considered objectives are
the following for example:
e To maximize the Poisson ratio v to obtain a
value near to zero;
e To maximize the maximum traction force Fpy;
e To maximize the deformation of the structure
€max >
e To minimize the maximum stress in the
structure Gyay.

TheGODLIKE (Global Optimum Determination by
Linking and InterchangingKindred Evaluators) algo—
rithm developed by RodyOldenhuis with Matlab was
used to perform these mono-objective optimizations.
This algorithm combines different calculation methods:

e  Genetic Algorithm (GA)

e  Particle Swarm Optimization (PSO)

e Adaptive Simulated Annealing (ASA)

o Differential Evolution (DE)

In Table 4, the optimized evaluation parameters are
visible with the values of action parameters to obtain.
Furthermore, in each row, the other evaluation
parameters are calculated with the regression model.

VOL. 49, No 4, 2021 = 901



4.2 Multi-objective optimization

In this section, we will study several case examples to
show the used method to perform a multi-objective
optimization.

Case 1:

In this case, we chose to maximize the Poisson ratio
v and the maximum deformation of the structure
€max -We used the GODLIKE algorithm to optimize

these two parameters.
In the figure 22, the red dots designate the
compromises to optimize the two evaluation parameters

vand €, .

The algorithm searched to minimize the objective
functions and that is the reason why we use the inverse
function of the parameter. Indeed, we want to
maximize the evaluation parameters therefore to
minimize the inverse function of the parameter.
Moreover, in this figure, we can appreciate that the
minimization of the function FI1(x) involve the
maximization of the function F2(x). The two objective
functions have opposite objec—tives. This means that
we can see a contradiction. Two solutions are possible,
to optimize one parameter at the expense of the other
and perform a compromise or to put forward an
innovation to succeed the optimization of the two
parameters.

To resume the case example 1, we performed a plot
which shows an optimization of the parameters v and

€max - 10 this example, we want a value of v upper than

-0.03 and a value of €, upper than 1. In Figure 23,

max
the green area designates the values of 71 and 72 which
respect the structure's condition to have a Poisson ratio
higher than -0.03 and a maximum defor—mation higher
than 1 (i.e. the maximum longitudinal deformation is
higher than the initial height of the model). In other
words, to respect these two conditions in the evaluation
parameters, the values of the action parameters must be
in the green area.

Case 2 :

In this new case, we want to maximize the traction
force of the structure and to minimize the maximum
stress of the model to be under the ultimate tensile
strength of the chosen material.

Figure 24 illustrates the Pareto front of the variables
Fiax and oy, The red dots designate the compromises
to optimize the two evaluation parameters.

Table 4. Mono-objective optimization

Final Pareto Front

0.765
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Figure 22. Pareto front with Fl(x):l and F2(x)=
\4 S
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Figure 23. Contour plot of v; € and T1; T2
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Figure 24. Pareto front with F2(x)=0,,, and F2(x)=o0,,

L Geometrical parameters Evaluation parameters

Parameter Minimize
to optimize or maximize T1 12 % Fliax €max | Omax

[mm] [mm] [N] [MPa]
v maximize 1.1998 2.0001 11.9979 -0.0022 73.89 1.24 122.22
Erax maximize 1.2000 4.0000 10.0002 -0.0608 107.84 0.57 71.30
Emas maximize 0.8003 2.0003 11.9982 -0.0130 33.11 1.32 57.42
Omax minimize 0.8000 2.8256 10.0000 -0.0407 43.64 0.99 49.57
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Contour Plot of omax; Fmax
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Figure 25. Contour plot of Onax; Fmax and T1; T2

In the same way, in Figure 25, the green area is the best
values of the geometrical parameters 71 and 72 to obtain
the chosen objective. If the action parameters have a value
included in this optimum area, the maxi—mum stress of the
structure will be lower than 80MPa and the force needed to
extend the model will be higher than 70N.

In these two cases, we use only two parameters to
optimize. However, more parameters can be added to
obtain an optimization area.

4.3 Optimization and contradictions

In this section, we will study a complete case study with
all the parameters. The smart lattice structure can be
used as a shock absorber, for example. To be consistent
with the previous steps of this study, we will spotlight a
part of a vehicle bumper with a low speed shock.For
this application, it is necessary to have specific levels of
the different evaluation parameters:

o Poisson's ratio v needs to be high (to be near to

Zero)
e Maximum traction force Fi,,x needs to be high

e Maximum strain €, needs to be low

o Maximum stress o, needs to be low

The Poisson ratio must have a value close to zero. In
this way, the transversal deformation of the structure is
limited in comparison with the longitudinal deformation
applied on the vehicle bumper. The maximum traction
force needed to deform the structure has to be important
to collect the force of the bumper's external
environment. The part of the bumper constituted of the
lattice structure must have the smallest strain during the
low-speed crash. This, to limit the global deformation of
the part. The maximum stress in this structure has to be
the smallest as possible to not damage the part and to be
under the material limits.

To obtain these levels of the evaluation parameters,
we studied the influence of the action parameters. For
this, the main effect plots were performed for each
evaluation parameter. With these plots, we determined
the level needed of the action parameters to minimize or
maximize the value of the selected evaluation
parameter. The case of Poisson's ratio is showed in the
Figure 26. To have a high value of v as explained
previously, we can see that 71 has very few influences,
T2 must have a minimum value and L has to be
maximum. This result and the results of the other
evaluation parameters are seen in the Table 5.
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In Table 5, a 0-symbol means that the action
parameter is not influent on the evaluation parameter
value. Moreover, a *-symbol means that the action
parameter is very few influent on the result of the
evaluation parameter.

When we analyze the results in Table 5, we can
point out that there is not a simple manner to obtain the
desired objectives of the evaluation parameters with the
levels of action parameters. Indeed, 71 has to be
maximum to be conform with a high value of Fy,,, and a

low value of e, whereas T1 has to be minimum to

satisfy a low value of o, In the same way, 72 must be
maximum to 1espect Fuax, €max aNd max desired levels

and must be minimum to respect the high value of v.
The parameter L must be maximum to answer to the
need of v level whereas L must be minimum to be con—
form with the level of F,x and e, . Following this

observation, we decided to investigate the contra—
dictions approach.

Main Effects Plot for v
Fitted Means

T T2 L

Mean of v
&
2

-0.05 .
0.8 10 12 2 3 4 10 n 2
Figure 26. Main effects plot for v

Table 5. Levels of the action parameters needed to obtain
the objectives on evaluation parameters

Evaluation Levels of action parameters needed
parameters :

objectives T1 172 L

chosen

N: high 0 T2 min Linax

Fmax : hlgh Tl max szax Lmin* Lmin
€max * low Tlmax nmax Lmin

O'max: IOW Tl max 721]18)( 0

To spotlight the contradictions of our research, we
studied the obtained values in the DoE. Concerning the
method, previously we chose the states needed for each
evaluation parameters to answer to the need of the
vehicle bumper case study. We chose to rely on the
average value of each evaluation parameter in the DoE
to determine the compliance limit values' of the
objectives. Indeed, in the case where the evaluation
parameter must be maximum, all the obtained values of
this parameter higher than the parameter's average in the
DoE are valid and, according to our choice, responding
to the need. Of course, this criterion can be modified to
adjust the accuracy of the results and to optimally
respond to the industrial need. Similarly, if the
evaluation parameter must be minimum, all the values
of this parameter in the DoE lower than the parameter's
average in the same DoE will be acceptable.
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Table 6. Generalized systems of contradiction (GSC)

. . Geometrical parameters Evaluation parameters
Simulation
no. T1 2 v Foax €max Omax
[mm] [mm] [V] [MPa]
% _ 6 1.2 3 10 -0.0436 91.66 0.76 75.20
] 15 1.2 3 12 -0.0330 85.50 0.99 81.24
2 1 2 10 -0.0158 54.34 1.11 81.06
8 1 4 10 -0.0566 82.35 0.69 69.14
11 1 2 12 -0.0072 51.92 1.27 82.25
O 17 1 4 12 -0.0466 76.16 0.87 69.38
% ™ 3 1.2 2 10 -0.0111 76.05 1.06 117.30
6 1.2 3 10 -0.0436 91.66 0.76 75.20
12 1.2 2 12 -0.0031 73.68 1.23 142.60
15 1.2 3 12 -0.0330 85.50 0.99 81.24
18 1.2 4 12 -0.0503 102.61 0.80 70.84

As a reminder, we want to maximize Poisson's ratio
v and the maximum traction force Fp,,. Moreover, the
maximum strain €,,, and the maximum stress gy,,x must

be minimized.
So, to reach the objectives the evaluation parameters
must respect:
e Poisson's ratio v>-0,0339
e Maximum traction force Fp,, > 66.50N
¢ Maximum strain €,, < 0.97

o Maximum Stress oy < 75.56 MPa

In Table 6, the bolded evaluation parameters' values
means that the value respect the objective in the
respective parameters. The other values of evaluation
parameters without bolded characters do not reach the
formulated objectives.

To analyse of the DoE's results, classifying the
action parameters in a specific order, let us the spotlight
contradictions. These contradictions are illustrated in
Table 6. First, focusing on the pair of simulations no. 6
and no. 15, we can underline the first generalized
system of contradictions (GSCl). Indeed, in the

simulation no. 6, Fiuax, Emaxand Omax respect the

objectives on the evaluation parameters whereas, in the
simulation no. 15, v and Fi,, respond to the objectives.
These two simulations are complementary to reach all
the designated evaluation parameter's optimum levels.
Indeed, the FEA no. 6 reaches a part of evaluation
parameters' objectives and the FEA no. 15 reaches the
other objectives. However, the configuration of these
simulations is different. Although the action parameters
T1 and T2 are identical between these simulations, the
action parameter L evolves in other terms, to respond to
a portion of the objectives, L must have a value of 10
mm and to respect the other portion of the objectives, L
must have a value of 12 mm. So, a first generalized
physical contradiction (GPC) is present. Figure 27
illustrates and condenses the first generalized system of
contradictions.

Following the same pattern, a second system of
generalized contradictions (GSC2) can be underlined.
For fixed values of the action parameters 71 and L, the
evolvement of the parameter's 72 value leads to the
reaches of all the objectives. It is the case between the
simulations no. 2 and no. 8 ; no. 11 and no. 17 ; no. 3
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and no. 6 ; no. 12, no. 15 and no. 18. These different
cases lead to the same generalized physical cont—
radiction. Indeed, in these 4 cases where 71 are L are
fixed, the modification of the 72 value brought about a
solving to the unmet objectives.

<

Figure 27. Generalized system of contradiction 1 with T1 =
1.2mmand 72 =3 mm

So, in the GSC1, it is the action parameter L which
contributes to the physical contradiction. The difference
in the GSC2, the evolution of the parameter 72 leads to
the contradiction. The next step will be the solving of
these physical contradictions with TRIZ based method.
To help the solving of theses contradictions, a potential
solution is to rely on several TRIZ separation principles
as separation in time, separation in space, separation
between parts and the whole, separation upon
condition.The innovation way is to answer these
contradictions working on the action parameters while
optimizing all the evaluation para—meters at the same
time.

5. CONCLUSION

In conclusion, in this paper, a method is proposed to
characterize a new specific 3D auxetic structure with a
parametric method. Usually, with conventional met—
hods, a structure is built and its characterization is done
by experiments or by FEA. In our case, our added value
is that we propose a characterization of a parametric
structure. This allows to optimize later the 3D structure
for a specific industrial application. Indeed, knowing
evaluation parameters' values requested for an industrial
application, we can dimension the structure accordingly.
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To note, this article is the bootstrap of other future
works to study in detail this structure. A possible next
step is the transition between the optimization and the
contradictions. Indeed, the multi-objective optimization
step put forward an impossibility to optimize two
parameters at the same time without a compromise.
Moreover, contradictions could be underlined in this
article. The contradictions solving is the next step of this
study to obtain an inventive structure which can answer
an industrial application. Using the TRIZ matrix, an
analysis was able to highlight the most judicious
principles to solve the underlined contradictions in this
paper. According to this first analysis, two principles
deserve to be studied: the dynamicity (principle no. 15)
and the segmentation (principle no. 1). To solve the
mentioned contradictions, a possibility is to rely on the
segmentation principle, i.e. to divide the structure into
independent parts. Moreover, to complete this approach,
the dynamicity principle is able to be studied, i.e. to
divide the structure into different parts capable of
moving relatively each other, for example. Relying on
these suggested principles, the contradictions can be
potentially solved. This will allow to perform an
inventive structure.

Moreover, the structure studied in this paper was
printed on an additive manufacturing machine Stratasys
Fortus250 mc with the FDM (Fused Deposition
Modeling) technology and with an ABS (Acrylonitrile
Butadiene Styrene) material (see Figure28).

For future prospects, this structure would be printed
with a smoother material as a TPU with a SLA
(Stereolithography) or SLS (Selective Laser Sintering)
technology of printing. Traction/compression experi—
ments would be done to compare the results obtained
with the FEA method. Furthermore, to have a rigorous
method, it would be interesting to print tensile speci—
mens and to characterize these samples to have the 3D
printed material law to implement it in the simulation
models.

Figure 28. 3D 3D printed structure's sample with 77 =1
mm; T2=3 mmand L =12 mm

Furthermore, the studied lattice structure could be
used in various industrial applications as a shock-
absorber, for example. An assembly of the unit cell with
a repetition in two directions was printed (see Figure
29). The exterior shape of the model is cylindrical to be
consistent with the shock-absorber's standard shape. To

FME Transactions

note, we perform a cross section to see the interior of
the structure. This printing is a beginning of future
consideration to use the structure in real and concrete
application.

rﬂ59.25 mm

Figure 29. 3D printed structure built with the unit cell
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HOBU METO/Jl 3A KAPAKTEPU3AIINJY
IHAPAMETAPCKE PEHIETKACTE CTPYKTYPE

P. Eayap, X. Uuoen, . Kapaayuu

TexHu4KkM JM3ajHEpH dYecTo mpuiarohaBajy au3ajH
CTPYKTYpe (YHKIMOHAIHUM IOTpebdama HEe3aBHCHO OJ
KaranuTeTa AU3ajHUPaHor TEXHHYKOT CHCTeMa Kako Ou
MOHYIWIM WHOBaTHBHEe MoryhHoctn. Ha ocHoOBy
KOHIIENTa KOHTPAIUKTOPHOCTH Koju mocroju y TPU3
cucreMy (pycka ckpaheHHIIa y TEOPHjH pellaBamba
WHBEHTHBHOT TpoOliemMa), pasBHjeH je TPUCTYI
peBEp3HE M3TPAAlBE IApaMeTapcKe HHTEIUTCHTHE
CTPYKType KoOja IOTEHIMjaTHO pellaBa BEIHKH Opoj
WHBEHTHBHUX mpobiema. llpemnoxkeHa cTpykrypa ce
oclaka HA HECTaOMIHOCT €JIaCTHYHOT H3BHjamba.
UzBenen je mapamerapcku CAD mozen cTpykrype u
IErOBO IMOHAIIAKE j€ HWCIUTaHO IIOMOhy aHanm3e
KOHAYHHUX eJieMeHaTa, O0asupameM Ha DoE. Ipemmaxe
ce crienuduIaH METO/ KapakTepu3aluje 1 BUILeNnIbHA
ontuMu3anuja crpykrype. Llwp paga je ma omoryhwm
TEXHUYKOM [H3ajHepy Aa Op30 M WHBEHTHBHO pellaBa
KOHTPAaAWKTOPHA 3aXTeB JAa OW ra TpHIaroauo
WHAYCTPHjCKOj TPUMEHH.
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