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ARTICLE INFO ABSTRACT
Keywords: Mass reduction of mechanical systems is a recurrent objective in engineering, which is often
Cellular structures reached by removing material from its mechanical parts. However, this material removal leads to
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Lattice structures
Material removal
Mechanical stiffness

a decrease of mechanical performances for the parts, which must be minimized and controlled to
avoid a potential system failure. To find a middle-ground between material removing and me-
chanical performances), material must be kept only in areas where it is necessary, for example
using stress-driven material removal methods. These methods use the stress field to define the
local material removal based on two local parameters: the local volume fraction v; and the
structural anisotropy orientation . These methods may be based on different types of cellular
structure patterns: lattice-based or bio-inspired. The long-term objective of this study is to
improve the performance of stress-driven methods by using the most efficient pattern. For this
purpose, this study investigates the influence of v; and  on the mechanical stiffness of three
planar cellular structures called Periodic Stress-Driven Material Removal (PSDMR) structures.
The first, taken from the literature, is bio-inspired from bone and based on a square pattern. The
second, developed in this study, is also bio-inspired from bone but based on a rectangular pattern.
The third is a strut-based lattice pattern well documented in the literature for its isotropic
behavior. These three patterns are compared in this study in terms of relative longitudinal
stiffness, obtained through linear elastic compressive tests by finite element analysis. It is high-
lighted that each PSDMR pattern has a specific domain in which it performs better than the two
others. In future works, these domains could be used in stress-driven material removal methods to
select the most adequate pattern or a mix of them to improve the performances of parts.

1. Introduction

In mechanical engineering, mass reduction of parts is a current objective to save resources and improve the efficiency of systems.
This objective can be reached by removing material from the part. However, the induced mechanical performances loss need to be
understood and adapted to the loading case. Adequate mechanical performances once the material is removed from the part must be
maintained.

In this context, several methods are presented in scientific works to obtain mass reduced parts. Among these methods, the most
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widely used is topology optimization [1]. This stress-driven method [2] allows reduce the mass based on slender beam structures [3,4].
Through mesh refining, and thus longer computing times, this method is able to remove material at a smaller scale [5]. At this scale,
cellular porous structures, such as strut-based lattice or Triply Periodic Minimal Surfaces (TPMS) structures, are also used for material
removal (MR). Strut-based lattice structures are based on struts jointed to one another to create the desired mathematical arrange-
ments [6-10]. TPMS structures are based on mathematical rounded shapes design that are interconnected by nature [10-14]. Both
methods tend to generate periodic structures. In terms of stiffness, TPMS present better overall mechanical performances than lattice
[14,15]. They generate structures made of uniform struts or walls, which have a homogeneous thickness. Moreover, they can be used to
design geometries that present different mechanical interests by varying the unit cell pattern, its size [16] or its thickness. For example,
these methods propose the design of structures that have a great stiffness, that are great shock and energy absorber [17-20] or that are
heat dissipater [21-23] or conductor [24]. In order to optimize the stiffness of structures, different methods can be combined. For
example, topology optimization can be combined with lattices, TPMS or other cellular structures. One way to do so is that a unit cell is
optimized through topology optimization and the part is substituted by repetition of this optimized unit cell [25-27]. Another way is
that topology optimization defines the envelop of the final part and the remaining part is entirely substituted by a periodic repetition of
the chosen unit cell [28-31].

To optimize the stiffness of structures, another suitable solution is to vary the local thickness of struts or walls of the unit cells of the
periodic repetition (whether they are combined to the topology optimization or not) [23,32,33]. These alternative versions of the
classic cellular structures are called “graded structures”. The gradient of strut or wall thickness can be stress-driven. Thus, the struts are
thicker when the structure faces high intensity stresses (and inversely) [34,35].

In the category of stress-driven material removal methods, bio-inspiration may be used to provide new geometries. They can mimic
structures having different sources.

- Vegetal sources: bamboo [36], pulvinus [37], pummelo pericarp [38], sea sponges [39], nautilus shell [40];
- Animal sources: toucan’s beak [41], fish bone structure [42], woodpecker’s beak [43], centriole coupled with nautilus shell [44],

joints [45,46], bone [47-50].

For stiffness optimization, bones are often used as bio-inspiration due to their material frugality and their high mechanical
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Fig. 1. Two ways of design to obtain the same unit cellular pattern.
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performances. Bones tend to use a minimal amount of resources to generate maximal performances. In addition, their remodeling
process is also a point of interest for mechanical designs. Numerous research works investigate bone structure to design bio-inspired
structures. Particularly, long bones are largely studied. This type of bones undergoes similar mechanical loading, and thus similar
mechanical stresses, as mechanical parts [51,52]. Studies highlighted that the morphogenesis process generates a global bone shape
that is able to support the undergone stresses. This process is also involved to generate specialized areas such as the diaphysis region
with its dense cortical bone surrounding the medullar cavity, and the epiphysis region with its trabecular porous bone [53]. Thus, long
bones can be considered as stress-driven structure. Consequently, the bio-inspired method derived from the long bones morphogenesis
process is qualified as stress-driven material removal method.

In the literature presented right above, plenty of studies focus on the comparison of mechanical performances of cellular structure
such as uniform and graded lattice (strut or TPMS based). In addition, several works exist on the performance comparison of structures
designed using bio-inspiration or topology optimization. However, structures bio-inspired from long bones (based on elliptical po-
rosities) have not been compared to lattice structures.

This study investigates the mechanical performances of patterns generated using planar stress-driven cellular structures under
uniaxial compression loads. It proposes a comparison of the mechanical properties of three geometrical structures derived from Pe-
riodic Stress-Driven Material Removal (PSDMR) patterns. A first pattern (from Ref. [47]) is bio-inspired from long bone structure and
based on a square pattern. A second bio-inspired pattern based on a rectangular pattern (created to be an improvement of the first
pattern) is developed in this study. A third pattern is a strut-based lattice type structure selected for its isotropic behavior. TPMS are not
taken into account in this planar study due to their 3D topology. The objective of the study is to establish the performance domains of
the three planar PSDMR patterns to determine which one has the best mechanical stiffness performances depending on its volume
fraction and structural anisotropy orientation. In a first section, the periodic cellular geometries and the design parameters are pre-
sented (section 2). In a second section, the tested patterns are presented (section 3). In a third section, the FEA environment and
associated parameters are defined, and simulation results are experimentally validated (section 4). The last sub-section focuses on the
evaluation of the mechanical performances of PSDMR patterns (section 4.4). A last section discusses the most suitable domain of use
for each PSDMR pattern depending on volume fraction and structural anisotropy orientation (section 5).

2. Periodic Stress-Driven Material Removal (PSDMR) method
2.1. Unit cellular pattern definition

A periodic cellular geometry can be described as a repetition of a unit cellular pattern. This unit cellular pattern is made of areas
filled with material that adjoin areas made of void (Fig. 1). The initial state of the unit cell may be defined in two different ways.

- Empty initial state: in an elementary space made of void, the skeleton of the desired structure is defined. It is then thickened by a
defined width w to obtained the final desired structure;

- Full initial state: in an elementary space filled with material, holes are created. Their shape, size and position define the final
desired structure.

These two ways of design are equivalent and they lead to the same final geometry. For ease of unit cellular pattern numerical
implementation, the full initial state is considered in this paper.

u
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Fig. 2. General periodic mass removal method using a parallelepipedic grid and rounded rectangular MR holes as global periodic MR patterns,
applied on an open-end wrench.
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2.2. Periodic material removal pattern definition
Using the full initial state process, the periodic material removal (MR) pattern is defined by two geometrical elements (Fig. 2).

- The grid, used to define the positions of the future MR holes in the part. It is defined by two vectors u and v. The angle between these
two vectors is a parameter defined by the user, as well as their norm. The angle between u and v allows to define the shape of the
grid, and their norm to define the size of the grid. It is also oriented in the general coordinate system. In a periodic MR method,
these parameters are fixed and constant. Therefore, the grid is uniform: it has a constant shape, size and orientation all over the
part. Each unit element of the grid is called “grid mesh”;

- The MR holes, that refers to the shape according to which the material is removed from the grid meshes. The positions of these holes
are defined by the topology of the grid: in general, the holes are located on the nodes of the grid.

In the example shown in Fig. 2, a periodic MR pattern use case is represented. It is made of a parallelepipedic grid and rounded
rectangular MR holes that are located on each node of the grid.

2.3. Local volume fraction and structural anisotropy orientation definitions

A Periodic Stress-Driven Mass Removal (PSDMR) method, which is based on the repetition of periodic MR pattern, computes local
functional parameters depending on the mechanical stress field of the filled part. These parameters, which are computed in each grid
mesh of the PSDMR pattern, are used for local adaptation of the pattern. There is two levels of local adaptation.

- First level: the local material density may vary and the part presents a controlled local volume fraction (section 2.3.1);
- Second level: the local structural orientation may vary and the part presents a controlled anisotropy orientation (section 2.3.2).

In stress-driven method, the process used to determine PSDMR pattern parameters can be split in six steps.

- Definition of the boundary conditions applied to the part;

- Estimation of the mechanical stress field;

- Definition of the grid (section 3.1);

- Calculation of the local volume fraction in each grid mesh, depending on the local mechanical stress;

- Determination of the local structural anisotropy orientation based on the mechanical stress field (section 2.3.2);

- Calculation of the design parameters of the MR holes based on the volume fraction, the structural anisotropy orientation and the
grid design (section 3.2).

In a PSDMR method, at each point of the part, a couple of parameters (vs; ) is computed from the local stress field study. This
couple of parameters will be presented subsequently.

2.3.1. Volume fraction vy

The first level of local adaptation to the stress in PSDMR method is the variation of the material volume fraction v, in each grid
mesh. In this planar study, the volume fraction vy is represented as the ratio of the remaining material surface in a single grid mesh over
the total surface of this mesh (Eq. (1) and Eq. (2)).
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Fig. 3. Von Mises stress field on an open-end wrench submitted to forces simulating torque. Focus on two PSDMR areas: Area A with large material
removal holes oriented of an angle 8, and Area B with smaller material removal holes oriented of an angle fz:
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The PSDMR method adapts the volume fraction vy to the local mechanical stress. In Fig. 3, area A presents a low intensity local stress,
thus the resulting MR holes are large while area B presents a higher intensity local stress, thus the resulting MR holes are smaller.

2. 3.2. Structural anisotropy and structural anisotropy orientation f
At a second level, to improve the local adaptation to the mechanical stresses, anisotropy may be introduced and its orientation may
be controlled [47,49,54,55].

2.3.2.1. Structural anisotropy in PSDMR method. To obtain this anisotropy, two ways are possible.

- Material anisotropy: it is obtained by the material itself (as in composite materials for example). This approach is difficult to
implement in stress-driven method because the orientation of the material anisotropy needs to vary at each point of the part;

- Structural anisotropy: it is obtained by the non-uniform repartition of the remaining material in several directions. This property
can be obtained by realizing non-uniform holes, in position or geometry (elliptic holes for example). It induces structural anisotropy
which orientation is defined by an angle to the grid vectors called in the following “structural anisotropy orientation”. In other
terms, “structural anisotropy” defines the anisotropy of the pattern induced by the holes and not the anisotropy of the micro-
structure of the used material. In this paper, only structural anisotropy is used.

On a same structure, a variation of structural anisotropy orientation may lead to different mechanical properties of the structure
along a direction. Along a studied direction, the structure may be stiff with one orientation and bendable with another. Thus, for a
given mechanical stress field, a direction along which the local stiffness is maximal exists: the stiffer direction. In addition, the
structural anisotropy can be global (the same all around the structure) or local (locally different and independent in each grid mesh). In
PSDMR method, the structural anisotropy is local and the structure orientation in each grid mesh depends on the local mechanical
stress field.

2.3.2.2. Structural anisotropy orientation f. At each point of a structure, the mechanical stress field may be described by a tensor. In
planar studies, this tensor is defined by two principal stresses of the principal coordinate system and by their associated direction.
Usually, these two principal stresses are noted 67 and o3 such as |o1| > |o2|. To quantify this stress orientation to the grid, hereafter, the
angle between 6, and the u-axis of the mesh of the grid is set as g (Fig. 3). Moreover, this study is driven by the search for stiffness
increase. In order to design structure for which the stiffness is maximized, the stiffer direction induced by structural anisotropy is
aligned to the stress orientation. For example, in the case of Fig. 3, the stiffer direction is defined by the orientation of the longer side of
the MR holes. Thus, hereafter, structural anisotropy orientation is characterized by the angle . The PSDMR method adapts the
structural anisotropy to the local major principal stress orientation. Indeed, in both areas, the MR holes are aligned to the o7 direction.
It entails that the two areas have a different local structural anisotropy orientation  (Fig. 3).

3. PSDMR pattern specifications

To compare the different PSDMR patterns, these patterns must be presented and detailed.
In this study, uniaxial compression loading case is chosen. The mechanical stress field induced by this loading case is homogeneous

Fig. 4. Uniaxial compression on a local area of a mass reduced mechanical part.
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in intensity (far from the application points). In addition, the major principal stress o; is aligned along the loading direction (vertical
hereafter). Consequently, the MR holes of the patterns have the same size and the same orientation. Thus, to vary the structural
anisotropy orientation f, the grid of the patterns must be rotated by this angle  generating a grid orientation (Fig. 4).

3.1. Designed grids

The three PSDMR patterns defined in the study use grids of parameters L and [ the sides of the quadrilateral such as L = |Jul| andl =
||v]l. They can be designed in two different ways:

- Parallelepiped grids made of two adjacent triangles (isosceles or equilaterals) with MR holes at each node of the grid (purple grids
in Fig. 5);

- Orthogonal grids with a topology that mimics a “face-centered" structure. The MR holes are located at each node of the grid as well
as in the center of the grid mesh (blue grids in Fig. 5).

Hereafter, for understanding purposes, the grids are defined as orthogonal grids (in accordance with the second way of design).
Using these orthogonal grids, two grid types can be defined.
The first grid defined in this study is a square-shaped grid [47,49,52] (Fig. 5a) that has the following properties.

- Its directional vectors u and v have the same norm; so in this grid, L = [;
- It has an angular periodicity of 90°. In fact, the grid varies in the range [0°; 45°] and then symmetrical grids are obtained in the
range [45°; 90°]. For this reason, in the following, this grid is only studied for angles varying in the range [0°; 45°].

The second grid is a rectangular-shaped grid (Fig. 5b) specifically designed to obtain a regular hexagonal shape. It has the following
properties.

- Its directional vectors u and v have different norms such as L = [ % v/3;

- Its topology and dimensions mean that the centers of the neighboring MR holes are equidistant unlike square-shaped grid. This
rectangular grid can be redefined as a hexagonal grid made of six equilateral triangles; it has an angular periodicity of 60°. In fact,
the grid varies in the range [0°; 30°] and then symmetrical grids are obtained in the range [30°; 60°]. For this reason, in the
following, this grid is only studied for angles varying in the range [0°; 30°].

3.2. Designed material removal holes

The three PSDMR pattern defined in the study use two types of MR holes.

The first type of MR hole is elliptical-shaped (Fig. 6a). These holes are bio-inspired from long bone trabecular holes as presented in
the literature [47]. It is defined by the length of its two semi-axis: a the major and b the minor [49,52]. This MR hole has the following
properties:

- It exists in the same way in the two grids developed in section 3.1;

- It is oriented along the direction of the stress field in the initial filled structure induced by the uniaxial compression, so vertically;

- To increase the stiffness of the PSDMR pattern in uniaxial compression, the major semi-axis a, is aligned along the compression
direction;

- Considering the compression loading case, |61| > |o2|, an important structural anisotropy is needed in the compressive direction to
insure a great stiffness. This structural anisotropy orientation can be obtained using very slender MR holes. For that, using the limit

(a) Square grid (b) Rectangular grid
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Fig. 5. Grids used in this study: the square-shaped grid (a) and the rectangular-shaped grid (b).
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Fig. 6. Material removal holes used in this study: the elliptical-shaped holes (a) and the triangular-shaped holes (b).

S

of the bio-inspired relationship proposed in Ref. [47], the ratio a/b of the elliptic MR holes is set equal to 1.6. This ratio is called the
form factor FF (Eq. (3));

- In the designed pattern, the volume fraction is set. Knowing the dimensions of the grid, the form factor FF and the volume fraction
vf, the two semi-axis length are derived from Eq. (3) and Eq. (4).

a
FF = 5 3)

gy BRI FFx (L y) 4)
2%

The second type of MR hole is composed of two identical back-to-back equilateral triangles (Fig. 6b). It has the following properties.

- Its shape is devised and is aligned along the u-axis of the grid to provide a consistent structure;

- ¢ is the length of the side of the triangles;

- m is the distance between the middle of the grid mesh and the barycenter of the triangles;

- To generate a strut-based lattice structure with regular strut thickness, the rectangular grid (section 3.1) must be used and the
parameter m must verify Eq. (5);

- In the designed pattern, the volume fraction is set. Knowing the dimensions of the grid and the parameter m, the length of the side of
the triangles c is derived from Eq. (6).

ek ®)

c=1lx+/1—v 6)
3.3. Computed PSDMR patterns

Combining the two possible type of grid (section 3.1) and the two type of material removal (MR) holes (section 3.2), three ho-
mogeneous PSDMR patterns are defined in this study.

(a) SQ-EL pattern (f = 0°) (b) SQ-EL pattern (f > 0°)

Bone —— L oy

Fig. 7. Bone bio-inspired SQ-EL pattern using a structural anisotropy orientation § = 0° (a) and p > 0° (b).
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- SQ-EL composed of a square grid and elliptical MR holes (Fig. 7a);

- RE-EL composed of a rectangular grid and elliptical MR holes (Fig. 8a);

- RE-TR consisting of a rectangular grid and triangular MR holes (Fig. 9a) and inspired by bi-pyramidal lattice structures (VBCC
structure in Ref. [56]).

To ensure the comparison of all three PSDMR patterns, the length of the small side of the grid [ is set equal for the three patterns.

In Figs. 7, Figs. 8 and 9, the compression direction is vertical. On the one hand, as specified in section 3.2, in the SQ-EL and RE-EL
patterns, the major semi-axis of the ellipses are also vertical for any structural anisotropy orientation f (Figs. 7b and 8b). On the other
hand, in the RE-TR pattern, as defined in section 3.2, the triangular MR hole is not oriented along the vertical direction (Fig. 9b).

4. Experiments to determine the performance domains of PSDMR patterns
4.1. Parameters variation

In this study, the mechanical performances of planar PSDMR patterns are compared and their performance domains are estab-
lished. This comparison of performances has three variables.

- The three used PSDMR patterns: SQ-EL, RE-EL or RE-TR (section 3.3);

- The volume fraction vy (section 2.3.1), that varies from 0.05 to 0.95 by 0.05 steps;

- The structural anisotropy orientation f (section 2.3.2) which depends on the grid shape (section 3.1): the two grids have distinct
value of periodicity. In this study, five values are considered, regularly spread, in the periodicity range. Consequently, the square
grid is studied in the range [0°; 45°] by 11.25° steps and the rectangular grid is studied in the range [0°; 30°] by 7.5° steps.

4.2. Structural cohesion limitations

Taking into account the range of variation of the two parameters vy and f (section 4.1), structural cohesion issues may appear in the
patterns involving the use of the elliptic holes. Indeed, due to the regular position of the elliptic holes, if holes intersect in a unit cellular
pattern, then it causes an infinite split of the PSDMR pattern. If this phenomenon occurs, the cohesion of the structure is lost and the
resulting structure has no mechanical resistance [47,49].

As shown in Fig. 10, in the case of the couple (vf,; 5;), marked with green backgrounds, structural cohesion in the pattern is
ensured. On the one hand, from this cohesion case, a decrease of volume fraction v, (from Vs, to vy, in Fig. 10) that is too important
induces a loss of structural cohesion. On the other hand, from a cohesion case, a variation of the structural anisotropy orientation  may
also lead to a loss of structural cohesion (from f; to §, in Fig. 10). In addition, these situations are favored by low volume fractions.

Structural cohesion loss is illustrated for the three PSDMR patterns for tested couples (vf; ) in Fig. 11. The red backgrounds refer to
the patterns that lost cohesion and the green backgrounds to the ones that did not. In case of non-cohesion, under loading conditions,
the pattern collapses without any resistance. As expected, the RE-TR pattern is not subjected to this structural cohesion loss issue.
Indeed, as explained in section 3, this pattern is a lattice structure by nature, so the MR holes do not intersect.

Finally, for each pattern involving elliptic MR holes (SQ-EL and RE-EL), there are couples (vf; ) for which the structural cohesion is
lost. Table 1 highlights the couples for which the structural cohesion is lost with red boxes, and the couples for which the structural

(a) RE-EL pattern (f§ = 0°) (b) RE-EL pattern (f > 0°)

. o )
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Q L .

Fig. 8. Bone bio-inspired RE-EL pattern using a structural anisotropy orientation p = 0° (a) and § > 0° (b).



M. Bilhere-Dieuzeide et al. Heliyon 10 (2024) 26001

(a) TR-EL pattern (f = 0°) (b) TR-EL pattern (f > 0°)

Fig. 9. Lattice RE-TR pattern using a structural anisotropy orientation p = 0° (a) and p > 0° (b).
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Fig. 10. Ways of reaching structural cohesion loss on a PSDMR pattern: decrease of the volume fraction v; (from bottom to top) and/or increase of
the structural anisotropy orientation $ (from left to right).

SQ-EL RE-EL

v,
T p=0o |p=225 | p=45° B=0° B=15° B =30°

o Halste -+
0.1 | HC HE K .
W ol —— :
m m
Fig. 11. PSDMR patterns for different combinations of the couple of parameters (vf; f§). The green backgrounds represent the pattern associated to a

couple that ensures structural cohesion in the pattern. Inversely, the red backgrounds represent the pattern associated to a couple for which the
structural cohesion is lost
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Table 1
Summary of the structural cohesion of different PSDMR pattern depending on the couple (vf; f). Green backgrounds highlight
pattern presenting structural cohesion and red backgrounds highlight pattern presenting structural cohesion loss.

SQ-EL RE-EL RE-TR
Square grid + Elliptic holes Rectangular grid + Elliptic holes Rectangular grid + Triangular holes

v,
4 BSQ-I:L BrexL Bre1r
0° 11.25° 22.5° 33.75° 45° 0° 7.5° 15° 22.5° 30° 0° 7.5° 15° 22.5° 30°

0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95

cohesion is ensured with green boxes. Only the couples that ensure structural cohesion are considered in the following of the study.

4.3. Finite Element Analysis environment calibration

This section studies the potential of Finite Element Analysis (FEA) environment for PSDMR pattern comparison (section 4.4). First,
a specific set of nine samples (non-standardized) is developed and experimentally tested. Second, the FEA environment is presented
and the nine samples are numerically tested under compressive loading. Finally, the potential of the FEA environment is validated.

4.3.1. Sample design and experimental tests

The samples consist in a central area from which material is removed using the three PSDMR patterns defined in section 3.3 and two
bases. These bases are added at each side of the central part for experimental purposes. They ensure the interface between the central
area and the rigid pressure plates during the compressive loads. The resulting samples have overall dimensions of 70 mm of height, 50
mm of width and 20 mm of thickness (Fig. 12).

The patterns used in the central area of the samples are set for a wide range of couples (vs; f). These couples are set to ensure the
structural cohesion (green boxes in Table 1). Nine samples are tested hereafter: three couples for each PSDMR pattern, at extreme
structural anisotropy orientation and at low volume fractions (Fig. 16). The metric used to compare the samples is the relative stiffness
(rexp for the experiment tests and rgg4 for the numerical simulations).

For experimental tests, the nine designed samples are additively manufactured through MEX-TRB/P/PLA (polylactic acid material
extrusion with thermal reaction bonding) as defined in the ISO/ASTM-52900:2021 standard (Fig. 12). All the nine samples are
manufactured under the same conditions and parameters.

- Printer: Volumic STREAM 30 Dual Mk.2;

Extruder head —l
Sample

Heated tray

Fig. 12. Printing set-up used in the study.
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- Material: polylactic acid (PLA) compound (“UNIVERSAL ULTRA - PLC”) (density of the printed material equal to 1, 308.35 kg/m3);
- Printing direction: + Z’;

- Layer thickness: 0.15 mm;

- Infill percentage: 100%.

These printing conditions and parameters insured accurate printings of the sample regarding to their mass (Table 2).

Experimental tests of these samples consist in compression tests in linear elastic conditions (Fig. 13). The test bench is composed of
a multicomponent dynamometer on which the sample is placed under uniaxial vertical compression. A displacement d,,, is imposed to
the sample through rigid pressure plates. The sample compresses against the dynamometer that records the resulting force Fe,. Using
these two quantities, the stiffness k;,,, (in N/mm) of the sample is computed (Eq. (7)). Thereafter, this stiffness is divided by the stiffness
kexp of an additively manufactured filled sample without MR holes (ke = 15,182 N/mm). The division of the stiffness k,, by the
stiffness ke, leads to the relative stiffness of the sample r., (Eq. (8)). Finally, for each of the nine samples studied through experimental
tests, the ratio r.,, can be computed.

F,

=g %
k:xp
Fexp = % (8)

exp

4.3.2. Finite element analysis environment and simulations

The FEA environment used to conduct the simulations is Siemens NX 11.0.2.7 that uses a Nastran solver. These structural simu-
lations are done in linear elasticity conditions, ensuring that the material undergoes only elastic deformation and no plastic defor-
mation. The Young’s modulus used in the FEA simulations is derived from the stiffness of the printed material k., through Eq. (9) and
is equal to 1.063 GPa. In addition, the elements used to mesh the samples are triangular elements of first degree. Their size is defined in
the following with a FEA meshing convergence study.
kexp * height,gmpie

9

Erpa =
Widthsample * thicknesssampie

The nine samples are tested by FEA simulations using the FEA environment and using the following boundary conditions (Fig. 14).

- Uniaxial vertical displacement of intensity drgs, simulating compressive loading, applied on the top of the sample (Fig. 14a), that
distorts the initial sample (Fig. 14b);

- Fixed connection on the bottom of the sample;

- Free everywhere else.

In the FEA simulations, a displacement dgg4 is imposed on the top of the samples and the resulting force Frgs of the bottom of the
samples is retrieved. Using these two quantities, the stiffness kjz, (in N/mm) of the samples is computed (Eq. (10)). Thereafter, this
stiffness is divided by the stiffness krzs equal to kex, (Eq. (11) and section 4.3.1). Finally, for each of the nine samples studied through
numerical simulations, the ratio rgg4 can be computed (Eq. (11)).

F
Ko = dFEA (10)
FEA
k
Frpa = A (11
krEa

To verify that the FEA meshing conditions allow to describe accurately the resulting displacement of the sample, a FEA meshing
convergence study is done (Fig. 15). For this convergence study, one of the patterns that provides the thinnest struts is considered: the
RE-EL pattern of couple (0.45;30°). The convergence study shows that convergence in the resulting displacement appears with three
meshing elements in the thinnest struts. Thus, in the following, four elements in the thinnest struts of the samples are used to ensure the

Table 2

Parameters of the nine printed samples and their mass analysis.
PSDMR SQ-EL RE-EL RE-TR
vf 0.5 0.6 0.6 0.6 0.5 0.6 0.1 0.2 0.1
g 0 0 45 0 30 30 0 0 30
Sample number #1 #2 #3 #4 #5 #6 #7 #8 #9
Theoretical volume (mm®) 42,504 47,994 47,082 45,755 43,592 49,071 15,441 21,502 16,074
Theoretical mass (g) 55.10 62.22 61.04 59.32 56.51 63.61 20.02 27.87 20.77
Printed mass (g) 55.61 61.21 63.13 58.70 57.09 66.01 19.97 27.8 20.77
Delta mass (%) 0.93 1.62 3.43 1.03 1.03 3.77 0.25 0.25 0.33

11
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Fig. 13. Testing bench used to induce compression loadings to the samples.

(a) FEA sample before the (b) FEA sample after the
application of displacement  application of displacement

Heliyon 10 (2024) e26001

Fig. 14. Boundary conditions used in the FEA simulations applied on a material removed sample through a SQ-EL pattern of couple (0.7; 0°): fixed
connection at the bottom of the sample and imposed displacement dpgs at the top of the sample.
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Fig. 15. Convergence study of the finite element meshing.

accuracy of the simulations to describe the resulting force Frg4.

Once the relative stiffness of the nine samples rgz4 and rex, are computed, they are compared. On Fig. 16 is plotted the relative
longitudinal stiffnesses for all the nine samples obtained from experimental tests and FEA simulations presented previously. For each
sample, the couple of parameters (vy; f8) is also presented. First, it can be observed that the relative longitudinal stiffnesses follow the
same trend. Second, to quantify this similarity, it is chosen to compare the standard deviation of the phenomenon in FEA simulations
(0.185 N/mm) and the standard deviation between the FEA simulations and the experimental tests (0.017 N/mm). This difference
shows that the relative stiffness is well represented by the FEA simulations. For this reason, the presented FEA environment and
parameters are validated for the purpose of the study and used in section 4.4.

4.4. PSDMR pattern performance evaluation

This section focuses on the comparison of the mechanical performance of the three different PSDMR patterns (section 3.3) using

12
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Fig. 16. Summarize of the relative stiffness of the different samples tested by FEA simulations rg4 and by experiments r,y, for the three PSDMR
pattern, for different volume fraction v, and structural anisotropy orientation /.

different couples (v; f) (green boxes in Table 1) under uniaxial compression. The purpose of this comparison is the definition of the
most suitable domain of use for each pattern in porous structures in terms of mechanical stiffness.

These tests are conducted by Finite Element Analysis (FEA) simulations using the FEA environment presented and validated in
section 4.3 and using homogeneous material FEA condition.

4.4.1. Longitudinal stiffness

In order to evaluate the mechanical performances of the three patterns, the study must focus on a unit cellular pattern. In addition, a
mechanical performance indicator must be defined.

In the following, the performance evaluated is the mechanical stiffness of the patterns represented by their moduli of elasticity.
Particularly, the patterns being anisotropic due to the induced structural anisotropy (section 2.3.2), the stiffness is represented
hereafter by the longitudinal modulus of elasticity E*. It corresponds to the Young’s modulus of the pattern in the studied direction
(here, along the vertical axis). Hereafter, this longitudinal modulus of elasticity E* is calculated using the Hooke’s law in linear
elasticity (Eq. (12)) between the two extreme points P; and P,. These two points have an initial coordinate z; (Fig. 17a) and a
deformation Az; along the vertical z-axis (Fig. 17b and Eq. (13)). The resulting modulus E* (Eq. (14) where lis the width of the structure
and e the thickness) is then divided by the Young’s modulus of the material without hole E used in the FEA to obtain the relative
longitudinal stiffness R (Eq. (15)) of the PSDMR pattern.

F _F AL

=— =FE* =E *x— 12
TS Tlwe T FE L (12)
F_pJan=Ad 13)
Ixe |22 — z1]
F x|z — 2]
. 14
Ixex|Az, — Az (14)
I
R=— 15
£ (15)

(a) PSDMR pattern before  (b) PSDMR pattern after
the application of the application of
displacement displacement

Fig. 17. Initial topology (a) and deformation (b) of a general PSDMR pattern respectively before and after compression loads are faced.
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4.4.2. FEA set-up: designed structure and boundary conditions
To study the longitudinal modulus of elasticity E* of a unit cellular pattern, two possibilities exist:

- Study of a unit cellular PSDMR pattern that has specific boundary conditions, called “representative volume element” (RVE) [25,
57,58]. These boundary conditions represent the surrounding unit cellular patterns;
-Study of a unit cellular PSDMR pattern surrounded by a sufficient number of unit cellular patterns. This way is used hereafter.
Several studies highlighted that a repetition of 8 x 8 unit cellular patterns are enough to represent the phenomenon [56,59]. Thus in
this study, a repetition of 10 * 10 unit cellular patterns is done (Fig. 18). This hypothesis is validated in the following (Fig. 19).

As explained in section 4.3, the FEA environment and its associated parameters are suitable for this performance investigation.
Thus, the FEA simulations conducted on the patterns are the same as the one describe in section 4.3, except for the boundary con-
ditions. Indeed, the studied designs differ, so the boundary conditions must be adapted (Fig. 18).

- Sliding contacts on the left side of the structure (only vertical translation is allowed, all rotations are blocked);
- Sliding contacts on the bottom part of the structure (only lateral translation is allowed, all rotations are blocked);
- Uniform compression force is applied on the top of the structure.

Fig. 19 highlights the stability of the results in the central part of the PSDMR pattern. Indeed, the two rows of unit cellular patterns
surrounding the studied one present stable results, which entails the accuracy of the results of the studied unit cellular pattern. This
validates that repeating the unit cellular patterns 10 times ensures the accuracy of the results.

4.4.3. Results

In this comparison study, every PSDMR patterns that present structural cohesion (Table 1) are tested through the FEA simulation
process presented in section 4.4.2. For each pattern, the relative longitudinal stiffness R (section 4.4.1) is calculated as a function of
three parameters:

- The PSDMR pattern itself;
- The volume fraction vy;
- The structural anisotropy orientation f.

These results are presented in Table 3 to be compared in the following. These data are then plotted independently regarding the
PSDMR patterns: SQ-EL pattern (Fig. 20a), RE-EL pattern (Fig. 20b) and the RE-TR pattern (Fig. 20c). It plots the relative longitudinal
stiffness R of each pattern as a function of its volume fraction vy (varying from 0.05 to 0.95) and its structural anisotropy orientation
(varying from 0° to 45° and from 0° to 30°). It allows to highlight the influence of  on the mechanical performance of the PSDMR
pattern.

All the data of the three PSDMR patterns (presented in Table 3) are plotted on a same 2D graph (Fig. 20d). For a better visualisation
of the data, they are also plotted on a 3D surface graph (Fig. 21a). A top view of this surface graph is plotted in Fig. 21b. This 3D graph
is suitable to identify which PSDMR pattern has the greater relative longitudinal stiffness R for a given couple (vf; ). On the one hand,
the square-shaped grid has an angular periodicity of 90° while on the other hand, the rectangular-shaped grid has an angular peri-
odicity of 60° (section 3.1). As a consequence, their mutual periodicity is 180°. In fact, a symmetric exists between the angular ranges
[0°; 90°] and [90°;180°]. For this reason, in Fig. 21, the comparison is done for angles varying in the range [0°; 90°].

5. Discussion

The results showed in Table 3 highlights that the factor with the greatest influence on the mechanical performances of the PSDMR
pattern is the volume fraction v;. Indeed, a direct link between the relative longitudinal stiffness R and the volume fraction vy exists. To
validate this assumption, the results are best-fitted with a parabola Ry,q.; using the least square method (Eq. (16)). From this model, the
conclusion that it allows to model 80% of the relative longitudinal stiffness can be drawn (as presented in Ref. [60]). Moreover, it is
highlighted on Fig. 21 that the choices of the used pattern and the structural anisotropy orientation still have a significant influence on
the relative longitudinal stiffness. Indeed, it has a different influence depending on the pattern studied. It is highlighted in Fig. 20a that
the SQ-EL pattern tends to have a large variation of performance depending on its structural anisotropy orientation. On the contrary,
the RE-TR pattern seems to be little influenced by the structural anisotropy orientation, it seems to be an isotropic pattern, comforting
what could be found in the literature [61] (Fig. 20c).

Rnoder =k % v;> with k a constant 16)

In addition, the structural anisotropy orientation $ coupled with the volume fraction v; have an influence on the structural cohesion of
the pattern and thus on its mechanical performances (section 4.2). Indeed, it can be observed in Table 3, Figs. 20a and b that the
patterns have specific couple (vf; §) from which they present structural cohesion. It tends to show that the greater the structural
anisotropy orientation, the greater the volume fraction threshold that ensure structural cohesion. These cohesion differences influence
the mechanical performances of the patterns because unlike the SQ-EL or RE-EL patterns, the RE-TR pattern has structural cohesion for
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Horizontal sliding contact

Fig. 18. Example of a structure made of a PSDMR pattern repeated 10 time in both planar directions.

Von Mises 2
stress (MPa) .

mm 3.750
1.875
0.000

Fig. 19. Unit cellular pattern isolated from the central area of a structure made of SQ-EL pattern of parameters (0.6; 22.5°).

every couple (vf; ). Therefore, the performances of the RE-TR pattern are better compare to the one of the other two patterns in the
range of vy and § where the structural cohesion is lost or close to be lost. Thus, below a volume fraction equal to 0.42, it seems that the
RE-TR pattern presents a better relative longitudinal stiffness R. However, it seems that this threshold is independent to the structural
anisotropy orientation . Above this threshold, the SQ-EL and RE-EL patterns seems to perform better than the RE-TR pattern. So, the
patterns must be compared in the range {v;¢[0.42;1]; fe[0°;90°]}.

In this region, Fig. 21 illustrates that the SQ-EL pattern has a performance peak on the range {v;¢[0.55;0.95]; f¢[30°;70°]}, in which
the pattern has better average performances than RE-EL (5%) and RE-TR (21%).

From a global stand point, the study of the influence of the different parameters {v¢¢[0; 1]; e[0°;90°]} on the relative longitudinal
stiffness of the patterns of the PSDMR patterns lead to the following suitable domain of use:

- In domain n°1, the RE-TR pattern has better performances than the SQ-EL and RE-EL pattern due to their structural cohesion issues;

- On the range {v€[0.55;0.95]; ¢[30°;70°]}, the SQ-EL pattern present a performance peak and has better performances than the
other patterns;

- In domain n°2, the RE-EL pattern has better performances than the two other patterns;

- In domain n°1, the RE-TR pattern has better performances than the two other patterns.

To compare the two bone bio-inspired patterns (SQ-EL and RE-EL), on the one hand RE-EL presents better longitudinal stiffness for
structural anisotropy orientation  around 0° and 90°; which corresponds to stress orientations nearly aligned to the two grid vectors u
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Table 3
Presentation of the different relative longitudinal stiffness R for every PSDMR pattern with the different studied couples (vf; f3)
SQ-EL RE-EL RE-TR
% Square grid + Ellipse holes R gular grid + Ellipse holes R lar grid + Triangular holes
g Bsor Brea Bru
0° 11.25° | 22.5° | 33.75° | 45° 0° 7.5° 15° 22.5° 30° 0° 7.5° 15° 22.5° 30°
0.05 / / / / / / / / / / 0.017 | 0015 | 0.015 | 0.015 | 0.019
0.10 / / / / / / / / / / 0.034 | 0029 | 0028 | 0.034 | 0.036
0.15 | 0.004 / / / / / / / / / 0053 [ 0046 | 0.049 | 0.051 | 0.055
020 [ 0.017 / / / / / / / / / 0.072 | 0.064 | 0.069 | 0.070 | 0.076
0.25 | 0.038 / / / / 0.012 / / / Vi 0.093 [ 0084 | 0.089 [ 0.090 | 0.097
030 [ 0.064 | 0.017 / / / 0.035 Vi / / Vi 0115 [ 0111 | 0111 | 0111 | 0.120
035 | 0.097 | 0.044 / / / 0.070 | 0.074 / / / 0140 | 0134 | 0133 | 0134 | 0144
040 | 0131 | 0.088 | 0.008 / / 0112 | 0128 | 0.144 / / 0.164 | 0162 | 0.161 | 0.160 | 0.170
045 | 0174 0.156 0.107 / / 0.165 0.190 0.240 0.302 0.373 0.195 0.188 0.188 0.190 0.199
050 | 0218 | 0213 | 0.210 | 0.216 / 0220 | 0.251 | 0.297 | 0341 | 0387 [ 0227 [ 0219 | 0220 | 0.223 | 0.229

0.55 | 0.272 0.270 0.300 0.400 0.469 0.281 0.314 0.367 0.393 0.430 0.263 0.254 0.256 0.258 0.267
0.60 | 0.320 0.335 0.376 0471 0.505 0.350 0.365 0.406 0.444 0.466 0.342 0.293 0.295 0.300 0.306
0.65 | 0.389 0.397 0.453 0.529 0.547 0.426 0.440 0.471 0.495 0.519 0.346 0.340 0.341 0.343 0.350
0.70 | 0.460 0.479 0.526 0.589 0.593 0.495 0.508 0.531 0.552 0.571 0.403 0.397 0.396 0.399 0.405
0.75 | 0.533 0.550 0.586 0.636 0.637 0.567 0.571 0.588 0.559 0.611 0.451 0.452 0.460 0.458 0.458
0.80 | 0.619 0.641 0.659 0.702 0.695 0.649 0.648 0.662 0.671 0.682 0.533 0.537 0.530 0.525 0.532
0.85 | 0.704 0.720 0.734 0.763 0.761 0.724 0.723 0.731 0.734 0.736 0.602 0.616 0.615 0.615 0.614
0.90 0.799 0.807 0.820 0.831 0.828 0.812 0.809 0.812 0.812 0.819 0.740 0.738 0.739 0.724 0.719
095 | 0.898 0.899 0.904 0.907 0.907 0.901 0.895 0.901 0.899 0.902 0.848 0.853 0.872 0.855 0.855

(a) Relative longitudinal stiffness of SQ-EL (b) Relative longitudinal stiffness of RE-EL
g 1.0 s %10
— B =10° IL:“' -
—~— B =1125° % -~-
—— B=225° i -
————— B =33.75° =
B = 45° Fox
> e
r 0,2 . = e 0.2
= 0,0 e = 0.0
= O 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1
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(c) Relative longitudinal stiffness of RE-TR (d) Relative longitudinal stiffness of the three PSDMR patterns
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Fig. 20. Relative longitudinal stiffness for each pattern tested: SQ-EL pattern (a), RE-EL pattern (b), RE-TR pattern (c); and the all three com-
bined (d).

and v. On the other hand, for structural anisotropy orientation g around 45°, SQ-EL has better relative longitudinal stiffness.
In addition to these points, the presented study has three main limitations.

- First, the number of tested pattern may be criticized. However, the three patterns have been selected for their presumed mechanical
performances. The first pattern being bio-inspired from bone and taken from literature, the interest of such a pattern had been
already exposed. The second pattern, that has been developed in this paper, is also bio-inspired from bone and was presented as an
improvement of the first one. Indeed, this study showed that this second bio-inspired pattern has indeed better mechanical per-
formances for specific couple of parameters (vs; ). The third pattern is also taken from the literature and has been selected for its
isotropic properties;

Second, the accuracy of the performance domains may also be improved. Indeed, following the current repartition of the per-
formance domains, some couple of parameters may suggest the use of a pattern that is not the best from a performance point of view
(for example with the couple (0.45,60°)). However, for these particular couple of parameters, the relative longitudinal stiffness is
really close (peak of difference equal to 15%). So the error made on the accuracy of the domains is quite small;
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(a) Relative longitudinal stiffness surface (latteral view)
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Fig. 21. Relative longitudinal stiffness of the three PSDMR pattern plotted on a 3D surface graph from the side view (a) and the top view (b). On the
top view, the performance domains of PSDMR patterns are highlighted (black dotted lines and numbered).

- Third, extended studies may be carried out including the submission of the PSDMR patterns to other mechanical loadings.
6. Conclusion

This paper proposed to establish the performance domains of three planar Periodic Stress-Driven Material Removal (PSDMR)
patterns. These patterns, which are considered as cellular structures, may be used in stress-driven material removing methods. The first
one is bio-inspired from long bone trabecular structure which have shown good mechanical stiffness performances vs material removal
(SQ-EL pattern). It is made of a square shaped grid and elliptic holes, both bio-inspired from long bones. The second one, is also bone
bio-inspired and is a priori an improvement of the first one in terms of mechanical stiffness performances vs material removal (RE-EL
pattern). This one is based on rectangular shaped grid (which represents a hexagonal grid) and elliptical holes. The third one is a strut-
based lattice pattern (RE-TR pattern). This third pattern is made of a rectangular-shaped grid and triangular holes. It is studied for its
isotropic behavior. These three patterns have been tested under compressive loading through finite element analysis (FEA) simula-
tions. The mechanical performances is quantified in this study by the relative longitudinal stiffness. In the same time, the parameters of
the FEA simulations are validated by testing nine samples on an experimental compressive bench test. This study showed that the
mechanical performances of the three patterns are influenced by two parameters from stress-driven material removing methods: the
volume fraction of the pattern vf and the structural anisotropy orientation of the pattern . The following main conclusions may be
drawn from this paper:

- The volume fraction of the pattern is the factor that has the greatest influence on the mechanical performance;

- The choice of the grid topology, the volume fraction and the structural anisotropy orientation of pattern have a great influence on
its structural cohesion;

- The two bone bio-inspired patterns (SQ-EL and RE-EL) present a cohesion loss for specific couple of parameter (vf; ). However,
this cohesion is ensured for any couple (vf; §) with the strut-based lattice pattern (RE-TR);

- For low volume fractions (below 0.42), the strut-based lattice pattern (RE-TR) presents the best mechanical performance inde-
pendently to the structural anisotropy orientation;

- For volume fractions above 0.42, two bone bio-inspired patterns (SQ-EL and RE-EL) present the best overall mechanical perfor-
mance depending on the structural anisotropy orientation: the RE-EL pattern performs better in the domain n°2 and the SQ-EL
pattern performs better in the domain n°3;

- To compare the two bone bio-inspired patterns, on the one hand the pattern based on a rectangular grid (RE-EL) presents better
longitudinal stiffness for structural anisotropy orientation $ around 0° and 90°; which corresponds to stress orientations nearly
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aligned to the two grid vectors. On the other hand, for structural anisotropy orientation # around 45°, square grid based pattern
(SQ-EL) has better mechanical performances.

Finally, in a context of stress-driven material removing material method, using this study and depending on the local parameters, it
is possible to select the pattern that has the best longitudinal stiffness to reduce the mass of a part while managing the decrease of its
mechanical performances.

This study opens up outlooks for possible developments of designing mass reduced structures based on adaptive stress-driven
material removal pattern to combine the performance of the three tested patterns. In addition, the mechanical performances of the
bio-inspired patterns highlighted in this study are engaging for extending these patterns to 3- dimensions.
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