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� The trabecular form-function
relationship was condensed into 2
equations, linking volume fraction
and Fabric Tensor to local stress.

� A bio-inspired porous pattern was
proposed to reproduce the trabecular
form-function relationship by
adapting its geometry to stress.

� A mass reduction method was
established in which a mechanical
part architecture is locally adapted to
the stress gradient.

� At equal mass, the proposed 3D mass
reduction method showcases twice
the bending stiffness when compared
to topology optimization.
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Mass reduction and strength-to-weight optimisation are of increasing interest in mechanical engineering.
Natural materials such as bone face the same challenges and strike an optimal balance between weight
and mechanical performance. Several approaches sought to reproduce trabecular bone’s mechanical effi-
ciency, for example topology optimisation or cellular materials. These approaches are often restricted by
their computational cost or their spatial homogeneity. Here we develop a 3D mass reduction method bio-
inspired from trabecular bone that provides both fast computation and stress driven architecture. The
mass reduction method is based on a bio-inspired porous pattern. The pattern is locally adapted to the
estimated stress in a mechanical part through an algorithm. This results in an optimised porous architec-
ture that mimics the trabecular form-function relationship. This 3D mass reduction method was vali-
dated through 3-point bending experiments. At equal mass, the proposed method showed 66 %
improvement in bending stiffness compared to a 2.5D bio-inspired method and 111 % improvement com-
pared to a topology optimisation method. Our results demonstrate the potential of the proposed method
for strength-to-weight optimisation. It is applicable in various industries to lighten parts, reduce raw
material usage, design composite sandwich cores or personalised bone-tissue scaffolds.
� 2023 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The environmental impact of human activities has been a con-
cern of the scientific community for several decades, especially
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with recent events highlighting this impact [1]. In mechanical
engineering, there are three ways to reduce environmental impact:
reduce the amount of rawmaterials used, reduce the complexity of
assemblies and the number of parts, and reduce the weight of
parts. Recently, these 3 aspects have become more practical thanks
to advances in additive manufacturing (AM) in industrial sectors
[2,3]. For example, in aerospace, AM can reduce materials’ buy-
to-fly ratio from 20:1 to 3:1. AM techniques were used to manufac-
ture the Ariane 6 rocket injector which achieved to consolidate 248
individual components as a single component. AM has also helped
divide the weight of some A320 parts by a factor of 2 [4].

With regards to mass reduction, since there’s often little room
for performance loss in demanding industrial sectors, this means
increasing mechanical parts’ strength-to-weight ratio [5]. This is
possible by selecting high-performance materials such as titanium,
technical ceramics or composites [6]. Unfortunately, these materi-
als increase costs and can sometimes be hard to recycle. Other
high-performance materials exist in nature, often with high
strength-to-weight ratios in the same order of magnitude as com-
posites and technical ceramics [7,8]. However, natural materials
are mostly made of polymers or ceramics which by themselves
showcase low mechanical performance [9,10]. It appears most of
their strength comes from their microstructure and hierarchical
nature rather than their chemical composition [9–12]. In fact,
micromechanical models have been successfully applied to study
microstructural effects on the macroscopic behavior of trabecular
architecture [13] and to investigate vertebral trabecular bone static
and dynamic behavior [14].

Bone is one of the best documented examples of optimised nat-
ural material. Bones fulfil key mechanical functions in endoskele-
tons. They are anchor points for muscles, provide a frame which
keeps the body upright and are involved in body segments’ move-
ment [15]. Inside bones, the porous, orthotropic, asymmetric and
heterogenous trabecular architecture transfers mechanical loads
to the fully dense cortical bone [16]. As a living tissue, trabecular
bone also adapts to the mechanical stress it undergoes [17,18].
Therefore, the trabecular architecture is relevant for the develop-
ment of high-performance material architectures.

In the literature, the trabecular architecture has been imitated
in numerous ways. On one hand, numerical methods such as topol-
ogy optimisation [19–21], remodeling-based approaches [22–24]
and micromechanical approaches [25,26] have shown promising
results. However, these methods require significant computational
resources to achieve an architecture as detailed as trabecular bone.
On the other hand, cellular materials have also been studied in
detail [27].

Cellular materials typically consist of a periodic repetition of
identical cellular units. The simplest units, strut-based lattices,
showcase geometrical discontinuities at joints which results in
harmful stress concentrations Slender struts also tend to buckle
if their aspect ratio is insufficient. These stress concentrations
can be addressed by introducing fillets at joints [28]. Stress concen-
tration were also compensated using bi-material lattices with tai-
lored compressive stress–strain response [29]. To reduce the
periodicity of strut-based lattices, random Voronoï lattices have
been proposed [30–34]. Moreover, to balance the aforementioned
problems of strut-based lattices, iso-surface strut-based lattices
have been developed based on Triply Periodic Minimal Surfaces
(TPMS) [35]. TPMS are cellular materials whose unit cells are based
on continuous mathematical surfaces. This helps reduce the risks
of stress concentrations and strut buckling [36–38]. These cellular
materials tend to be spatially homogeneous and gradient struc-
tures whose geometric properties vary as a function of mechanical
stress have also been proposed [39,40]. Deep learning and machine
learning models have respectively been used to tune the mechan-
ical response of stochastic and spinodoid gradient structures
2

[41,42]. However, these models require large datasets of natural
architectures to be properly trained.

Therefore, as the range of approaches shows, reproducing the
complexity of the trabecular architecture is not easy. Indeed, tra-
becular bone is a composite, hierarchical, self-healing cellular
material. Reproducing all of these properties in an engineering
context will not be easily achievable. When faced with such a chal-
lenge in bio-inspiration, the ISO 18458 standard recommends
abstraction: drawing general conclusions based on observations
of the biological object [43]. A deep understanding of the biological
object is used to identify its most significant properties. These
properties are then transferred to the technological object by
analogy.

With regard to trabecular architecture, there are several signif-
icant properties. First, bone adapts to the mechanical stress it
undergoes. As a result of this functional adaptation, the trabecular
architecture is oriented along lines of principal stress [44–46]. Sec-
ondly, between species of different size, there’s an allometric scal-
ing of the trabecular pattern [47]. Third, because of the
heterogeneous nature of trabecular bone, its mechanical properties
will vary between species, bones, anatomic sites, etc. It has been
shown that this variation is mostly correlated to the local volume
fraction (qf Þ and Fabric Tensor (FT) [48,49]. Hence, the link
between mechanical stress, qf and FT. could be an expression of
the trabecular form-function relationship. Previously, 2.5D mass
reduction methods bio-inspired from the trabecular form-
function relationship [50,51] have been developed and showed
higher stiffness at equal mass when compared to topology
optimization.

Here, a 3D mass reduction method bio-inspired from the tra-
becular form-function relationship is developed. First, in section
2, the trabecular form-function relationship’s equations are pre-
sented. Then, in section 3, a bio-inspired porous pattern is estab-
lished with a mathematical model linking pattern parameters, FT
and qf . In section 4, a bio-inspired mass reduction algorithm is
developed based on the aforementioned bio-inspired porous pat-
tern. This algorithm reproduces the established trabecular form-
function relationship in a mechanical part. Finally, in section 5,
an experiment is proposed to quantify the performance of the mass
reduction method through 3-point bending experiments.
2. Trabecular form-function relationship

As mentioned above, it has been shown that the variability in
mechanical properties of trabecular bone is mostly correlated with
its architecture. References from the literature show that trabecu-
lar architectures are best described by their volume fraction and
fabric tensor. In fact, several authors have proposed equations that
link both measures to mechanical stress, quantified through the
Von Mises stress rVM . These equations are presented in details
here.

2.1 vol. fraction

The volume fraction (qf ) or apparent density of a cellular mate-
rial is defined as the density of the cellular solid divided by that of
the solid it is made from. For trabecular bone, it is also measured as
the bone volume (BV) in a given sample over the total volume of
that sample (TV), eq.(1).

Several works have established a mathematical link between qf

and the estimated state of stress in a given bone. For example,
Audibert et al. estimated the stress in the human femur during
walking to link the volume fraction gradient and Von Mises stress
using eq.(1) [50].
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qf ¼ BV
TV ¼ 3:07 rVM=Reð Þ0:59 ð1Þ

With rVM ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
2 r1 � r2ð Þ2 þ r2 � r3ð Þ2 þ r3 � r1ð Þ2
h ir

, the Von

Mises stress and Re the elastic limit of bone.
The Von Mises stress criterion was used in this article to reflect

the work presented in Audibert et al. It is widely used in an engi-
neering context and is easily available through most finite element
solver. It is also widely used in the biomechanical literature as an
estimation of local stress in bones.

2.2. Fabric Tensor

The FT is defined as a symmetric second rank tensor which
characterizes the arrangement of the microstructural components
in a multiphase or porous material [52]. For trabecular samples,
the FT is based on the equation of the ellipsoid best-fitted to the
Mean Intercept Length (MIL) point cloud, which represents the
mean length of material in all directions [53,54]. This FT (M) quan-
tifies the trabecular anisotropy through the ellipsoid’s orientation
and shape, described by the radii M1;M2;M3 (M’s eigenvalues).

Indeed, trabecular tissue that regularly undergoes significant
anisotropic stress will adapt to it and showcase an oriented archi-
tecture. Most bone tissue will be oriented along the principal
stress’ directions [44–46] and the FT will be prolate in the same
direction. On the other hand, trabecular tissue subjected to isotro-
pic stress will be less heavily oriented with an FT closer to a sphere.

In this article, the shape of the FT ellipsoid is described through
two ratios Y1 and Y2 between radii M1;M2;M3, eq.(2).

Y1 ¼ M1=M3 � 1
Y2 ¼ M1=M2 � 1

�
ð2Þ

With.M1 � M2 � M3

For example:

� if both ratios Y1 and Y2 are close to 1, the FT ellipsoid will be of
spherical shape,

� if Y1 and Y2 are high the ellipsoid will be prolate,
� if Y1 is high and Y2 is close to 1 the ellipsoid will be oblate.

Two examples comparing trabecular samples’ 3D architectures
and their MIL-based FT are shown in Fig. 1. These two samples
were taken from Doube et al’s dataset [55] and analysed through
BoneJ20s anisotropy function [56]. Both samples come from
femoral condyles; the first from an Afghan pika (Fig. 1(a)) and
the second from an Asian elephant (Fig. 1(b)). MIL-based FT ellip-
soids were represented and color-coded based on their first shape
Fig. 1. Fabric Tensor from two bone samples from different species, presenting varying de
4.02 mm � 4.02 mm � 4.02 mm (b) (dataset: [55]).

3

ratio Y1. The more anisotropic sample (a) presents a heavily ori-
ented architecture and a prolate FT ellipsoid. The quasi-isotropic
sample (b) shows an FT ellipsoid whose shape is closer to a sphere.

Hence,M is a representation of the local trabecular architecture.
As a consequence of the trabecular form-function relationship, a
mathematical link between M and the estimated local mechanical
stress should exist. Such a relationship has already been proposed
[57]. Hazrati Marangalou et al. estimated the state of stress in the
human femur during typical physical activity using finite element
analysis. Based on this estimation, they estimated FT throughout
the bone. They then compared these estimated values with some
measured from CT scans of several human femurs. Using likelihood
ratio tests, the authors showed less than 10 % of averaged norm dif-
ferences between estimated and measured FT. Similar results were
reproduced for the trotting horse humerus, demonstrating the
validity of the relationship in various animal models [58]. The
equation used here is adapted from [57] based on the hypothesis
that compressive and tensile stresses have the same effect on tra-
becular architecture [49].

Let r1;r2;r3 be the principal stresses. Mi is the FT radius fol-
lowing the same direction as ri. r1;r2;r3 are oriented along vec-
tors u;v;w respectively, which will be used later in this work.

Mi ¼ rij j1=4

r1j j1=4 r2j j1=4 r3j j1=4ð Þ1=3 ð3Þ

With r1j j � r2j j � r3j j.

3. Mimicking trabecular form-function relationship in a bio-
inspired porous pattern

Hence, the trabecular form-function relationship can be
expressed through, qf , FT and their link to the estimated mechan-
ical stress, eqs.(1) and (3). We hypothesise that it is possible to
mimic trabecular architecture’s optimisation by reproducing its
form-function relationship in a bio-inspired porous pattern. Here,
the parametric pattern developed for that purpose is first pre-
sented. A mathematical model which links pattern parameters,
qf and FT is then developed.

3.1. Bio-inspired porous pattern and parameters

To ensure that low volume fraction can be achieved, a pattern
with dense packing of porosities was used. Based on crystallo-
graphic theory, the face-centred cubic (FCC) pattern was selected
as it allows the densest packing of nodes in a given volume. The
length of the cube’s side is controlled through the pattern size p.
Then, at each node in the FCC pattern, porosities of ellipsoidal
grees of anisotropy, samples dimensions are 1.29 mm � 1.29 mm� 1.15 mm (a) and
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shapes were created. The ellipsoid shape was chosen because it
ensured C2 continuity within the porosity and reproduced the
shape of the MIL-based FT. Porosities’ size, shape and orientation
are respectively controlled through the size of the ellipsoid’s prin-
cipal semi-axes (a � b � c), the ratios between principal semi-axes
(c=a and c=b) and the ellipsoid’s axis of rotation (angle h around an
axis e). In practice, this bio-inspired porous pattern was imple-
mented using FreeCAD parametric modelling [59] as shown in
Fig. 2(a). Porosity parameters are detailed in Fig. 2(b).

In order to compute qf in the bio-inspired porous pattern, crys-
tallographic theory is used. There is the equivalent volume of 4
ellipsoid porosities in a bio-inspired porous FCC pattern. As such,
qf in a pattern of size p with porosities dimensions a; b and c,
can be obtained through eq.(4).

qf ¼ Vcube�4 Vellipsoid

Vcube
¼ 1� 4 4

3 p a b cð Þ
p3

ð4Þ

As seen in section 2.2, FT characterises the degree of anisotropy
and orientation of any porous material. Thus, it is possible to mea-
sure an FT for the proposed bio-inspired porous pattern. An exam-
ple is shown on Fig. 3(a) using a bio-inspired porous pattern that
was analysed using BoneJ20s anisotropy plugin. Measured FT ellip-
soid and its dimensions are detailed on Fig. 3(b). As expected:

� FT orientation follows porosity orientation (h; e);
� FT size depends on p and qf ;
� FT shape ratios Y1 and Y2 depend on porosity shape ratios c=a
and c=b.

3.2. Mathematical model between bio-inspired porous pattern
parameters and resulting Fabric Tensor

The aim of this section is to establish a mathematical model
between pattern parameters, as defined in section 3.1., and result-
ing FT and volume fraction in the pattern. Subsequently, this model
will be used in the 3D mass reduction method (section 4) to calcu-
late a set of parameters that produces a target FT and volume frac-
tion. These target values can be calculated to mimic the trabecular
form-function relationship, defined in section 2.

3.2.1. Tested parameters
First, RS factors (xi) were selected: porosity shape ratios

(x1 ¼ c=a; x2 ¼ c=b) and volume fraction (x3 ¼ qf ). Variation ranges
½MINðxiÞ;MAXðxiÞ� were defined for each factor, as detailed in
Table 1. The variation ranges for porosity shape ratios were
selected to cover the widest range of possible architectures whilst
Fig. 2. Bio-inspired porous pattern model presenting the different parameters.
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maintaining consistency with values observed in different trabec-
ular samples described in the literature [24,60]. Centred-
normalised variables (X1;X2;X3), between parenthesis in Table 1,
were calculated using eq.(5). Two responses were studied: one
for each FT shape ratio (Y1 ¼ M1=M3 and Y2 ¼ M1=M2) as detailed
in Table 2.

Xi ¼ 2½xi�MEAN xið Þ�
MAX xið Þ�MIN xið Þ ð5Þ

Then, following a Design Of Experiment methodology, a set of
15 experiments were generated with the help of Nemrodw soft-
ware [61,62], describing a cubic experimental domain. Accord-
ingly, 15 bio-inspired porous patterns were generated, voxelised
and analysed using BoneJ20s anisotropy plugin to determine FT
components (M1;M2;M3) and response values (Y1;Y2). Table 3
gives an overview of the experimental setup, variable values and
measured responses.

3.2.2. Generic model
Afterward, a generic mathematical model (GM) was fitted to the

results in Table 3 in order to link Y1 and Y2 to X1;X2 and X3 using
second order polynomials eqs.(6) and (7). Polynomial coefficients
were estimated using the pseudo-inverse Method [63].

Y1GM ðnÞ ¼ a0GM þ a1GMX1ðnÞ þ a2GMX2ðnÞ þ a3GMX3ðnÞ

þa11GMX
2
1ðnÞ þ a22GMX

2
2 nð Þ þ a33GMX

2
3 nð Þ

þa12GMX1 nð ÞX2 nð Þ þ a13GMX1ðnÞX3ðnÞ þ a23GMX2ðnÞX3ðnÞ ð6Þ

Y2GMðnÞ ¼ b0GM þ b1GMX1ðnÞ þ b2GMX2ðnÞ þ b3GMX3ðnÞ

þb11GMX
2
1ðnÞ þ b22GM

X2
2 nð Þ þ b33GMX

2
3 nð Þ

þb12GMX1 nð ÞX2 nð Þ þ b13GMX1ðnÞX3ðnÞ þ b23GMX2ðnÞX3ðnÞ ð7Þ
With XiðnÞ the variable values for a given experiment n,

aiGM; biGM the model coefficients for Y1GM and Y2GM respectively. This
first mathematical model, called the Generic Model (GM), can be
refined to further improve accuracy.

3.2.3. Refined model
In order to refine GM, non-significant variables must be

removed. To do so, predicted responses were estimated which dif-
fer from measured responses. The difference for each experiment n
can be quantified using residues R1 nð Þ and R2 nð Þ in eq.(8).

R1 nð Þ ¼ Y1ðnÞ � Y1GMðnÞ
R2 nð Þ ¼ Y2ðnÞ � Y2GMðnÞ

�
ð8Þ

Based on these residues, Standard Deviations SD Y1ð Þ; SD Y2ð Þ
can be computed using eq.(9).

SD Yið Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1
Ne�Nf

PNe
n¼1Ri nð Þ2

q
ð9Þ

With Ne the number of experiments, Nf the number of coeffi-
cients in the equations (which will decrease during decimation).
The following process was followed to obtain the Refined Model
(RM):

� Coefficients aiGM; biGM were removed one after the other in
inverse order of influence, suppressing the the associated
variable.

� Coefficients were re-estimated using the pseudo-inverse
method.

� Residues (R1 nð Þ; R2 nð Þ) and standard deviations
(SD Y1ð Þ; SD Y2ð Þ) were re-calculated.



Fig. 3. Comparison between bio-inspired porous pattern geometry and resulting Fabric Tensor.

Table 1
Model factors and value ranges, corresponding centred-normalised variables are written in parenthesis.

Factor Definition MIN MEAN MAX

c
a X1ð Þ 1st porosity shape ratio 1.00 (-1) 1.50 (0) 2.00 (1)
c
b X2ð Þ 2nd porosity shape ratio 1.00 (-1) 1.50 (0) 2.00 (1)
qf ðX3Þ Volume fraction 0.20 (-1) 0.55 (0) 0.90 (1)

Table 2
Model responses.

Response Definition

M1
M3

Y1ð Þ 1st Fabric Tensor shape ratio
M1
M2

Y2ð Þ 2nd Fabric Tensor shape ratio
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SDðY1Þ and SDðY2Þ were mapped throughout the refining pro-
cess to study the evolution of accuracy, as shown on Fig. 4.
Removed parameters at every decimation step are given on the
x-axis.

Standard deviations are stable at first but removing parameters
a13 and b23 produces a break in the standard deviation curves. Fur-
ther steps significantly increase standard deviations. The refining
Table 3
Set of experiments (Xi values generated by Nemrodw) and corresponding measured respo

Experiment
number (n)

c
a ðX1Þ c

b ðX2Þ

1 1 (-1) 1 (-1)
2 2 (1) 1 (-1)
3 1 (-1) 2 (1)
4 2 (1) 2 (1)
5 1 (-1) 1 (-1)
6 2 (1) 1 (-1)
7 1 (-1) 2 (1)
8 2 (1) 2 (1)
9 1 (-1) 1.5 (0)
10 2 (1) 1.5 (0)
11 1.5 (0) 1 (-1)
12 1.5 (0) 2 (1)
13 1.5 (0) 1.5 (0)
14 1.5 (0) 1.5 (0)
15 1.5 (0) 1.5 (0)

5

process was stopped before that step, parameters a1; a3 and a13;
b2; b3 and b23 were kept resulting in the Refined Model (RM) eqs.
(10) and (11).

Table 4 and Table 5 give GM and RM coefficients for Y1 and Y2

respectively.

Y1RM ¼ a0RM þ a1RM X1 þ a3RM X3 þ a13RM X1 X3 ð10Þ
Y2RM ¼ b0RM þ b2RM X2 þ b3RM X3 þ b23RM X2 X3 ð11Þ
To illustrate that no significant errors are committed because of

the refining process, RS were mapped for (Y1GM ; Y2GM ; Y1RM ; Y2RM ) as
presented in Fig. 5 and Fig. 6. 4D space is necessary to represent all
3 variables (X1;X2;X3) along with predicted responses. To achieve
this, variables are mapped along each axis in 3D space. At different
nses.

qf ðX3Þ Y1 Y2

0.2 (-1) 1.003 1.001
0.2 (-1) 2.032 1.019
0.2 (-1) 1.009 1.994
0.2 (-1) 1.562 1.554
0.9 (1) 1.015 1.010
0.9 (1) 1.165 1.016
0.9 (1) 1.008 1.175
0.9 (1) 1.127 1.119
0.55 (0) 1.009 1.187
0.55 (0) 1.302 1.147
0.55 (0) 1.182 1.012
0.55 (0) 1.144 1.298
0.2 (-1) 1.148 1.146
0.9 (1) 1.084 1.072
0.55 (0) 1.154 1.152



Fig. 4. Standard Deviation evolution during parameter decimation to obtain the refined model.

Table 4
Y1 coefficients before and after parameter decimation.

Coefficients Generic Model Refined Model

a0 1.114 1.196
a1 0.214 0.214
a2 �0.055
a3 �0.135 �0.135
a11 0.052
a22 0.059
a33 0.012
a12 �0.063
a13 �0.164 �0.164
a23 0.053

Table 5
Y2 coefficients before and after parameter decimation.

Coefficients Generic Model Refined Model

b0 1.113 1.193
b1 �0.051
b2 0.208 0.208
b3 �0.132 �0.132
b11 0.064
b22 0.052
b33 0.005
b12 �0.065
b13 0.046
b23 �0.157 �0.157
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points in this 3D space, spheres of varying radius and colour
represent estimated response. More details about the 4D mapping
Fig. 5. Y1 4D response surface comparison be

6

procedure can be found in [64]. These 4D maps help visually com-
pare prediction capabilities of GM and RM and confirms that the
refining process doesn’t alter the capabilities in a significant man-
ner as seen Fig. 4 through the variation of standard deviation.

Based on RM equations eqs. (10) and (11), RM coefficients
(Table 4 and Table 5) and the expressions of the centred-
normalised variables (X1;X2;X3), FT shape ratios (Y1 ¼ M1=M3

and Y2 ¼ M1=M2) can be expressed as a function of bio-inspired
porous pattern parameters (c=a; c=b; qf ) resulting in eq.(12):

M1
M3

¼ �0:0069þ 0:9433 c
a þ 1:019qf � 0:937 c

a qf

M1
M2

¼ 0:036þ 0:909 c
b þ 0:968qf � 0:897 c

b qf

(
ð12Þ

These equations were mapped in 3D space (2 axes for pattern
parameters and 1 axis for FT shape ratio) in order to visualise pat-
tern parameters’ influence on FT shape ratios. These 3D maps are
presented in Fig. 7.

4. 3D mass reduction method inspired from trabecular bone

The mathematical model eq.(12) describes the influence of bio-
inspired porous pattern parameters on the resulting FT. It can pre-
dict FT in the pattern based on the set of parameters. Conversely, it
can be used to determine the parameters that produce a target FT
and volume fraction in the pattern. Based on this mathematical
model, it is possible to mimic the trabecular form-function rela-
tionship in a mechanical part. For that purpose, a 3D bio-inspired
mass reduction algorithm is established here. This algorithm,
detailed in Fig. 8, takes the initial part geometry and loading case
as input and outputs a lightweight part geometry.
tween generic model and refined model.



Fig. 6. Y2 4D response surface comparison between generic model and refined model.

Fig. 7. Y1 and Y2 3D response surfaces after parameter decimation.
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The initial part geometry is meshed and the local stress tensor
at every node is calculated through FEA based on the loading case.
This represents the stress field throughout the initial mechanical
part. In parallel, nodes are distributed throughout the initial geom-
etry along an FCC pattern of size p. Pattern size p is computed
based on the initial part size in a way that mimics trabecular scal-
ing [50]. Both meshes are compared and the corresponding FEA
stress tensor is found for every node in the FCC pattern. At each
node of the FCC pattern:

� using the sub-algorithm detailed in Fig. 9, both bio-inspired tar-
get values for FT and qf are calculated through eqs.(1) and (3).

� through eq.(12), the pattern parameters necessary to produce
the target FT and qf are computed and an ellipsoid porosity is
generated.

Note that in the proposed mass reduction method, each poros-
ity will be computed as a function of local stress estimated at the
closest FEA node in its vicinity. Hence, in a given FCC unit cells,
the porosities will vary in shape, size and orientation. This differs
from the geometries used in section 3.2. in which porosities in
the FCC unit cell were homogeneous. The fact that individual
porosities are positioned at each nodes of the FCC pattern ensures
continuity in the overall part.
7

Through this algorithm, the resulting part mimics the FT and qf

gradients that would exist in trabecular bone subjected to the
same stress gradient as the initial part. The relevance of the pre-
sented 3D bio-inspired mass reduction method was mechanically
tested and is presented in the following section.
5. Proof of concept of proposed 3D bio-inspired mass reduction
method: 3-point bending case

5.1. Experiment setup

Hence, a 3-point bending case was considered to test the poten-
tial of the proposed 3D bio-inspired mass reduction method. 3
designs of equal mass were compared:

� One bio-inspired from mammalian bone in 2D and extruded
(BI2.5D) (adapted from [50]);

� One designed using topology optimisation (TO) (adapted from
[50]);

� One created with the proposed method (BI3D).

The initial tested beam dimensions are 150 mm � 30 mm �
30 mm. These dimensions were selected based on Audibert
et al.’s experimental conditions to ease comparison.



Fig. 8. Mass reduction algorithm.
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First, a finite element analysis of the initial 3-point bending
beam was conducted using CATIA simulate workbench. The part
was meshed with first-order tetrahedral elements of size
2.5 mm. Boundary conditions were applied according to Fig. 10
which illustrates the Von Mises stress found in a solid 3-point
bending beam.

BI3D was designed by applying the proposed mass-reduction
algorithm to the initial part based on the resulting stress field.
Since we seek to compare BI3D to Audibert et al.’s samples, the
same pattern size p ¼ 3mm was chosen. In their work, the pattern
size was calculated based on an equation that reproduces the allo-
metric scaling between trabecular pattern and species size. All 3
designs are shown in Fig. 11. By comparing Fig. 10 and Fig. 11, it
is possible to see how the local Von Mises stress amplitude in
the initial part influences the bio-inspired porous architecture in
BI3D. This is a good illustration of how the proposed mass reduc-
tion algorithm works.

The beams were manufactured under the same conditions using
plastic filament extrusion on a Volumic STREAM 30 Dual Mk.2. Pro-
cess parameters were:

� Material: Polylactic acid compound (UNIVERSAL ULTRA - PLC)
� Layer thickness: 0.15 mm
� Nozzle temperature: 235 �c
� Tray temperature: 65 �c
8

� Infill density: 100%

This resulted in 3 beams with respective masses of:

� MBI3D = 106.76 g (theoretical mass based on slicer software
Cura: MBI3D=106 g)

� MBI2:5D = 103.29 g (theoretical mass based on slicer software
Cura: MBI2:5D=103 g)

� MTO = 103.29 g (theoretical mass based on slicer software Cura:
MTO=103 g)

5.2. Mechanical testing results

The aforementioned 3 beams were subjected to 3-point bending
tests as shown in Fig. 12. During testing, a cylindrical metal pusher
applies displacement (d) on the upper beam face. Beams are sup-
ported by metal cylinders spaced 130 mm apart (10 mm from
the edges). Plastic 3D printed supports which ensure correct posi-
tioning are installed on a multicomponent dynamometer through
which vertical force (Fz) is measured. Then, Fz was plotted as a
function of d and measured points were fitted (least square
method) to a linear function of form Fz ¼ A:dþ B with A the slope
and B the intercept. A represents the bending stiffness of the tested
beam design which was chosen as an indicator of mechanical
performance.



Fig. 9. Ellipsoid generation sub-algorithm.

Fig. 10. Von Mises stress field in a solid beam subjected to 3-point bending.
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Fig. 13 compares the bending stiffness of the different designs.
The 2.5D bio-inspired beam design taken from Audibert et al.
[50] was taken as reference for comparison. TO shows 21 %
decrease in bending stiffness when compared to BI2.5D, which
confirms results from [50]. BI3D shows a 66 % increase in bending
stiffness when compared to BI2.5D or a 111 % increase when com-
pared to TO (more than twice as stiff).

6. Discussion

In this article, a 3D mass reduction method bio-inspired from
the trabecular form-function relationship was presented. Cur-
9

rently, the expression of the trabecular form-function relationship
is still being investigated in the biomechanical literature. In partic-
ular, it is still debated whether fabric tensor aligns with principal
stress directions in trabecular bone [57]. Indeed, during its lifetime,
a bone will be subjected to a wide range of loading conditions.
Depending on the loading condition, principal stress will vary
inside the bone on a short time scale. This could also be due to
the complexity of the metabolic phenomenon involved in bone
remodelling. Still, Musy et al. have shown that variations in trabec-
ular mechanical properties can be explained up to 76% through
variations in volume fraction and up to 98% when both volume
fraction and fabric tensor are considered [48]. Hence in this article,



Fig. 11. 3-point bending beam designs.

Fig. 12. 3-point bending test.
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to reflect the work of several authors [49,57,60], the choice was
made to align FT with principal stress. To abstract the complex tra-
becular form-function relationship, two equations were selected in
the literature. These equations link mechanical stress to character-
istics of the trabecular architecture: Audibert et al. showed that
Von Mises stress rVM could be used to estimate volume fraction
[50] and Hazrati Marangalou et al. showed that principal stress
could be used to estimate fabric tensor [57].

Our results highlight that porosity shape ratio in the bio-
inspired porous pattern has a strong influence on FT shape and
thus on the anisotropic mechanical behaviour of the material.
Indeed, based on eqs. (10) and (11) and their respective coefficients
in Table 4 and Table 5, it is apparent that the first and second FT
shape ratios (Y1; Y2) in the chosen bio-inspired porous pattern will
vary based on the first and second porosity shape ratios (X1;X2)
respectively. This is expected as the first porosity shape ratio will
influence the amount of material in its plane which directly
impacts the first FT shape ratio. The second porosity shape ratio
10
doesn’t have any significant influence on the first FT shape ratio
in the studied data range. On the contrary, the second FT shape
ratio is mostly dependant on the second porosity shape ratio; the
first porosity shape ratio doesn’t have significant influence. The
coefficients are positive for both equations which means that the
porosity shape directly influence FT shape in the same direction.

The implemented decimation of the model highlights that
there’s a linear relationship between porosity shape, volume frac-
tion and FT shape. Indeed, based on Fig. 4, coefficients associated
with squared variables (a11; a22; a33; b11; b22; b33) are the first to be
removed when the model is refined. This explains why the first
decimation steps don’t have much influence on standard devia-
tions and on the prediction capabilities of both models, as illus-
trated in Fig. 5 and Fig. 6. At first, refining the model transforms
the second order polynomials into a linear model which allows
precise prediction. Further simplification of the model doesn’t take
the whole phenomenon into account and is less precise. Hence, the
refining was stopped before precision decreased significantly.



Fig. 13. 3-point bending test results for the different tested beam designs.
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Furthermore, results show that volume fraction has an influ-
ence on both FT shape ratios, especially for low volume fraction.
This is apparent in Fig. 7 which presents the influence of porosity
shape and volume fraction on FT shape. For low volume fraction,
porosity shape will highly influence the resulting FT shape whereas
that’s not the case for high volume fraction. This is partly due to the
cross coefficient in both equations. Indeed, geometry will change
heavily depending on the volume fraction for the same porosity
shape. For different patterns with the same porosity shape, the
ones with lower volume fraction (less material) will be more
anisotropic.

Regarding the geometry of parts optimised with the proposed
mass reduction method, Fig. 11 shows that porosities in BI3D are
oriented along the principal stress directions in accordance with
the algorithm. This is also the case for BI2.5D. Furthermore, no
porosities appear in the vicinity of contact zones for both BI2.5D
and BI3D. This is consistent with Fig. 10 which shows that these
are the most stressed areas. These areas would, in long bones,
showcase cortical rather than trabecular bone. On the other hand,
areas of low stress are highly porous as can be seen in the detailed
views in Fig. 11. The architecture in these areas is very open and
resembles trabecular samples such as the ones shown in Fig. 1.

As presented in Fig. 13, all 3 beam designs deform linearly
based on applied vertical displacement. This is consistent with
the behaviour of a solid beam submitted to 3-point bending which
indicates that macrostructure dictates mechanical behaviour. But,
despite being of equal mass, all 3 designs have different bending
stiffness which confirms that microstructure influences mechani-
cal performance. Compared to TO, a mass reduction method widely
used in various industries, both BI2.5D and BI3D show higher
bending stiffness. Indeed, both architectures present a network of
small porosities which are able to evenly spread mechanical stres-
ses whereas TO presents slender beams which might be subject to
buckling. This showcases the potential of bio-inspired mass reduc-
tion methods for mechanical design in a variety of industrial sec-
tors. In particular, BI3D showcases a significant increase in
bending stiffness compared to BI2.5D and TO. This increase in
11
mechanical behaviour could be explained by the fact that BI3D is
a 3-dimensional architecture whereas the other two are extruded
2-dimensional architectures. This hints to the fact that even for
planar symmetric loading conditions (3)-point bending) 3D
architectures may be relevant for optimisation of mechanical
properties.
7. Conclusion

This work sought to establish a 3D mass reduction method that
draws inspiration from the trabecular bone form-function
relationship.

A bio-inspired porous FCC pattern with ellipsoid porosities was
built in order to mimic trabecular bone’s volume fraction and Fab-
ric Tensor. A mathematical model was built and refined in order to
understand the influence of pattern parameters on the resulting
Fabric Tensor. This enables the calculation of pattern parameters
which reproduce target volume fraction and Fabric Tensor.

Based on that knowledge, a 3D bio-inspired mass reduction
method was proposed. Using the inputted initial part geometry
and loading case, it estimates the stress field using FEA, calculates
target volume fraction and Fabric Tensor gradients based on tra-
becular form-function relationship and generates ellipsoid porosi-
ties throughout the part. It then outputs the resulting light-
weighted part.

The proposed mass reduction method was tested using 3-point
bending experiments. Two bending beam designs of equal mass
were taken from a previous study. A third design was generated
using the proposed mass reduction method in order to achieve
the same mass. Based on the results of these experiments, the pro-
posed 3D mass reduction method allows for a 66 % increase in
bending stiffness at equal mass when compared to Audibert
et al’s 2.5D method and a 111 % increase when compared to topol-
ogy optimisation. Hence, the proposed mass reduction method has
great potential for mechanical design in a variety of industrial
sectors.
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The main contributions of this article are:

(i) The complex trabecular form-function relationship was con-
densed into 2 equations. The first links volume fraction to
the Von Mises stress. The second links Fabric Tensor eigen-
values to principal stress.

(ii) A bio-inspired porous pattern was proposed to reproduce
the trabecular form-function relationship. This pattern’s
geometry adapts to stress based on a mathematical model.

(iii) Based on the aforementioned bio-inspired porous pattern, a
3D mass reduction method was established. In this method,
size, orientation and shape of elliptical porosities is locally
adapted to the state of stress.

(iv) In 3-point bending, the proposed 3D mass reduction method
result is more than twice as stiff, at equal mass, when com-
pared to topology optimization.

The proposed method is adequate for statically loaded parts
manufactured through material extrusion methods. Nonetheless,
for parts loaded dynamically, the fatigue behaviour of the resulting
architectures should be investigated. Furthermore, to broaden the
scope to powder-bed fusion methods, the architectures should be
modified to ensure that all un-melted powders can be removed.
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