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Abstract

Since the success of bone regenerative medicine depends on scaffold morphological and mechanical
properties, numerous scaffolds designs have been proposed in the last decade, including graded structures that
are suited to enhance tissue ingrowth. Most of these structures are based either on foams with a random pore
definition, or on the periodic repetition of a unit cell (UC). These approaches are limited by the range of
target porosities and obtained effective mechanical properties, and do not permit to easily generate a pore size
gradient from the core to the periphery of the scaffold. In opposition, the objective of the present contribution
is to propose a flexible design framework to generate various three-dimensional (3D) scaffolds structures
including cylindrical graded scaffolds from the definition of a UC by making use of a non-periodic mapping.
Conformal mappings are firstly used to generate graded circular cross-sections, while 3D structures are then
obtained by stacking the cross-sections with or without a twist between different scaffold layers. . The
effective mechanical properties of different scaffold configurations are presented and compared using an
energy-based efficient numerical method, pointing out the versatility of the design procedure to separately
govern longitudinal and transverse anisotropic scaffold properties. Among these configurations, a helical
structure exhibiting couplings between transverse and longitudinal properties is proposed and permits to
extend the adaptability of the proposed framework. In order to investigate the capacity of common additive
manufacturing techniques to fabricate the proposed structures, a subset of these configurations is elaborated
using a standard SLA setup, and subjected to experimental mechanical testing. Despite observed geometric
differences between the initial design and the actual obtained structures, the effective properties are
satisfyingly predicted by the proposed computational method. Promising perspectives are offered concerning
the design of self-fitting scaffolds with on-demand properties depending on the clinical application.

© 2012 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Global
Science and Technology Forum Pte Ltd

Keywords: Graded scaffolds; Finite element method; Bone repair; Stereolithography; Open-cell structures; additive manufacturing ;
material by design ; metamaterials.
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1. Introduction

The selection of a suited scaffold geometry constitutes a milestone in bone repair, with a wide variety of
proposed shapes and microstructures (Patrick et al., 1998). Bone scaffolds are based on a biocompatible
biomaterial, natural or synthetic, used temporarily or permanently, and should be porous, permeable and three-
dimensional (3D) (Payne et al., 2014). It must promote cell adhesion, the development of a newly formed tissue
(Nair et al., 2007), and ideally mimic the mechanical properties of the host bone (Afshar et al., 2016; Li et al.,
2006). Scaffold designs should also be adapted to the future anatomical site of implantation (Afshar et al., 2016;
Torres-Sanchez et al., 2017) and to the associated planned surgical protocol, with a growing interest for
minimally-invasive surgeries (Di et al., 2016; Langford et al., 2021). The list of key requirements to be fulfilled
when designing a scaffold for bone repair includes the biocompatibility of the constitutive material (Qu et al.,
2019) and its osseoregenerative properties (Ghassemi et al., 2018), as well as morphological properties such as
mean pore size (Torres-Sanchez et al., 2017), porosity (Bandyopadhyay et al., 2010), pore interconnectivity
(Jones et al., 2009) and distribution of porosities (Poh et al., 2019) suited to create an optimal environment for
bone ingrowth (Bobbert and Zadpoor, 2017; Dias et al., 2012; Jungreuthmayer et al., 2009; Karageorgiou and
Kaplan, 2005; Zadpoor, 2015). In terms of mechanical properties, the scaffold should be able to withstand
external loads, and it is generally assumed that it must mimic the initial mechanical physiological functions of
the bone tissue (Afshar et al., 2016). In the context of bone regenerative medicine, one additional challenge may
consist in mimicking the natural vascularization of bone (He et al., 2013; Logeart-Avramoglou et al., 2005)
since insufficient growth of microvessels can lead to local morbidity and reduce the clinical success of bone
repair by limiting interstitial fluid diffusion, blood perfusion, and cellular waste removal (Brennan et al., 2013;
Melchiorri et al., 2014). The risk of insufficient vascularization is particularly important in thick, three-
dimensional samples, since initial natural diffusion is not possible beyond 100um matrix thickness
(Karageorgiou and Kaplan, 2005; Oh et al., 2007) and cell death then rapidly occurs by poor oxygenation in the
center of the implant (Brennan et al., 2013; Leszczynska et al., 2013). This requirement is less important for
very small fillings (Payne et al., 2014).

In the last decade, there have been numerous propositions of design strategies for the development of devices
with tailored morphology and integrated functionalities (Guarino et al., 2012) or to help the design of prostheses
for different types of tissues (e.g. (Jackson, 2021)).. Scaffolds can be made from a variety of materials, including
natural polymers, synthetic polymers, and ceramics, and can be designed to mimic the structure and function of
native tissue. Some of these approaches have been used successfully to develop a wide range of devices with
tailored morphology and integrated functionalities, and continue to be an active area of research and
development. The proposition of innovative design frameworks that could extend the range of reachable
properties for such structures still constitutes a major point of interest in the field of regenerative medicine. The
emergence of additive manufacturing has permitted to design various scaffold architectures, essentially based
on the 3D periodic repetition of a unit cell (UC) to form porous 3D structures (Afshar et al., 2016;
Bahraminasab, 2020; Bobbert and Zadpoor, 2017; Deng et al., 2021; Dias et al., 2012; Donate et al., 2020;
Fernandes et al., 2020; Kolken et al., 2020; Liu et al., 2018; Su et al., 2021; Wang et al., 2020; Yoo, 2011). As
a consequence of this periodic design framework, the resulting 3D porous scaffolds generally exhibit isotropic
properties, while native bone tissue is far from being isotropic (Li et al., 2013) and anisotropic behavior may be
suited for specific applications (Ruegg et al., 2017). In opposition to these perfectly periodic structures, it has
been reported that scaffolds with pore size gradients offer better seeding efficiency than homogeneous scaffolds
(Sobral et al., 2011) and enhance the diffusion of nutrients from the core to the periphery of scaffolds (Ahn et
al., 2010). As a result of these observations, various heterogeneous geometries with pore size gradients have
been proposed in order to counter the limited proliferation and vascularization of 3D scaffolds observed for
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large bone defects (Afshar et al., 2016; Cheikho et al., 2022; Liu et al., 2018; Melchels et al., 2010; Poh et al.,
2019; Yook et al., 2012).

In the case of perfectly periodic structures, homogenization techniques have been used to compute the
effective properties of porous scaffolds prior to their fabrication from the definition of the UC (Dias et al., 2012;
Lin et al., 2004; Shipley et al., 2009). Notably, such homogenization procedures have highlighted the wide
range of 2D effective elastic properties that can be obtained from different UC’s (Karathanasopoulos et al.,
2018). The development of micromechanical models may also result in the effective properties of periodic
heterogeneous media (Ganghoffer and Reda, 2021; Louna et al., 2019). However, most of these techniques are
currently limited to perfectly periodic structures and cannot predict the mechanical properties of graded
scaffolds, though some extensions have been recently proposed for quasi-periodic structures (Andrianov et al.,
2006; Le and Marigo, 2018; Miedzinska, 2017; Xu and Qian, 2021). Moreover, homogenization methods are
based on the assumption of a scale separation between the macroscale of the scaffold and the microscale of the
UC, while in the case of bone scaffold design such an assumption may be debatable (pore sizes on the range of
300-400 um for bone tissue (Oh et al., 2007) within centimeter-size scaffolds). Alternatively, from the definition
of scaffold geometry issued from computed aided design (CAD), energy-based methods (identifying
macroscopic energy density stored in a homogeneous equivalent media with the sum of microscopic energy
density) have recently allowed for the efficient computation of the effective properties of heterogeneous media
(Ayad et al., 2020; Goda et al., 2016; Goda and Ganghoffer, 2015).

In a recent study (Cheikho et al., 2022), an original framework has been proposed to design graded circular
porous architectures based on different mappings of a UC, as well as an efficient energy-based method to
compute the effective mechanical properties of the resulting structures. However, this preliminary study suffers
from several limitations: firstly, it is limited to the design of two-dimensional (2D) scaffold cross-sections,
while 3D porous structures are needed for bone regeneration. Secondly, no experimental validation is provided
to corroborate the results of the developed numerical method. Lastly, the observed effective properties are
conditioned to the fact that additive manufacturing techniques are able to restitute the precise geometry of the
proposed architectures, since strains may be concentrated in fine junctions. In response to these limitations, the
first objective of the present contribution was to extend the work reported previously to 3D porous scaffolds by
adding different types of linking elements between the 2D cross-sections, in order to generate anisotropic porous
3D scaffolds with adjustable transverse and longitudinal mechanical properties. The reported energy-based
computational method used to predict effective mechanical properties was then extended to these 3D structures
to investigate the range of reachable apparent mechanical properties, with a focus on some particular UC’s as
an illustration of the method. The second objective was to evaluate the feasibility of fabricating such structures
using stereolithography (SLA), by comparing the obtained geometry issued from microtomography (LCT) with
the initial geometry issued from CAD. SLA was selected among others additive manufacturing techniques,
since it has now largely reached the clinical stage and daily dentist’s practice (Tian et al., 2021), and it has been
successfully used for various clinical applications (Chartrain et al., 2018; Tian et al., 2021). It offers a better
resolution than the more common Fused Filament Fabrication (FFF) technique (Peltola et al., 2008), and it is
currently extended to a broadening number of compatible materials in order to widen the range of clinical
applications of SLA in regenerative medicine. The third and last objective of the present contribution was to
confront some of the predicted effective mechanical properties of the scaffold to experimental data, by
performing axial and transverse mechanical testing on printed structures.
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2. Materials and methods
2.1. Design of 3D scaffold

In our recent work (Cheikho et al., 2022), we proposed a new method to design various scaffolds cross-
sections based on the 2D mapping of various UC’s. The large range of reachable apparent mechanical properties
of the generated cross-sections, depending on the selected UC and the chosen mapping, were particularly
underlined. In this first study, based on a given UC (for instance, the hexachiral (HC) unit cell illustrated in Fig.
1.a), periodic (PT) or circular transformations (CT) were used to generate cross-sections, as illustrated in Fig.
1.b. and Fig. 1.c respectively. As observed in the same figure, the CT transformation resulted in graded cross-
sections with a pore size gradient from the core to the periphery of the scaffold. Based on this first study, it was
observed that UC consisting in a square cell with a circular hole (named SC hereafter) led to highest transverse
compressibility within the set of selected UC, while the HC cell was associated to the lowest transverse
compressibility due to its auxetic nature. In the subsequent developments , these two types of UC (SC and HC)
associated with the two aforementioned mappings (PT and CT) were used. The proposed framework may
however easily be extended to other types of UC’s and mappings. As an example, the HC-PT cross-section
illustrated in Fig. 1.c corresponds to a circular transformation applied on a hexachiral UC.
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Fig. 1. a) Hexachiral (HC) unit cell (UC), b) Periodic transformation of Hexachiral UC (HC-PT), c¢) Circular
transformation of Hexachiral UC (HC-CT)

This method was obviously limited to 2D in our former study, while 3D porous structures may be obtained
from a stacking of such cross-sections in the longitudinal direction. To do so, an initial extrusion of the cross-
section with a given thickness was performed in order to form a 3D layer, and cylindrical longitudinal linking
elements were then added in the centered holes of the UC in order to create an elementary stack. The multilayer
repetition of this step enabled to generate 3D porous scaffolds, as illustrated in Fig. 2.a. and Fig. 2.b. from PT
and CT mappings respectively for a HC cell, and in Fig. 3.a. and Fig. 3.b. from PT and CT mappings respectively
for a SC cell. This method obviously preserved the mechanical properties of the linking elements along the z-
direction, i.e. the longitudinal compression stiffness of the resulting scaffold was expected to be equal to the
sum of the stiffnesses of these individual elements. Alternatively, in order to control the compressive behavior
of the resulting scaffold in the longitudinal direction, the linking elements may be generated with an angle
between two layers: by restricting this design method to a single and constant angle throughout the stack of
different layers, helical scaffolds were obtained as illustrated in in Fig. 2.c and Fig. 3.c for HC and SC unit cells
respectively, showing an overall twist angle of /2. In the sequel, the helical structure resulting from CT with
inclined linking elements will be denoted HCT. At the end of this design procedure, the obtained structures
depend on the UC definition, the parameters of the transformation, the thickness of layers, and the diameter,
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length and inclination of linking elements. The overall porosity was a consequence of the combination of these
parameters, and was fixed at 74 % as illustrated in Fig. 2 and Fig. 3. Porosity was computed from the ratio
between the actual volume of the generated solid and the volume of the equivalent cylindrical continuum.

Fig. 2. Mapping of Hexachiral UC with a given porosity of 74 % a) Periodic transformation HC-PT, b)
Circular transformation with vertical linking elements HC-CT, c) Circular transformation with inclined linking
elements HC-HCT.

a)

Fig. 3. Mapping of square UC with circular inclusion (SC) with a given porosity of 74 % a) Periodic
transformation SC-PT, b) Circular transformation with vertical linking elements SC-CT, c) Circular
transformation with inclined linking elements SC-HCT

2.2. SLA fabrication of the design scaffolds

The feasibility of scaffold manufacturing through SLA technique was investigated using a standard setup.
Three samples of HC-HCT scaffolds were then fabricated using a Form2 desktop printer (Formlabs Inc,
Somerville, MA, USA) and the CLEAR FLGPCLO04 resin (Formlabs Inc, Somerville, MA, USA) was used as
a constitutive material. The scaffold was printed with a layer height of 25 pm. The HC-HCT configuration was
selected since it exhibits the finest geometry at the level of the junctions between UC among the selected subset
of scaffold configurations, and because of the expected coupling between compression and torsion modes due
to the helical shape of the scaffold. In order to compare the obtained structures with the geometries issued from
CAD, uCT acquisition of the three HC-HCT scaffolds were performed using a DeskTom 150 (RX-solutions,
Chavanod, France) with a voxel size resolution of 10 um, a tube voltage of 60 kV, a current of 166 pA and a
scanning of 1440 captured pictures. The external geometry was then extracted from thresholding the uCT
volume, and the printed support was removed using standard Boolean operations and mesh correction.
Geometries extracted from uCT were compared to the initial geometry issued from CAD by computing point-
to-surface distances as described in (Chauvelot et al., 2020), based on the Python library PyVista. Using the
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CAD geometry as a reference, the two surface meshes were initially put in the same reference frame so as to
minimize the mean point-to-surface distance between both geometries, and point-to-surface distances were then
calculated and mapped onto the reference CAD geometry.

2.3. Effective mechanical properties of 3D porous scaffolds

The analysis of the effective mechanical properties of the resulting structures was done by seeking the
continuous homogeneous medium (i.e. endowed with homogenized properties) showing the same behavior as
the heterogeneous architected scaffold in the sense of elastic energy storage. In the classical first-gradient theory
of elasticity, the Cauchy stress tensor o is related to the infinitesimal deformation € (expressed as the
symmetrical part of the displacement gradient) through the fourth-order stiffness tensor Cijkl expressed as:

_ 1( éu, ou;
0; =Cjéy with & ==| —+—|=¢; )
2 6Xj OX.

Depending on the transformation used for the design of scaffolds (PT or CT), Cartesian or cylindrical
coordinates were more suited to write the above relations. The kinematic variables to be considered within the
linear elasticity theory were the six independent strain components ¢;;, expressed in Cartesian or cylindrical
coordinates. In the current contribution, the attention was drawn on the longitudinal and transverse properties,
i.e. the scaffold was considered from a structural point of view and modeled as a transversely isotropic material.
The apparent elastic properties were calculated using the strain energy based-method (Mindlin, 1964), based on
the established relationship between the strain energy of the structure and that of the homogenized equivalent
model under specific boundary conditions. The technique has been largely described elsewhere (Cheikho et al.,
2022; Goda and Ganghoffer, 2015) and consists in applying elementary kinematic loadings to the structure
using a Finite Element (FE) analysis, in order to compute the resulting total elastic Strain Energy (SE) and to
determine the components of the overall homogenized stiffness tensor expressed in (2). The studied structures
were therefore numerically subject to various macro-strain (denoted Ej;), limited to loading cases in the current
work, and the total SE stored in the structure under the prescribed Boundary Conditions (BC) was computed
using the Abaqus solver (Dassault Systemes Simulia, United States) after discretization of the structure into
C3D4H first-order tetrahedral elements. This total SE was then considered equal to the SE stored in the
equivalent homogeneous elastic continuum under the same kinematic loading E;, in such a way that:

\Y
U= E EijCijkI Ekl )

where V' represents the volume of the equivalent homogeneous medium, computed from the external contour
of the 3D scaffold. The left-hand member U represents the FE-computed elastic SE stored in the structure while
the right-hand member is the SE of the equivalent homogeneous continuous medium which is a function of the
imposed macro-strain E;;. The transverse compressive modulus E, was defined as the compressive modulus in
response to transverse loads applied in both transverse directions in the case of Cartesian coordinates (PT
mapping) or in response to radial loads in the case of cylindrical coordinates (CT mapping). It was identified
from the apparent compliance tensor using the relation E, = 1/S;;.x (i, k = 1,2) in Cartesian coordinates
(respectively E, = 1/S,,. in cylindrical coordinates) where S = C~! (Karathanasopoulos et al., 2018) while
the longitudinal compressive modulus (E;) was identified using the relation E; = 1/S5545 (respectively E; =
1/S,,2- in cylindrical coordinates). The applied boundary conditions are illustrated in Table 1 for both periodic
and quasi-periodic cases. Code in the simulations results corresponds to the normalized amplitude of
displacement field.
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Periodic structures (Cartesian coordinates) Quasi-periodic structures (cylindrical coordinates)
Longitudinal
elastic
. u.=0

properties E; g = 0

u, =z
Transverse
elastic U =r
properties E, ug =0

u, =

Table 1: Summary of prescribed boundary conditions to identify longitudinal and transverse compressive
moduli. PT and CT are used as illustrative examples, and the color code corresponds to the magnitude of the
computed displacement field.

In the numerical results exposed hereafter, the elastic properties of CLEAR FLGPCLO04 resin given by the
manufacturer were selected (E = 1600 MPa, v = 0.3).

2.4. Effect of design variables on the effective mechanical properties

At the end of the design procedure described above, the scaffold structure depends on a set of design variables
whose effect on the effective mechanical properties may be computed from the previously detailed method.
These mechanical effective properties strongly depended on the UC used in the generation of the 3D scaffold.
In our last work (Cheikho et al., 2022), we compared 6 unit cells to illustrate the large range of reachable cross-
sectional properties, in order to generate scaffolds that can mimic as close as possible the original mechanical
physiological functions of the bone tissue it aims to replace. As stated above, HC and SC cells were used in the
present work for illustrative purpose, since they were associated with the maximal and minimal computed
transverse cross-sectional compressibility in our former study. Fig. 2 and Fig. 3 illustrate the scaffolds resulting
from HC and SC respectively, for PT, CT and HCT transformations, with the same porosity of 74 %. Design
variables included the number of UC included in the CT and PT mappings, the layer thickness based on the 2D
cross-section, as well as the section, length and inclination of linking elements. A full-size sensitivity analysis
of each of these design variables on each of the components of stiffness tensor was considered out of the scope
of the present contribution. Alternatively, we selected a subset of relevant effective properties for an application
in scaffold selection for bone repair such as the longitudinal and transverse compressive moduli (in order to
highlight the anisotropy of the resulting structures).

Since the porosity of the scaffold plays a critical role in its capacity to be colonized by tissue growth
(Bandyopadhyay et al., 2010; Torres-Sanchez et al., 2017), the effect of various porosities on the obtained
effective mechanical properties was first assessed. From the design procedure described above, a simple way
to control the overall scaffold porosity was to affect the porosity of the single UC, as done previously (Cheikho
et al., 2022), and as illustrated in Fig. 4. An alternative or additional way to control overall scaffold porosity
was to change the diameter of linking elements between two layers, as illustrated in Fig. 5.
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Fig. 4. Cross-sections geometries with SC and HC unit cells for different porosities, based on the variation
of pore size in the initial UC.

Porosity (%)

#*ﬂ:

Fig. 5. Cross-sections geometries with SC and HC unit cells for different porosities, based on the variation
of the diameter of linking elements between two layers.

In order to modify the overall geometry, and for a fixed porosity, the combination of the two aforementioned
design variables also permitted to generate various scaffold designs by varying in parallel the pore size in the
UC and the section of linking elements. Fig. 6 offers an example of the obtained geometries with a fixed porosity
of 74% but by different combinations of these parameters. This additional design variable was quantified by
computing the ratio between the volume of a layer and the total volume of the scaffold, and its effect on effective
mechanical properties of the scaffold was also assessed.
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Fig. 6. Geometry of an elementary stack within the scaffold with HC unit cell for a fixed overall porosity
P = 74 %, based on the variation of the ratio between the layer volume and the overall volume of the scaffold.
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Lastly, in the case of HCT configuration, the angle of inclination of the linking elements was expected to
strongly affect the longitudinal compressive modulus of the scaffold. The effect of this last design variable was
also studied in order to emphasize the possibility to control scaffold anisotropy by varying the total angle of
rotation of the helical scaffold.

2.5. Mechanical testing and confrontation with numerical results

A preliminary mechanical characterization was performed in order to confront the obtained numerical results
with experimental data and investigate the validity of our approach. The HC-HCT configuration was selected
to evaluate our numerical procedure in the worst case, since its effective properties was expected to critically
depend on the strain concentration in some fine parts of the geometry that may be difficult to fabricate. The
three HC-HCT scaffolds obtained by SLA were thus tested using a Zwicki Z0.50 TN equipped with a 100 N
load cell, by simply positioning the samples between two compression plates. A longitudinal compression test
was firstly performed up to 80 N to avoid structural damage. Due to chiral effects induced by the helical shape
of the HC-HCT scaffold, coupling between compression and torsion modes were expected (Meng et al., 2020;
Xin et al., 2020), and they were only restrained by the friction between the sample and the compression plates.
Since the transverse compression test simulated in our previous work (Cheikho et al., 2022) was practically
very difficult to achieve, a transverse compression test (also known as brazilian test in geomechanics) was
performed in order to confront our numerical predictions with experimental data in the transverse direction. The
tests were performed on the same sample to gather as many data as possible and the last transverse test was
performed up to the collapse of the structure.

Force-displacement curves were then extracted and compared to the numerical results obtained from the
CAD geometry. Concerning longitudinal compression tests, two types of BC were considered in the numerical
model in order to consider the coupling effect between compression and torsion, partially restrained by the
friction between compression plate and the sample. In the first case (named free BC hereafter), the upper
boundary of the scaffold was considered totally free, corresponding to a perfect sliding, while in the second
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case (named fixed BC hereafter) it was considered fixed corresponding to a perfect sticking between plate and
sample. In parallel, in order to investigate the capacity of our numerical approach to fit experimental data when
the exact geometry was considered, the same two mechanical tests were simulated taking the uCT geometry as
an input of the FE procedure instead of the CAD geometry. Videos (available upon request) were recorded
using a high-resolution camera (AVT Manta 12 Mpx) to precisely monitor the kinematics of scaffold
compression.

3. Results
3.1. Effective mechanical properties of 3D porous scaffolds

The six scaffolds illustrated previously in Fig.2 and Fig. 3, designed with a fixed porosity of 74 %, were
considered in this study in order to investigate the effect of the selected UC and stacking procedure on the
computed effective properties. As expected, we observed that the four scaffold configurations SC-PT, SC-CT,
HC-PT and HC-CT exhibited an identical effective longitudinal compressive modulus of E; = 218 MPa since
this value results from the contribution of longitudinal linking elements, that were identical in each of these
configurations. Structures based on HC exhibited lower transverse compressive modulus than the structures
generated from the SC, as emphasized previously. The ratio between the transverse compressive modulus in
periodic configurations SC-PT and HC-PT was E; gc—_pr/E; uc—pr = 2.65, while is it was higher in graded
configurations SC-CT and HC-CT, namely E;sc—cr/Et ne—cr = 3-25, indicating that the CT mapping
accentuated the contrast between the selected UC. In the case of helical configurations (SC-HCT and HC-HCT)
with a total twist of a = /2 through the whole scaffold, the effective longitudinal compressive modulus of
E; = 58 MPa was considerably lower than for longitudinal linking elements with a constant observed ratio of
Eisc—pr/Eisc—ucr = Eiuc—pr/E1 ne—ner = 3.7 . This indicated that the inclination of linking elements
permitted to control the longitudinal stiffness of the designed scaffold, and therefore its anisotropy, depending
on the selected angle. By comparing the transverse compressive modulus of the scaffolds generated with the
periodic transformation and the ones generated with the circular transformations (E; sc_pr = 132 MPa —
Eisc—cr = 123 MPa) and (E; yc—pr = 50 MPa - E; yc_cr = 49 MPa), we observed that graded scaffolds
were associated with a weaker transverse compressive modulus compared to periodic scaffolds. The Poisson’s
coefficients of these structures between the transverse and longitudinal directions vary in the range of v;; €
[0,0.6]. The value v,; = 0 obtained for some configurations corresponded to a total separation between
longitudinal and transverse properties, while the highest Poisson’s ratio obtained for SC-HCT indicated a strong
coupling between longitudinal and transverse properties.

3.2. Effect of design variables on the effective compressive moduli

The effect of the subset of design variables illustrated in Fig. 5, Fig. 6 and Table 1 were investigated. Fig. 7
illustrates the influence of porosity on the computed effective compressive moduli (transverse and longitudinal)
of the scaffold, when the porosity of the UC was taken as a design variable (as illustrated in Fig. 5). For a given
porosity, the HC-based structures showed less stiff mechanical properties than SC-based structures. However,
similar properties were obtained for low porosities, since the auxetic effect governed by the fineness of the HC
cell vanished in the case of a more massive UC. As expected, the longitudinal compressive modulus was not
affected by a change of UC porosity in the case of PT and CT mappings. However, this did not hold true for
helical scaffolds, with a monotonically decreasing longitudinal compressive modulus as the porosity increased,
indicating strong couplings between the cross-sectional properties of the scaffold layers and its longitudinal
behavior.
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Fig. 7. Transversal and longitudinal compressive moduli as a function of porosity, based on the variation of
pore size in the UC.

Fig. 8 illustrates the influence of porosity on the computed effective compressive moduli of the scaffold,
when the diameter of linking elements between two layers was taken as a design variable (as illustrated in Fig.
6). The goal was then to adjust the effective mechanical properties of the scaffold for a given choice of the
cross-section. In contrast to previous results which only affected the transverse properties, changing the
diameter of linking elements had an effect on the apparent mechanical properties in both transverse and
longitudinal directions. Non-surprisingly, the longitudinal compressive modulus linearly decreased with
increasing porosity for PT and CT scaffolds, while this relation was not linear in HCT scaffolds due to
couplings. A linear relation was also observed between the porosity and the transverse properties for HC-based
scaffolds exclusively.
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Fig. 8. Transversal and longitudinal compressive moduli as a function of porosity, based on the variation of
the diameter of linking elements between two layers.
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Fig. 9 illustrates how the combination of these two design variables may permit to obtain different effective
mechanical properties for a given overall porosity. The effect of the ratio between the volume of a layer and the
total volume of the scaffold on its effective compressive moduli was investigated, which permitted to cover a
large range of reachable properties. We found that for a minimum volume of material in the layers, which
corresponds to a maximum size of the inclusions in the cross-section with a maximum diameter of linking
elements, the transverse compressive modulus was minimal and the longitudinal compressive modulus
exhibited maximum values. As the volume of material in the layers increased, the radius of the inclusion
decreases, resulting in an increased diameter of linking elements, and therefore in an increase of transverse
stiffness and a decrease in longitudinal stiffness.
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Fig. 9. Transversal and axial compressive moduli for a fixed porosity of 74 % when varying the ratio of the
layer’s volume in function to the total volume of material.

Among the different design variables that may affect the effective properties of the scaffold, and apart from
the overall porosity, the effect of the helical shape of the scaffold resulting from the inclination of linking
elements was also assessed. This effect was quantified through the total twist angle «, i.e. the total relative angle
a between the first and the last layer of the structure, ranging between @« = 0 and a = /2. Results are
illustrated in Fig. 10 for structures based on SC and HC. This angle was observed to drastically affect the
longitudinal compressive modulus for both structures (by a factor of 5), while it poorly affected transverse
properties.
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Fig. 10. Transversal and longitudinal compressive moduli as a function of the total twist rotation angle «.

A more exhaustive parametric study was conducted by considering the SC and the HC unit cells generated
with the three transformations PT, CT and HCT. The results of the parametric study in terms of transverse and
longitudinal compressive moduli are illustrated in a scatter plot in Fig.11 from overall porosity going from 50
% to 85 %, These results indicate a strong anisotropy for some of the tested configurations, and ratios up to 6
between transverse and longitudinal compressive moduli for the configuration HCN-HCT.

3.3. Manufacturability of the proposed 3D porous scaffolds

The capacity to obtain the designed scaffolds from SLA fabrication was assessed for a HC-HCT graded
scaffold with a given porosity of 68 %, as illustrated in Fig. 4. The selected structure was based on the repetition
of 6 layers in order to form a scaffold of 5.2 mm in height and 10mm in diameter, as observed in Fig. 12.

Substantial differences between CAD geometry and obtained scaffold were observed at the center of the
graded structure, where pore sizes were minimal and lower than the resolution capabilities of the SLA
equipment. Such differences were quantified by computing the point-to-surface distances between the
geometries issued from CAD and pCT, as illustrated in Fig. 13, taking CAD geometry as a reference. The
distance map highlighted the differences between designed and printed geometries at the center of the scaffold,
with distances higher than 1mm, while the overall geometry of the scaffold was satisfyingly obtained.
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Fig. 12. (left) Superposition of the CAD or target (blue) and UCT or real (orange) geometries. (right)
Longitudinal and transverse cross-sections, highlighting the scaffold contours of CAD and uCT geometries.
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Fig. 13. Point-to-surface distances between geometries issued from CAD and uCT
3.4. Mechanical testing and confrontation with numerical results
Mechanical tests were performed on three different HC-HCT scaffolds in order to evaluate the predictive

capacity of our numerical approach. Representative images of the initial and deformed configurations of
scaffolds after the longitudinal and transverse compression test are represented in Fig. 14.

Fig. 14. Compression test and Brazilian test. a, d) Initial configuration of HC-HCT scaffolds in longitudinal
and transverse positions. b, e) Final configuration after the prescribed load. ¢, f) Corresponding numerical
simulations after the prescribed load. The color code stands for the magnitude of the displacement field.
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Corresponding FE simulations were performed for both longitudinal (Fig. 14.c) and transverse compression
tests (Fig; 14. ), and results were compared to experimental data in terms of force-displacement responses. In
a first case, the CAD geometry was considered as an input of the FE procedure (named FE-CAD hereafter),
while in a second case, the reconstruction issued from uCT segmentations were used as in input (named FE-
MCT hereafter), including the artefacts due to the fabrication as detailed in the previous section. Moreover, in
the case of longitudinal compression test and due to coupling effects, two types of BC’s were considered
corresponding to free BC or fixed BC at the level of the upper compression plate, since the actual friction
interaction probably lied between these two extreme BC’s. Experimental and numerical FE results are illustrated
in Fig. 15.

Compression test Brazilian test
100 T i T . : -

60
90 r
Z, 50 F A
80 [ P 1 o
A s
~ =
70+ A
d o 40
/ A
— 60 4 )/f/ —
< / ,»{/’ < v
f iy’ )
8 sor e A 8aor
S / 1/// S /
“ wf 4 = = 4
’ ~
4 /g,// ————— Exp. - sample 1 L ,
/ P 20 e
30 y; - Exp. - sample 2 e
£ /5’/ Exp. - sample 1 P Exp. - sample 1
20 - —&—FE - CAD - fixed BC | e Exp. - sample 2
—&—FE - CAD - free BC 10 - Exp. - sample 3| 7
10f 7 —4#—FE - uCT - fixed BC | J —6—FE - CAD
—#—FE - uCT - free BC —#—FE - uCT
0 0=
0 0.02 0.04 0.06 0.08 0.1 0 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Displacement (mm) Displacement (mm)

Fig. 15. Experimental and numerical results of the longitudinal compression test and Brazilian test.
Numerical results were obtained considering both CAD and uCT geometries as an input.

In the case of the longitudinal compression test, it was observed that the three experimental tests were
associated to a large variability of responses, as illustrated in Fig. 15. Such a variability may be attributed to the
fabrication artefacts, since the overall behavior of the scaffolds strongly depended on the fineness of the
architecture which may not be accurately reproduced after SLA fabrication. This may also be attributed to the
friction interaction between the plate and sample that may depend on the upper surface smoothness. It is
noticeable that no obvious damage appeared on the compression force displacement curves. Despite this
variability, experimental data were consistent with the numerical response, and lied perfectly between the two
boundary cases consisting in free-BC and fixed-BC, indicating that the actual friction interaction between the
compression plate and the sample lied between situations of perfect sliding and sticking contact. As far as
transverse compression was concerned (brazilian test), the experimental data revealed non-linear responses or
non-monotonic responses. From the analysis of recorded videos, this was due to the growing contact between
the compression plate and the heterogeneous scaffolds structure, progressively inducing local damage at the
level of the fine UC structure, and distributing the load over an increasing region of the scaffold. This
phenomenon was not considered in FE simulations, since a macro-strain was applied by prescribing a
displacement to scaffold boundary without explicitly modeling the contact with the compression plate.
However, the computed responses were in good accordance with experimental data despite the geometrical
artefacts highlighted previously.
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4, Discussion and conclusion

Numerous studies have been devoted to the design of porous scaffolds for bone repair over the past two
decades. The advances in the field of design strategies for the development of scaffolds and devices with tailored
morphology and integrated functionalities are crucial because they aim to improve patient outcomes, reduce
complications, improve the quality of life for individuals with missing or damaged body parts, address unmet
medical needs, and drive technological innovation. By developing a flexible design framework to design
scaffolds, the long-term objective of the present approach is to provide better support for tissue growth and
repair, or more closely mimic the form and function of a missing or damaged body part. The identification of
the most suitable porous structure for a given clinical application still remains a challenge, since the key
requirements involve both morphological considerations such as porosity and mechanical effective properties
such as compressive modulus or anisotropy (Riegg et al., 2017). These two parameters are obviously strongly
related for cellular structures (Gibson, 2005), and the influence of scaffold porosity on its effective mechanical
properties has been widely reported (Bandyopadhyay et al., 2010; Karageorgiou and Kaplan, 2005; Poh et al.,
2019). These interrelated requirements justify the need to propose a design framework in which porosity and
mechanical properties may be governed by design variables. In the current state of art, most 3D scaffolds are
based on the repetition of a UC, and they most often result in isotropic structures with a homogeneous pore
distribution. On the contrary, the initial bone tissue is far from isotropic (Li et al., 2013). In addition, there is a
growing interest in designing scaffolds that exhibit a pore size gradient. In response to these needs, the first
objective of the present contribution was to propose a design procedure in which graded scaffolds may be
obtained, with tunable and anisotropic mechanical properties, as an extension of a recently proposed framework
to design graded cross-sections (Cheikho et al., 2022). This former 2D design procedure was therefore extended
to generate various 3D scaffold structures, by simply stacking layers of graded cross-sections throught the
creation of longitudinal linking elements between these layers. In order to restrict the large range of structures
that may be obtained, we selected two types of UC’s (SC and HC) based on the resulting computed properties
reported previously, for which we selected two types of mappings (PT and CT) which permitted to form periodic
and cylindrical graded scaffolds respectively. The reported methodology largely overcomes some of the
limitations of reported studies focusing on graded scaffolds : indeed, graded structures in the literature are often
based on linear gradients of porosities (Afshar et al., 2016; Liu et al., 2018; Zhou et al., 2020), while pore size
gradient from the core to the periphery has been proved to be preferable (Ahn et al., 2010). In the few studies
reporting radial pore size gradients in cylindrical structures (Liao et al., 2021a; Limmahakhun et al., 2017a),
gradients have been obtained through radially distributing a parameter of the UC which limits the reachable
pore size to the UC size. In the present procedure, very large pore size gradients from the core to the periphery
of 3D cylindrical scaffold can be obtained by making use of circular mapping issued from conformal
transformations, mimicking natural architectures such as sunflowers that are widely used in other fields of
physics (Drenckhan et al., 2004).

The numerical method reported formerly for 2D sections was extended to 3D scaffolds in order to evaluate
the equivalent structure-level effective elastic properties. This method implemented in Abaqus and based on
our team's work in periodic homogenization (Goda et al., 2016; Goda and Ganghoffer, 2015) permitted to
efficiently predict the effective scaffold properties for a given scaffold configuration. It permitted the
determination of each and every components of the stiffness tensor CijkI of the homogenized continuum
structure, by prescribing different kinematic loadings which separately activated each of the elastic properties.
However, for the sake of conciseness and clarity, and contrary to former studies (Goda and Ganghoffer, 2015),
we did not exhaustively discuss each component of C and restricted our results to some of the relevant effective
mechanical properties of the scaffold. This method enabled to analyze the relations between porosity and
effective mechanical properties of the scaffold. Porosity was governed by different design variables such as the
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pore size in UC or the diameter of linking elements. It was found that pore size in the UC strongly impacted the
transverse compressive modulus and slightly affected the longitudinal compressive modulus, while the opposite
was true for the diameter of linking elements. Combined together, the two design variables also allowed to
reach a wide range of effective properties for a given porosity, fixed at 74% as an example is the present work.
We demonstrated the strong influence of this combination of variables, quantified through the ratio between
volume layer and overall volume of the material, on both the transverse and longitudinal properties. As
expected, effective longitudinal compressive modulus simply resulted from the sum of the contribution of these
linking elements in the case of a simple stacking of layers with vertical elements. In order to widen the range
of reachable effective properties and decrease the resulting longitudinal properties if the application requires to
do so, we pointed out that an overall twist angle in the stack of layers substantially decreased the resulting
longitudinal properties. In that way, during the design procedure, the stiffness in the longitudinal direction can
be selected (in the range of reachable properties for a given constitutive material) independently from the
transverse stiffness. This transverse stiffness can be furtherly selected by choosing the appropriate UC, mapping
and porosity, in order to obtain the target properties. It is worthy to emphasize that the computed apparent
properties for the different configurations are far lower than initial bone properties, due to the low elastic
properties of the constitutive resin of the scaffold considered in the present study. This has led different authors
to prefer scaffold based on metallic powders (Liao et al., 2021a; Rilegg et al., 2017), while the present approach
concerns regenerative medicine which requires biodegradable polymeric materials (Peltola et al., 2008; Wang
et al., 2020; Weisgrab et al., 2020).

From the present results, the separated selection of longitudinal and transverse properties may find many
applications for minimally invasive surgery applications (Bobbert et al., 2020; Di et al., 2016; Langford et al.,
2021; Senatov et al., 2017), so that the proposed self-fitting scaffolds may be easily manually (or instrumentally)
compacted in the transverse directions to pass through a bone tunnel whose radial dimensions are smaller than
the final expanded scaffold geometry. This opens up many clinical possibilities in dentistry (Di et al., 2016) or
for the repair of cranial vault defects (Berner et al., 2014; Lance and Wong, 2016). To furtherly study large
deployable configurations, the assumption of small strains in the framework of linear elasticity should be
however overcome by extending the proposed approach to large deformations, including buckling instabilities
(Linn and Oliveira, 2017) that could appear locally in fine parts of the scaffold microstructure, which constitutes
one of the major perspectives of the present study.

The practical relevance of such an engineering process may be obviously limited by technical issues, since
the resulting structures may not be compatible with their fabrication using standard additive manufacturing
techniques. In order to investigate such limitations, the manufacturability of the proposed scaffold by SLA was
studied by analyzing the discrepancies between the CAD-based geometry and the actual obtained geometry
after manufacturing. A single HC-HCT scaffold configuration was selected, since it constituted the most
challenging case with the finest microstructural parts at the center of the scaffold due to circular mapping, and
since it was expected to exhibit compression-torsion coupling in further mechanical characterization. The actual
microstructure issued from the segmentation of uCT was compared to CAD geometry, and errors superior to
1mm (for a scaffold diameter of 10mm) were observed at the center of the scaffolds. This indicated that the fine
microstructure of HC-HCT was badly reproduced by the SLA process in the core of the structure due to the
very fine pore size in this area. In order to tackle this limitation, it is envisaged in further studies to design
tubular scaffold with a clear cylindrical space at the level of the scaffold core, since the low pore size in the
central area of the scaffold lied anyway out of the suitable pore size range for bone ingrowth (Oh et al., 2007,
Torres-Sanchez et al., 2017). Moreover, this tubular space may encourage the vascularization of the bone
scaffold through the apparition of central blood capillaries (He et al., 2013). Alternatively, in order to more
accurately reproduce the fine scaffold microstructure, other submicron additive manufacturing techniques
(Buckmann et al., 2014; Weisgrab et al., 2020) may be considered. However, such expensive and time-
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consuming processing techniques may restrict their clinical relevance, since the cost of the proposed bone
substitute constitutes a critical milestone to reach the clinical daily practice.

These discrepancies at the center of some of the scaffold configurations due to SLA manufacturing may
obviously impair the conclusions of the mechanical simulations detailed in the present contribution. In order to
investigate the predictive capacity of our numerical results, a preliminary mechanical characterization was
performed on three samples of HC-HCT scaffolds. Longitudinal and transverse tests were done on the same
sample, assuming that the longitudinal test did not include any damage in the scaffolds. Transverse tests were
performed up to structure collapse, and damage was clearly observed locally at the level of the interface between
the sample and the compression plate. The imperfections in SLA printing were associated to a high variability
between samples. Due to the chiral geometry of the HC-HCT scaffold, compression-torsion couplings effect
was observed as reported in the literature (Meng et al., 2020; Xin et al., 2020). This coupling was however
restrained by the friction interaction between the sample and the compression plate, while an ad hoc set up with
a free rotation at the level of the upper compression plate may have been suited, as generally reported for the
accurate characterization of coupling effects in metamaterials (Durand et al., 2022). These preliminary
experiments permitted however to verify the good accordance between our numerical FE predictions and
experimental data. The coupling effect was emphasized by the difference between free and fixed BC’s applied
in the FE model. While the contrast between these two types of BC was strong in the case of CAD-based
meshes, it was less pronounced for uCT-based meshes, indicating that the fabrication artefacts may decrease
the coupling effect between torsion and compression by inaccurately reproducing the helical structure of the
scaffold. This preliminary experimental study, despite the limited number of associated samples and scaffold
configurations, permitted to verify the good accordance between numerical and observed effective properties,
and suggested that the reported predicted mechanical properties were reliable despite fabrication artefacts.

As previously mentioned, the challenge addressed in this work was to propose microstructures with
architectured gradients in pore size. Among the list of required specifications for scaffold design, the
permeability of the structure may obviously also be of primary importance since it conditions tissue growth
(Dias et al., 2012; Pasha Mahammod et al., 2020). This particular point has motivated the proposition of TPMS
scaffolds (Montazerian et al., 2017; Santos et al., 2020), that have proven to be an effective and feasible tool
for designing porous and interconnected structures. By affecting UC size in TPMS structures, recent studies
have reported graded structures however limited by low porosity contrasts since the size of the pore size gradient
cannot exceed the size of the UC. The proposed strategy in the current contribution overcome this limitation by
permitting high pore size gradients, that have been showed to improve nutrient diffusion (Ahn et al., 2010).
Scaffold permeability is obviously linked with the interconnectivity of the associated pore network (Jones et
al., 2009) : in the proposed structures, and due to the stacking of 2D cross-sections, the pore network is fully
interconnected. The characterization of the proposed scaffolds permeability depending of UC and conformal
mappings using computational fluid dynamic (as proposed for example in (Ali et al., 2020)) could constitute a
promising perspective of the present work, in order to help in the selection of the most suited configuration for
tissue growth.

As a conclusion, the present contribution reported a versatile framework for anisotropic scaffold design,
including periodic or non-periodic graded structures, enabling to separately select the transverse and
longitudinal properties and overall porosity. While some of the reported strategies for the design of scaffolds
may permit to obtain either pore size gradients, adjustable morphological or mechanical properties, or overall
anisotropy, the present contribution permit to simply combine each of these specificities within a single design
framework based on conformal mappings. We have shown that design parameters such as the selected UC,
conformal mapping, of degree of longitudinal twist permit to finely control the obtained scaffold properties. We
have also demonstrated that such properties were predictable from computational simulations with a good level
of confidence, thus avoiding the need for a trial-and-error approach in order to select an appropriate scaffold
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for a given application. Despite observed differences between the CAD geometry and actual geometry obtained
through SLA fabrication, the reported numerical methods permitted to satisfyingly predict the effective
mechanical properties for a given scaffold configuration. In the future, a wide variety of scaffold configurations
will be generated and confronted from a biological point of view, focusing on their ability to promote bone
ingrowth. Promising perspectives are also offered concerning self-fitting deployable scaffolds, providing that
the present methodology is extended to large deformation analyses including the tracking of microstructural
instabilities. The reported contribution constitute a new strategy to design scaffold geometry and may therefore
help to reduce the risk of complications and improve the long-term success of these therapies, resulting in the
improvement of the quality of life for individuals with missing or damaged body parts by providing better
function, aesthetics, and comfort. In addition, these advances may provide new and improved therapies in case
of inadequate actual treatments, and can drive innovation in the fields of tissue engineering and prosthetics by
enabling the development of new and improved products and processes.
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