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HIGHLIGHTS

« Novel porous scaffolds have been
developed that mimic the mechanical
and fluid properties of cancellous
bone.

« The new porous scaffolds have high
specific surface area and controllable
surface curvatures.

« The design methodology is suitable
for modifying the internal
microstructure of computed
tomography medical images.

« The design methodology allows for
the development of bone-like
scaffolds with continuous but
graduated material properties.

« The properties of the scaffolds
depend on the direction of their
trabeculae, their total porosity, and
their bone surface.
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ABSTRACT

The design of novel biomimetic bone tissue scaffolds (BTS) using computer aided design (CAD) technol-
ogy is challenging additive manufacturing technologies. At the microstructure level, BTS should mimic
bone histomorphometry and assure optimum mass transport and mechanical properties. In this study,
a novel BTS has been designed, by using a parametric and variational CAD method, to model a bio-
inspired and interconnected porous structure. The mechanical (elastic modulus) and the fluid mass trans-
port (permeability) properties have been computed and compared to other implicit surfaces modelling
scaffolds. The results showed that the new BTS could be tuned during the design stage to match the
microstructure and the histomorphometry properties of trabecular bone. Those with porosities between
0.7 and 0.9 and highly smooth curvatures were the most appropriates. The new BTS, once appropriately
designed, could be made/manufactured by 3D printing technology with an internal microstructure mim-
icking the local bone properties of the selected bone volumes of interest, for example, those coming from
computed tomography medical images.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

In orthopaedic surgery, autografts and allografts are common
options used for bone repair. However, because there have been
reported cases of pain, infection and immune rejection the atten-
tion has been directed towards the use of synthetic bone-like por-
ous scaffolds that at present lack the sufficient mechanical strength
and vascularization [1,2]. For this reason, in order to ensure similar
bone properties, it is necessary that future designs of bone tissue
scaffolds (BTS) mimic the natural inorganic bone microarchitecture
(i.e., porosity, pores sizes and shapes, internal trabecular structure,
trabecular interconnection and orientation, etc.). In doing so, it is
expected that cell adhesion, cell migration, cellular nutrients diffu-
sion and new bone apposition (i.e., osteoconduction) should
improve [3-11]. In this sense, it is known that high porosity and
large pore size benefit the permeability of the scaffold (in conse-
quence, cell migration and nutrient mass transport) but they go
against its mechanical properties [12-14]. In fact, there is no con-
sensus on the best form of porosity because there are many other
microstructural characteristics that also affect the in vitro and/or
in vivo behaviour of the scaffold, as well as its mechanical and rhe-
ological properties [15]. For example, recent studies indicate that
the rate of bone regeneration increases with curvature and is much
higher on concave surfaces than on flat and convex surfaces. There
is evidence that shows that cells present different attachment
behaviour to concave and to convex spherical surfaces ranging
from 250 to 750 pum of diameter (approximately, 2-3 times mes-
enchymal stem cell’s size). Cells in concave spherical surfaces
showed an upward lift of the cell body and migrated faster com-
pared to cells in flat or convex surfaces. Convex surfaces led to flat-
tened cell morphology and promoted osteogenic differentiation
[16,17].

In this scenario, several strategies have been proposed to design
BTS by using computer aided design (CAD) methods involving peri-
odic porous structures (solid primitives through Boolean opera-
tions), space-filling curves (micro extrusion of a small filament)
or implicit surface modelling (ISM) with and without pore sizes
gradients [18-20]. For example, ISM uses trigonometric functions
to maximise the surface to volume ratio of the scaffold; this is
known to have positive effects on cell migration and tissue
ingrowth [21-23]. In addition, medical image processing of com-
puted tomography (CT) and micro-CT (LCT) has been used as the
basis to build three-dimensional (3D) biomimetic scaffolds with
irregular porous structure [24,25]. More recently, irregular porous
scaffolds have been designed by stochastic and Voronoi tessella-
tion methods to mimic the randomness of natural bone with
CAD-parametric software. In this approach, some histomorphome-
tric indices such as the trabecular thickness, the total porosity and
the bone-surface area are controlled at the start of the design pro-
cess [26-28].

In this article, a novel approach, using parametric CAD software,
to the design of irregular porous BTS with high values of bone-
surface area is presented. The article shows different designs of
novel BTS having its interconnected porosity, its trabecular thick-
ness and its pore shape and distribution, properly controlled. It also
shows different ways to fit the new BTS to any external volume
shape and how this can be filled by previous designed irregular
porous internal microstructure. Additionally, the paper presents a
comparative computation study of both, mechanical and fluid
properties, over a range of different porosities between the new
proposed BTS and some of the most used ISM scaffolds.

However, it should be highlighted that the objectives of this
article were fixed beforehand: a) to explain the design procedure
followed to build the new porous bone-like scaffolds; b) to com-
pute by mathematical modelling the histomorphometry, the
mechanical (elasticity) and the rheological properties of the new
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porous bone-like scaffolds; and c¢) to compare the theoretical
results obtained for the new designs with other published experi-
mental and theoretical data obtained with other well established
ISM bone-like porous scaffolds.

It is expected that the new proposed BTS, in combination with
present computer-assisted tissue engineering and additive manu-
facturing technologies, should help to produce better biomimetic
scaffolds with optimum mechanical and biological properties, sim-
ilar to those that are ideal for bone tissue engineering applications
[10,17,29,30].

2. Materials and methods
2.1. Design of porous scaffolds

The novel bone tissue scaffolds (NBTS) were designed with the

software Grasshopper™ (www.grasshopper3d.com) as follows: a)
first, an arbitrary portion of space in the form of a cylinder of
appropriate dimensions was created (@=10 mm, L = 6 mm) to test
the new design concept; b) then, a certain number of random
points (NRP) were inserted only along the lateral surface of this
first cylinder (Fig. 1.a); c) then, the points were randomly con-
nected by straight lines (Fig. 1.b.); d) then, the resulting straight-
lines generated inside the first cylinder were also transformed into
small cylinders of suitable diameters (Fig. 1.c); and finally, e) the
interconnected surfaces of the resulting cylinders were mesh-
rounded and smoothed (Fig. 1.d) with the software Cocoon™

(www.bespokegeometry.com/2015/07/22/cocoon/). Furthermore,
the radius of these internal cylinders was gradually increased to
obtain similar scaffolds with different trabecular thicknesses and
porosities (see, Fig. 1.e-f). In this sense, it is important to point
out that the entire design procedure is not limited to a particular
external geometry figure, but can also be used to fill any portion
of space (of any three-dimensional geometry) and/or anatomical
defect of interest (see, Fig. 2.a-c). The cylinder shape was selected
as a proof of concept for the new designs because it is a standard
sample of geometry often used for testing and calculating mechan-
ical (finite element analysis, FEA) and fluid properties (computing
fluid dynamics, CFD) of materials, thus serving as a good validation
model. Furthermore, long bones have a cylindrical geometry, with
a dense external microstructure (cortical bone) and a porous inter-
nal microstructure (trabecular bone). For all these reasons, the
cylindrical geometry was considered the most appropriate for this
study.

In consequence, for comparison purposes (see, Fig. 3), similar
cylinders as those proposed in Fig. 1, but designed with the
open-software K3DSurf (www.k3dsurf.sourceforge.net), were also
filled with known implicit surface models (Neovius Surface (NS),
Schwarz’s Diamond (SD), Schwarz’s W (SW), Shoen’s Gyroid (SG),
Cylinder Grid (CG) and Schwarz’s Primitive (SP)). All the models
had values of porosity (€), trabecular thickness (Tb.Th) and bone
surface (BS) in the intervals of 0.4 < € < 0.9, 230 < Tb.Th < 1330 um
and 430 < BS < 1230 mm?, respectively.

2.2. Characterization of mechanical properties

First, cubes of interest of a 4 mm side were extracted with the
Boolean split command (Rhinoceros, Robert McNeel & Associates)
from the centre of the scaffolds (Fig. 4.a) and converted to closed
solid poly-surfaces with the Meshtonurbs command (Rhinoceros,
Robert McNeel & Associates). Then, the STL files were exported to
SolidWorks Simulation as solid geometry for uniaxial compression
computation of the models along both, the longitudinal (Z) and
the two transverse directions (X and Y) to account for anisotropy
behaviour (Fig. 4.b). Additionally, to assure optimum mesh of the
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Fig. 1. NBTS’ design procedure tested on an arbitrary portion of space in the form of a cylinder: a) Cylinder with N-random points distributed on its lateral surface; b)
Interconnection of random points to create N/2-straigth lines; c¢) Conversion of straight lines into cylinders of fixed diameter; d) Rounding and smoothing process of
interconnecting cylinders’ surfaces; e-f) Transversal view of twin scaffolds with different trabecular thickness and so, different porosities.

models, some degenerated faces and edges were repaired with the material properties that were selected: Young's modulus,
software Netfabb (https://www.autodesk.com). The material  Es = 3.3 GPa; Poisson’s ratio, v = 0.3; and, density, p = 1.3 g/c
selected for computation was poly(D,L-lactide) which is often used ~ M. Computation boundary conditions were: displacement for
for testing 3D printed bone tissue models. Thus, these are the  the top face (maximum engineering strain, €max = 1%); fixation
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for the bottom-face; and, symmetry for the rest of the faces
[27,28,31]. The simulations, done for all the models (Fig. 4.c),
computed average values for the true reaction stress at their bot-
tom surface (o,y), the von Mises stress (cyy) and the strain or
displacement field (€). Then, the Young’s modulus of each porous
scaffold (E,) was calculated as the ratio between the ,, obtained
at the maximum axial engineering strain and this same strain

(c)

Fig. 2. Application of the NBTS's design procedure to different external geometries and needs: a) sphere; b) cone; ¢) bone defect in human mandible.
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(i.e., €max = 1%). The relative Young’s modulus of the models
(E;), which is dimensionless by definition, was calculated as the
ratio between the E, and the E,.

Accurate mechanical computation results needed>2.3x10°
mesh elements on average (maximum time for meshing,
120 min; minimum time for analysis, 20 min; Hewlett Packard
Workstation: Intel Core i5, 96 GB RAM).
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Fig. 3. Implicit surface models (i.e., NS, SD, SW, SG, CG and SP) and the new NBTS model under study. The NBTS model shown had a number of random points, NRP, of 400.
The models are classified according to their equivalent porosities, which vary from 0.45 to 0.85. Furthermore, the intervals of variation of trabecular thickness, Tb.Th, and

bone surface, BS, for each model, are also shown (see the text for code identifications).

2.3. Characterization of fluid flow properties

First, the designed scaffolds were checked with the Meshrepair
command (Rhinoceros, Robert McNeel & Associates) to assure opti-
mum mesh. Then, the files were saved as STL (Stereolithography)
format and exported for fluid flow properties computation to
software SolidWorks Simulation. The computation process was
performed under laminar and stationary boundary conditions fol-
lowing a similar permeability setup as that used by several
authors [27,31-34] where the scaffolds are placed at the centre
of a cylinder (@, = 10 mm, L. = 25 mm) and a blood simulating
fluid is allowed to pass through it (Fig. 5). Computations in the
present study were performed under a static outlet pressure of
101325 Pa (i.e., atmospheric pressure), a constant inlet velocity
of Vg = 1x102 m/s, at 37 °C and setting for the fluid a dynamic
viscosity of pg = 3x10 Pa:s (i.e., the dynamic viscosity of blood
at 37 °C). This established setup allowed the calculation of the
average pressure drop between the flow inlet and outlet faces
of the scaffolds, AP;,(Pa), as well as the average flow velocity,
V{(m/s), shear rate, y(s™'), shear stress, t(Pa), and vorticity, ®
(s™1), of the fluid along the scaffolds’ length. It should be noted
that the pressure value selected for the outlet face (1 atm) is an
arbitrary but convenient value to compute the pressure at the
inlet face (Fig. 5). From this point of view, the only value of inter-
est is the pressure difference between the inlet and outlet faces,
AP;_o(Pa). This is the necessary data that allows calculating the
intrinsic permeability, k(m?), of the scaffolds according to Darcy’s
law. [27,31].

Additionally, a particle tracing analysis was performed to com-
pare the 3D internal complexity of the scaffolds. For this, the aver-
age length travelled by 20 particles (@=10 um; p = 1 g/cm?) moving
along the established laminar and stationary flow field was com-
puted. It was assumed that particles reflected ideally against the
cylinder walls. In addition, possible effects due to gravitation,
accretion and erosion were not considered. With this setup, the
tortuosity (t, dimensionless by definition) of the scaffold was
obtained as the ratio between the average length of the path fol-
lowed by the particles through the scaffold, %, and its total length
(i.e., Ls = 6 mm).

To assure convergence of the fluid computations, a minimum of
8x10° mesh elements were needed, with 24 h required, on average,
for every model mesh and computing (Hewlett Packard Worksta-
tion, Intel Core i5, 96 GB).

3. Results
3.1. Design of porous scaffolds

Table 1 collects, as an example, some basic data (Tb.Th, BS and
BV (bone volume)) measured for the ISM and the NBTS scaffolds.
ISM data do not have statistical variability. On the other hand,
the mean values of BS and BV in the NBTS models showed devia-
tions of less than 3% over samples of 3 replicates (data not shown).
Consequently, the error propagated to other calculated parameters,
that is, BS/BV and g, was even less than 3%. Thus, due to this very
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(b)

(c)

Fig. 4. Volume of interest selected for the calculation of the mechanical properties of the scaffolds. a) Boolean split operation of a cube of interest extracted from the centre of a
NBTS scaffold; b) Solid STL file under uniaxial compression along the z-axis and on the x-y plane. c) Example of some models studied under compression (from left to right:

NBTS, CG, SW, SG and NS).

small statistical variability, the data of Table 1 were mainly used to
build Figs. 6 and 7 to clarify the main observed tendencies. Fig. 6
shows for each ISM scaffold the corresponding correlation between
its specific surface ratio (i.e, BS/BV) and its porosity
(¢ =1 —BV/TV). The models were fitted correctly to an exponen-
tial growth behaviour (y =y, +A; - €/1). At zero porosity the BS/
BV ratio approached the theoretical value of 0.73 mm ! expected
for the used cylindrical geometry (@s = 10 mm, Ly = 6 mm). The
deviations from this value varied from 0.76 for the CG model to
1 for the NS model. All the models showed squared correlation
coefficients, r?, comprised from 0.9836 for the CG model to
0.9892 for the SW model. The scaffolds that showed the highest
and lowest values of BS/BV ratio in the porosity interval of interest
(0.4 < £ < 0.9) were the NS (4.5 < BS/BV(mm™') < 14) and the SP
(2.5 < BS/BV(mm~™!) < 7) models, respectively. The values of BS/
BV ratio for the other studied models were comprised between
the NS and SP models (i.e., NS > SD > SW > SG > CG > SP). In general,
the ISM models showed higher differences between their corre-
sponding BS/BV ratios at higher than lower values of porosity. This
is a normal trend when different exponential growth data fittings
have the same theoretical or limit value at zero porosity (in this
case, BS/BV = 0.73 mm ™).

Additionally, Fig. 7a shows that for the new NBTS models the
observed correlation between BS/BV and € was linear. In this fig-
ure, the exponential growth observed in Fig. 6 for the implicit NS

model (i.e., the one with the highest specific surface area) has also
been included for comparison purposes. In this sense, Fig. 7a shows
that the NBTS models have higher BS/BV ratio than the NS model
when the diameter of the generated lines (Tb.Th) is lower than
500 pm. For example, the NBTS models having Tb.Th of 350 and
250 pm showed higher BS/BV values than the NS model in the
porosity interval of (0.4 < £ <0.78) and (0.4 < € <0.94), respectively.
Moreover, Fig. 7b helps to visualize the microstructural differences
between the NS and the NBTS models at some relevant coordinate
points of Fig. 7a. For example, the top line shows the microstruc-
tures observed for equivalent 70% porosity models (left: NS; mid-
dle: Tb.Th = 350 pm; right: Tb.Th = 250 um). Similarly, the down
line shows the microstructures of the NBTS models that have the
same specific surface area than their equivalent NS model, i.e.,
the intersection points between the NS exponential growth curve
and the NBTS linear curves in Fig. 7a (left: Tb.Th = 500 pm, BS/B
V =~ 5.25 mm !, € = 52.5 %; middle: Tb.Th = 350 pum, BS/BV = 9.
25 mm™!, € = 78 %; right: Tb.Th =~ 250 pum, BS/BV =~ 17 mm,
£>94%).

The design procedure can be completed with Fig. 8a, which
shows how the specific surface area of the new models varies,
for any selected trabecular thickness, with the number of random
points seeded on the lateral surface of the selected cylindrical
geometry (see, 2.1. Design of porous scaffolds). This figure clearly
shows that for any Tb.Th value, the BS/BV ratio decreases as the
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INLET
Flat velocity profile. Vo= 1 mm/s

Bone Tissue Scaffold

OUTLET
Pressure =1 atm

(a)

Fig. 5. Setup and boundary conditions for fluid flow and particles trace computations: a) Longitudinal section of the experimental set up: the studied scaffold (blue) is centred
in a tube (yellow) of its same diameter (10 mm) but higher length (i.e, L. = 25 mm versus L; = 6 mm); the inlet (red) and the outlet (green) fluid flow surfaces are also shown;
b) example of two scaffolds under a fluid flow study, in transversal view, with the same number of random points, NRP, but different trabecular thickness, Tb.Th (see the text
for further explanations). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
Trabecular thickness (Tb.Th), bone surface (BS) and bone volume (BV) values measured for the ISM and NBTS scaffolds.
ISM scaffolds
Scaffold Tb.Th (pm) BS (mm?) BV (mm?) Scaffold Tb.Th (pm) BS BV
(mm?) (mm?3)
SD-1 270 628.35 58.08 SG-1 410 539.01 62.60
SD-2 420 818.69 108.63 SG-2 600 682.42 111.33
SD-3 540 948.61 162.03 SG-3 710 781.42 159.71
SD-4 660 1020.83 211.71 SG-4 870 845.34 208.96
SD-5 1040 1054.64 261.53 SG-5 1030 878.75 258.10
CG-1 550 466.87 69.16 SP-1 510 437.34 69.59
CG-2 740 577.16 120.49 SP-2 660 537.32 122.07
CG-3 930 644.86 171.37 SP-3 860 604.44 171.96
CG-4 1100 683.94 221.08 SP-4 1080 652.04 221.86
CG-5 1280 701.15 268.35 SP-5 1310 679.94 270.99
SW-1 240 594.32 60.31 NS-1 280 728.75 52.90
SW-2 390 776.80 113.07 NS-2 410 966.78 104.75
SW-3 510 880.85 164.18 NS-3 540 1108.11 156.53
SW-4 640 941.70 215.64 NS-4 670 1189.81 207.55
SW-5 750 965.77 264.46 NS-5 850 1225.19 257.52
NBTS scaffolds
NGL Tb.Th (pum) BS (mm?) BV (mm?3) NGL Tb.Th (pm) BS BV
(mm?) (mm®)
100 250 274.18 15.55 100 625 593.69 100.26
150 398.07 22.95 150 784.66 144.62
200 524.89 31.13 200 910.62 187.70
100 350 395.95 36.09 100 750 664.97 142.91
150 562.77 52.99 150 833.28 203.61
200 715.56 71.06 200 903.73 258.65
100 500 502.69 64.48 100 875 711.00 191.73
150 693.03 94.01 150 831.58 268.21
200 845.86 124.09 200 834.50 33141

Note 1: SD, Schwarts Diamond; CG, Cylinder Grid; SW, Schwarts W; SG, Shoen Gyroid; SP, Schwarts Primitive; NS, Neovius’ Surface; NGL, number of generating lines
(NGL = 2NRP; NRP, number of random points). Note 2: BS and BV values allow to calculate the BS/BV ratio. Note 3: The Total Volume, TV, of each scaffold equals 1507, by
definition; with this value, the corresponding indices BS/TV, BV/TV and porosity, € = 1-BV/TV, can be obtained. Note 4: ISM models do not have statistical variability. The
mean values of BS and BV in the NBTS models showed deviations of less than 3% over samples of 3 replicates.

NRP increases. In fact, in the interval shown (200 < NRP < 800) the It should be noticed that the information obtained from Fig. 8a
BS/BV ratio decreased linearly for the Tb.Th values considered can also be deduced from Fig. 7a. Therefore, Fig. 7a and 8a contain
(square correlation coefficient, 0.99352 < r? < 0.99677). all the information necessary to build any of the new models since
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Fig. 6. Specific surface area (BS/BV) versus porosity (€ = 1-BV/TV; dimensionless by
definition) for the ISM models. The scaffolds, whose geometry is also shown, fitted
an exponential growth behaviour. The NS model has the highest BS/BV ratio (see
the text for further explanations).
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BS/BV (mm™)
.
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DI

A W D

Fig. 7. a) Specific surface area (BS/BV) versus porosity (€ = 1-BV/TV; dimensionless
by definition) for the new models NBTS as compared to the implicit model NS. b)
Microarchitecture detail of some NBTS and NS cylindrical models (top view, see the
text for further explanations).

once the specific surface and porosity is selected (Fig. 7a), the tra-
becular thickness and the number of random points necessary for
their design are also fixed (Fig. 8a). As an example, Fig. 8 b shows
(top line) how the microstructure of the model having 250 pum of
Tb.Th changes as the number of random points moves to 200,
500 and 800. These modifications change the BS/BV ratio and
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Fig. 8. a) Specific surface area (BS/BV) versus the number of random points (NRP)
for some selected trabecular thickness values (Tb.Th). b) Top line: Microstructure
changes of a sample made with 250 pm of Tb.Th but different NRP (200, left; 500,
middle; 800, right). Down line: Microstructure changes of a sample made with
250 pm of Tb.Th and 200 NRP but with different surface curvatures (sample cube
size = 0 (left); 0.1 (middle); 0.2 (right)). See the text for further explanations.

porosity of the model, accordingly (16.78 mm~', 93.21 %;
14.76 mm™', 83.92 %; 12.87 mm™', 74.22 %). It should be high-
lighted that the models can be further designed to have different
surface curvatures by rounding off and smoothing the contact
areas where several trabeculae meet together (see also Fig. 1d).
As an example, Fig. 8b shows (down line) the effect of increasing
curvatures (sample cube size = 0, 0.1 and 0.2, according to software
Cocoon™) on the microstructure of one of these models (Tb.Th =
250 pm and NRP = 200). In this case, the new curvature require-
ments adjusted the BS/BV ratio and the porosity of the model,
accordingly (15.47 mm~!, 86.86 %; 14.73 mm~! 8536 %;
14.12 mm ', 83.19 %).

3.2. Characterization of mechanical properties

Fig. 9a shows the main trends observed for the evolution of the
relative Young’s modulus (E,) against the porosity (€) of the studied
models. It is observed that for the ISM models that had the best and
the worst BS/BV ratio (i.e., the NS and the SP, respectively; see,
Fig. 6), the Young’s modulus decreased linearly in the interval of
the interested porosity (i.e., 0.45 < ¢ < 0.85), with squared correla-
tion coefficients of 0.99892 and 0.99925, respectively. Moreover,
the NS model showed higher values of E; than the SP model in
the studied interval, with decreasing differences between both
models as the porosity increased. The other studied ISM models
(i.e., SD, SW, SG and CG; see, Fig. 6) have not been included in
Fig. 9a for clarity’s sake due to their intermediate behaviour. Addi-
tionally, the new NBTS models showed similar linear behaviour as
the ISM models. However, these models were clearly affected by
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Fig. 9. a) Relative Young's modulus (E;; dimensionless by definition) versus porosity
(e = 1-BV/TV; dimensionless by definition); and, b) Relative Young’s modulus (E;)
versus specific surface area (BS/BV), for the new NBTS models (two ISM models, NS
and SP, are included for comparison purposes). See the text for further explanations.

their inherent design anisotropy. For example, the Youngs’ modu-
lus in the transversal section (sample coded NBTS-T) was higher
than in the longitudinal one (sample coded NBTS-L), being the dif-
ferences between them higher for higher porosity values. It is
interesting to observe that the Young’s modulus of the new NBTS
model, in the transversal section, while being higher than the ones
measured for the NS model, had a similar decreasing slope as that
model (i.e., —1.25 + 0.13 and —1.15 £ 0.03, respectively). This is due
to the similar trabecular arrangement that is observed in the new
models in their transversal section (random radial trabecular dis-
position) as compared to the one observed along whatever symme-
try axis in the NS model (see, Fig. 5¢).

Fig. 9b complements the observations of Fig. 9a. In this case, the
relative Young’s modulus has been related to the specific surface
area of the models (see also, Figs. 6 and 7 which relate specific sur-
face area and porosity for a better comprehension). In this Fig. 9b,
the mathematical functionality between E. and BS/BV was of the
exponential decay (y =y, +A; -e /i), with squared correlation
coefficients comprised in the range 0.98442 < r? < 0.99989. This
figure clearly shows that for BS/BV > 13 mm™!, the E, tends to zero
for the new NBTS models at least in the longitudinal direction (i.e.,
for € > 0.8; see, Fig. 9a). Moreover, the NS model showed higher E;
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values than the new models in the longitudinal direction (NBTS-L)
when tested, at constant BS/BV ratio, in the interval 4.5 < BS/BV
(mm™1) < 15. However, for BS/BV > 5.5 mm™' the new models in
the transversal section (NBTS-T) had higher E; values than the NS
model, when they were both tested at the same BS/BV ratio.

3.3. Characterization of fluid flow properties

Fig. 10 shows the correlations observed between the permeabil-
ity (k) and the porosity (&) for some representative implicit surface
models as to compare the new NBTS models. In this figure, only the
NS (similar to SW) and the SP (similar to CG) models have been
represented because the SG (not shown for the sake of clarity,
and similar to SD) showed an intermediate behaviour between that
observed for the NS and the SP models. In general, these ISM mod-
els fit well in exponential growth trends (i.e., K = Kq + /%) with
squared correlation coefficients (r?) of 0.99981 (SP), 0.99992 (SG)
and 0.98605 (NS). On the other hand, the new NBTS models
showed (at constant trabecular thickness) linear trends with posi-
tive correlation coefficients (0.97662 < r < 0.9991). In this case,
linear trends moved from the right to the left, with a slowly
decreasing slope, as Tb.Th increased. This figure, in fact, shows that
the permeability/porosity area covered by the ISM models can be
also covered by the new NBTS models by an appropriate selection
of Th.Th and NRPs (note that NRPs increases for each linear trend
from top to down along the fitting line).

Additionally, Fig. 11 shows the correlations observed between
the tortuosity (t) and the porosity (¢) for some representative
ISM models (SW, SP and SG) as to compare the new NBTS models.
This figure gives a more clear microstructural picture than that
observed in Fig. 10, where both, permeability and porosity are, in
fact, macrostructural features of the studied material models. In
this sense, Fig. 11 gives a better idea of how the models are built
internally at the microstructural level. To clarify, only three ISM
models have been included in Fig. 11, and these are compared to
the new NBTS models. The selected ISM models were the SW,
the SP and the SG because they showed the lowest, the medium
and the highest tortuosity values, respectively. These models fitted
linear trends with negative correlation coefficients (—0.99929 <r <
—0.98003) and increasing slopes in the following order,
SW < NS > SP =~ CG < SG = SD. On the other hand, the new NBTS
models nearly showed the same slope in the interval of
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Fig. 10. Permeability (k) versus porosity (€ = 1-BV/TV; dimensionless by definition)
for some ISM representative models (NS and SP) as compare to the new NBTS
models with different trabecular thickness (Tb.Th). See the text for further
explanations.



Sergio Gomez Gonzdlez, M.D. Vlad, José Lopez Lopez et al.

1.45 T T T T T T T T T T T
%K o SP
e ¢ SwW
1.40 | N o SG —
*  Tb.Th=250 um
*  Tb.Th=350 um
1.35 | 3 * Tb.Th=500 um -
& iN #«  Th.Th=625 um
> b % Tb.Th=750 um
% 130 i
o
= |
£
(e}
= 125 i
1.20 * % .
—O\M \A*\*
1 L 1 1 1 L L 1 \*'

1.15
040 0.45 0.50 0.55 0.60 0.65 0.70 0.75 0.80 0.85 0.90 0.95 1.00
Porosity, ¢

Fig. 11. Tortuosity (t; dimensionless by definition) versus porosity (& = 1-BV/TV;
dimensionless by definition) for some ISM representative models (SW, SP and SG)
as compared to the new NBTS models with different trabecular thickness (Tb.Th).
See the text for further explanations.

250 < Tb.Th(pm) < 625, with negative correlation coefficients in
the range of —0.99592 < r < —0.98363. Moreover, Fig. 11 clearly
shows that the new NBTS models allowed the improvement of tor-
tuosity far beyond the highest value allowed by the implicit sur-
face model SG by, again, selecting appropriate values of Tb.Th
and NRPs (note that NRPs increases for each linear trend, in this
figure, from down to top along the fitting line).

Finally, Fig. 12 shows the correlations observed between tortu-
osity (t) and permeability (k) for the same models studied in
Fig. 11. This representation gives more information about the clear
differences observed between the studied ISM models as compared
to the new NBTS proposed models. This figure, where the linear
trends were again confirmed, clearly shows that the new NBTS
models extend beyond the influence area of tortuosity/permeabil-
ity values covered by the studied ISM models. In this figure, the lin-
ear trends pictured for each Tb.Th value also contain information
about the NRPs, these increased from right to left along the fitting
line.
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Fig. 12. Tortuosity (t; dimensionless by definition) versus permeability (k) for some
ISM representative models (SW, SP and SG) as compared to the new NBTS models
with different trabecular thickness (Tb.Th). See the text for further explanations.
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4. Discussion

In this study a computer aided design novel method has been
applied to design new bio-inspired 3D porous scaffolds that mimic
the mechanical and fluid properties of cancellous bone. It is known
that cell adhesion, migration and, ultimately, local tissue formation
are improved by increasing the bone surface ratio (i.e., BS/TV and
BS/BV) of the scaffold by acting on both, trabecula’s interconnec-
tion and surface modulation [12-17]. In this sense, it is expected
that the new proposed microstructure should also favour bone
cells penetration and nutrients mass transport in service condi-
tions [1-6]. Considering this, several observations can be made
from our results. For example, Figs. 6 and 7 show that for bone like
porous scaffolds with optimum porosity, i.e., 0.7 < € < 0.9, similar to
that encountered in human trabecular bone [35,36], the new
model designed with Tb.Th of 250 pum presented greater BS/BV
ratio than any of the other studied ISM models. Additionally,
Fig. 8a shows that by adjusting the number of random points
(NRP) and the diameter of the generating cylinders (i.e., Tb.Th) it
is possible to design bio-inspired bone-like models with specific
surface area values showing porosities and pore’s interconnectivity
features (see Fig. 8b) similar to those shown by natural trabecular
bone [13-17,37]. In this sense, the possibility of designing new
models with controlled curvature trabecular connections (see,
Fig. 8b) is of special interest because cells adhere and behave dif-
ferently to concave/convex substrates [13,19] and, consequently,
an exact control of the concave/convex surface ratio should further
optimize scaffolds for bone tissue restoration. In addition, as BS/BV,
¢, NRP and Tb.Th are interrelated factors (see, Figs. 6-8a), the Fig. 9-
a-b show that models designed with both higher values of Tb.Th
and NRPs, i.e. lower € and BS/BV ratio, also show higher normalized
Young’s modulus E;, showing in consequence that by an appropri-
ate design procedure and selection of indices it is even possible to
produce porous scaffolds with predefined anisotropic mechanical
properties. For example, in our case, as the NBTS models were
designed with higher trabecular concentration in the transversal
(T) rather than the longitudinal (L) stress applied direction, so
was the Young’s modulus, (i.e., 1.16 < EJ (GPa) < 2.64; 0.17 < Ej(-
GPa) < 2.15), in the interval of interest porosity (i.e., 0.45 < € < 0.
85; see Fig. 9), values which were in any case in agreement with
other previous studies [38-40]. In consequence, it can be con-
cluded that the new design methodology, presented in this study,
is suitable to create bio-inspired porous scaffolds with similar tra-
becular bone indices as natural trabecular bone that also have a
higher specific surface area and stiffness than those obtained for
equivalent ISM’s scaffolds. In addition, the possibility that the
new method offers to control the curvature and the smoothing of
contact trabecular surfaces (see, Fig. 1 and Fig. 8.b) is a factor of
real value to promote cellular adhesion and tissue formation in
more demanding in vivo applications. Moreover, the new method
allows, if necessary, the design of scaffolds with higher stiffness
in the transversal stress direction by selecting set points properly
oriented to generate more longitudinal trabeculae. This freedom
to select different groups of points is, in fact, one of the main
advantages of the method. For example, by distributing random
points into separate groups, the directionality of the trabeculae
(cylinder connections) and consequently the bionic feature of the
implant design can be easily controlled because the connections
between different groups of points located in space (A, B, C, etc.)
can be forced, thereby improving the mechanical and/or rheologi-
cal properties of the implant along the preferred orientations, even
mimicking the anisotropic properties of any bone implant site.

Obviously, all these fitting changes will at the end determine
not only mechanical but also fluidic properties of the scaffold along
different symmetry directions. This is in fact what the permeability
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and tortuosity results show (see, Figs. 10-12). For example, Fig. 10
shows that the NBTS models were able to cover the permeability

interval, 5<k(x10’9m2) <50, in the interval of porosities,

0.6 < €<0.98, with trabeculae in the interval,
250 < Th.Th(um) < 625. Additionally, Fig. 10 shows that despite
the permeability of the scaffolds increases with porosity, as
expected, it decreases, at constant porosity, for increasing BS/BV
ratios (i.e., for decreasing Tbh.Th values; see also, Fig. 7). In this
sense, the results clearly show that porosity is not the only factor
affecting permeability (i.e., nutrients mass transport) and that
other microstructural indices affecting fluid flow surface friction
such as pore size, pore interconnectivity, trabecular size and tra-
becular orientation should also be considered [21-23,27,33]. The
optimization of all these factors will tune, at the end, the environ-
ment through which nutrients and metabolic wastes will be able to
diffuse [6,12,13]. In any case, the permeability results obtained for
the new NBTS scaffolds were better than those obtained for the
ISM models and are agreeable to those found in other studies for
natural trabecular bone [41-45].

Similar trends can be deduced from our tortuosity results (see,
Figs. 11 and 12). The new NBTS scaffolds showed higher tortuosity
values than their equivalent ISM models. This is so because the
NBTS models have an irregular distribution of pore channels that
affect the ratio between the actual path length connecting pores
to their Euclidean distance. On the other hand, the ISM models
have an aligned regular distribution of pore channels that favour
a more free fluid flow pass (see, Figs. 3 and 4). In any case, our
results, which were in agreement to other literature studies for
natural trabecular bone [46], clearly show that tortuosity increases
for each model with the reduction of their porosity (Fig. 11) and
consequently with the reduction of their permeability (Fig. 12).
Therefore, tortuosity also depends on design indices such as Tb.
Th and NRPs and the dependency is of a direct proportional
relation.

Despite cell responses on tortuous scaffolds is still rarely quoted
in the literature, some authors have proposed that tortuous chan-
nels favour the growth rate of osteoblasts [47]. In this sense, it is
clear that the osteogenic behaviour of the new NBTS models will
depend ultimately on the appropriate selection of their microstruc-
tural design indices. Moreover, as the proposed methodology can
create scaffolds with different microstructural features in different
regions of the same volume of interest, it is possible to create com-
plex human trabecular bone scaffolds by reverse engineering 3D
reconstruction of tomography medical images (Fig. 2). Thus, the
STL file can be used to print the 3D scaffold with biocompatible
or bioinert material by additive manufacturing technology. The
scaffolds can be further treated with specific cells and nutrients
for specific bone tissue engineering applications.

Finally, it should be mentioned that the in vitro and the in vivo
behaviour of the new bio-inspired porous bone-like scaffolds were
out of the scope of the present research because, on their own, both
studies are appropriate objectives for another deeply and neces-
sary future research, similar to the one the authors did with other
equally designed porous bone-like scaffolds that showed appropri-
ate in vitro and in vivo behaviour [48].

5. Conclusion

The present study shows that computational aided design
allows the creation of bio-inspired bone-like tissue scaffolds with
controlled complex micro and macro architecture. The specific
design method proposed allows the design of implantable struc-
tures that mimick natural bone properties. The results have shown
that the computed mechanical and fluid flow properties of the
novel bone tissue scaffolds directly depend on the microstructural
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features of the porous structure, being the total porosity, the bone
surface area and the direction of trabecula the main factors to con-
trol, where these factors depend on microstructural design indices
like Tb.Th, NRPs, the rounding and the smoothing of surface tran-
sitions and the preferential direction of trabecula. All these design
parameters are easily controlled during the design computation of
the model which additionally can adopt whatever external shape is
needed. Moreover, the method allows the design of scaffolds with
internal connected volumes that have different design indices and
consequently continuous but graded properties between different
areas, which further increase their possibilities of use.

In particular, the results obtained clearly showed that the new
NBTS models had the following advantages: a) models designed
with Tb.Th of 250 pm and similar porosity to that encountered in
human trabecular bone (0.7 < € < 0.9) presented greater specific
surface ratio than any of the other studied ISM models (Figs. 6
and 7); b) models mimicking the histomorphometry of an equiva-
lent ISM model always showed improved properties for specific
surface area, mechanical stiffness (Figs. 8 and 9), permeability
(Fig. 10) and tortuosity (Figs. 11 and 12); and c) the new method-
ology of design can create different models, with distinct histomor-
phometric features, in different regions of the same volume of
interest, and connect them to create a continuous complex and
anisotropic human-like trabecular bone; this is simply not possible
with ISM models.

6. Data availability

The raw/processed data required to reproduce these findings
cannot be shared at this time due to technical or time limitations
but they will be provided upon request to the authors, if needed.

7. Statement of significance

A new computer-aided-design method has been used to
develop novel bio-inspired three-dimensional bone-like scaffolds.
These scaffolds have an internal anisotropic and interconnected
porous microstructure with a highly specific surface area and con-
trollable surface curvatures. The final mechanical and fluid mass
transport properties of the new scaffolds can be tuned during the
initial design stage of the bone-like histomorphometric
microstructure. The method can be applied to whatever external
volume shape to modify its inside with different bone-like porous
microstructures. In this sense, the external volume shapes can be
reconstructed from computed tomography medical images. The
new scaffolds could be manufactured by 3D printing technologies.
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