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ARTICLE INFO ABSTRACT

Keywords: Mechanical environment plays a crucial role in regulating bone regeneration in bone defects. Assessing the
MeCha“ObiOlog}’ mechanobiological behavior of patient-specific orthopedic scaffolds in-silico could help guide optimal scaffold
g‘m; fjgeneratlon designs, as well as intra- and post-operative strategies to enhance bone regeneration and improve implant
carrolds

longevity. Additively manufactured porous scaffolds, and specifically triply periodic minimal surfaces (TPMS),
have shown promising structural properties to act as bone substitutes, yet their ability to induce
mechanobiologially-driven bone regeneration has not been elucidated. The aim of this study is to i) explore the
bone regeneration potential of TPMS scaffolds made of different stiffness biocompatible materials, to ii) analyze
the influence of pre-seeding the scaffolds and increasing the post-operative resting period, and to iii) assess the
influence of patient-specific parameters, such as age and mechanosensitivity, on outcomes. To perform this
study, an in silico model of a goat tibia is used. The bone ingrowth within the scaffold pores was simulated with a
mechano-driven model of bone regeneration. Results showed that the scaffold’s architectural properties affect
cellular diffusion and strain distribution, resulting in variations in the regenerated bone volume and distribution.
The softer material improved the bone ingrowth. An initial resting period improved the bone ingrowth but not
enough to reach the scaffold’s core. However, this was achieved with the implantation of a pre-seeded scaffold.
Physiological parameters like age and health of the patient also influence the bone regeneration outcome, though
to a lesser extent than the scaffold design. This analysis demonstrates the importance of the scaffold’s geometry
and its material, and highlights the potential of using mechanobiological patient-specific models in the design
process for bone substitutes.

Triply periodic minimal surfaces
Mechanical stimulus
FE-Based model

1. Introduction older patients (>50 years-old), covering over 50% of the cases and

highlighting the need to improve the long-time osteointegration and

The development of orthopedic implants is focused on guiding bone
healing and inspiring innovative solutions in the orthopedic regenera-
tive medicine field [1,2]. Improving implant durability is important to
decrease the number of revision procedures and limit healthcare costs
[3]. Ulrich et al. [4] reported that out of 225 participants, half needed a
revision surgery within 5 years following hip arthroplasty. The most
common reason for this prevalence was aseptic loosening, especially in
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stability of the implants. Another significant drawback of orthopedic
implants is stress shielding, which is produced by a stiffness mismatch
between the implant and the surrounding bone [5]. The most common
material used for biomedical implants is titanium (Ti) and its alloys
because of their high biocompatibility and corrosion resistance. How-
ever, their elastic modulus (100-120 GPa) is much higher than the one
of cancellous (0.02-6 GPa) and cortical bone (3-30 GPa) [6,7].
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Fig. 1. Model overview with part components and boundary conditions. The knee center contact restricts displacements in the antero-posterior and axial directions
and the diaphysis contract restricts axial displacements. The magnitude and distribution of the loads is represented in Table 1. The granulation tissue part shows the
periosteal, middle and medullary subregions (R1, R2 and R3 respectively) with the first being the closest to the external surface of the bone.

Table 1
Total applied forces (N) and their directions (axial, antero-posterior and medial-
lateral) over the nodes at the medial and lateral plateaus.

Forces on the medial plateau (N) Forces on the lateral plateau (N)

Axial A-P M-L Axial A-P M-L

-911 -82 —66 —461 -107 13

The structural and material properties of bone undergo constant
adaptation and remodeling in response to mechanical loading, resulting
in changes in its microarchitecture [8]. Mechanobiology is an emerging
field that involves the detailed analysis of how mechanical loads affect
bone biology for which engineers and biologists collaborate to unravel
this complex interplay [9,10]. Scaffold design and material properties
must be optimized to enhance the scaffold’s osteointegration and pro-
mote bone regeneration [10-12]. Adjusting the apparent stiffness of the
scaffold is targeted as it is believed to be one factor that encourages bone
ingrowth given the intrinsic relationship between mechanical stimula-
tion and bone adaptation [13]. This requires an exhaustive study of the
performance of different scaffold designs.

Additively manufactured (AM) porous metallic biomaterials have
been proposed to address the lack of osteointegration in orthopedic
implants [14-16]. Amongst their benefits, porous surfaces at the
bone-implant interface enhance the biological interaction of the implant
with the surrounding bone tissue. The optimization of 3D printed bone
scaffolds relies on controlling their mechanical properties to sustain the
loads they are subjected to while satisfying the local biomechanical
demand [14]. Many works have focused their study on geometrical
parameters of lattice bone scaffolds [17-20]. Triply periodic minimal
surfaces (TPMS) have shown promising behavior for bone engineering
applications in both their skeletal and sheet configurations [21-25].
Besides their outstanding mechanical performance (superior stiffness
and better fatigue behavior), their architectural features may have a
crucial impact on the diffusion of nutrients and the proliferation and
differentiation of cells [26-28]. Also, their versatility allows to easily
adapt their porosity and pore size to match a desired stiffness and
permeability [29,30].

A few recent works have studied the mechanobiological behavior
induced by TMPS geometries. Kelly et al. [31] studied in vivo the effect of
pore size of gyroid-sheet scaffolds in large femoral defects. In the work of
Van hede et al. [32], the authors investigated in vivo the optimization of
the internal design of intra-oral bone defect scaffolds using a sheet-based
gyroid. Jaber et al., 2022 [33] studied and compared both in silico and in
vivo the bone regeneration potential of a strut-based scaffold and a
sheet-based gyroid. Although some experimental and numerical works
have studied the gyroid architecture in recent years [33-35], none of
those works compared the potential to induce
mechanobiologially-driven bone regeneration between sheet-based and
skeletal-based TPMS architectures. These works showcase the need to
further investigate complex porous structures for bone regeneration
applications, with all the image-processing and computational diffi-
culties that this entails.

Computational modeling has become a common approach in
addressing experimental difficulties and enhancing the comprehension
of bone mechanobiology [36-39]. In silico modelling allows to use
initially calibrated mechanobiological models to run infinite tests in a
time and cost-efficient way, enabling the evaluation of potential treat-
ment strategies, thereby diminishing the need for pre-clinical animal
experiments [40].

The current in silico model for mechanically driven bone regenera-
tion is based on a previous experimental and subject-specific Finite
Element (FE) set-up, where the model was fitted with in vivo goat data
[41]. Small ruminant models are often used in orthopedics research
because of the resemblance of their stifle joint to the human knee and
compatibilities in bone size and thickness with humans [42-44].The
mathematical model of bone mechanoregulation was reduced to a cor-
relation between the bone mineral density and local strain stimulus by
considering both the cellular invasion and the mechanical stimulation
that lead to bone formation. The bone regeneration potential of different
types of complex porous scaffolds was investigated using this model as a
predictive tool. The model was then applied to different intra- and
post-operative strategies to mimic clinical efforts that aim to boost bone
regeneration. A recurrent limitation in scaffold guided bone regenera-
tion is the lack of bone formation in the core of the scaffold [45,46]. The
current work analyses the impact of two strategies to overcome this
limitation. Firstly, the implantation of a pre-seeded scaffold was studied
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Fig. 2. (A) Overview of the mechanically regulated bone regeneration model with the main mathematical formulation. The model considered a simultaneous process
of cell diffusion and bone formation. The mechanical stimulus (¥) was obtained from the tissue microstrains and regulated the bone deposition rate (V). This updated
the mechanical properties (density and elastic modulus) of the granulation tissue for the next iteration. Likewise, the cell diffusion updated the cell concentration (c)
for the next iteration. More details on the mechanobiological regulation model can be found in Nasello et al. [41]. (B) Correlation between the bone deposition rate
(V) and the mechanical stimulus (¥) representing the mechanosensitivity (k,k;,k2) and reduction factor (a). Three mechanosensitivity values were considered where
k (yellow) is the model fitted value, k; (magenta) is a hypothetical value to represent a higher mechanosensitivity and k, (green) is a hypothetical value to represent a
lower mechanosensitivity.
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Fig. 3. Unit cell and scaffold representation of the studied designs with their name abbreviations. From left to right: lattice dodecahedron, sheet-based Gyroid 70%

and 90% porosities and skeletal-based Gyroid 70% and 90% porosities.

Table 2
Scaffold material properties used in the FE model.

Material Elastic modulus (MPa) Poisson ratio Yield strength (MPa)
Ti 114000 0.3 999%
PCL-TCP 400 0.3 12.4°

a [65]. b [66].

[47,48]. To improve the performance of acellular scaffolds, strategies
such as stem cell therapy, growth factor delivery, or a combination of the
two are frequently investigated [47,49]. Huang et al. [50] compared in
an in vivo rat study the bone regeneration efficiency of a scaffold with
and without pre-seeded bone marrow mesenchymal stromal cells and
reported that osteogenesis was promoted with a pre-seeded scaffold.
Secondly, the effect of increasing the healing period after the surgery
was investigated. Li et al. [51] and Henkel et al. [52] studied the effect of
extending the post-operative period to three weeks of rest before
allowing major loads on the limb, resulting in an increase of the implant
osseointegration.

Likewise, certain parameters such as the age or the health of the
patient can affect both the mechanical properties of the bone as well as
the mechanosensitivity of the subject [53-55]. Nafei et al. [56] studied
the relationship between age and the mechanical properties of sheep
bones. The work reported that older sheep had values of elastic modulus
up to 1.3 times higher than the studied case; while, younger sheep re-
ported values up to 0.5 times lower. The works of Nasello et al. [41] and
Sanz-Herrera et al. [57] investigated ranges of values (1 107°:9.107* [%
- pstrains ! - day 1) to evaluate and fit the mechanosensitivity of the
host on their in silico mechanoregulation models. Therefore, changes in
the mechanical properties of the bone and the host mechanosensitivity
were investigated as well.

The overall aim of this work is to provide a framework to design
optimal patient-specific strategies to promote bone regeneration. For
this purpose, we have used a goat tibia computational mechano-driven
model to, i) investigate the bone regeneration potential of complex
porous scaffolds made of two different biocompatible materials; ii)
evaluate the impact on the bone regeneration of pre-seeding the
implanted scaffold or increasing the post-operative resting period; and
iii), assess the influence of patient-specific parameters, such as age and
mechanosensitivity. To the best of the authors knowledge, it is the first
time such a comprehensive comparison of the bone regeneration po-
tential of complex scaffolds is carried out taking into account

architecture, material and clinical strategies for patient-specific
applications.

2. Materials and methods
2.1. Mechanobiological regulation model

A previously developed in silico mechanoregulation model calibrated
with in vivo animal data (goat) was adapted to assess the bone regen-
eration potential of complex porous structures [41]. The study was
performed in ABAQUS 2020 (Dassault Systemes, France) with a linear
stress analysis and using user subroutines (UMAT and UMATHT). The
tibia was trimmed 10 cm from the proximal region. The trimmed
diaphysis had a restricted displacement in the axial direction and 4
nodes along its circumference were tied in all directions. The knee center
was tied in the axial and the antero-posterior directions to simulate the
ligament insertion [58] (Fig. 1). The study considered a 3.7 year old goat
with a weight of 65 kg and the applied loads were scaled from the animal
body weight and distributed over the tibial lateral and medial plateaus
[59,60] (Fig. 1) (Table 1). More details of the boundary conditions can
be found in Fig. A and B of the Supplementary Material. The material
properties of the tibia were inferred from CT images [61]. These prop-
erties were determined by transforming the Hounsfield Units (HU) from
the CT into apparent density and establishing a correlation between the
apparent density and the Young’s modulus based on existing literature
on ovine bone [13].

In this model, a porous scaffold was inserted in the epiphyseal area of
a goat tibia and the volume inside of the scaffold’s pores was considered
as granulation tissue. All the interacting surfaces between the tibia,
scaffold and granulation part were modeled with a tie constraint. A
diffusion process was considered to model the cell migration from the
tibia to the granulation tissue. Cell concentration (c) was normalized and
considered to be 1 at the outer region of the granulation part (tibia-
granulation interface) and zero in the scaffold pores.

The model simulated experiments taking place over a 12-week
duration. The simulation considered a simultaneous process of cell
migration and bone formation. The mechano-regulation algorithm pre-
dicted the tissue differentiation taking place in the scaffold pores
(granulation tissue) and updated the values of cell concentration and
tissue density iteratively. The daily mechanical stimulus (¥) was ob-
tained from the effective tissue microstrains (¢) during the daily load
cycles (n =10000), where m is a model parameter (m = 4) and regulated
the bone deposition rate %) (Fig. 2-A) [41]. The model accounted for
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Table 3
Elastic modulus thresholds for histological tissue differentiation [67].
Tissue type Granulation tissue Cartilage Fibrous tissue Bone
E (MPa)
0.2 2 10 1000
100

Gvon Mises (MPa)

H Titanium ® PCL-TCP
| L l l l L
1 -

D70 G70 G90 SK-G70 SK-G90

Fig. 4. Maximum value of the von Mises stress distribution for all the analyzed
scaffold designs for both materials. From left to right: lattice dodecahedron,
sheet-based Gyroid 70% and 90% porosities and skeletal-based Gyroid 70% and
90% porosities.

two variable parameters representing (1) the mechanosensitivity (k)
that affects the bone deposition rate (V) and (2) a reduction factor (a) for
the mechanical stimulus that varied based on the implantation site
(Fig. 2-B). The considered k parameter was 11074 [% - pstrains_1 .
day’l] [57,62]; and the reduction factor was set at 50% as fitted in our
previous work [41]. The material properties of the newly formed tissue
and the normalized cell concentration (c) in the granulation tissue were
updated after each iteration with a UMAT and UMATHT subroutines
respectively. The initial density of the granulation tissue was set to
0.001 g/cm? and the Poisson’s ratio to 0.3. The elastic modulus followed
the same continuous correlation between apparent density and Young’s
modulus used for the tibia; and the density of the granulation tissue was
updated based on Eq. (1) and Eq. (2) where p,,,, was set to 1.6 g/cm3
[13]. More details on the mechanobiological regulation model can be
found in Nasello et al. [41].

p=Vpp &)

p=p+pAt (2)

2.2. Scaffold and granulation domain design

Five different cylindrical scaffolds were analyzed in this work. The
previously experimentally tested scaffold (dodecahedron unit cell) [41]
was compared to a Gyroid TPMS geometry in both a sheet and
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skeletal-based configuration (Eq. (3)), where t is a constant defining the
overall geometry of the porous material. The geometries were generated
in Rhinoceros 6 (Robert McNeel & Associates, USA) with the use of an
in-house code in Grasshopper plug-in. Two porosities (70% and 90%)
were considered for each configuration. For the sheet-based scaffolds
the t parameter was set to 0 and the obtained mesh was thickened for the
70% and 90% porosities; whereas for the skeletal based configuration
the t parameter was modified to generate the 70% and 90% porosity
configurations. Each scaffold was referred to according to its architec-
ture and porosity. All the abbreviated names can be found in Fig. 3. The
unit cell dimension was 1.9 mm and the structures were 8 mm in
diameter and 12 mm in height.

cos(x)-sin(y) + cos(y)-sin(z) + cos(z)-sin(x) = t 3)

The granulation domain was built by filling the void of the pores of
each scaffold. Both parts were then meshed in Hypermesh 2021 (Altair,
USA). TPMS geometries have a complex architecture and possess curved
surfaces that need a fine mesh to be accurately characterized, which
considerably increases the computational cost. A mesh sensitivity
analysis was carried out and an element size of 0.15 mm was selected
(Supplementary material — Fig. C). The element type used for the
simulation were first order tetrahedral elements (C3D4) for the tibia and
scaffold parts and hybrid displacement-temperature first order tetrahe-
dral elements (C3DA4T) for the granulation part.

The performance of these scaffolds will be studied for two different
biocompatible materials with different stiffnesses (Table 2). The stiffer
material was titanium (Ti) and to overcome mechanical shielding due to
the high stiffness of the scaffold, a less rigid material was studied.
Medical-grade polycaprolactone and tricalcium phosphate (PCL-TCP)
was considered due to its wide use for biomedical applications [63,64].

The stress distribution of the scaffolds was studied to ensure that
both materials provided enough structural integrity and no structure
surpassed the material’s elastic limit [65,66]. Also, a histology like
figure predicting the types of differentiated tissue was obtained based
on their elastic modulus. The different thresholds were adjusted based
on the values found in the work of Kelly and Prendergast [67]
(Table 3).

2.3. Influence of intra- and post-operative strategies

The implantation of a pre-seeded scaffold and the effect of a longer
post-operative resting period were studied to observe if the bone for-
mation at the core of the scaffold could be enhanced. For the pre-seeded
scaffold, in addition to the already considered cell invasion, a diffusion
process from the scaffold’s surface to the granulation tissue was modeled
with a normalized cell concentration of 1 at the surface. For post-
operative resting period, three weeks before allowing major loads on
the limb were examined based on other experimental findings [51,52].
The effect of the pre-seeded scaffold and the three-week resting period
were analyzed only in one of the models (D70) but both materials (Ti
and PCL-TCP) we considered.

Table 4
Bone ingrowth results for the titanium and PCL-TCP scaffolds.
Scaffold Titanium PCL-TCP
New bone volume (mm®) BV/TV (%) BV/(TV-SV) (%) New bone volume (mm?) BV/TV (%) BV/(TV-SV) (%)
D70 25.1 5.4 7.0 178.5 38.1 49.9
G70 9.7 2.2 3.2 134.9 30.2 45.1
G90 14.6 3.2 3.6 193.2 42.7 47.7
SK-G70 19.7 4.3 6.3 222.5 49.0 70.9
SK-G90 56.4 12.6 13.7 316.3 70.6 77.0




R. Asbai-Ghoudan et al. Computers in Biology and Medicine 165 (2023) 107381

>

Titanium PCL_TCP Fig. 5. (A) Predicted bone ingrowth distribution in

X 60 - the medullary, middle and periosteal regions of the

scaffold. The values are a percentage of the total

bone ingrowth in each scaffold. (B) Representative

slices of the bone ingrowth (brown) in the medul-

lary, middle and periosteal regions at a height of 1

% mm, 5.5 mm and 9 mm respectively for each one of

+ 30 A @ the titanium scaffolds. (C) Representative slices of

a é the bone ingrowth (brown) in the medullary, middle

and periosteal regions at a height of 1 mm, 5.5 mm

15 . X r § 15 + 7 S and 9 mm respectively for each one of the PCL-TCP
Medullary Middle Periosteal

Medullary Middle Periosteal scaffolds.
+D70 OG70 XG90 <©SK-G70 0SK-G90 +D70 O0G70 xG90 ¢ SK-G70 0 SK-G90

[e2])
o

IS

a
L
+

© @X

Bone ingrowth (%)
w
o

Bone ingrowth (%)

SK-G90

¥ V.O ".. .

'. ® .. o®

" o® '. o® ..
L

'
® _® o
" o" o ..

e 9 e
5, 0 ®
Periosteal@one®




Computers in Biology and Medicine 165 (2023) 107381

R. Asbai-Ghoudan et al.

Titanium

|

Bone

Fibrous tissue
Cartilage
Granulation tissue

PCL-TCP

Fig. 6. Middle slice with the histology predictions after 12 weeks for the titanium and PCL-TCP scaffolds.
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Table 5
Observed bone ingrowth for the non-seeded, seeded and 3-week post-operative rest cases for both titanium and PCL-TCP scaffold materials.
Scaffold Titanium PCL-TCP
New bone volume (mm®) BV/TV (%) BV/(TV-SV) (%) New bone volume (mm®) BV/TV (%) BV/(TV-SV) (%)
Baseline (D70) 25.1 5.4 7.0 178.5 38.1 49.9
Seeded 27.6 5.9 7.7 271.4 57.9 75.8
3-week rest 31.1 6.6 8.7 229.8 49.0 64.2

2.4. Aging and mechanosensitivity

To assess the influence of patient-specific parameters, four hypo-
thetical cases were compared by scaling the bone mechanical properties
by factors of 1.25 and 0.75, following the findings of Nafei et al. [56] and
by modifying the subject’s mechanoregulation factor of bone deposition
rate (ki,ks), according to the values investigated in the literature [41,
57] (Fig. 2-B). The case studies considered (1) an elderly subject with
stiffer bones by scaling the bone material properties by 1.25, (2) the
same elderly subject with a lower mechanoregulation factor (ko =
5.107°[%- pstrains’1 . day’l]), (3) a younger subject with more flexible
bones by scaling the bone mechanical properties by 0.75 and (4) the
same younger subject with a higher mechanoregulation factor (k; =
2:107* [% - pstrains ™! - day1]). These changes were only studied in one
of the models (D70) and the study with the fitted parameters will be
considered as the baseline case to perform the comparison. All the dif-
ferences will be expressed in relative percentages.

2.5. Bone ingrowth quantification

A 0.25 g/cm® was considered to be the density threshold to consider
the newly formed tissue as trabecular bone [13]. The condition for the
tissue density changes at each element of the granulation tissue was
dependent on the cell concentration and the strain stimulus at said
element. The normalized cell concentration was analyzed in the range of
0-1 to observe the effect of the scaffold geometry on the cellular diffu-
sion process. The evolution of the strain stimulus was observed as the
bone density and elastic modulus of the newly formed bone were
updated throughout the simulation period. The bone ingrowth volume
was obtained by adding up the element volume of all the mesh elements
with a density above the threshold to be considered bone (0.25 g/cm?®).
To calculate the relative bone ingrowth, the volume of newly formed
bone into the scaffolds (BV) was measured and divided by the total
defect volume (TV) minus the scaffold volume (SV) in the in silico model.
The total volume percentage was also obtained as BV/TV analogous to
the measure used clinically. Three different subregions of the scaffolds
were discretized to perform a more refined bone quantification. The
medullary, middle and periosteal subregions were 3.7 mm each with the
latter being the closest to the external surface of the bone (R1-3 in
Fig. 1).

3. Results
3.1. Scaffold regeneration potential

The von Mises stress distribution of all of the scaffolds showed that
both materials provided enough structural integrity. The yield strength
(0y) (Table 2) was not reached in any of the studied scaffolds (Fig. 4).
G70 resulted to have the lowest stress concentration for both of the
materials, while SK-G70 and G90 had the highest values for the titanium
and PCL-TCP respectively.

The bone ingrowth induced by the studied scaffolds is shown in
Table 4. For the titanium scaffold, the highest bone ingrowth was seen
for SK-G90 at 13.7% followed by D70, SK-G70, G90 and G70 at 7.0%,

6.3%, 3.6% and 2.2% respectively. When considering PCL-TCP as the
scaffold material, the highest bone ingrowth was seen for the SK-G90
with 77%. SK-G70, D70, G90 and G70, arranged in a decreasing order,
reported values of bone ingrowth between 70.9% and 45.1%.

A different result was observed in each structure based on the studied
subregion. Fig. 5-A shows the percentage of the total bone ingrowth that
took place in the medullary, middle and periosteal regions. For the ti-
tanium scaffolds, D70 seemed to have the highest relative bone ingrowth
in the medullary and middle regions with regard to the total volume of
bone predicted for each scaffold. Likewise, G90 had the best relative
performance in the periosteal region. G70, SK-G70 and SK-G90 exhibi-
ted a similar behavior in all three subregions. The results for the softer
material showed a more even distribution of the proportion of regen-
erated bone over the medullary, middle and periosteal regions (30-40%
in each). Fig. 5-B and 5-C present slices from each area representing how
the bone regenerated in each model. On the histology like representa-
tion of the predicted tissue differentiation (Fig. 6), it can be observed
that the results for the titanium scaffolds primarily showed the presence
of granulation tissue due to the scaffold’s high stiffness, whereas the soft
material scaffolds predicted a higher volume of bone and fibrous tissue
to be differentiated.

This analysis also reported that D70 had a larger bone ingrowth than
SK-G70 for the titanium scaffolds but the outcome was inversed when
studying the PCL-TCP material (Table 4). It was observed that the
geometrical features of the SK-G70 allowed for a better cell diffusion but
the titanium material restricted the bone regeneration due to a more
localized stimulus. However, when the softer material was used, the
mechanical stimulus reached more central areas and the cell diffusion
advantage was translated in a higher bone ingrowth (Fig. 7).

3.2. Pre-seeded scaffold and healing period

The results of inserting a titanium pre-seeded scaffold showed that
although the total bone ingrowth increased in a 10% with respect to the
non-seeded case (Table 5), all of the new bone was located in the outer
region of the scaffold. For the PCL-TCP scaffolds, the bone ingrowth
reached the inner pores of the scaffold and the bone ingrowth had a
remarkable increase from 49.9% to 75.8% (Fig. 8).

The influence of the three-week post-operative resting period studied
for the titanium models showed that bone ingrowth took place mainly in
the external pores of the scaffold, with a limited ingrowth the core re-
gion. The percentage of bone ingrowth increased with regard to
considering only one day resting (8.7% vs 7.0%) (Table 5). Moreover,
when considering the less stiff material, the bone reached a more central
part of the scaffold but did not reach the core (Fig. 8). However, the bone
volume increased considerably.

3.3. Influence of age and mechanosensitivity

The study to assess the influence of patient-specific parameters
showed that when the bone’s initial elastic modulus is higher (case 1),
the resultant bone ingrowth was 6.8% lower than the fitted model
(baseline case) (Fig. 9). The same phenomenon could be observed
when, aside from raising the elastic modulus, the mechanosensitivity
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Fig. 9. Influence of patient-specific parameters in the bone ingrowth pre-
dictions with respect to the fitted model (baseline case).

parameter was lowered, as the results for case 2 showed an 8.8%
decrease of the predicted bone ingrowth. However, this tendency was
inverted when a lower bone’s elastic modulus was studied as case 3
resulted in a 7.2% increase compared to the baseline case. Likewise,
when aside of lowering the elastic modulus, the mechanosensitivity
parameter was raised, the predicted bone ingrowth volume reported
an 8.0% increase.

4. Discussion

This work successfully quantified the mechanobiological potential of
complex porous scaffolds and compared the influence of their geomet-
rical properties when considering different stiffness materials.

Five different scaffolds were designed to characterize their bone
regeneration capability. The skeletal gyroid scaffold with 90% porosity
(SK-G90) consistently showed the highest bone formation in both ma-
terial analyses. When comparing the performance of each scaffold, it
was observed that the cell diffusion was influenced by the geometrical
features, but the presence of cells was only translated in bone ingrowth
when mechanical stimulus was in the desired range (Fig. 7). A consid-
erable difference in the resulting bone ingrowth for both studied mate-
rials was also observed. The increase in the relative bone ingrowth
ranged from fourteen times (G90) to five times (SK-G90) when
comparing PCL-TCP with Ti. This shows that the scaffold design is as
important as the material when studying their mechanobiological
potential.

To induce bone formation, the osteocyte concentration should be
high enough in the scaffold surroundings and the mechanical stimula-
tion needs to be in the range for bone formation. Titanium was observed
to be too stiff for this application as mechanical shielding limited the
bone tissue formation. This work studied the performance of a softer
scaffold to bypass this phenomenon and the results were satisfactory.
When considering PCL-TCP the bone ingrowth increased in all the
studied cases. In agreement with these results, other works of the liter-
ature also reported that softer scaffold material composites have a great
osteoregenerative potential as they can match the elastic modulus of
cancellous bone [64,68,69]. Topological optimization was also investi-
gated by other works to overcome the shielding limitation [15,70].

It is important to note that this work shows that the skeletal-based
scaffolds show a higher bone regeneration behavior than the sheet-
based, contrary to what could be inferred from only observing their
mechanical behavior [34]. One possible explanation is the different
diffusion properties of each configuration as the skeletal models re-
ported higher cell concentrations in more central regions of the scaffolds
(Fig. 10). This highlights the need of more complex models, such as
computational mechanobiology models, that combine different relevant
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variables to accurately characterize bone scaffolds.

The geometrical properties of the scaffolds play an important role in
bone formation as the distribution of the newly formed bone was
different based on the regions of the scaffold. Parameters such as the
pore size or shape influence the strain distribution and thus, control the
mechanical stimulation to induce bone differentiation. According to the
subregion of interest (medullary, middle and periosteal), each scaffold
showed a different volume of newly formed bone. All these variables, in
addition to the location of the scaffold and the direction of the applied
loads suggest that there is no universal scaffold design that would be
optimal for all applications; instead, the information obtained from
these analyses could be used to optimize the implant design to target
localized bone formation.

In some cases, it was observed that no bone formation took place in
the core of the scaffold because of a low cell concentration as the cells
did not reach the inner pores (Fig. 7). The use of a pre-seeded scaffold
was examined to allow cells to increase their concentration at the inner
pores, as suggested in the literature [50]. This improved the bone
ingrowth for the titanium scaffold but mechanical shielding avoided
bone formation in the core region (Fig. 8). However, when considering a
pre-seeded scaffold with a softer material, the predicted newly formed
bone clearly reached the central part of the scaffold (Fig. 8). Another
investigated approach to improve the cell concentration is extending the
recovery time before applying any stress on the affected limb [51,52].
This allows cells to migrate and proliferate and reach the center of the
scaffold so when the area is mechanically stimulated, either by walking
or by physiotherapy, bone ingrowth can be more effective.

Age and metabolic diseases such as osteoporosis or osteopetrosis are
issues that can affect the bone structure and its mechanical properties. In
those cases, the reduction in mechanical properties is accompanied by a
change in the normal metabolic balance and affect the bone formation
rate [71,72]. These changes were studied; and although the used pa-
rameters only varied slightly as they were hypothetical, the bone

Cell
concentration

()

0.75

Fig. 10. Cell concentration diagram comparing the diffusion in the G70, G90,
SK-G70 and SK-G90 scaffolds.



R. Asbai-Ghoudan et al.

regeneration process showed different outcomes. The variation in the
patient-specific parameters reported differences of up to 16% in the
estimated bone regeneration. This fact highlights the significance of
accurately reproducing such parameters in the analysis in order to use
computational models as a presurgical tool to assess what type of scaf-
fold would be more suitable for each application.

There are some limitations and assumptions in this study that could
be improved. The mechanoregulation model only accounts for bone
deposition within the granulation area, ignoring the bone remodeling
process and its potential consequences. However, due to the scaffolds’
non-load bearing capacity, it was assumed that this phenomenon would
not cause significant variations in the results. In addition, cell diffusion
and proliferation were modeled as a simple diffusion process that only
considered the tissue density and a diffusion constant. Oxygen concen-
tration, nutrient diffusion and angiogenesis are parameters that can help
represent more accurately the cell proliferation and osteogenic differ-
entiation [73,74]. Nonetheless, these modifications are not expected to
greatly alter the comparison between the scaffolds’ bone regeneration
potential.

Making use of advanced manufacturing techniques, future lines of
work could investigate novel scaffold designs to optimize cell diffusion
while also enhancing the stress distributions. The soft material studied in
this work is ideal because the scaffolds are not weight bearing. For
weight bearing applications, these scaffolds might need an additional
support or the study and design of new metamaterials that could provide
enough structural integrity whilst maintaining the mechanical stimulus
in the desired range of bone differentiation.

5. Conclusions

This work successfully studied complex scaffold designs using a
computational mechanobiology model as a tool to investigate their bone
regeneration potential. The scaffold’s mechanical interaction with the
subject is determined by factors such as the local environment and the
response of the host; affecting greatly the volume and distribution of
bone that is formed within the scaffold. The impact of the scaffold’s
geometry and material were investigated and proved to affect bone
regeneration. The scaffold’s geometrical properties showed different
diffusion patterns that affected the regenerated bone volume. The ability
to induce mechanobiologically-driven bone regeneration of the scaffolds
was also seen to be dependent on the material, suggesting that the
material can be used to tune the strain distribution and enhance the bone
ingrowth. Likewise, physiological characteristics of the host need to be
assessed as variations in the bone mineral density or the mechano-
sensitivity of the subject can influence the suitability of one scaffold
design or another.
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