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Abstract

Background: Bone tissue engineering has emerged as a promising technique for treating
bone defects in large bones. Recent methods have enabled scaffold designs based on pre-
defined microstructures or mechanical behavior patterns, including porosity-graded scaf-
folds adaptable to heterogeneous load states. However, there is no consensus on the opti-
mal scaffold design strategy, which is sometimes chosen based on the intact bone or re-
sults from computational or in vivo experiments. Objective: This work proposes the de-
sign of graded-porosity triply periodic minimal surface (TPMS) scaffolds that mimic the
mechanical environment within a bone transport callus at the peak of bone tissue produc-
tion, according to in vivo load measurements. Methods: Finite element models based on
computational tomography scans were used to define the strain field of the callus at the
peak of bone tissue production. The developed scaffold models were evaluated through
finite element simulation. Results: The callus simulations reported that the period in
which maximum woven bone tissue production was achieved corresponds to the period
of maximum axial strain. The graded-porosity scaffolds simulated demonstrated their
ability to replicate this strain field along the callus. The microstructural parameters and
strain environment of the proposed graded-porosity scaffolds were consistent with find-
ing from studies assessing the influence of different microstructural parameters or strain
conditions on bone ingrown within scaffolds. Conclusions: The proposed approach—de-
signing graded-porosity scaffolds based on the callus strain field at the peak of bone tissue
production—proved to be appropriate and may help improve future clinical applications.

Keywords: bone tissue engineering; bone defect; graded-porosity scaffolds; bone
transport; FEM based on CT

1. Introduction

In bone tissue engineering (BTE), it is widely accepted that scaffolds must facilitate
bone growth by enabling cell and tissue strains that generate optimal mechanical signals
for ossification. Experimental evidence indicates that the geometry of a given porous scaf-
fold strongly influences cellular responses and can accelerate bone regeneration [1-3]. In
this context, several scaffold design parameters—such as pore size and shape, stiffness,
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topology or surface-area-to-volume ratio (SSA)—significantly influence the bone regener-
ation process [4]. Regarding porosity and pore size, the minimum requirement for pore
size is approximately 100 um due to cell size, migration requirements and transport. Pore
sizes exceeding 300 pm are commonly used in vivo, as this facilitates vascularization and
bone ingrowth [5]. It is also accepted that scaffolds should have distributed and intercon-
nected pores to ensure cell penetration, vascular ingrowth, nutrient diffusion, and waste
removal [6]. Triply periodic minimal surface (TPMS) scaffolds meet these requirements
through a relationship between porosity and stiffness levels [7]. These scaffolds are man-
ufactured by 3D printing from the design of a repeatable unit cell [8].

The design of scaffolds remains an active area of research, as experimental studies
have yielded contradictory results regarding design parameters and materials used. For
example, some authors reported no notable effect in bone growth for scaffolds with a
larger SSA in vivo [9]. Furthermore, different materials are currently in use, such as tita-
nium [10], printable polymers [6-7] or bioceramics [11,12]. The scaffold design process also
relies on computational models, which have been used to predict the strain field within
the scaffold for different design parameters [11] and to estimate the fluid-mechanical con-
ditions around it [6]. Recently, more complex agent-based models have been employed to
predict the formation of bone tissue according to different design parameters [13,14].

In the case of the treatment of critical bone defects, the use of 3D-printed scaffolds is
a promising alternative treatment with advantages over more usual treatments such as
bone graft or bone transport. When distraction osteogenesis is applied in bone transport
[15], risks related to viscoelastic and structural changes in the surrounding soft tissues
arise [16]. Regarding bone substitutes, autografts and allografts have certain disad-
vantages such as the possibility of rejection and limited availability [17,18]. The increasing
number of trauma patients with long-bone defects is increasing global demand [19]. How-
ever, scaffolds for large-defect correction are still to be adopted in clinical practice [20].
Beyond finding suitable materials and optimal SSAs, correcting critical defects remains a
major challenge. A scaffold for this application must provide sufficient mechanical stabil-
ity to the limb while still allowing strains within the range required to generate optimal
mechanical signals for ossification. There is evidence in the literature that the optimal scaf-
fold geometry for treating critical bone defects can be estimated from the strain field of
intact bone [11,21]. However, the mechanical properties of the callus, which is softer and
more heterogeneous than intact bone, vary throughout the bone regeneration process
[15,22,23]. Consequently, defining a mechanical strain reference for scaffold manufactur-
ing is challenging.

Recent studies based on computational models and experiments found that the scaf-
fold surface guides cellular migration and tissue formation processes, and that the scaffold
material composition stimulates cell activity. According to the works of Perier-Metz and
coworkers [13,14], a lower scaffold SSA was beneficial for bone regeneration due to en-
hanced cellular migration, contrary to what has been reported by previous experimental
work [10]. They also observed that scaffolds with lower apparent elastic modulus favored
bone formation. These conclusions are for a particular case of bone defect, 3 cm sheep
tibiae, and scaffold: a 3D-printed strut-based composite biomaterial scaffold (80% medi-
cal-grade polycaprolactone mixed with 20% tricalcium phosphate). Despite their sophis-
tication, such models have only been validated under specific conditions. Therefore, these
results must not be generalized to scaffold designs intended for critical-defect correction.
For example, this model does not consider the use of gradient porosity scaffolds. Previous
studies [5] have recommended gradients in pore sizes for research focused on the for-
mation of multiple tissues and tissue interfaces, such as in the case of a healing callus.
Current fabrication techniques, such as 3D printing, can be used to generate scaffolds with
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morphological and mechanical properties designed to meet the specificity of bone repair
[5].

3D-printed TPMS-graded porous scaffolds have been studied for treatment of bone
defects due to their higher versatility to adapt to the properties of biological materials [24].
Methods have been developed to generate anisotropic BTE scaffolds with graded struc-
tures that can adapt to various requirements in the evolution of porosity [25-27] including
mechanobiology-driven optimization algorithms [28-30]. Yang and coworkers [31] re-
ported promising experimental results in mandible augmentation using graded porous
scaffolds versus scaffolds with uniform porosity. Despite important advances in possibil-
ities of design and production, several factors still prevent the clinical application of
graded porous scaffolds in humans. One major challenge is the difficulty in defining a
mechanical reference for scaffold behavior during the design process. For example, Liu
and coworkers [26] established natural cortical bone as reference. Other proposed mech-
anobiology-driven optimization algorithms [25,27] did not define a pattern for the scaffold
design in terms of mechanical strain, depending on the clinical application.

Currently, technology is available to manufacture variable-porosity scaffolds, as well
as algorithms to define the geometrical parameters of the scaffold based on the mechanical
behavior and strain level, which is expected, but what is the optimal strain level for a
scaffold?

This study explores and applies a simpler strategy for designing BTE scaffolds with
graded morphological and mechanical properties to defect correction, based on experi-
mental data. We hypothesize that, for the treatment of large-bone defects requiring fixa-
tion devices, the strain field within the scaffold should mimic that within the callus at the
moment of maximum bone tissue production, as observed in alternative bone regenera-
tion processes used to treat the same defect without a scaffold. In a callus without a scaf-
fold, the production of woven bone occurs over the previously generated woven bone,
which functions as a scaffold. It is known that during the bone regeneration process, there
is a moment when the production of new bone reaches its maximum [15]; the base struc-
ture of woven bone (scaffold) provides an optimal foundation for the deposition of new
bone, facilitating ossification.

Therefore, in this study, it is assumed that the strain environment corresponding to
maximal woven bone production reflects an optimal mechanical target for the skeletal
system. The average axial strain within the callus during bone regeneration for a 15 mm
critical-size defect in a sheep metatarsus treated with bone transport was analyzed com-
putationally using computational tomography (CT)-based models. Different models of
TPMS scaffolds with graded porosity and appropriate dimensions to cover the same ini-
tial 15 mm defect were designed and simulated using real boundary conditions measured
during the alternative regeneration process in vivo. The goal was to obtain a final scaffold,
suitable for 3D printing, whose average axial strain and elastic modulus resemble those
of the distraction callus at the moment of maximum bone tissue production.

2. Materials and Methods
2.1. Evolution of the Strain Within the Callus Based on Experiments

An experiment on bone transport was conducted in the metatarsus of 11 female me-
rino sheep, body weight 53.5 + 8.5 kg, in a previous work [15] to correct a 15 mm defect.
The bone transport process consisted of a latency phase of 7 days after surgery, in which
the distractor was implanted, and a distraction period of 15 days, during which the bone
segments were separated by 1 mm per day. The consolidation phase then continued until
distractor removal, which occurred 153 + 44 days after surgery. Once the callus was totally
ossified and the distractor was removed, bone remodeling continued. In a previous study,
the authors reported the evolution of callus stiffness using finite element (FE) models
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based on CT images acquired at multiple healing time points [23]. These time points in-
cluded 17, 22, 29, 35, 37, 50, 79, 98, 137, 161, 205, 277, 311, 379, and 471 days after surgery.
The models include the callus and adjacent cortical bone segments (Figure 1). They were
subjected to real axial loads through the callus, measured during gait in vivo [15], at the
proximal end and fixed at the distal end. Table 1 shows the loads applied through the
callus at each simulation time point. Different methods to assign mechanical properties
were used. The method based on the level of Hounsfield Units of the CT scans provided
predictions of callus stiffness more in concordance with in vivo experiments. In this study
[23], the objective was to quantify the evolution of callus stiffness, and other parameters
of interest, such as the callus strain field, were not analyzed.

The same FE models based on CT images were used here to analyze the evolution of
the axial strain and other mechanical parameters within the callus and study their associ-
ation with the production of woven bone during the bone transport process. First, the
production of woven bone over time was evaluated by deriving the equation governing
callus volume evolution with time proposed by [15]. Second, the axial strain was evalu-
ated in different regions of the callus to detect any repeating pattern in the local variation
in callus strain. The FE simulations were run on ABAQUS® (Dassault Systemes Simulia
Corp., Johnston, RI, USA). C3D4 tetrahedral elements were used with dimensions on the
order of the resolution of the CT images (200 to 300 um/voxel). Material properties were
defined as linear elastic, with the elastic modulus determined by the level of Hounsfield
Units and a Poisson’s ratio of 0.3 [23]. The calluses were modeled as continuous solids
disregarding porosity; therefore, the simulations reported average strain in a voxel-size
volume. The local microscale strain distribution cannot be simulated with this model and
is not within the scope of this study. Table S1 is included in the Supplementary Materials
to provide details of all the FE models based on CT images of the callus: number of ele-
ments, volume of the model, average volume and reference length per element.

U
Usp
Ugo

Ugo
Ugo

Uj00

Figure 1. Finite element model based on CT images of the callus taken 50 days after bone transport
surgery. Reference points to calculate the mean axial displacement at 0%, 20%, 40%, 60%, 80% and

100% of the callus length from proximal to distal are shown.

Table 1. Load through the callus, applied during the simulation, according to each time point. Note
that more time since surgery does not always mean more force, as different time points correspond

to different animals with varying body weights [23].

Days From Surgery Animal Code F (N)
17 9 46.6
22 7 107.5
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29 8 202.3
35 3 235.9
37 6 339.6
50 11 492.5
79 2 481.9
98 1 687.4
137 10 611.5
161 4 694.9
205 10 615.9
277 5 615.9
311 10 615.9
379 5 455.8
471 5 455.8

2.2. Finite Element Model of Scaffolds with Graded Porosity

Several sheet-type TPMS scaffold models with longitudinal graded porosity —Shoen
Gyroid (SG) ranging from 60 to 80%, 65 to 85%, and 70 to 90% —were designed with di-
mensions matching the original defect (a cylinder 15 mm in diameter and 15 mm in
length). SG structures were chosen as they have demonstrated consistent biomechanical
behavior in BTE applications in recent studies [32-34].

All scaffolds were designed using LisbonTPMS-tool [35], a Python package dedicated
to the design of TPMS structures with user-defined resolution. Volume fraction/porosity
control is achieved by the common level-set method [36,37], where a mathematical offset
is applied to a 3D grid, generating a 3D volume. Tetrahedral meshes were generated from
triangular meshes using the MMG3D anisotropic tetrahedralization algorithm [38].

The LisbonTPMS-tool package allows for the generation of custom gradient profiles,
with a simple linear example present in Figure 2a. C3D4 tetrahedral elements (Figure 2c)
were used with linear-elastic mechanical properties (E = 1460 MPa; v = 0.3) consistent with
the capabilities of the MJP 3600® MultiJet printer (3D Systems, Rock Hill, SC, USA) and
the commercial material Visijet M3 Crystal [6]. Since these scaffolds are periodic and have
the same geometry at each transverse plane, simulations were applied to a representative
cylindrical model with the same length but a smaller surface area (SA) (cylinder: 4.2 mm
diameter, 15 mm length; Figure 2b) to save computational cost. Load and boundary con-
ditions were set according to the callus models [23]: axial load at the proximal end and
nodes fixed at the distal end. Load was determined according to the alternative regenera-
tion process in vivo [15], using the force through the callus during the maximum ossifica-
tion period, F, as reference. This force was scaled, F- s/S, depending on the SA of the rep-
resentative model relative to the appropriate dimensions of the scaffold to cover the same
initial defect (Figure 2b).

+ Porosity
- Wall thickness
- Stiffness

-Porosity
+ Wall thickness
+ Stiffness v

(a) (b)
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Figure 2. (a) Example of a scaffold with linearly variable porosity generated with the method de-
scribed. (b) Representative model of the scaffold for simulations. F is the force applied to the callus
during the maximum ossification period, S is the surface of the original scaffold model, and s is the
surface of the representative model. (c) Images of the mesh of the representative model of the scaf-
fold SG6080 for simulations.

Apart from the controlled porosity configurations, all scaffolds were generated con-
sidering a cell size of 2.14 mm. This value was chosen so that the pore size distribution
(PSD) of the considered lattice (SG)—for the considered range of porosities, 60-90% —was
over the 300 um mark. The PSD was analyzed using the local thickness method developed
by Hildebrand and Riiegsegger [39], implemented and available at PoreSpy [40]. Figure 3
presents the PSD of SG lattices with 60% and 90% porosity, shown as both probability
density and cumulative density functions (cfd and pfd respectively).

It should be noted that the scaffold models have a complex geometry that accurately
reflects the microstructure (Figure 2c). However, the calluses were modeled as continuous
solids (Figure 1), disregarding porosity and assigning the mechanical properties of each
element based on the gray level. Consequently, the number of elements in the scaffolds
models is higher. Table S2 is included in the Supplementary Materials to provide details
of all the FE scaffold models used in this work: number of elements, volume of the model,
average volume and reference length per element. The difference in structural scale be-
tween the callus and scaffold models does not affect the comparison of average strains, as
these values are computed over solid domains that are substantially larger than the un-
derlying microstructure, as is explained in the Results section.
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Figure 3. Probability, pdf(1), and cumulative density function, cdf(1), of the SG lattices with 60 and

90% porosity, considering a cell size of 2.14 mm.

3. Results
3.1. Distribution of Callus Strain During the Peak Ossification Period

By deriving the equation that describes the evolution of callus volume during bone
transport [15], it can be seen that the maximum rate of woven bone production (0.146
cm?/day) occurs between 25 and 60 days after surgery (Figure 4). After this peak, woven
bone production becomes negative around 100 days after surgery due to remodeling ac-
tivity.

The average axial strain within each simulated callus model is also represented in
Figure 4. The total average strain was estimated as the difference between the mean dis-
placements at the ends of the callus, Ujg9 — Ug, divided by the length of the callus, L
(Figure 1). It may be observed that the maximum ossification period occurs at the maxi-
mum strain within the callus (Figure 4). During this time, 29 to 50 days after surgery, the
average callus strain varied between 0.010 and 0.035. Outside this time period, the average
strain did not exceed 0.0038. Focusing on the local evolution of the strain, it is clearly ob-
served that axial strain increases in the center of the callus during the maximum ossifica-
tion period (Figure 5). This figure represents the average strain within the callus at differ-
ent longitudinal points (10%, 30%, 50%, 70% and 90% of the callus length from proximal
to distal; see Figure 1) for all models from 17 to 525 days post surgery. Calluses within the
maximum ossification period (29, 35, 37, and 50 days post surgery) generally presented
higher strain values compared to the other specimens, with peak strains occurring near
the center of the callus. In this region, strain values can be more than twice as high as those
at the proximal and distal ends. No repeated trend in the longitudinal evolution of strain
was observed in the callus at time points outside the maximum ossification period. These
average strain values in Figure 5 were calculated from the axial displacement at nodes, as
indicated by Equations (1)-(5). In these equations, €yq, represents the average axial
strain at X% of callus length, measured from proximal to distal. This is based on mean
displacement at X —10% (Ux—1¢) and X +10% (Ux+1¢) of the callus length and the original
length of this segment, L/5. The mean displacements, Uy, Uy, Usg, Ugg, Ugg, and
U199, were obtained as the mean axial displacements of nodes in the callus model around
1mm of the position points, 0%, 20%, 40%, 60%, 80% and 100% of the callus length, from
proximal to distal (see Figure 1).
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Figure 4. Evolution of woven bone production and the average axial strain within a bone transport

callus.
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Figure 5. Longitudinal evolution of average callus strain from proximal to distal.

The average strain within the callus at different longitudinal points is depicted using
Whisker diagrams in Figure 6 for specimens during the maximum ossification period. It
can be observed that, during this period, the axial strain around the callus peaks in the
middle, with a median value of 0.027, and is lower at the ends, with median values of
0.0140 and 0.0064 at the proximal and the distal ends respectively. The average elastic
modulus of these specimens is also shown in the same figure, with a median value of
115.71 MPa. The average elastic modulus was calculated as the average stress over the
callus at each time point divided by the total average strain. The average stress was ob-
tained by dividing the applied force at each time point (Table 1) by a normalized callus
area. Having established both the average elastic modulus and the longitudinal evolution
of axial strain during the maximum ossification period, the next objective is to design a
graded porous scaffold with comparable mechanical properties.
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Figure 6. Whisker box plot summarizes the distribution of the different parameters measured as
results of the simulations of the four calluses within the maximum ossification period (29, 35, 37 and
50 days after surgery): (a) the average axial strain within the callus at different longitudinal points
from proximal to distal; (b) the average elastic modulus. Whisker box plot represents the median
(50th percentile of the data, red line inside the box), the first quartile (25th percentile, lower bound-
ary of the box), the third quartile (25th percentile, upper boundary of the box), and the high and low
observations relative to the rest of the dataset (individual points plotted beyond the box).

No consistent strain pattern was observed locally in the transverse directions of the
callus (anterior to posterior or medial to lateral). This finding agrees with previous studies
that do not show a repeated pattern of variation in the mechanical properties of the woven
bone within the callus during the bone transport process [22].

3.2. Strain Distribution of Graded Porous Scaffolds

The average axial strain within the graded porous scaffolds proposed was evaluated
at the same longitudinal positions as the callus (10%, 30%, 50%, 70% and 90% of the scaf-
fold length from proximal to distal). The strain calculation methods at these locations were
identical to those used for the callus models. Considering the longitudinal evolution of
the callus strain, four TPMS scaffold models were initially proposed as proof of concept,
featuring different geometries and linear variations in the porosity, with maximum po-
rosity at the ends and minimum porosity at the center (Table 2). Table 3 shows mean
structural properties of the mentioned designed models.

The simulation results were plotted together with the callus strain in the same graph
(Figure 7). As shown in Figure 7a, the strains of models SG6585 and SG7090 are in the
order of the strain at the ends of the callus: 0.01 to 0.02. The SG7090 scaffold is significantly
softer in the middle. In contrast, models SG6080 and SG6585 show mechanical behavior
closer to that of the callus center, with strain values between 0.02 and 0.04. In any case, a
symmetrical porosity variation does not properly represent the axial strain variation along
the callus, which is greater at the proximal end. Regarding the average elastic modulus
(Figure 7b), all the scaffolds present an average elastic modulus between the 25th and 75th
percentile of the average elastic modulus of the callus. However, the average elastic mod-
ulus of SG7090 seems too far away from the average values of the average elastic modulus
of the callus.
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Table 2. Models of graded porous scaffolds initially simulated.

Model Type of Geometry Porosity at the Ends Porosity at the Center

SG6080 Gyroid 60% 80%
SG6585 Gyroid 65% 85%
SG7090 Gyroid 70% 90%

Table 3. Properties of graded porous scaffolds initially simulated.

Model Type of Geometry Volume (mm3) SA (mm?) SSA (mm™)

SG6080 Gyroid 62.29085 671.05987 10.77301
SG6585 Gyroid 51.88499 668.10217 12.87660
SG7090 Gyroid 41.58436 667.10156 16.04211
008 T I ‘ anaf ..‘.SG7090 - = = SG 7090
: S SG 6080 :

200 |

150 |

100 = = == = o o = = ]

Average axial strain
Average E (MPa)

50 | |

% of length proximal to distal
(@) (b)

Figure 7. (a) Average axial strain at different longitudinal location points from proximal to distal:
for the callus at the maximum ossification period (Whisker boxes) and for the scaffolds (5G7090, SG
6585 and SG6080). (b) Average elastic modulus of the callus at the maximum ossification period
(Whisker box) and the scaffolds.

3.3. Optimum-Graded Porous Scaffolds That Mimic Callus Strain Distribution

Based on the outputs above, two non-symmetrical SG scaffold models with variable
porosity were proposed, as detailed in Table 4. These models use SG7090 porosity at the
proximal end, SG6585 at the center, and SG6080 at the distal end, resulting in different
porosity patterns changing from 70 (proximal) to 85% and then to 62.5% (distal). The lon-
gitudinal evolution of the average axial strain in these proposed models aligns with the
trend observed in the callus during the peak ossification period (Figure 8a). The average
elastic modulus is aligned with the mean value for the callus at the maximum ossification
period (Figure 8b). Table 5 shows the mean structural properties of the optimized models.

Table 4. Optimum models of graded porous scaffolds, Gyroid geometry, with linear variable po-

rosity between reference points along the length from proximal to distal (10, 30, 50, 70 and 90%).

Model Porosity at 10% Porosity at 30% Porosity at 50% Porosity at 70% Porosity at 90%
SG70,77.5, 85, 65, 62.5 70% 77.5% 85% 65% 62.5%
SG 70, 75, 85, 67.5, 62.5 70% 75% 85% 67.5% 62.5%

https://doi.org/10.3390/prosthesis8030028


https://doi.org/10.3390/prosthesis8030028

Prosthesis 2026, 8, 28 11 of 17

Table 5. Structural properties of the optimized models.

Model Volume (mms3) SA (mm?) SSA (mm™)
SG70,77.5, 85, 65, 62.5 58.209 603.32 10.36
SG 70, 75, 85, 67.5, 62.5 58.229 603.68 10.37

0.05 |

seas@rer SG70,75,85,67.5,62.5

weas@ e SG70,77.5, 85, 65, 62.5 250

0045 |

F———4

200 L
0.035 |

@
3

Average E (MPa)
3
8

Average Axial Strain

50 | |
1

= == = SG 70,7585,67.562.5

= = = SG70,77.5,85,65 625

L L L
10 30 50 70 90

% of length proximal to distal
(a) (b)

Figure 8. (a) Average strain at different longitudinal points from proximal to distal: for the callus at
the maximum ossification period (presented by Whisker boxes) and the optimal scaffold models
(5G 70, 75, 85, 67.5, 62.5 and SG 70, 77.5, 85, 65, 62.5). (b) Average elastic modulus of the callus at the
maximum ossification period (Whisker box) and the optimal scaffolds.

4. Discussion

This study analyzed the temporal and longitudinal evolution of strain within a dis-
traction callus to address a 15 mm defect during a previous bone transport experiment
conducted on sheep [15,23]. The results showed that the period of maximum woven bone
production coincided with the period of maximum axial strain within the distraction cal-
lus (Figure 4). Therefore, it may be assumed that this level of strain along the callus opti-
mizes the production of woven bone over the previously mineralized bone of the callus.
Based on this hypothesis, a scaffold designed for an equivalent defect using BTE should
reproduce the strain field present in the callus at the moment of maximum bone tissue
production. It has also been demonstrated that, at this time point, the strain along the
callus is variable (Figure 6a) and therefore not reproducible by uniform microstructure
scaffolds. Simulations performed on two non-symmetrical TPMS scaffolds with Gyroid
geometry showed that these designs can mimic the average axial strain within the distrac-
tion callus at the moment of maximum bone tissue production (Figure 8a). The proposed
models are consistent in stiffness with the average elastic modulus of the callus at the
maximum ossification period (Figure 8b). Designing scaffolds that mimic the woven bone
strain field at the stage of maximum tissue production represents a novel approach, espe-
cially given that the parameters guiding scaffold design are still under investigation.

Compared with conventional lattices, TPMS-based scaffolds offer improved mechan-
ical performance and higher SSA values. They are increasingly studied for BTE applica-
tions, especially in load-bearing scenarios [26,29,41]. The structural features that compose
a lattice structure (porosity and cell size) were calculated based on the target mechanical
behavior. This was achieved by applying a graded porosity profile to the scaffold and
adjusting it to match the stress—strain distribution of the woven bone. The resulting po-
rosity values, combined with the selected cell size, produce a fully percolative structure
with high SSA and pore sizes suitable for biofluid infiltration and effective cell seeding.
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This represents a valuable contribution to the development of custom-graded scaffolds
for treating large-bone defects. As far as the authors know, there are no other works in the
literature demonstrating this fine-tuning of a gradient structure in order to follow a target
behavior for scaffolds in large-bone-defect applications.

The outcomes obtained were consistent with recent studies that explored the influ-
ence of scaffold design in large-bone-defect regeneration using various methods. The op-
timal graded-porosity scaffold shows an average elastic modulus of 124.8 MPa, which falls
within the 32.4-265 MPa range reported for woven bone during the peak ossification pe-
riod (Figure 8b). Although some in vivo studies have used much stiffer scaffolds—such
as bioceramic scaffolds with an average elastic modulus of 9.54 GPa for a 15 mm defect in
sheep [12] or titanium scaffolds with moduli of 0.84 and 2.88 GPa for a 40 mm defect [10] —
more recent work suggests that scaffold compliance enhances bone regeneration. Perier-
Metz and coworkers [13,14] predicted optimal bone growth in 30 mm defects using scaf-
folds with an average elastic modulus of 70 MPa, outperforming both stiffer (400 MPa)
and softer (0.1 MPa) scaffolds in a computational model partially validated in vivo. Rez-
nikov and coworkers [42] conducted an in vivo study on sheep femurs with the same
defect size used here (15 mm). They found that compliant polyamide scaffolds with an
average elastic modulus of 220 MPa produced greater bone ingrowth after six weeks than
stiffer titanium scaffolds with moduli of 1400 and 7100 MPa. In addition, 22.2 MPa {3-
tricalcium phosphate was used for a 30 mm defect in sheep tibiae [43]. Concerning the
porosity of the scaffold, the optimal graded-porosity models ranged from 62.5 to 85% (Ta-
ble 4) with variable pore diameter around 0.4 to 0.8 mm (Figure 3). Different values of
porosity and pore size were proposed for uniform porosity scaffolds used in vivo: 59.3%
porosity and pore size around 360 um [12]; 70% porosity and pore size around 1200 pm
[43]. The studies which have analyzed the potential in bone ingrowth of different geome-
tries also provided mixed results for the porosity and pore size that enhance bone regen-
eration, e.g., 60% porosity and pore size around 1000 um [13,14] or 35% porosity [42]. In
fact, a previous work in which scaffolds of different pore sizes were implanted subcuta-
neously in immuno-compromised mice [9] concluded that pore sizes between 350 and 800
um play a limited role in bone ingrowth in this tissue engineering model. A similar situ-
ation occurs with SSA: while bioceramic scaffolds showed an SSA of 5.7689 mm- [12],
other studies observed much higher values (31-278 mm) [13,14] and reported that lower
SSAs enhanced bone ingrowth, contradicting earlier findings [10]. In the case of the pro-
posed optimized models, SSA values are around 10-13 mm-. The strain levels during the
peak ossification period in bone transport—which the optimized scaffolds aim to repro-
duce—range from 0.005 to 0.05. Saving the differences among studies, this is comparable
to the strain within scaffolds that promote optimal bone regeneration, as observed in stud-
ies examining the impact of scaffold design on large-bone-defect regeneration and report-
ing strain field data [13,14]. Note that the scaffold design parameters discussed in this
paragraph are for scaffolds manufactured with different materials, fabrication techniques
and animal models, hindering direct comparison. However, by focusing on in vivo exper-
iments and in silico models validated with in vivo data, this work enables meaningful
comparison of how different scaffold geometries influence bone growth.

The method developed here to define scaffold porosity is based on mimicking the
strain field in woven bone under real loads (functional biomimetism), rather than repli-
cating the natural bone microstructure as proposed in other graded-porosity scaffold de-
signs [4]. Although the goal was not to replicate bone microstructure, the optimal graded-
porosity models show microstructural properties partially consistent with woven bone
during maximum tissue production (35-50 days after surgery in the referenced sheep met-
atarsus model). Previous studies in a similar animal model reported that average porosity
of the woven bone within the distraction callus, estimated from bone volume versus total
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volume micro-CT measurements, was around 60% [44] versus 62.5 to 85% for the optimal
model proposed here (Table 4). Micro-CT analysis of woven bone at the same stage and
in the same model reported trabecular thickness and separation of 0.1-0.2 mm [44], which
is smaller than the pore sizes of the proposed scaffolds (above 0.5 mm; Figure 3). This
generates controversy and, as far as the authors know, it has not been experimentally
proven which factor plays a more important role in bone ingrowth: the geometry of the
microstructure on which the new bone tissue develops or the mechanical environment to
which said structure is subjected. In any case, future work could expand on this by de-
signing scaffolds that replicate specific mechanical behaviors and microstructures. A sig-
nificant improvement could be the use of materials with mechanical properties similar to
those of woven bone at the desired stage. This is a challenge since such materials would
also have to comply with 3D printing techniques required to manufacture variable-poros-
ity scaffolds. In fact, for the optimal scaffold proposed here, there is a difference between
the woven bone elastic modulus (3 to 10 GPa [22]) and the elastic modulus of this scaffold
material (1.460 GPa). It should be noted that the porosity distribution obtained from the
optimization process would differ if a different scaffold material were used. The scaffold
material is stiffer than woven bone. This could imply potential fatigue or long-term me-
chanical integrity issues, which are beyond the scope of this study but should be consid-
ered in future work.

This work presents a useful and agile method to produce scaffolds based on mimick-
ing the mechanical environment during defect ossification. This method saves time and
resources compared with heavier mechanobiological computational models [13] but
needs to be validated through in vitro or in vivo studies. Another limitation of the present
work is the difference in scale between the scaffold and callus models. Although this struc-
tural mismatch does not affect the comparison of average strains, it does not allow for
studying the effect of other parameters, such as strain energy density, different compo-
nents of the strain tensor, and maximum and minimum strain, in the production of woven
bone. Therefore, a characterization of the callus mechanical environment at a smaller scale
is necessary, for example, through FE models based on micro-CT scans of the callus.

Beyond the limitations discussed above, additional considerations must also be
acknowledged. In this study, the scaffold design is focused solely on mimicking the me-
chanical macroscopic average strain field corresponding to maximal woven bone produc-
tion. However, it is important to recognize that woven bone deposition is also shaped by
a range of biological factors, including cellular activity, inflammatory signaling, vascular-
ization, and tissue-level constraints. In addition, fluid movement within the pores may
influence the local strain experienced at the surface of the woven bone/scaffold, thereby
affecting the ossification process. These fluids within pores should not alter the strain val-
ues reported here, as they represent the average deformation of a comparatively large
volume. Our interpretation of macroscopic strain patterns as optimal should therefore be
understood within a broader framework in which solid- and fluid-mechanical environ-
ments interact with biological drivers to guide bone adaptation. Future research should
further investigate the relationships between macroscopic and local mechanical environ-
ments and the biological responses that shape bone tissue engineering outcomes. In addi-
tion to the limitation associated with other factors that also contribute to new bone for-
mation, it should be noted that the reference strain reported in this work (during the pe-
riod of maximum bone tissue production) may vary depending on the individual, the
specific bone involved, its intrinsic properties or variations to the boundary conditions
assumed for simulating.

As final remarks, there are methods to design BTE scaffolds capable of defining geo-
metrical properties to achieve a predefined mechanical behavior [21]. However, defining
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the mechanical behavior patterns required in bone regeneration remains challenging, es-
pecially when the scaffold must fulfill both structural and osteoconductive functions. This
study explored the hypothesis that the axial strain pattern within a bone callus of a given
length can serve as a template for defining the mechanical environment of a scaffold de-
signed to treat a defect of the same length. The analyses of the callus axial strain revealed
that the axial strain of the woven bone within the callus follows a longitudinal variable
trend along the scaffold. The approach used in this study, to generate variable-porosity
TPMS scaffolds, provided a pair of models with microstructures which may replicate the
evolution of the axial strain within the woven bone at the maximum-tissue-production
time point. This strategy —using the woven bone strain field during maximum tissue pro-
duction as a design pattern —may help guide recently developed scaffold design methods
and mechanobiology-based algorithms for optimizing graded-porosity scaffolds
[25,26,28-30].

Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/prosthesis8030028/s1. Table S1 provides details of all the FE
models based on CT images of the callus used in this work: number of elements, volume of the
model, average volume and reference length per element. Table 52 provides details of all the FE
scaffold models used in this work: number of elements, volume of the model, average volume and
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Abbreviations

The following abbreviations are used in this manuscript:

BTE Bone tissue engineering.
CT Computerized tomography
E Elastic modulus
€ Callus strain
Force
FE Finite element
L Callus longitude
PSD Pore size distribution
SA Surface area
5G Shoen Gyroid
SSA Surface-area-to-volume ratio
TPMS Triply periodic minimal surface
w Callus displacement
v Poisson ratio
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