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A B S T R A C T

It is well founded that the mechanical environment may regulate bone regeneration in orthopedic applications.
The purpose of this study is to investigate the mechanical contributions of the scaffold and the host to bone regen-
eration, in terms of subject specificity, implantation site and sensitivity to the mechanical environment. Using a
computational approach to model mechano-driven regeneration, bone ingrowth in porous titanium scaffolds was
simulated in the distal femur and proximal tibia of three goats and compared to experimental results. The results
showed that bone ingrowth shifted from a homogeneous distribution pattern, when scaffolds were in contact with
trabecular bone (max local ingrowth 12.47%), to a localized bone ingrowth when scaffolds were implanted in
a diaphyseal location (max local ingrowth 20.64%). The bone formation dynamics revealed an apposition rate
of 0.37±0.28%/day in the first three weeks after implantation, followed by limited increase in bone ingrowth
until the end of the experiment (12 weeks). According to in vivo data, we identified one animal whose sensitivity
to mechanical stimulation was higher than the other two. Moreover, we found that the stimulus initiating bone
formation was consistently higher in the femur than in the tibia for all the individuals. Overall, the dependence
of the osteogenic response on the host biomechanics means that, from a mechanical perspective, the regenerative
potential depends on both the scaffold and the host environment. Therefore, this work provides insights on how
the mechanical conditions of both the recipient and the scaffold contribute to meet patient and location-specific
characteristics.

1. Introduction

Despite the intrinsic healing capacities of bone tissue, revision
arthroplasty caused by extensive bone loss and implant mechanical loos-
ening is a major clinical burden [1]. The demand for total hip and
knee arthroplasties is projected to reach 4 million procedures per year
in the U.S. only for 2030 [2]. Improving implant longevity is there-
fore important to reduce the number of revision procedures and limit
the cost for healthcare systems. The next generation of orthopedic im-
plants aims to guide the bone healing process and inspires innovative
solutions in the field of orthopedic regenerative medicine. In the short
term, these solutions are mainly aimed at increasing the implant lifes-
pan by improving biological fixation, while in the long term they are

aimed at providing temporary implants that will degrade and be fully
replaced by functional host tissue [3].

Porous metallic biomaterials, fabricated via additive manufacturing
(AM), were recently proposed to address the lack of osteointegration
in orthopedic implants [4,5]. With AM, orthopedic implants are fabri-
cated with porous surfaces at the bone-implant interface, acting as scaf-
folds that enhance the biological engraft of the implant with the sur-
rounding bone tissue [6–8]. Not only does a AM-fabricated implant
fit the macro-scale geometries of individual applications, but it can
also boost a regenerative response from the host [9–11]. In order to
achieve functional integration with the host tissue, the optimization of
3D printed bone substitutes relies on, among others, the control of their
mechanical properties to bear the weight of patients and the daily load
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ing the bone is subjected to [4]. A fine tuning of the apparent stiff-
ness is appropriate for encouraging bone ingrowth into porous materi-
als, given the intrinsic relationship between mechanical stimulation and
bone adaptation [12]. AM is commonly associated to the development
of porous scaffolds matching the local bone stiffness [13,14], although
matching bone mechanical properties leaves out relevant aspects of the
relation between mechanical stimulus and bone formation.

Firstly, the host sensitivity to mechanical stimulation has a critical
impact on bone regeneration. The impact can be severe, such that weak
responders, those with limited regenerative potential, may require per-
manent scaffolds for load-bearing applications [15]. A possible reason
is the drastic alteration of the mechano-regulated processes of bone for-
mation and resorption that takes place with aging [16,17]. As a con-
sequence, the design of porous substitutes should take into account
the variability in the host response. Secondly, the cellular response is
site-specific and within a single subject may therefore vary from bone
to bone and within the same bone. Indeed, the different parts of the
skeleton experience mechanical stimulations that vary in intensity and
type, causing specific adaptations by bone cells. Moreover, multiple bio-
mechanical requirements are associated with specific histomorphomet-
rical indicators and load transfer behaviors within the same bone. This
is clearly visible in the differences in shape and proportions of trabec-
ular bone of a single structure, such as in the femoral neck [18] and
the fibula [19]. Depending on the local history of mechanical loading,
it has been proposed that bone cells accommodate and respond differ-
ently to the same mechanical stimulation [20]. Thus, a macroscopic me-
chanical analysis of the performance of a bone substitute design needs
to consider the dependence on the local biomechanical demand. It is
well established thereby that control over the mechanical requirements
of additively manufactured bone scaffolds can be potentially addressed
with in silico modeling. By testing the efficacy of topological designs for
each specific use and patient, computational algorithms are the most
adequate approach to inspect the mechanobiological potential of 3D
printed scaffolds [21,22]. An optimization framework implementing the
FE method already verified that the local stiffness of mechanobiologi-
cally optimized titanium (Ti) scaffolds enhances endogenous bone re-
generation, but did not consider how the formation of novel bone tissue
alters the mechanical environment [23].

The implementation of phenomenological models in silico describes
the influence of mechanical forces on the adaptation or the regeneration
of bone tissue [24,25]. The simulation of bone mechano-regulation or
regeneration processes can model their dynamics, in terms of continu-
ous variation of bone mechanical properties [21,26]. When applied to
porous scaffolds, regeneration algorithms elucidated the relationship be-
tween the tissue being formed within the pores and the loading environ-
ment, as well as the mechanical benefits of a degrading scaffold during
bone formation [27,28]. However, no previous model of mechano-dri-
ven bone ingrowth has estimated the effect of local biomechanical de-
mand and individual response variability on scaffold regenerative per-
formance. There is a need for a wider evaluation of the mechanical in-
terplay between scaffold and host subject.

Following the need of modeling the scaffold regenerative potential
for patient-specific applications, the purpose of this study is to evalu-
ate the scaffold performance based on the biomechanical contributions
of both the host and the scaffold itself. We hypothesized that (1) lo-
cal mechanical stimuli determine the distribution of bone ingrowth in-
side a scaffold and that (2) inter and intra-animal variations require sub-
ject-specific parameters to describe the local biomechanical demand and
individual sensitivity to mechanical stimulus. Therefore, we developed
a computational model of mechano-driven bone regeneration in porous
scaffolds where the local mechanical environment and the regenerative
potential of an individual host regulate the bone ingrowth within the
scaffold pores. Mechanical properties were constantly updated during
each analysis and model parameters represented the host reaction. We

calibrated the model by means of in vivo animal data (goat) of bone in-
growth in 3D printed porous Ti scaffolds, where scaffolds were inserted
in distinctive implantation sites and in different recipients. This compu-
tational model presents a subject-specific applicability on the evaluation
of the scaffold regenerative potential. From a mechanical perspective, it
evaluates the scaffold regenerative performance for each specific patient
and in each implantation site.

2. Materials and methods

2.1. Mechano-driven bone regeneration model

2.1.1. Mathematical formulation
Computational methods of mechano-regulation relate bone forma-

tion and/or resorption directly to a mechanical stimulus. We define
bone formation as the process by which new bone tissue is formed by
osteoblasts that differentiate from osteoprogenitor cells. When trans-
lated to macroscopic models where bone is a continuous material with-
out a hierarchical structure, the mathematical formulation of bone
mechano-regulation reduced to a relation between local strain levels and
bone mineral density [27,29,30]. Here, we assumed that a simultane-
ous process of cell invasion and a bone formation phase regulated by the
mechanical stimulus could simulate the bone regeneration process [31].

Cell invasion in the granulation domain (Fig. 1-A) was modeled as
a diffusion process, where cell concentration c in the scaffold pores was
normalized to the maximum cell concentration (Fig. 1-B). It had a con-
stant value of 1 at the bone-granulation interface and initial zero value
in the scaffold pores [27].

From the mechanical perspective, the daily strain stimulus Ψ was
based on the effective tissue microstrain , calculated from the strain
energy density W and the Young's modulus E [32] (Fig. 1-B). Together
with the daily strain history, the strain level described the importance of
each load cycle in the mechanical stimulus [33].

Earlier studies have implemented relations between mechanical
stimulus and bone remodeling [34] to predict tissue regeneration in
bone scaffolds [27]. These studies imply that bone formation occurs for
values of the mechanical stimulus above a reference value, which could
be identified with the local stimulus Ψlocal∗ in the neighboring area [35].
In the present model, the mathematical formulation of the bone vol-
ume deposition rate assumed that (1) bone formation is proportional
to mechanical stimulus Ψ up to a maximum bone deposition rate
[36], (2) no bone resorption took place for low Ψ [31] and (3) bone
formation initiated for mechanical stimuli higher than a fraction α of
the local mechanical stimulus Ψlocal∗ (Fig. 1-C). Ψlocal∗ was calculated
as the volume-averaged daily strain stimulus in the bone at the loca-
tion where the scaffold was to be placed and the immediate surrounding
area, thus covering the implant region and also the peri-implant region
that is mechanically altered after insertion of the implant [37]. The lin-
ear relationship between bone formation and mechanical stimulus was
represented by subject-specific constant of bone volume deposition rate
k. This constant was assumed to represent the capacity for mechanosen-
sation of the single organism, thus it was a patient-specific parameter.
On the other hand, the biomechanical demand was considered to be lo-
cation-based, thus Ψlocal∗ and α varied within the same organism for dif-
ferent implantation sites. The detailed mathematical description of the
bone regeneration model is given in Supplementary Material - 1.

2.1.2. Numerical implementation
The mathematical model of mechano-driven bone regeneration was

solved with FE methods implemented in ABAQUS 6.14 (Dassault
Systèmes, Suresnes, France). The concurrent events of mechanical regu-
lation and cell invasion required a sequential solution and update dur-
ing the FE analysis. The mechanical behavior of the system was simu
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Fig. 1. Overview of the mechano-driven bone regeneration model. (A) Representative femoral and tibial in silico models of mechano-driven bone ingrowth and detail of a scaffold-gran-
ulation unit, where the granulation tissue filled the scaffold pores. The scaffold-granulation units were inserted in each bone based on the location extracted from CT image data. (B)
Mathematical formulation of the mechano-driven model of bone ingrowth. The model consisted of a simultaneous process of cell invasion and a bone formation phase regulated by the
mechanical stimulus (effective tissue microstrain), the daily load history and the mechanosensitivity of the host (k constant). (C) Graphical display of the bone volume deposition rate
proposed in the model. It was assumed that: bone formation is proportional to mechanical stimulus Ψ up to a maximum bone deposition rate , no bone resorption took place for low
Ψ and bone formation initiated for mechanical stimuli higher than a fraction α of the local mechanical stimulus Ψlocal∗.

lated with a linear stress analysis, where the material properties of the
newly formed bone were updated with a UMAT subroutine [38]. Cell
invasion was simulated by means of a heat transfer problem, where
temperature represented the non-dimensional cell concentration c and
was updated with a UMATHT subroutine. The use of a coupled ther-
mal-stress analysis allowed the sequential implementation of the two
processes, while the user subroutines continuously updated the bone
formation process and the tissue mechanical properties (Supplementary
Material - Fig. S1). To facilitate the model convergence in the first it-
erations, the initial time increment was set to 0.05 day. After, the soft

ware automatically increased the size of the subsequent increments up
to 1 day.

2.2. Model application to an in vivo goat study

The experimental data used to calibrate the proposed model were
taken from an unpublished animal study conducted by Materialise NV
(Leuven, Belgium). Briefly, cylindrical porous titanium scaffolds were
additively manufactured and three of them were inserted in each left fe-
mur and tibia of six goat models (Fig. 2-A,B). A regular porous struc-
ture (ϕ 8 mm, length 12 mm, porosity 71%) was built up of dodecahe

Fig. 2. Overview of the in vivo goat study. (A) Detail of the insertion of a 3D printed titanium scaffold in the epiphyseal location of a goat femur. Bone ingrowth was quantified with mi-
cro-CT imaging in the medullary (red), middle (purple) and periosteal (light blue) subregions of the scaffold. (B) Representative femur and tibia showing the locations where the titanium
scaffolds were implanted within the bone. Bone ingrowth was assessed only for two scaffolds (blue, green) in epiphyseal and one (orange) in diaphyseal location. (C) Design of the cylin-
drical porous titanium scaffold fabricated by additive manufacturing as repetition of a dodecahedron unit cell with thick struts (shown in the detail). (D) Histological analysis confirmed
the novel formation of bone tissue within the scaffold pores after 12 weeks from surgery. Samples were stained with Stevenel's blue (connective tissues) and Van Gieson's picro-fuchsin
(staining bone in red). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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dron unit cell with thick struts (strut thickness 0.50 mm and mean pore
size 1.77 mm) and covered with a solid cap to facilitate press-fit in-
sertion into the bone (Fig. 2-C). The apparent stiffness of the scaf-
fold was 2 GPa (Materialise data). Empty scaffolds were implanted, not
pre-seeded with cells or filled with bone graft. Three animals were eu-
thanized at 6 weeks post-operatively, while the other three were euth-
anized at 12 weeks. CT scanning of the goats was performed only for
those euthanized 12 weeks after implantation, thus computational mod-
els were based on their bone geometries (cases 1, 2 and 3 in Supple-
mentary Material - Table S2). For each animal euthanized at week 6
and 12, four scaffolds were used to evaluate the shear strength of the
bone-scaffold interface (pull-out test), while two scaffolds were imaged
ex-vivo using microCT to quantify bone ingrowth (Supplementary Ma-
terial - Table S2). Bone ingrowth was defined as the mineralized bone
tissue detected by the microCT scans. MicroCT scans were performed
on a Phoenix NanoTom S (GE Measurement and Control Solution, Wun-
storf, Germany) at the Department of Materials Engineering of the KU
Leuven (Leuven, Belgium). The scanner was equipped with a 180 kV/
15 W high-performance nanofocus X-ray tube and a 2304 × 2304 pixel
Hamamatsu detector. A tungsten target was used, and the applied volt-
age and current were 90 kV and 240 A, respectively. A 0.3 mm cup-
per filter was installed. Beam hardening correction was applied during
reconstruction of the cross-sectional images with Phoenix Datos|x 2.0
reconstruction software (GE Measurement and Control Solutions). The
reconstructed micro-CT dataset had an isotropic voxel size of 6.0 m.
Later, a multi-level Otsu segmentation distinguished between the scaf-
fold, bone and non-mineralized tissue [39]. Finally, bone tissue forma-
tion within the scaffold pores was studied by histological analysis and
Van Gieson's picro-fuchsin staining (Fig. 2-D).

Overall, bone ingrowth after 12 weeks was assessed for the scaffolds
inserted in the femoral condyle of all three goats, thus in contact with
trabecular bone (Fig. 2-B). As for the tibiae, the scaffold in contact with
more cortical bone was analyzed in two goats. For the remaining goat,
bone ingrowth was quantified in a scaffold inserted in the tibial epiph-
ysis (Fig. 2-B).

2.3. Implementation of the FE model

A FE model was built for modeling the in vivo goat study, simulat-
ing the femurs and the tibiae of the three goats euthanized at 12 weeks
post-operatively. The FE model simplified host reaction immediately af-
ter scaffold implantation [40] by filling scaffold pores with granulation
tissue, thus creating a “scaffold-granulation units”. These scaffold-gran-
ulation units were inserted in the tibia or in the femur at the specific
locations extracted from CT images (Fig. 2-B). The scaffold-granulation
units consisted of the titanium scaffolds and the granulation tissue.

2.3.1. FE discretization and material properties
All parts were computationally modeled with linear unstructured

meshes (4-node tetrahedral elements, C3D4 for bone and scaffold,
C3D4T for granulation) generated using automatic algorithms (Materi-
alise 3-matic™ 14.0, Materialise, Leuven, Belgium). The scaffold-gran-
ulation unit was meshed once and later inserted in the femur or in the
tibia for each simulated case.
2.3.1.1. Femur and tibia Firstly, CT images were segmented with a
livewire technique (Materialise Mimics™ 22.0, Materialise, Leuven, Bel-
gium) to extract the femur and the tibia geometries. Each bone model
was trimmed 10 cm from the condyles and meshed with target edge
length of 1.4 mm, resulting in approximately 400.000 elements.
Hounsfield units (HU) from CT images were mapped onto the FE mod-
els [41] and a custom algorithm was developed in the Python program-
ming language to adjust for the partial volume effect at the edge be-
tween cortical bone and soft tissue. The algorithm redefined the HU at
any node of the bone surface to the one of the nearest internal node,

only if the inner HU value was higher than the outer [42]. After trans-
forming HU into apparent density [43], bone material properties were
assigned based on a continuous relationship between apparent density
and Young's modulus for ovine bone taken from the literature [13] (Sup-
plementary Material - Fig. S2). In the FE analysis, femur and tibia were
modeled as a linear elastic material, where Young's modulus was deter-
mined from the density-modulus relationship and Poisson's ratio was set
to 0.3 [43].
2.3.1.2. Scaffold-granulation unit The cylindrical titanium scaffold was
uniformly meshed, with a maximum edge length of 0.55 mm. The
porous domain within the scaffold was considered the granulation tissue
of the model. Starting from a cylinder matching the titanium scaffold
size, the granulation tissue domain was determined as a non-manifold
assembly, with the titanium scaffold as intersecting entity. In this way,
the two parts shared nodes and element surfaces at their interface. Each
pair of nodes was constrained to have identical displacement (tie-con-
straint), ensuring matching scaffold and tissue displacements at their in-
terface. After investigating three different mesh sizes, the granulation
volume was meshed with a maximum edge length of 0.3 mm, so that
the titanium-granulation unit constituted a cylindrical part of approxi-
mately 630.000 elements to subtract from the bone (Supplementary Ma-
terial - Fig. S3). In the FE analysis, both the scaffold and the granulation
tissue parts were modeled as linear elastic materials. For the titanium
alloy, a Young's modulus of 104 GPa (Materialise data) and Poisson's ra-
tio of 0.3 were used. For the granulation tissue, the mechanical proper-
ties followed the continuous relationship between apparent density and
Young's modulus used for the femur and the tibia, with initial bone den-
sity ρinitial set to 0.001 g/cm3, and Poisson's ratio set to 0.3.

2.3.2. Boundary conditions
2.3.2.1. Cell invasion Cell invasion of the scaffold pores was imple-
mented as a thermal diffusion process from the surrounding bone tissue,
where the normalized cell concentration was maximum. Thus, the tem-
perature of the surface nodes at the bone-granulation interface was set
to 1 during the analysis. The bone-granulation interface comprised the
cylindrical surface of the scaffold (Fig. 3-A) as well as the flat surface
on the medullary side of the scaffold. Conversely, cell diffusion was ob-
structed from the flat surface on the periosteal side of the scaffold, where
the scaffold had a solid cap used for the press-fit insertion.
2.3.2.2. Mechanical loading The anatomical landmarks of the hip, an-
kle and knee centers, as well as the centers of the condyles and the
tibial plateaus, were identified in each femur and tibia [44]. Bound-
ary and loading conditions were applied in a new co-ordinate system
based on the femur [45] or the tibia [46] landmarks (Fig. 3-B,C).
In the model, loads were applied to the condylar surfaces (Fig. 3-B),
while boundary conditions were applied to both the trimmed diaphy-
ses and the knee centers of the femur and tibia (Fig. 3-C). The ap-
plication of displacement constraints at both ends of a long bone pro-
duces physiological deformation and minimizes reaction forces at the
constrained nodes [47]. For this reason, displacements along the axial
and the antero-posterior directions of a 5 mm radius area around the
knee center were set to zero, similarly to the physiological boundary
conditions applied in a previous femur model [47]. Moreover, displace-
ments were fully constrained to zero in four nodes of the trimmed sur-
faces, while all other nodes of the trimmed surface had only their axial
displacement constrained to zero (Fig. 3-C). In this way, all absolute
displacements throughout the model were below 1 mm (Supplementary
Material - Fig. S4).Contact forces were based on experimental studies
in ovine models quantifying the total force at the knee joint during a
gait cycle [48,49]. All forces were scaled to the animal body weights
(Table 1). The distribution of the total knee contact force over the con-
tact areas was based on the force distribution as determined by a val-
idated musculoskeletal model of a human knee while squatting [50].
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Fig. 3. Boundary and loading conditions of the finite element model of bone regeneration. Boundary conditions were applied to the blue surfaces, while loading conditions to the orange
regions. (A) Granulation tissue. The boundary condition of the thermal diffusion analysis was applied at the granulation-bone interface, assuming a constant and maximum normalized
cell concentration. (B) Loading and boundary conditions at the knee joint. The displacement of a 5 mm radius area around the knee center was set to zero along the antero-posterior (A-P)
and the axial directions (Ax). The total forces are distributed over the contact areas of the patella and the condyles. (C) Boundary conditions on the distal femur and proximal tibia. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 1
Summary of the loading conditions applied on the femur and the tibia. Knee joint forces were scaled to the body weight and distributed over the different contact areas of the femur and
the tibia. Forces were distributed over the patella and the condyles for the femurs and over the tibial plateaus for the tibiae. All forces were applied along the axial, the antero-posterior
(A-P) and the medio-lateral (M-L) directions. Animal weights are expressed in kg, age is expressed as years at the beginning of the in vivo experiment, while all forces are in N.

Femur Age Weight Axial Patella Medial condyle Lateral condyle

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

Case 1 2.8 72 554 −680 25 605 815 3 367 369 −66
Case 2 3.7 65 500 −614 22 547 736 3 332 333 −60
Case 3 2.8 58.5 450 −553 20 492 662 2 298 300 −54

Tibia Age Weight MEDIAL PLATEAU LATERAL PLATEAU

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

Case 1 2.8 72 −1009 −91 73 −511 −118 14
Case 2 3.7 65 −911 −82 −66 −461 −107 13
Case 3 2.8 58.5 −820 −74 59 −415 96 12
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According to the musculoskeletal model, forces were divided over the
contact areas of the patella and the condyles, while in the tibia they
were divided over the tibial plateaus (Table 1) [50]. Bone remodeling
and regeneration algorithms commonly use peak loadings during walk-
ing to quantify mechanical stimulation [31,34,51], which corresponds
to 60∘ of knee flexion in the ovine gait cycle [48]. Therefore, total knee
joint forces were distributed based on the proportions between medial
and lateral contact forces measured in the musculoskeletal model at the
position of 60∘ of flexion [50].

2.4. Post-processing FE output

2.4.1. Local daily strain stimulus
The local daily strain stimulus Ψlocal∗ was calculated first in the

neighboring area of the bone scaffold. Before each remodeling analy-
sis, the daily strain stimulus Ψ was measured for all femur elements
within a cylinder of 8 mm radius and 16 mm length centered on the
scaffold-granulation unit. Ψlocal∗ was then computed as a weighted aver-
age, with the element volumes as weights.

2.4.2. In silico microCT and bone ingrowth assessment
The computational model included all scaffolds implanted in each

animal to properly account for each scaffold's effect on the local me-
chanical environment. However, only the numerical predictions of the
microCT imaged scaffolds were analyzed and used to calibrate the com-
putational model. In order to quantitatively compare numerical predic-
tions with in vivo experimental measurements, the simulation outputs
were processed similarly to in vivo data [13]. At the end of each analy-
sis, an Otsu thresholding algorithm separated the non-mineralized tissue
from the newly formed bone in the granulation tissue. The identification
of a medullary, middle and periosteal subregion within the granulation
tissue (length 3.5 mm each) led to the bone ingrowth assessment, as per-
formed in the in vivo procedure. The periosteal subregion was the closest
to the external surface of the bone, while the medullary subregion was
the furthest (Fig. 2).

2.5. Parameter estimation

The constant of bone volume deposition rate k and the reduction
factor α, introduced in the mathematical model of bone regeneration,
are directly associated with physiological quantities. They represent the
mechano-sensitivity of the organism and the reduction of the reference
stimulus initiating bone formation in the peri-implant region, respec-
tively. Therefore, model calibration comprised identifying a subject-spe-
cific k and a location-specific α that minimized the difference between
computational and in vivo experimental results. The factor α was inves-
tigated in the range (1, 100) [%], since it was a reducing factor of the
local reference strain stimulus. The constant k was investigated in the
range (1⋅10−5, 9⋅10−4) [% ⋅ μstrains−1 ⋅ day−1], which included the val-
ues of similar parameters used for bone regeneration [27] and remodel-
ing [54] models (Supplementary Material - Table S3). When calibrating
the model, the residual sum of squares (RSS) were first calculated for
all numerical outcomes. Since α was a location-specific parameter, we
determined the values of α that minimized the RSS for each value of k.
Next, samples were grouped by recipient and we determined the value
of k that minimized the RSS for the whole recipient. Therefore, both α
and k were determined by minimizing of the RSS. On the one hand, the
determination of α allowed intra-subject variation. On the other hand,
the determination of k required that it was the same for samples within
the same subject.

The diffusion constant D indicates the migration at which the host
cells invade the granulation domain. Given that D represented the whole
cell population, the mechano-driven model of bone regeneration

was calibrated with D set to 0.01 mm2/day, representing the midpoint of
the range of diffusion constants used in a previous bioregulatory model
of bone healing [52]. By way of sensitivity analysis, the computation
was then repeated with D set to 0.1 and 0.001 mm2/day. Table 2 shows
the remaining model parameters used in the FE analysis.

2.6. Temporal evolution of bone ingrowth

Bone ingrowth predictions were computed at each time increment
of the numerical analysis and the temporal evolution was defined for
the whole period simulated (12 weeks). As for the in vivo data, bone
ingrowth was assessed for samples located in the femoral epiphysis of
all goats, while in the tibiae two scaffold were in contact with compact
bone and another one was in contact with trabecular bone (2-B,C). In
the in vivo data, bone ingrowth was quantified in both groups eutha-
nized at different timepoints (6 and 12 weeks). Numerical predictions
were computed for the experimental group euthanized at week 12, and
the temporal evolution of the bone ingrowth was compared to experi-
mental data at 6 and 12 weeks.

2.7. Statistics

The Python programming language was used to run all the statistical
analyses. We used repeated measures correlation (rmcorr) to compare
numerical predictions of bone ingrowth in each subregion to the experi-
mental data, since the assumption of error independence between obser-
vations was violated for predictions within the same recipient [55]. The
repeated measures correlation coefficient rrm and its 95% confidence in-
terval (CI) were used as measure of goodness of fit of the computational
model.

3. Results

3.1. In vivo bone ingrowth in distal femur and proximal tibia

After 12 weeks from surgery, bone formation mostly occurred in the
outer pores of the scaffold for all samples, with limited ingrowth in the
core (Fig. 4) and different distribution depending on the anatomical lo-
cation. When implanted in vivo, scaffolds in contact with trabecular bone
(Fig. 5, green and blue scaffolds) had a homogeneous bone ingrowth
distribution throughout the medullary, the middle and the periosteal
subregions. Conversely, close to the tibial diaphysis bone ingrowth was
substantially shifted in the periosteal subregion (Fig. 5, orange scaf-
folds). Moreover, a single animal (case 1) had both the highest periosteal
bone ingrowth for the scaffold in contact with compact bone and the
highest mean bone ingrowth for the scaffold in contact with trabecular
bone (Fig. 5-B, left column). Bone ingrowth was also quantified in the
femoral epiphysis for a different group of recipients euthanized 6 weeks
after surgery. Bone ingrowths did not markedly differ at weeks 6 and 12
in any subregion (Fig. 6).

Table 2
Finite element parameters of the bone regeneration algorithm.

Parameter Description Value Unit Ref

ρinitial Initial bone mineral density 0.001 –
D Diffusion constant 0.01 Range in [52]
m Daily strain history

parameter
4 adim [34]

N Number of loading cycles 10,000 [53]
Maximum bone deposition
rate

4 Adapted from
[36]

ρmax Maximum bone mineral
density

1.6 [13]
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Fig. 4. In silico microCT. (A) Representative microCT image of bone forming within the defect located in the goat femoral epiphysis (case 1) at the end of the in vivo experiment (12 weeks)
and in silico microCT image of the comparable location in the computational model of bone regeneration. (B) Left - Normalized count of elements in the granulation tissue of the in silico
model at the end of the simulation. Dash line represents the Otsu's threshold used to separate the mineralized part of the granulation domain from the not-mineralized one. Right - In silico
CT rendering of the bone ingrowth into the porous scaffold. (C) Location of the defect in the goat femoral epiphysis simulated in the in silico model and detail of the granulation domain
(pink) with the medullary (red), middle (purple) and periosteal (light blue) subregions highlighted. (D) Representative In vivo and in silico microCT slices of the medullary, middle and
periosteal subregions where bone is labeled in yellow and metal is labeled in green. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 5. Mechano-driven regeneration predicted bone ingrowth distribution in different scaffold locations. Bone ingrowth was assessed in six different scaffolds inserted into the left femurs
and the tibiae of three different goats (cases) after 12 weeks from implantation. (A) Representative femur and tibia models showing the epiphyseal (blue, green) and diaphyseal (orange)
locations of the titanium bone scaffolds. The scaffolds were individually simulated with the finite element model of mechano-driven bone regeneration. Three-dimensional view of the
porous titanium scaffolds (gray) with the medullary (red), middle (purple) and periosteal (light blue) subregions highlighted. (B) Comparison of bone ingrowth quantification between in
vivo and in silico models. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. The temporal evolution of bone ingrowth in porous titanium scaffolds revealed limited increase in bone ingrowth after 3 weeks from implantation. Temporal evolution of the bone
ingrowth in the medullary, middle and periosteal regions of titanium porous scaffolds inserted in the femoral epiphysis of goat animal models. Comparison between in silico (dashes) and
in vivo (points) results. Point plots and dashed lines denote the mean of n = 3 samples, with error bars and error bands representing 95% of confidence interval.

3.2. In silico microCT

Based on the normalized tissue density histogram at the end of the
computational analysis, the Otsu's segmentation determined an optimal
density threshold of 0.251±0.068 g/cm3 to separate two tissue types,
leading to the identification of the newly formed bone in the scaffold
pores (Fig. 4-B). In addition, the apparent density of the newly formed
bone after the last iteration covered the ranges of both trabecular bone

(ρ < 0.8 g/cm3) and the one separating trabecular from cortical bone
(0.8< ρ <1.2 g/cm3) (Fig. 4-B). Similarly to the analysis of the in vivo
data, medullary, middle and periosteal subregions were defined in the
granulation tissue to assess bone ingrowth distribution (Fig. 4-C,D).

3.3. In silico predictions of bone ingrowth in distal femur and proximal tibia

The distribution of simulated mechano-driven bone ingrowth inside
each scaffold correlated closely to the experimental data (rrm = 0.90,
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95% CI [0.72, 0.96], Supplementary Material - Fig. S5). Experimental
and simulated ingrowth both showed a clear dependence on the anatom-
ical location (Fig. 5-B), which corresponded to different distributions
of the mechanical stimulus within the scaffold pores at implantation
time (Supplementary Material - Fig. S6). Compared to experimental re-
sults, the model slightly overestimated the ingrowth in the medullary
region for scaffolds in contact with trabecular bone (mean ingrowth
8.74±5.74% vs. 7.43±3.87%, Fig. 5-B, green and blue scaffolds). Scaf-
folds inserted close to the diaphysis consistently showed higher bone in-
growth in the periosteal subregion when tuning the individual parame-
ters k and α (Supplementary Material - Fig. S7) and when changing the
diffusion constant D (Supplementary Material - Fig. S8).

The temporal evolution of predicted bone ingrowth highlighted a
sharp increase in the first 3 weeks after implantation, during which the
mean apposition rate for all scaffolds was 0.37±0.28%/day (Fig. 6). Af-
ter that, bone ingrowth in all samples exhibited a plateau in all scaffold
subregions, with a slight underestimation compared to the experimental
data in the middle and periosteal subregions. At the end of the numer-
ical analysis, bone ingrowth was mostly observed in the outer pores of
the scaffolds, while it was limited in the scaffold core (Supplementary
Material - Fig. S9).

3.4. Individual and local biomechanical demands

By fitting experimental results, the in silico model estimated a con-
stant of bone volume deposition rate k in the range of [6,10] 10−5

%⋅strains−1⋅day−1, where the highest constant corresponded to the re-
cipient reporting the highest bone ingrowths in both the femoral epi-
physis and the tibial diaphysis (case 1, Fig. 7-B). Moreover, the local
reference stimulus Ψlocal∗ ranged from 35 to 120 μstrains/kg, depend-
ing on the implantation site and the animal. It was consistently higher
in the femur than in the tibia for all three cases simulated, with higher
magnitudes corresponding to higher body weights (Fig. 7). As for the
reduction factor α, the model identified comparable values for different
scaffold locations within each recipient. It ranged from 45% to 65% for
both femoral and tibial locations of cases 2 and 3, while it was 20%

and 10% for the femoral and tibial location of case 1, respectively (Fig.
7-A). As a result, the mechanical stimulus triggering bone formation,
which was the product of Ψlocal∗ and α, had the opposite trend of the
constant of bone ingrowth k: bone formation was triggered at lower val-
ues of mechanical stimulus in recipients with higher k (Fig. 7-A).

4. Discussion

4.1. Mechano-driven regeneration predicts bone ingrowth distribution

The in silico model presented here revealed that a regenerative
process purely based on mechanical stimulation predicts the bone in-
growth distributions, penetration depths as well as the bone formation
dynamics observed in vivo when porous titanium bone scaffolds were
implanted in different recipients and implantation sites. The model out-
come indicated different mechanical states when the same scaffold ar-
chitecture was implanted in the diaphyseal or in the epiphyseal location
(Supplementary Material - Fig. S6).

Compared to in vivo data, medullary bone formation in the epiphy-
seal subregion was slightly higher whereas middle and periosteal bone
formation in the same location were lower, which might be related to
a wider surface in direct contact with bone tissue and aspirate bone
marrow for the medullary subregion. The higher (but not significant)
mean bone ingrowth was also observed in vivo both at 6 and 12 weeks
in the medullary region (Fig. 6). Therefore, the computational model
predicted both the in vivo trends of slightly higher bone ingrowth in the
medullary subregion for the epiphyseal location and the significantly
higher bone ingrowth in the periosteal subregion for the diaphyseal lo-
cation.

The two different mechanical environments of the epiphyseal and
diaphyseal implantation sites are the result of the adaptation of long
bones. Indeed, on the one hand diaphysis adapted to bending and some
torsional loadings [56]. On the other hand, the presence of cancellous
bone confers epiphyses a shock absorbing function, homogeneously dis-
tributing their load throughout their volume [18].

Our results suggest that different biomechanical demands on the
epiphyseal and the diaphyseal locations of a long bone induce distinc

Fig. 7. Individual model parameters identified a stronger responder to mechanical stimulation and a mechanical stimulus initiating bone formation that varied among different implan-
tation sites. Individual parameters of the mechano-driven model of bone regeneration applied to the three animal models studied. (A) Location-specific parameters. The local reference
stimulus Ψlocal∗ was normalized by the body weight (BW) of each animal. Together with the reduction factor α, they were location-dependent and denoted the biomechanical demand of the
peri-implant environment, while the product α ⋅ Ψlocal∗ defined the mechanical stimulus triggering bone formation. (B) Subject-specific parameter. The constant of bone volume deposition
k denoted the subject's mechano-regulatory potential.
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tive bone ingrowth distributions for the same scaffold microarchitecture.
The use of the in silico approach revealed the regulatory role of the me-
chanical environment on the scaffold performance.

4.2. Mechanics limits complete bone formation within the scaffold pores

The use of an automatic algorithm to segment the bone tissue in the
granulation domain resembled the common procedure applied with in
vivo samples (Fig. 4). Bone density thresholds in the in silico results were
around 0.25 g/cm3, which is comparable to the lower range of apparent
density in trabecular bone specimens [13]. By applying the same auto-
matic thresholding technique, the computational model reached thresh-
old values similar to the in vivo cases, strengthening the use of such
mechano-regulatory theory to capture the dynamics of bone formation
within the scaffold pores. Moreover, the mean bone volume deposition
rate in the first three weeks after implantation was 0.37%/day, corre-
sponding to a bone apposition rate of 3.7 μm/day for a bone surface of 1
mm2. Such a bone apposition rate is comparable to the one of 1–2 μm/
day observed in osteoids [57].

The analysis of the temporal evolution of bone ingrowth suggested
that further deposition was not expected within the scaffolds pores. As
bone started forming, the increase in the material properties led to a
steady decrease of the mechanical stimulus, thus a reduction in the
bone apposition rate. Mechanical stimulation in the scaffold core never
reached the threshold value initiating bone formation, which suggests
that the scaffold core was mechanically shielded by the newly forming
bone in the outer pores. Thus, bone ingrowth was limited to the outer
pores of the scaffold (Supplementary Material - Fig. S9). Once mechan-
ical stimulation was also lower than the reference value in the outer
pores, new bone tissue formation stopped entirely. In silico predictions
estimated that the bone ingrowth plateau started 3 weeks after implan-
tation, which might explain the similar values of in vivo bone ingrowth
at 6 and 12 weeks (Fig. 6). Similarly, Chen et al. reported increasing
mean bone ingrowth for porous titanium in ovine model up to 4 weeks.
After 4 weeks, bone ingrowth did not increase until the last timepoint of
the study (12 weeks) [58].

In general, the use of computational modeling in our study was es-
sential for revealing information about the dynamic interaction between
scaffold and host. Investigating the temporal evolution of bone ingrowth
in vivo is expensive and has ethical concerns since it requires differ-
ent animals for each timepoint, while the in silico model has no such
concerns. Moreover, it provided a mechanical explanation of the lim-
ited bone penetration depth and the plateauing of bone ingrowth. Even
though the model was only fit to results from the end of each experi-
ment, it was still able to predict the limited bone ingrowth gain from the
earlier timepoint.

4.3. Subject- and location-specific parameters model host mechano-response

Fitting experimental results is not only a successful strategy to cali-
brate an in silico model but, more importantly, it is decisive in extracting
physiologically relevant information from the numerical analysis.

The parameter of bone volume deposition rate k represents the host
capacity to form novel bone tissue based on mechanical stimulation. In
our model the identification of the optimal parameters for each simula-
tion led to similar values of k for cases 2 and 3, while a higher value
of k was found for case 1 (Fig. 7-B). Correspondingly, case 1 reported
the highest absolute bone ingrowths in both the femur and the tibia
(Fig. 5-B). The higher regenerative potential of this subject was cap-
tured by the in silico model, both in terms of total bone ingrowth and
mechanosensitivity.

The model consistently showed higher local surrounding stimulus
Ψlocal∗ for the femoral location in all cases studied, suggesting that the
stimulus triggering bone ingrowth in the femur was higher compared to

the tibia. Bone adaptation to a local mechanical state might take into
account that bone cells adapt to each characteristic state. Our results
are consistent with the finding that instead of a single value throughout
the skeleton, the minimum effective strain threshold is expected to vary
locally depending on the loading environment, which defines the local
biomechanical demand [20].

Best fits of the in silico model were obtained for values of the reduc-
tion factor of the reference stimulus α around 50% for cases 2 and 3,
while its value was below 20% for case 1 (Fig. 5-B). From a biological
perspective, the model suggested that bone formation within the scaf-
fold pores was triggered by a fraction of the mechanical stimulus in the
surrounding tissue. An earlier study combining in vivo experimental data
with a finite element analysis of the local tissue mechanics, confirmed
the alteration of the remodeling rules around a titanium implant. The
authors reported bone started to form for mechanical stimuli 66% lower
than those observed far from the implant [37].

Variability in the mechano-regulatory capacity of each subject de-
pends on multiple factors, such as aging [17] or physical exercise [59].
More in general, the inherent variation between patients deeply affects
the clinical outcome of regenerative products [60]. This source of vari-
ability is normally underestimated in preclinical models, where typically
a small number of young, healthy animals are studied. The same issue
arises with in silico models, which are commonly calibrated on single or
ideal subjects [61].

Our study provides a mechanical interpretation of the response vari-
ability between individual recipients. By modeling the host mechanical
response with a subject and a location specific parameter, we predicted
bone formation within porous scaffolds and showed that the scaffold os-
teointegration cannot depend on its mechanical properties alone.

4.4. The mechanobiological potential of the host-scaffold unit

Taken together, our results indicate the essential role of host me-
chanical environment and mechano-sensitivity in the process of bone in-
growth into a porous bone scaffold.

Scaffolds with the same microarchitecture exhibited different bone
ingrowth patterns when inserted in a diaphyseal or in epiphyseal loca-
tion, which was associated with a diverse mechanical demand of the lo-
cal environment. Interestingly, the in silico model facilitated determin-
ing a host-specific mechano-sensitivity, whose effects led to different
bone ingrowth outcomes between recipients even though the scaffold
was implanted at identical locations. The use of a mechano-based model
also revealed specific aspects of the bone ingrowth dynamics, show-
ing for instance that most of the increase in bone ingrowth occurred
within the first 6 weeks after implantation. Similarly to the concept of
the bone-healing unit, which produces a dynamic physiological response
based on its biological and mechanical environment [62], the mechani-
cal factor in the bone regeneration process depends on the dynamic in-
teraction between the scaffold and the host mechanical environment,
which combines the local tissue strain with anatomical location-depen-
dent habitual strain levels and host-dependent strain sensitivity. There-
fore, from a mechanical perspective, the combination of host and scaf-
fold defines a mechanobiological unit contributing to the final scaffold
regenerative potential.

Modeling the host response to the implantation of an additively man-
ufactured porous material has direct implications on its design. Cur-
rent patient-specific implants mainly aim to provide a tailored geom-
etry and often include a porous metallic surface to improve their os-
teointegration, but they do not vary the mechanical properties of the
porous surface depending on the specific implant location or the host
regenerative potential. Scaffolds with lower apparent modulus enhance
bone regeneration, although they must be stiff enough to ensure strength
against mechanical failure [23]. Translated to the in vivo study ana-
lyzed, it is likely that a scaffold with a lower apparent modulus in
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the core would have improved bone formation (Supplementary Fig. S9).
In search of an optimal apparent modulus, degradable biomaterials or
scaffolds with stiffness gradients are two potential approaches to re-
duce the scaffold apparent modulus and improve its mechanobiological
performance. On the one hand, degradable scaffolds reduce mechani-
cal properties over time [63], thus they gradually increase the strain
throughout the scaffold pores. On the other hand, scaffold architecture
can be finely tuned [64] to maximize both bone regeneration and scaf-
fold stability, for example by designing lower apparent modulus where
the bone tissue is likely to be formed while keeping the apparent mod-
ulus higher where bone formation is unlikely to happen. However, pa-
tients with lower response to mechanical stimulation might be insensi-
tive to stiffness gradients and would probably need nondegradable scaf-
folds [15]. Therefore, a subject-specific model of mechano-driven bone
regeneration could identify which patients benefit from a degradable
scaffold or from a scaffold with a stiffness gradient or from a combina-
tion of both.

From a pragmatic perspective, the definition of the local biome-
chanical demand could rely on patient-specific models comprising bone
mechanical properties, kinematic data and musculoskeletal load [65],
while the clinical assessment of the individual mechano-sensitivity still
requires further investigation. For example, the influence of the genome
on bone mechano-responsiveness, already reported for inbred strains of
mice [66], suggests that genetic diversity among patients might be as-
sociated to their individual mechano-sensitivity [67]. In addition, estro-
gen deficiency is another factor that impairs the bone cell mechano-sen-
sation [68,69]. Therefore, mechano-sensitivity in computational models
of mechano-driven bone regeneration might be correlated to the circu-
lating estrogen levels, which are lower for female postmenopausal pa-
tients. Overall, the definition of a mechanobiologically-based approach,
including individual estimates of the local biomechanical demand and
mechano-sensitivity, would get closer to the specific needs of each recip-
ient and facilitate endogenous bone formation.

4.5. Limitations

The use of FE methods is a well established procedure to define
the bone mechanical state in different applications [70–72]. However,
the mechano-driven model of bone regeneration used some assumptions
that should be justified in line with the final conclusions here obtained.

Firstly, although the total forces applied on both the femurs and the
tibiae were measured at the knee joint of ovine models, the distribu-
tion of mechanical loads over the femoral or tibial surfaces relied on a
musculoskeletal model of a human knee while squatting. To the best of
our knowledge, we do not know any study reporting the distribution of
loading over the medial and lateral condyles in the knee joint for ovine
animals during a gait analysis, and a model of the human knee was used
because of its similarity to the ovine knee joint. Moreover, the present
study considered mechanical loads proportional to the recipient body
weight, while the loading history was assumed to be the same for all in-
dividuals. Nonetheless, activity levels following experimental interven-
tions may vary between individuals [73]. Thus, future mechano-driven
models of bone regeneration should include experimental in vivo studies
tracking movement and activity for each subject.

Secondly, the regeneration model assumes that bone is the only tis-
sue that could form within the scaffold pores. When micromotion oc-
curs at the bone-scaffold interface, fibrous tissue could form and im-
pair osteointegration [74]. However, at the start of the animal exper-
iment, scaffolds were inserted through press-fitting, limiting micromo-
tion at the bone-scaffold interface. Therefore, fibrous tissue formation
was neglected in this study, although micromotion and eventual fibrous
tissue formation should be modeled when the mechanical stability of
the bone-scaffold interface is not guaranteed [75]. As for the properties
of the newly formed bone tissue, the hierarchical structure of the tissue

was replaced by a homogeneous material with equivalent linear elas-
tic properties [34]. In addition, the model assumed that fully developed
bone tissue is formed after deposition [34]. As a result, the model did
not include any analysis of the bone histomorphometry, although the
efficacy of bone scaffolds is directly related to the quality of the newly
formed bone. Differences in the apposition of mature lamellar bone have
been recently reported for compliant and stiffer scaffolds, but variations
in the final bone quality (e.g. woven-to-lamellar bone transition) corre-
sponded to differences in the mechanical properties and final bone in-
growth [15]. Therefore, the model presented here cannot predict the
histomorphometry of the regenerated bone tissue, but it can compare
the global regenerative performance of different bone scaffolds for a pa-
tient-specific application, as well as the global performance of the same
scaffold for different implantation sites.

Thirdly, the present model does not include the effect of precise
bioregulatory factors on bone regeneration. Factors as the level of oxy-
gen tension and angiogenesis can be more determinant to the osteogenic
or chondrogenic differentiation of mesenchymal stem cells (MSCs) than
mechanical stimulation [76]. In view of predicting progenitor cell fate,
in silico models implementing bioregulatory factors have been exten-
sively applied in the field of bone regeneration, with a strong focus on
bone fracture healing processes [77,78]. However, the objective of our
study was to isolate the mechanobiological problem of bone ingrowth
into a porous scaffold and evaluate the influence of both the scaffold
and the recipient. By reducing the cellular invasion process to a diffu-
sion process coupled to mechano-driven regeneration, we defined a sim-
plified system compared to the real conditions, but with the unique ad-
vantage of revealing the importance of mechanical stimuli in bone re-
generation, which provided a biophysical interpretation of our results.

Furthermore, one additional limitation regards the in vivo data used
to calibrate the model. The animal study was not designed to address
the objectives of our work, thus relevant data that could strengthen the
model calibration was never collected, such as CT scans of animals euth-
anized 6 weeks after surgery or a larger number of samples and locations
where bone ingrowth was assessed. On the one hand, to demonstrate an
absolute relationship between mechanical stimulus and bone ingrowth
distribution, scaffolds should have been tested in the same implantation
site while undergoing different loading conditions. On the other hand,
only recent in vivo studies highlighted the importance of the local bio-
mechanical demand and the individual response for bone regeneration
[15], as well as the role of bone mechanobiology in the maximization
of bone ingrowth. The different bone ingrowth patterns observed in vivo
for the same scaffold architecture suggest that mechanics plays a key
role in determining the final outcome, and the different magnitudes re-
ported for each recipient support the hypothesis of inter-subject variabil-
ity. Thus, we believe that our results call for new investigations on the in
vivo impact of mechanobiologically-optimized scaffolds. Designing con-
comitant in vivo and in silico studies is the most successful strategy to
maximize the clinical impact of such an optimization process.

5. Conclusions

Mechanical stimulus is intrinsically associated with the regenerative
response to bone scaffolds in terms of bone formation. Successful ap-
plication of a specific graft therefore requires a better understanding of
the local mechanical microenvironment. The mechanical interaction be-
tween the scaffold and the subject relies on the local environment and
the host response, in terms of both the distribution and the amount of
newly formed bone within the scaffold. Using computational methods,
we demonstrated that different implantation sites cause different me-
chanical conditions and induce distinctive patterns of bone ingrowth
distribution, while the dynamics of mechanical stimulus limited bone
penetration depth within the scaffold. The model calibration against in
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vivo data revealed a stronger responder between the recipients as well
as different mechanical stimuli initiating bone formation in the femur
and in the tibia. The scaffold and the host defined a mechanobiologi-
cal unit, whose dynamic state controlled the bone ingrowth process and
the scaffold regeneration potential. From a clinical perspective, model-
ing the host mechanical response provides a mechanobiologically-based
approach to meet both subject- and location-specific needs by tuning
scaffold mechanical properties.
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