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A B S T R A C T

The treatment of large bone defects is an unmet clinical need. 3D printed scaffolds offer a promising solution, 
however they are still not widely employed in clinical practice due to inconsistent healing outcomes and limited 
understanding of the underlying regeneration mechanisms. To address this, we developed a computer model for 
3D printed scaffold-guided bone regeneration and angiogenesis. Our novel computer model successfully reca
pitulated the bone regeneration process within two 3D printed scaffold architectures: one comprised of micro
fibres of 20 μm diameter fabricated by melt electrowriting and another comprised of larger diameter fibres of 
200 μm fabricated by fused deposition modelling. Thereafter, the model was employed to further assess the 
specific contribution of structural and mechanical cues on vascularisation and bone formation. We found that 
scaffolds fabricated by melt electrowriting enhanced bone formation because of the advantageous architectural 
features such as high surface-area-to-volume ratio, despite the lower mechanical stiffness. Additionally, their 
high open porosity facilitated vessel infiltration and induced mechanical strains accelerating vessel growth as 
compared to fused deposition modelling scaffolds. However, the small pore size on the outer surface might limit 
the invasion of larger vessels, which is expected to occur at the later stages of healing. Understanding how 
scaffold architecture and mechanical properties jointly orchestrate angiogenesis and bone formation is essential 
for optimising scaffold design and enhancing the regeneration of large bone defects. In silico models like the one 
presented in this study hold great promise for advancing scaffold design and enhancing clinical outcomes.

1. Introduction

Bone tissue has the ability to regenerate without the formation of 
scar tissue. However, bone defects exceeding a critical size do not heal 
spontaneously and their treatment remains a clinical challenge. Current 
treatment strategies (e.g., autologous bone grafting, Masquelet tech
nique, and the use of growth factors) have several drawbacks, including 

the need for a second surgery, limited graft availability, and donor site 
morbidity, among others [1,2]. In the last decades, research in this field 
has focused on 3D printed scaffolds as a treatment alternative, capable of 
providing mechanical support to the healing site while guiding and 
promoting endogenous bone regeneration. Although several preclinical 
and clinical studies have shown encouraging results in terms of bone 
regeneration [3–10], revascularisation of large scaffolds is one of the 
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major hurdles to their clinical adoption.
The architecture of bone scaffolds can largely influence the level of 

vascularisation and bone regeneration [11,12]. Geometrical properties 
of the scaffolds, such as pore size, porosity, surface area and 
surface-area-to-volume ratio, were found to affect the cellular and 
angiogenic processes through the scaffold pores and therefore the bone 
healing progression in experimental studies [7,13–22]. Pores larger than 
300 μm are known to promote cell migration [14]. High porosities, in 
the range 70–80 %, proved to enhance osteogenic proliferation and 
differentiation compared to 60 % porosity [23]. Although pores larger 
than 300 μm promoted cell proliferation [14], no significant correlation 
was found between cell proliferation and pore size in other experimental 
works [15,18]. Medium-sized pores (470–590 μm) were found to pro
mote vascularisation as compared to cases where pores were either 
bigger (>590 μm) [15] or smaller (<400 μm) [19]. However, smaller 
pores and thus a higher available surface area were shown to be bene
ficial for cell attachment [20]. A high surface-area-to-volume ratio al
lows optimal cell attachment [21,22] and appears to be more beneficial 
for bone regeneration [7]. Due to the complexity of these interactions 
and contradicting results reported in these studies, it is difficult to derive 
conclusions on how to tune scaffold parameters to promote bone and 
vessel formation.

Beyond the direct interaction between cells and the scaffold 
geometrical features, the specific scaffold architecture affects its me
chanical properties and thus the share of load transferred to cells and 
tissues within the healing region. Mechanical signals, such as stresses 
and strains, are known to influence bone and vessel formation patterns. 
In vitro studies have found that vessels align along the principal strain 
direction at moderate strain levels (<10 %) [24], while at high strain 
levels (>10 %), they re-orient orthogonal to it [25–28]. Strains also 
modulate endothelial cell (EC) proliferation and thus vessel elongation: 
low strains inhibit apoptosis and increase ECs proliferation, while large 
strains have the opposite effect [29–32]. Mechanical strains within the 
healing zone play a major role in the bone regeneration process as well: 
moderate interfragmentary strains promote bone formation, while 
excessively high or low strains impair healing and can lead to delayed 
healing or non-union [33]. In this context, scaffold design plays a crucial 
role in modulating these mechanical signals within the healing region. 
However, there is a lack of understanding of how different scaffold de
signs impact the local mechanical environment surrounding the cells 
and affect vessel and bone formation during scaffold-aided bone 
regeneration.

3D printing techniques allow the production of scaffolds with 
tailored and highly controlled architectural features. For example, fused 
deposition modelling (FDM) allows the fabrication of scaffolds with 
large interconnected pores, while melt electrowriting (MEW) allows the 
3D printing of micron and sub-micron fibres, facilitating scaffold designs 
with higher porosity and higher surface-area-to-volume ratios. Scaffolds 
fabricated by FDM and MEW have previously been shown to promote 
large bone defect regeneration and revascularisation in in vivo studies 
[8–10]. In particular, Eichholz and colleagues [34] showed that PCL 
scaffolds fabricated by MEW and FDM enhanced bone regeneration and 
angiogenesis in a rat segmental defect, as compared to the control empty 
case. The amount and pattern of the newly regenerated bone differed 
within the MEW and FDM scaffolds, with increased bone formation 
observed within the MEW group. Interestingly, FDM scaffolds were 
found to promote higher vessel ingrowth. However, how the scaffold 
micro-architecture influences the local mechanical environment within 
the callus, the cellular processes within the pores, and thus vessel and 
bone formation patterns, is not fully understood and difficult to assess 
through experimental approaches alone.

Computer models enable the systematic investigation of how scaffold 
architectural cues influence the induced mechanical environment, as 
well as bone regeneration and angiogenesis processes. Several computer 
models have helped to identify the scaffold features promoting bone 
regeneration [35–37] and angiogenesis [38–41]. Sun et al. [38] 

demonstrated that scaffold porosity played a more dominant role in 
affecting bone formation and angiogenesis compared with pore size. 
However, their model was not directly compared to in vivo studies. 
Perier Metz et al. [42] found that a lower scaffold 
surface-area-to-volume ratio is beneficial for bone regeneration due to 
enhanced cellular migration, however, they did not consider angio
genesis in the model. Nasello et al. [43] showed that the osteogenic 
response depends on the mechanical environment induced by the scaf
fold, however, they did not investigate the influence of the scaffold ar
chitecture on the regeneration process and did not account for 
angiogenesis. A comprehensive investigation of the relative role of 
mechanics and scaffold architectures on bone and vessel formation 
processes in large bone defects is still missing.

This study aimed to investigate how the scaffold geometrical features 
resulting from different 3D printing techniques (MEW and FDM) and the 
induced mechanical environments affect bone regeneration and angio
genesis within large bone defects. To achieve this, a computer model of 
scaffold-guided bone regeneration including angiogenesis was built to 
replicate a previously published experimental setup [34]. The computer 
model was first compared to the experimental results and then used to 
gain new insights into the role of the scaffold architecture and the me
chanical environment on angiogenesis and bone regeneration in large 
bone defects.

2. Materials and methods

2.1. Experimental setup

The in silico model for bone regeneration was based on a previously 
published experimental study by Eichholz and colleagues [34]. Briefly, 
4.8 mm bone defects were realised in the mid-diaphyseal femur of 
12-week-old male Wistar Han rats (n = 9 per scaffold type) stabilised 
with a PEEK internal fixation plate and augmented with 3D printed 
polycaprolactone (PCL) scaffolds. Two distinct scaffold designs were 
fabricated by two 3D printing techniques: Fused deposition modelling 
(FDM) and Melt electrowriting (MEW). MEW scaffolds were produced 
using a custom-built MEW printer [44] as previously described [34], 
with a height of 4.8 mm, a diameter of 4 mm, and a fibre diameter of 20 
μm. FDM scaffolds were printed using a commercially available 3D 
printer as previously described [45,46] (3DDiscovery, RegenHU), with a 
height of 4.8 mm, a diameter of 4 mm, and a fibre diameter of 200 μm. 
Scaffolds were designed to obtain comparable total surface areas. Pri
marily due to inherent differences in the technologies, FDM scaffolds 
resulted in lower porosity (76.1 % vs. 97.6 %) and lower surface 
area-to-volume ratio (18.04 mm2/mm3 vs. 201.31 mm2/mm3) 
compared to MEW scaffolds. FDM scaffolds were also printed with a 
larger pore size (1.2 mm vs. 0.6 mm). All scaffolds were coated in cal
cium phosphate comprised of a nano-needle shaped structure using a 
wet precipitation method as previously described [47], with needle 
shaped mineral aggregates being approximately 100 nm in length and 
37 nm in diameter, and resulting in similar total mineral quantities (297 
± 130 μM for FDM, 340 ± 55 μM for MEW) due to the comparable 
surface areas. Scanning electron microscopy (SEM) was used to visualise 
the architectures of the printed scaffolds and the coating (Supplemen
tary Material, Fig. S1). The healing progression was assessed by in vivo 
μCT at 6 and 12 weeks post-surgery. At 12 weeks post-surgery, animals 
were sacrificed and histological analyses were conducted to investigate 
tissue deposition and vessel ingrowth. This animal procedure and study 
was approved by the ethics committee in Trinity College Dublin and the 
Health Products Regulatory Authority (HPRA) in Ireland 
(Approval—AE19136/P087).

2.2. In silico multi-scale model coupling mechanics and biology

To investigate how the MEW and FDM scaffold architectures and the 
induced mechanical environments affect bone and vessel formation 
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within large bone defects, a multiscale computational framework for 
scaffold-guided bone regeneration and vessel growth was developed. A 
computer model for scaffold-guided bone regeneration [42] was 
adapted to replicate the previously published in vivo experiment detailed 
in the paragraph above [34] and consisting of a large rat femoral 
osteotomy stabilised with an internal fixator and augmented with PCL 
scaffolds fabricated by FDM or MEW. The computer model was 
expanded to include a description of the mechano-regulation of angio
genesis and its crosstalk with chondrogenesis and osteogenesis. The 
model couples Finite Element Models (FEMs) at the tissue level, to 
determine the mechanical environment within the scaffold, to 
Agent-Based models (ABMs) at the cell level, describing the biological 
processes occurring throughout the healing process. The mechanical 
environment influences cell processes such as cell proliferation, migra
tion, differentiation and apoptosis while the newly deposited tissue, 
predicted by the ABMs, informs the FEMs in terms of updated tissue 
properties (Fig. 1). A detailed description of the two modules is provided 
in the following sections.

2.3. Quantification of the mechanical environment

The FEM of the rat femoral osteotomy was developed in the com
mercial software Abaqus (Abaqus 3DEXPERIENCE R2019x) to assess the 
mechanical environment within scaffolds. The computer model included 
the cortical bone, the marrow cavity, the internal fixation plate screwed 
to the bone and the FDM or MEW scaffolds within the defect and sur
rounded by a callus. Based on μCT images, the cortical bone was 
modelled as a hollow cylinder with a cortical thickness of 1 mm sur
rounding the marrow cavity. The bone defect was mimicked by opening 
a 4.8-mm-wide gap in the middle of the bone. The internal fixation plate 
and screws were generated according to the technical drawings with the 

screw body approximated as a cylinder. The callus was defined based on 
previous studies [37,49] relying on histological data [50]. Scaffolds 
were modelled using Abaqus (Abaqus 3DEXPERIENCE R2019x) ac
cording to the CAD designs in Eichholz et al., 2022 [34]. The callus, 
cortical bone and bone marrow were assumed to behave as poroelastic 
materials while the materials of the internal fixation plate (PEEK), 
screws (stainless steel) and scaffolds (PCL with nnHA coating) were 
modelled as linear elastic (Table I). FDM scaffolds were meshed using 3D 
quadratic tetrahedral elements (Abaqus element type C3D10MP) of 
average size 0.2 mm, while MEW struts were meshed using quadratic 
beam elements (B32) with a diameter of 0.02 mm and a characteristic 
length of 0.2 mm. All the measurements of the FEM are reported in the 
Supplementary Material (Fig. S2). For the FDM, the callus and scaffold 
meshes were merged to create a unique part with common nodes to 
avoid computationally expensive constraint definition between the two 
parts. Since beam and 3D elements have different degrees of freedom, a 
merging operation was not possible for the MEW scaffold. The 
beam-based scaffold elements were constrained to be embedded within 
the 3D callus elements.

Loading conditions aimed to simulate the peak load experienced 
during normal walking. An axial compressive load of 25 N (equivalent to 
6 body weight (BW)) was applied at the proximal bone end [51]. 
Additionally, two tangential forces of 3 N were applied to the proximal 
bone surface in the anteroposterior and medial-lateral directions, 
creating bending loads (resulting in a 10.7 BW mm moment at the 
femoral mid-shaft) [51]. The distal bone surface was fully constrained. A 
pore pressure boundary condition was set to zero on the external surface 
of the callus domain.

Fig. 1. A coupled finite element/agent-based model. A) Schematic representation of the bi-directional interaction between the FEM and the ABM. B) Mechanics- 
dependent rate of vessel growth implemented in the model, based on experimental observation [29–32,48].
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2.4. Description of the biological activities

The ABM consisted of self-written codes in C++, to simulate the 
biological processes taking place throughout the bone healing process. 
The healing region was discretized into a 3D lattice (spacing 20 μm [60]) 
where each point corresponded to an available position for cells. The 
following cell phenotypes were included in the model: mesenchymal 
stromal cells (MSC), fibroblasts, chondrocytes, immature osteoblasts, 
mature osteoblasts and ECs. To simulate the MSCs and vessel invasion 
from the bone marrow cavity and periosteum, initially 30 % [52] and 2 
% [61] of available positions were filled with MSCs and ECs, respec
tively. Cellular processes included in the model are MSCs differentiation, 
MSCs and fibroblasts migration, cell proliferation, cell apoptosis and 
vessel growth. All activity rates are based on the available literature 
(Table II). MSC differentiation into other cell phenotypes, cell prolifer
ation and apoptosis are regulated by a mechanical stimulus combining 
octahedral shear strain and fluid flow [52]. Low levels of mechanical 
stimulus promote bone formation, moderate levels support cartilage 
development, and high levels lead to fibrous tissue formation. To 
incorporate the surface-guided migration and tissue deposition observed 
experimentally [62–64], cell migration, differentiation and subsequent 
new tissue formation were allowed to occur only on top of existing 
surfaces (scaffold or previously deposited tissues). To simulate the 
reduced biological activity observed experimentally in large bone de
fects [2], a latency period of 15 days was implemented, after which cell 
activity rates were reduced [42,64] (Table 2).

A description of angiogenesis and its interaction with the bone 
regeneration process was added to the ABM. Vessels were modelled as a 
sequence of ECs occupying subsequent lattice points. Three main events 
characterised the development of the vascular network: (1) sprout 
growth, (2) the formation of a new sprout from an existing one 
(branching), (3) the fusion of the sprout tip to another sprout (anasto
mosis) [65]. Sprout growth is led by the migration of the tip ECs, 

followed by proliferating stalk ECs. We modelled sprout growth as 
influenced by either mechanical or chemical cues, including a stochastic 
component to account for the biological factors not included in the 
model. The leading tip ECs of each sprout probed the local environment 
and determined the direction of vessel growth based on three options 
with assigned probabilities: (1) following a rule based on principal strain 
direction and magnitude (p_mech = 20 %) [65], (2) towards high con
centrations of hypertrophic chondrocytes (p_chem = 40 %), (3) towards 
a random direction (p_stoch = 40 %). Probability values were identified 
through a parameter sweep analysis in a previous coupled in vivo/in 
silico study of angiogenesis during the early stages of bone regeneration 
[65]. P_chem aims to replicate experimental observations whereby 
chondrocytes mature towards hypertrophic chondrocytes during bone 
regeneration and start secreting VEGF [66]. VEGF attracts ECs into the 
mineralised matrix, promoting vascularity and stimulating matrix met
alloproteinases to degrade the cartilage matrix [67,68]. The rule based 
on principal strains is derived from the available literature and has 
already been tested against experimental data in our previous work 
[65]. Briefly, vessels were assumed to grow along the direction of 
principal strains for low strain levels (5 %) [24]. To minimise the stress 
experienced by the cells, vessels gradually avoid the principal strain 
direction and orient themselves fully perpendicular for strains above 10 
% [25–28,69]. Strain magnitude was found experimentally to affect ECs 
proliferation rate as well [29–32,48], therefore the vessel rate of growth 
was modelled as dependent on the local strain level, reaching its 
maximum for strains between 5 % and 10 % (Fig. 1B). The vessel growth 
rate was assumed to be higher during the latency period in agreement 
with the experimental observation that vessels grow faster during the 
early healing phase [70]. The maximum vessel growth rate after the 
latency period was estimated in order to obtain a vessel density com
parable to the experiment after 12 weeks. Furthermore, tip ECs were 
assumed to stop migrating if the principal strains were above 30 %, 
according to the reduced vascularity observed under cyclic compressive 

Table 1 
Tissue and fixation system material properties.

Material Young’s modulus (MPa) Poisson’s ratio Permeability (10− 14 s m4/N) Bulk modulus grain (MPa) Bulk modulus fluid (MPa)

Fixation plate (PEEK) 3800 0.3 – – –
Screws (stainless steel) 210000 0.3 – – –
Scaffolds (PCL) 350b 0.33 – – –
Granulation tissue 0.2a 0.167a 1a 2300a 2300a

Fibrous tissue 2a 0.167a 1a 2300a 2300a

Cartilage 10a 0.3a 0.5a 3700a 2300a

Immature bone 1000a 0.3a 10a 13940a 2300a

Mature bone 5000a 0.3a 37a 13940a 2300a

Cortical bone 5000a 0.3a 0.001a 13920a 2300a

Bone marrow 2a 0.167a 1a 2300a 2300a

a [52].
b [53–59].

Table 2 
Cell activity rates during (<15 days) and after (≥15 days) the latency period, based on [42,65].

Cell type Proliferation rate (day− 1) Apoptosis rate (day− 1) Differentiation rate (day− 1) Migration speed (μm.h− 1) Vessel growth rate (μm.day− 1)e

<15 days ≥15 days <15 days ≥15 days <15 days ≥15 days

MSC 0.6a 0.3b 0.05a 0.3a 0.15b 30c – –
Fibroblast 0.55a 0.28b 5 0.05a – – 30c – –
Chondrocyte 0.2a 0.1b 0.1a – – – – –
Osteoblast 0.3a 0.15b 0.16a – – – – –
ECs – – – 

–
– – – 

–
360d 60f

a [60].
b [42,64].
c [74].
d [75].
e Maximum growth rate when strains are between 5 % and 10 % (Fig. 1B).
f Estimated to obtain vessel density comparable to the experiment after 12 weeks.
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strains higher than 30 % [71]. The extent and morphology of the 
vascular network influence other cellular processes during bone regen
eration since oxygen diffusion is limited to 100–200 μm from blood 
vessels [72]. We have included the effect of vascularity on the cell dif
ferentiation process by assuming that MSCs in a mechanical environ
ment favourable for bone formation, will differentiate into chondrocytes 
if there are no blood vessels within a 100 μm distance [73].

2.5. Simulation setup

An automatic coupling between the FEM and ABM was implemented 
using C++ coding. The code uses writing and reading functions to 
transfer information between the FEM and the ABM in an iterative 
manner. The whole loop is run iteratively over a total healing period of 
12 weeks, with one iteration corresponding to one healing day. All 
simulations were performed on a server equipped with an Intel(R) Xeon 
(R) Gold 6248R CPU @ 3.00 GHz and 376 GB of RAM. Each simulation 
took approximately 5h (MEW) or 10h (FDM) for the 12 weeks of healing.

2.6. In silico output analysis

Computer model predictions for both MEW and FDM scaffolds were 
qualitatively and quantitatively compared to experimental data. Dedi
cated post-processing codes were developed to obtain images and data 
similar to the experiment and are detailed in the following sections. Due 
to the stochastic nature of the model, five simulations were run for each 
simulated scenario. The median simulation in terms of regenerated bone 
volume was chosen to produce all the 3D and 2D images.

2.6.1. Comparison of regenerated tissue predictions to experimental data
Computer model predictions for both MEW and FDM scaffolds were 

qualitatively compared to the experimental μCT and histological images, 
and quantitatively to the bone volume computed from μCT. μCT-like 3D 
images were obtained by converting the predicted 3D lattice into a bi
nary image (1 = bone, 0 = not-bone), visualised then using ImageJ 
module VolumeViewer [76]. Bone 3D volume was quantified within the 
defect region, as in the experiment, by counting the number of lattice 
points occupied by bone and multiplying it by the point volume (8 ×
10− 6 mm3). To obtain histology-like 2D images, each lattice point from 
the mid-longitudinal plane was assigned a colour representing the pre
dicted tissue at that location, by using the same colour palette as in the 
Goldner’s Trichome or Safranin O staining: dark green for bone, pink for 
fibrous tissue and red for cartilage tissue. Background tissues were 
assigned a colour similar to the experimental images.

2.6.2. Analysis of the influence of mechanics and scaffold architecture on 
bone regeneration

To investigate the role of the mechanical environment on bone 
regeneration, the mechanical stimulus distribution in the mid- 
longitudinal section was plotted both post-surgery and after 12 weeks, 
for both scaffolds. Each lattice point in the mid-longitudinal plane was 
assigned a colour representing the favoured tissue at that location based 
on the predicted mechanical stimulus [52]. The volumes characterised 
by a mechanical stimulus favourable for bone tissue formation were 
calculated as %/total regenerated volume both post-surgery and after 12 
weeks. To understand the effect of scaffold architecture on bone 
regeneration, specific cellular activities were analysed for both scaffolds. 
Osteoblast proliferation and differentiation were tracked over time 
within the healing region by measuring the number of osteoblasts 
proliferating and the number of MSCs differentiating into osteoblasts, 
respectively. Lastly, the percentage of MSCs that could not differentiate 
into bone due to a lack of neighbouring surfaces was monitored within 
both scaffolds over time.

2.6.3. Comparison of vascularisation to experimental data
The predicted vascular network was quantitatively compared to the 

experimental vessel density computed within a region of interest (ROI). 
Specifically, simulation results were post-processed similar to the 
experiment: for each simulation (n = 5), three sections at different 
depths (from the midsection, 0.5 mm apart) were selected and a central 
region of interest (ROI) 2 × 2.5 mm2 was considered (Fig. 5B). Vessels 
containing more than 3 ECs were counted and the number of vessels per 
unit area was computed. In addition, 3D reconstructions of the predicted 
vascular network were obtained by using a similar algorithm as for μCT- 
like images explained in section 2.5.1, by assigning 1 to lattice points 
occupied by vessels and then using ImageJ module 3D Viewer [77]. The 
total number of vessels predicted to grow over time within the healing 
region was monitored for both scaffolds.

2.6.4. Analysis of the influence of mechanics and scaffold architecture on 
vascularisation

To investigate the role of the mechanical environment on the pre
dicted vessel growth, the distribution of absolute maximal principal 
strains post-surgery was extracted in the mid-longitudinal plane from 
the FE simulation. The volumetric percentages characterised by strain 
ranges known to influence vessel growth were computed for both MEW 
and FDM. In addition, the number of vessels located in strain regions 
detrimental to vessel growth (strains >30 %) was tracked over time 
within both scaffolds. To understand the influence of the scaffold ar
chitecture on vessel growth, the rate of vessel growth was set indepen
dent of the mechanical strains and the number of vessels encountering 
the scaffold walls, and therefore prevented from growing further, was 
monitored over time within the two scaffolds.

2.6.5. Data analysis and statistics
Computer model predictions were compared to the experimental 

results, reported as mean ± standard deviation for each scaffold type. 
Statistical analysis of the significant differences between experimental 
groups has been previously reported [34]. The same statistical tests 
applied to the experimental results were used to analyse the in silico data 
using R (R 4.4.3) in the Posit Cloud environment (Posit Public Cloud, 
https://posit.cloud). Normality of the data was assessed using the 
Shapiro-Wilk test, while homogeneity of variance was assessed with 
Levene’s test. For bone quantification, a two-way ANOVA was per
formed with Tukey post-hoc test for pairwise comparisons. For vessel 
quantification, a one-way ANOVA was used with Bonferroni post-hoc 
test. Unpaired Welch’s t-tests were used to compare in silico vs. in vivo 
results, due to unequal variances between the two groups, for both bone 
volume and vessel density. The level of significance was defined as p ≤
0.05.

3. Results

3.1. The in silico model recapitulated the bone healing process within 
MEW and FDM scaffolds

In silico results in terms of newly regenerated bone were compared 
qualitatively and quantitatively with in vivo data. The model captured 
the increased bone formation observed experimentally within the MEW 
scaffold after 12 weeks. Moreover, similarly to the experiment, the 
model predicted the formation of small bone spicules within the FDM 
scaffold pores, while more rounded bone ends were observed within the 
MEW scaffolds (Fig. 2A). Although the model predicted the formation of 
bone spicules, their size was reduced compared to the in vivo μCTs. The 
volume of the regenerated bone was predicted to increase from week 6 
to week 12 within both scaffolds. The total predicted bone volume 
computed within both scaffolds matched quantitatively with experi
mental results. The model slightly underestimated the bone volume 
within the FDM scaffold after 6 weeks, but the value was within the 
experimental standard deviation (Fig. 2B).

To assess the organisation of the regenerating tissues within the two 
scaffold architectures, histological-like images were generated from in 
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silico results and compared to ex vivo histological images at week 12 
(Fig. 3A and B). Both scaffolds were found to induce the closure of the 
medullary gap by bone, as reported in the Goldner’s Trichome staining 
performed on ex vivo tissue sections (Fig. 3A). Fibrous and cartilaginous 
tissues were observed to form within both scaffolds and were quantified 
as a percentage over the total regenerated volume (Fig. 3C). A higher 
percentage of fibrous tissue was predicted within the FDM scaffold 
compared to the MEW (20 % vs. 12 %) (Fig. 3B and C) as a consequence 
of the high mechanical stimuli characterizing the regions around the 
scaffold walls (Fig. 4A). The growth of cartilage spots was detected 
within both scaffolds but denser cartilage islands were predicted to form 
within the FDM scaffolds compared to the MEW (12 % vs. 6 %), similar 
to the Safranin O staining (Fig. 3B and C). Interestingly, cartilage was 
observed to form in the same location both in silico and in vivo, i.e. close 
to the bone ends.

3.2. Advantageous architectural cues can explain the experimentally 
observed enhanced bone formation within MEW

The differentiation of MSCs into osteoblasts, chondrocytes or fibro
blasts was modelled as dependent on the mechanical stimulus, a func
tion of strains and fluid flow, known to be an indicator of which tissue 
type is more likely to form during the healing process [78]. The me
chanical stimulus appears to be asymmetrically distributed due to the 
applied bending loads and the presence of the internal fixator on the 
medial (right) side, with higher (fibrous) stimulus on the lateral (left) 
side of both scaffolds, even though this asymmetry appears less pro
nounced in the FDM scaffold due to its higher stiffness (Supplementary 
material, File S3) and load-bearing capacity. Larger volumes favourable 
for bone tissue formation were found within the FDM scaffold (60 % 
post-surgery, 57 % after 12 weeks) as compared with the MEW scaffold 
(30 % post-surgery, 34 % after 12 weeks) (Fig. 4A). However, higher 

Fig. 2. Newly regenerated bone after 6 and 12 weeks. A) In silico vs. in vivo μCT reconstructions of the newly regenerated bone after 6 (left) and 12 (right) weeks 
within the FDM (top) and MEW (bottom) scaffolds. Orange arrows indicate the bone spicules through the FDM pores. In vivo μCTs are reproduced from Eichholz 
et al., 2022 [34] under Creative Commons Attribution 4.0 License. B) In silico vs. in vivo quantification of the newly regenerated bone volume after 6 and 12 weeks 
within the FDM and MEW scaffolds. Error bars denote standard deviation. * = statistical significance between scaffold groups using mixed-effects analysis and 
Tukey’s multiple comparisons test (* = p ≤ 0.05, *** = p ≤ 0.001). # = statistical significance within scaffold groups between time-points using mixed-effects 
analysis and Bonferroni’s multiple comparison test. (### = p ≤ 0.001). Grey * = statistical significance between in silico and experimental groups using un
paired Welch’s t-test (p = 0.04). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. Prediction of tissue organisation within scaffolds and comparison with ex vivo histological images. A) In silico vs. ex vivo Goldner’s Trichome staining within 
the longitudinal mid-section of FDM (left) and MEW (right) scaffolds. Histological staining shows bone in dark green and unspecific soft tissue in red. Predicted 
fibrous tissue is shown in pink to distinguish it from cartilage, which is shown in red in B). Yellow arrows indicate bone tissue closing the bone marrow gap both in 
silico and ex vivo. Ex vivo images are reproduced from Eichholz et al., 2022 [34] under Creative Commons Attribution 4.0 License. B) In silico vs. ex vivo Safranin O 
staining within the longitudinal mid-section of FDM (left) and MEW (right) scaffolds. Histological staining shows cartilage in red. Yellow boxes highlight cartilage 
tissue near the bone ends, both in silico and ex vivo, within the FDM scaffold. Ex vivo images are reproduced from Eichholz et al., 2022 [34] under Creative Commons 
Attribution 4.0 License. C) Quantification of in silico tissue formation as a percentage of the total regenerated volume. FV= fibrous tissue volume, CV=cartilage tissue 
volume, BV=bone tissue volume, TV=FV + CV + BV=total regenerated tissue volume. (For interpretation of the references to colour in this figure legend, the reader 
is referred to the Web version of this article.)

C. Dazzi et al.                                                                                                                                                                                                                                   Computers in Biology and Medicine 195 (2025) 110574 

7 

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


Fig. 4. The role of the mechanical environment and scaffold architecture for bone regeneration within FDM and MEW scaffolds. A) Distribution of the mechanical 
stimulus within the longitudinal mid-section post-surgery (top) and after 12 weeks (bottom) within the FDM (left) and MEW (right) scaffold. B) On the left, the 
number of cells differentiating into osteoblasts over time within FDM and MEW scaffolds; on the right, the number of proliferating osteoblasts over time within FDM 
and MEW scaffolds. Solid lines display the mean value, shaded areas represent the range within one standard deviation. C) The percentage of MSCs that could not 
differentiate into bone because of the lack of surfaces, over time, within FDM and MEW scaffolds. Solid lines display the mean value, shaded areas represent the range 
within one standard deviation.
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proliferation and increased osteoblastic differentiation was predicted 
within the MEW scaffolds, in agreement with the higher level of bone 
formation (Fig. 4B). Within the FDM scaffolds, a high percentage of 
MSCs were not able to differentiate into osteoblasts due to the lack of 
surfaces for cell attachment and subsequent differentiation (Fig. 4C). 
The percentage of MSCs that could not find a surface increased sharply 
during the first 18 days within both scaffolds. Afterwards, the FDM 
curve was steadily above the MEW one (Fig. 4C).

3.3. MEW scaffolds appear to induce a more favourable mechanical 
environment and a more permissive scaffold architecture for vessel growth

Vessels were predicted to invade both the FDM and MEW scaffolds 

reaching the scaffold cores, as observed experimentally, with a more 
homogeneous distribution of vessels within the MEW scaffold (Fig. 5A). 
The total number of vessels was observed to increase over time within 
both scaffolds, but being higher within the MEW scaffold at every time 
point (Fig. 5A). After 12 weeks, in contrast to the experimental data, the 
predicted vessel density was higher in MEW compared to the FDM 
scaffold (Fig. 5C).

The mechanical strains were quantified within the callus volume and 
appeared generally lower within the FDM scaffold as a consequence of 
its higher compression stiffness (18 MPa for FDM, 0.03 MPa for MEW). 
The simulated compression tests for both scaffolds can be found in the 
supplementary material (File S3). A higher volumetric percentage 
characterized by strains within 5 % and 10 %, known to promote vessel 

Fig. 5. Vessel ingrowth within MEW and FDM scaffolds. A) 3D reconstruction of vessels at week 12 (left) and number of vessels over time (right) within FDM and 
MEW scaffolds. Solid lines display the mean value, shaded areas represent the range within one standard deviation. B) Identification of scaffold sections (left) and 
the ROI (yellow square, right) selected within each section for the vessel density quantification. C) In silico vs. ex vivo quantification of vessel density within the ROI 
displayed in B) after 12 weeks within the FDM and MEW scaffolds. Error bars denote standard deviation. * = statistical significance between scaffold groups using 
unpaired t-test (* = p ≤ 0.05). Grey * = statistical significance between in silico and experimental groups using unpaired Welch’s t-test (*** = p ≤ 0.001). (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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growth [48], was found within the MEW scaffold (Fig. 6A). Moreover, 
the number of vessels encountering high strain regions (>30 %) was 
observed to increase over time within the FDM scaffold, while being 
steadily around zero within the MEW scaffold (Fig. 6B). These high 
strain regions were found mainly close to the FDM scaffold walls 
(Fig. 6A).

To assess the impact of the scaffold structure alone, the rate of vessel 
growth was set constant and equal to the maximum growth rate (when 

strains are between 5 % and 10 %). As expected, the total vessel elon
gation increased for both FDM and MEW scaffolds upon ruling out the 
effect of mechanical signals. Specifically, FDM scaffolds showed a more 
pronounced increase in terms of vessel elongation over time, confirming 
that the mechanical environment was compromising vessel ingrowth 
(Fig. 6C). The initial spike in the curves representing the total elongation 
is a consequence of the increased rate of vessel growth assumed during 
the latency period. Still, the total vessel elongation was predicted to be 

Fig. 6. The role of the mechanical environment and scaffold architecture on vessel growth within FDM and MEW scaffolds. A) Contour plot of the mechanical strains 
(left) and volumetric percentages characterised by relevant strain levels (right) within both scaffolds. B) Number of vessels in regions characterised by strains above 
30 % within FDM and MEW scaffolds over time. Solid lines display the mean value, shaded areas represent the range within one standard deviation. C) Total vessel 
elongation when assuming a mechanics-dependent (solid lines) vs. constant (dashed lines) growth rate within FDM and MEW scaffolds over time. Shaded areas 
represent the range within one standard deviation. D) Number of vessels over time blocked by the scaffold structure within FDM and MEW scaffolds, when assuming 
a constant vessel growth rate. Dashed lines display the mean value, shaded areas represent the range within one standard deviation.
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higher for the MEW scaffold as compared to the FDM scaffold, and this 
appeared to be linked to the more permissive scaffold architecture of 
MEW. Indeed, the number of vessels prevented from growing further 
because they were encountering the scaffold walls was computed for 
both scaffolds over time and found to be higher within the FDM scaffold 
(Fig. 6D).

4. Discussion

Three-dimensional (3D) printed scaffolds represent promising ap
proaches to treat large bone defects, although the re-establishment of a 
functional vascular network is a main challenge to their translation into 
clinical practice. To design scaffolds capable of promoting angiogenesis 
and thus bone regeneration, it is necessary to gain a deeper under
standing of the mechano-biological processes behind scaffold-aided 
angiogenesis and bone regeneration. Here we present a computer 
model that allows us to investigate the role of scaffold architecture and 
mechanical cues on angiogenesis and bone regeneration within two 3D- 
printed scaffolds fabricated by either FDM or MEW. Although the 
experimental data were previously published [34], the novelty of this 
study lies in the development and use of a mechano-biological computer 
model to separately analyse the effects of scaffold architectural cues and 
the induced mechanical environment on angiogenesis and bone regen
eration, challenging to investigate experimentally. We show that the 
interplay between the mechanical environment within the scaffold and 
its architectural features can explain experimentally observed angio
genic and bone regeneration processes. We identified strut spacing, pore 
size and scaffold surface-area-to-volume ratio as important regulators of 
both processes.

Upon comparison of in silico results with experimental data [34], we 
found that the computer model could recapitulate key aspects of the 
bone healing process within MEW and FDM scaffolds, predicting the 
increased bone formation observed in vivo within the MEW scaffolds. 
Besides the quantification of the regenerated bone volume, the predicted 
bone formation patterns compared well with those observed experi
mentally, with rounded bone ends within the MEW scaffolds and small 
bone spicules through the FDM scaffold pores. Our computer model 
predicted other phenomena taking place during the bone regeneration 
process, such as the closure of the medullary gap by bone and the for
mation of denser cartilage islands within the FDM scaffolds. The latter 
can be explained by the high mechanical stimuli close to the FDM 
scaffold walls and indicates that there is still potential for further bone 
formation after 12 weeks through an endochondral ossification process, 
as observed experimentally [34]. It should be noted that when 
comparing in silico vs. ex vivo histological images, in silico images show 
large gaps between scaffold struts, whereas ex vivo images show stacked 
(FDM) or disorganised (MEW) struts. This discrepancy arises because 
the in silico scaffold structure replicates the CAD idealised geometry, 
while the actual 3D printed scaffold may differ as fibres tend to fuse 
slightly between layers. Additionally, scaffolds may deform over 12 
weeks in vivo, particularly the soft MEW, and histological processing, 
including sectioning and PCL dissolution, can lead to further distortions.

Our simulations showed an asymmetrical distribution of mechanical 
stimuli within the scaffolds due to the applied bending loads and the 
presence of the internal fixator. Interestingly, bone regeneration pat
terns appeared only mildly asymmetrical, indicating that the mechanical 
stimulus is not the only factor influencing bone formation patterns. To 
investigate the mechano-biological processes behind the increased bone 
formation within the MEW scaffold, specific cellular activities were 
tracked throughout the bone healing simulation. As expected, increased 
osteoblast proliferation and differentiation were observed over time 
within the MEW scaffolds, despite larger volumes characterised by a 
mechanical environment favourable for bone tissue formation being 
predicted within the FDM scaffold. This suggested that the enhanced 
bone formation within the MEW scaffold could not be explained by the 
mechanical environment alone. Enhanced cell proliferation within MEW 

as compared to FDM scaffolds has already been observed during pre
liminary in vitro experiments by Eichholz and colleagues [34] and was 
associated with the higher porosity of the MEW scaffold, allowing a 
greater volume within which cells can proliferate. To better understand 
whether scaffold architectural cues were also contributing to the pre
dicted increased osteoblast differentiation within the MEW scaffold, the 
percentage of MSCs that could not differentiate into the osteoblast 
lineage, despite being under the right mechanical stimulus, was quan
tified. MSCs exhibited a lower differentiation within the FDM scaffold 
due to the difficulty in finding available surfaces for cell attachment. 
This may be due to the increased distance between scaffold inner sur
faces (higher pore size and lower surface-area-to-volume ratio) and 
agrees with other experimental studies that reported faster cell growth 
for shorter distances between scaffold inner surfaces [79].

Vessels were predicted to infiltrate both MEW and FDM, reaching the 
scaffold core, in agreement with experimental findings [34]. Notably, 
although the two scaffolds were predicted to be well vascularized after 
12 weeks, complete bone healing was not achieved both experimentally 
and in silico. This result appears in contrast to the traditional positive 
correlation between vascularisation and bone regeneration. However, 
some studies have suggested that a more complex relationship exists 
between the two [80,81]. Specifically, vascularisation is essential but 
alone it does not guarantee bone regeneration without an appropriate 
osteo-inductive environment. Research has shown that, even within a 
vascularized environment, both optimal structural characteristics (e.g. 
pore size, [81]) and chemical properties (e.g. calcium ion depletion, 
[80]) are required to promote effective bone regeneration. Although the 
predicted vessel densities within a ROI were comparable to the in vivo 
ones, the computer model showed an increased vessel density within the 
MEW scaffold, in contrast to the experiment. To identify the factors 
contributing to the different vessel ingrowth predicted within the FDM 
and MEW scaffolds, the role of the mechanics induced within the healing 
region and the scaffold architectural cues were analysed independently. 
Larger regions characterised by levels of mechanical strains in the range 
5–10 %, known to favour ECs proliferation and vessel elongation 
[29–32,48], were found within the callus of the MEW group. Further
more, even though mechanical strains were generally higher within the 
MEW scaffold due to its lower effective stiffness, peak strains above 30 % 
were found at the FDM scaffold-tissue interface, further hindering vessel 
ingrowth within the FDM, in line with the experimental literature [71]. 
In addition to inducing a more favourable mechanical environment for 
vessel growth, MEW scaffolds appeared to have a more permissive 
scaffold architecture for vessel ingrowth. After knocking out the 
mechano-responsiveness of ECs by assuming a constant rate of vessel 
growth, more vessels were blocked by the scaffold walls and prevented 
from growing further within the FDM as compared to the MEW scaffold. 
The external surface of the MEW scaffold is more open for vessel infil
tration (about a 50 % probability of finding an open space) compared to 
the FDM scaffold, which presents regions where material layers overlap 
and locally block the vessels coming from the periosteum.

Our study has several limitations that need to be mentioned. First, 
our computer model could not predict the increased vascularity 
observed experimentally within the FDM scaffold. We hypothesise that 
the mismatch between in silico and in vivo results in terms of vessel 
density is due to a current limitation of the model, this is that vessels are 
assumed to have a constant diameter of 20 μm. However, the vessel 
lumen grows over time, and the narrow space between struts on the 
MEW outer surface (space between struts = 20 μm) might prevent the 
infiltration of larger vessels coming from the periosteal site. In addition, 
we have predicted an increased vascular response from the periosteum 
as compared to the bone marrow (Supplementary Material, Fig. S4), in 
agreement with other in vivo studies [82,83]. It is worth noting that the 
majority of vessels (95 %) within the MEW scaffold in vivo exhibited 
diameters below 20 μm [34], confirming the limited ability of larger 
vessels to penetrate the structure. Motivated by these considerations, as 
a proof of concept, we have assumed a higher constant vessel diameter 
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of 40 μm and analysed the model response in terms of vessel density 
within the same ROI. We found that the computer model could predict 
the increased vessel penetration within the FDM scaffold as compared to 
MEW (Supplementary Material, Fig. S5 A-B), even though vessel density 
was generally underestimated. Importantly, the predicted newly 
deposited bone slightly decreased as a consequence of the reduced vessel 
ingrowth but was still predicted to be higher within the MEW scaffold 
(Supplementary Material, Fig. S5 C-D). To improve model prediction 
capabilities, future work should include a dynamic vessel diameter 
model based on available experimental data. Some studies suggest that 
vessel diameter changes might be influenced by local VEGF concentra
tions [84] and fluid shear stresses sensed by endothelial cells [85]; 
however, the specific mechanisms regulating vessel diameter enlarge
ment during vessel remodelling in bone healing remain poorly under
stood. Once more experimental data is available, the model could be 
expanded to include a computational fluid dynamics (CFD) module 
capable of mimicking vessel diameter adaptation to fluid shear stresses. 
Another factor that may contribute to the differences in vessel growth 
between MEW and FDM, not included in the current model, is the 
modulation of the inflammatory response by the scaffold architecture. 
Scaffold geometry can influence immune cell and cytokine behaviour 
[86–88], thereby affecting angiogenesis. However, inflammation peaks 
within 24 h and typically resolves by the end of the first week post-injury 
[89]. The presence of blood vessels in the scaffold core suggests that this 
pro-inflammatory phase has resolved, allowing a transition towards a 
pro-angiogenic environment within both scaffolds. Although extracel
lular matrix (ECM) fibres are important components in bone regenera
tion and angiogenesis as they provide structural support and guidance 
for ECM mineralization [35,90] and vascularisation [91], the deposition 
of the ECM was not directly modelled. Nevertheless, our model could 
replicate the shape of the newly formed bone ends within the two 
scaffolds, although FDM bone spicules appeared smaller compared to 
those observed experimentally. The formation of bone spicules through 
large scaffold pores has been already observed experimentally and has 
been explained as a non-standard mineralization process driven by 
highly aligned collagen fibres [35]. By including collagen fibre deposi
tion, matrix degradation (mediated by MMPs - Matrix Metal
loproteinases) and strain-induced remodelling, it may be possible to 
improve the fidelity of the developed computational framework and 
better capture the formation of long bone cones within the FDM scaffold 
pores. An alternate or complementary mechanism behind the formation 
of bone spicules could be the fluid shear stress-induced osteoblast po
larization [92], influencing the directionality of matrix deposition [93]. 
A more sophisticated model including CFD, to compute fluid shear 
stresses within the healing region, could provide further insights behind 
the growth of bone spicules within scaffold pores. Moreover, vessel 
regression and remodelling were indirectly taken into account by 
reducing the vessel rate of growth after 2 weeks. Nevertheless, our 
approach allowed to obtain a vessel density after 12 weeks similar to the 
experiment. Blood flow, oxygenation and several signalling pathways 
are all thought to contribute to vessel regression and remodelling, 
however the specific mechanisms initiating those processes have been 
largely overlooked and are still unknown [94]. Once additional data is 
available, the model could be extended to incorporate aspects of vessel 
remodelling processes such as the vessel lumen enlargement over time. 
Another limitation of the current modelling approach is the indirect 
representation of VEGF-guided vessel growth, using hypertrophic 
chondrocyte density instead of quantitative modelling of VEGF gradi
ents (e.g., PDE-based diffusion). While this simplification does not affect 
the conclusions presented in this study, future studies could focus on 
explicitly modelling VEGF diffusion. In this study, we focused only on 
two scaffold architectures (FDM and MEW) to investigate how me
chanical cues and scaffold architectural features affect bone and vessel 
formation. These designs were selected to replicate a specific in vivo 
experiment [34] and allow model validation by comparing in silico and 
in vivo outputs. However, the developed computational framework is 

highly flexible, with mechanical and biological parameters easily 
adjustable to replicate various bone regeneration experimental condi
tions. This will enable to explore various scaffold designs in the future to 
further enrich our findings. Lastly, the geometry of the FDM scaffold was 
slightly simplified to reduce the computational cost of the simulation. 
The original scaffold geometry consisted of struts with a circular 
cross-section that required >1 millions elements to be discretized, 
resulting in a simulation time above 5 h for one single FEA. Being this an 
iterative model, 26 FEA are required to simulate 12 weeks of bone 
regeneration. To reduce the simulation time, adjacent overlapping struts 
were merged in pairs, resulting into a single strut with an oval-shaped 
cross-section. This allowed reducing the computational time of more 
than 5 times. It is important to mention that also the original scaffold 
geometry represents an idealization of the actual printed geometry.

In summary, we present here a computational framework capable of 
replicating the healing progression within scaffolds fabricated by two 
different 3D printing techniques: FDM and MEW. This approach allowed 
to investigate the impact of scaffold architectural and mechanical cues 
on bone regeneration and angiogenesis independently. We have found 
that beneficial architectural features such as strut spacing and surface- 
area-to-volume ratio can explain the increased bone formation 
observed within MEW scaffolds, despite inducing a mechanical envi
ronment less favourable for bone growth as compared to FDM scaffolds. 
Moreover, we show that MEW scaffolds present a more permissive 
scaffold architecture for vessel infiltration due to their high open 
porosity and induced mechanical strains, within the range of those re
ported to foster vessel growth. However, the small pore size on the outer 
surface can prevent larger periosteal vessels from invading the scaffold 
over time. This study shows the potential of combining in silico and in 
vivo approaches to gain a deeper understanding of the interplay between 
scaffold architecture and mechanical signals during bone regeneration 
and angiogenesis in large defects. Once validated against different 
scaffold designs, our computational framework could be employed to 
reduce and accelerate pre-clinical trials by testing the bone regeneration 
and angiogenic potential of new scaffold designs prior to in vivo 
implantation.
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