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A B S T R A C T

Bone mesoscale architecture governs interstitial fluid dynamics, which regulate cell mechanotransduction and 
subsequent bone remodelling. However, how trabecular mesoscale features influence fluid flow and wall shear 
stress (WSS) conducive to osteogenesis remains poorly understood, particularly in osteoporotic bone. This study 
aims to clarify how osteoporosis-driven architectural deterioration alters fluid-induced mechanical cues and how 
these cues can be transferred into biomimetic models that enable in vitro investigation of cellular mechano
biological responses. Synchrotron radiation micro-computed tomography (SRμCT) datasets of human trabecular 
bone were used to extract key morphometric descriptors. Osteoporosis led to reduced bone volume fraction, 
increased trabecular spacing and higher anisotropy. These parameters informed a Voronoi-based design strategy 
to generate porous architectures with controlled mesoscale features. Scaffolds were fabricated via Xolography: a 
dual-colour volumetric printing process. Among four hydrogel formulations varying in ratios of polytheylene 
glycol diacrylate (PEGDA) and polyethylene glycol dimethacrylate (PEGDMA) which were functionalised with 
arginine-glycine-aspartic acid (RGD) peptides post-printing, the 30% w/w PEGDA and 10% w/w PEGDMA blend 
provided the best balance between processability and biological performance measured by metabolic activity. 
Computational fluid dynamics simulations under perfusion conditions demonstrated that architectural param
eters directly govern permeability WSS, enabling access to osteogenic-relevant regimes at inlet velocities of 
0.15–0.25 mm/s. The resulting scaffolds exhibited permeability values (3.54 × 10⁻⁸–19.0 × 10⁻⁸ m²) comparable 
to native bone, while distinct architectural configurations produced systematic variations in surface WSS. In 
particular, structures derived from osteoporotic morphologies displayed higher permeability but reduced WSS, 
highlighting the strong coupling between geometry and flow-mediated mechanical stimuli. These trends were 
consistent with simulations performed on native bone volumes, confirming the ability of the approach to pre
serve condition-specific flow signatures. Herein, this research establishes a data-driven design-to-fabrication 
strategy for volumetrically printed hydrogels, enabling programmable control of transport properties and shear 
stress.

1. Introduction

Bone tissue exhibits a remarkable regenerative capacity in case of 
damage, but this ability is compromised in cases of critical-sized defects 
and in individuals affected by osteoporosis [1,2]. Osteoporosis is a 

systemic skeletal disorder characterised by reduced bone mass and 
microarchitectural deterioration [3,4]. It is the most prevalent bone 
disease globally: it affects approximately one in three women and one in 
five men over the age of 50 worldwide [5]. Given the global de
mographic shift toward an aging population, the incidence of bone 
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fractures constitutes a growing clinical and socioeconomic concern 
[4–8]. These challenges and the limits of current solutions have cata
lysed intensive research in bone tissue engineering (BTE), where scaf
folds are developed both as implants and as in vitro models to 
investigate disease progression and treatment strategies.

Native cancellous bone exhibits a hierarchical architecture, with a 
lacuna-canalicular network at the microscale and trabecular architec
ture at the mesoscale. Morphological features (Fig. 1) of this mesoscale 
architecture can be evaluated by imaging methods such as computed 
tomography (CT) and magnetic resonance imaging (MRI) [9–12]. It is 
known that illnesses and extreme circumstances, like microgravity [11], 
impact bone morphology. The effect of osteoporosis on morphometric 
features at the mesoscale was examined in a few studies but shows 
contradictory results [9–13].

The trabecular architecture plays a crucial role in directing inter
stitial fluid flow (Fig. 1), which in turn regulates the mechanical envi
ronment experienced by resident cells. The geometry of trabeculae 
determines local flow patterns, influencing fluid velocity and the 
resulting wall shear stress (WSS) on bone surfaces. Most studies to date 
have focused on the lacuna-canalicular network, characterizing fluid 
flow sensed by osteocytes [14–16], while only a limited number of in
vestigations have examined flow at the trabecular surfaces, where os
teoblasts, osteoclasts, and mesenchymal stem cells (MSCs) reside 
[17–19]. In particular, fluid shear at these surfaces is mechanotrans
duced by MSCs, promoting osteogenic differentiation and extracellular 
matrix mineralization [20,21]. Although the mechanosensitivity of 
MSCs to WSS has been demonstrated in vitro [22,23], it remains largely 
unclear how alterations in trabecular architecture, particularly those 
associated with osteoporosis, modify interstitial fluid dynamics and 
consequently cellular behavior. Evidence is scarce: for example, Zhao 
et al. [24] reported reduced WSS in osteoporotic rat femurs compared to 
healthy controls. A decrease in WSS at the trabecular surface could 
compromise bone cell responses, potentially initiating a vicious cycle 
that accelerates bone loss in osteoporosis. This gap highlights the need 

for studies that directly link changes in human trabecular architecture to 
alterations in fluid flow and mechanotransduction.

Bone scaffolds could replicate or take inspiration from the trabecular 
structure to recreate the fluid dynamics present in natural bone, thereby 
serving as in vitro models for studying fluid dynamics. In order to do so, 
the choice of fabrication technique is pivotal for precise control over 
scaffold architecture. Among additive manufacturing modalities, pho
topolymerization methods represent state-of-the-art approaches for 
microscale scaffold fabrication. Two-photon polymerization (2PP) is 
notable for its ultra-high resolution, however its application is limited by 
inherently slow volumetric build rates [25]. In contrast, Computed Axial 
Lithography (CAL), as a volumetric printing process, enables accelerated 
printing of macroscopic structures but offers comparatively lower res
olution [26]. Xolography, an emerging dual-color photopolymerization 
technique, addresses the speed-resolution trade-off by leveraging 
dual-color photoinitiators (DCPIs) activated through orthogonally 
intersecting light beams [26]. Xolography exhibits exceptional poten
tial, offering rapid print times ranging from seconds to minutes (volume 
generation rates reach 55 mm3/s), with spatial resolution on the order of 
10 µm for acrylate-based resins [27]. This technology provides geo
metric freedom, potentially enabling replication of the bone’s mesoscale 
architecture.

The choice of scaffold material is equally important. Hydrogels are 
widely favoured in tissue engineering for their biocompatibility, high 
water content and ability to mimic the extracellular matrix, promoting 
cell proliferation and differentiation [28,29]. Recent advances yield 
functional hydrogels [30] with stimuli-responsive properties [31,32], 
controlled drug release, cell recruitment, cell modulation [33,34] and 
immunomodulation [29] properties, alongside bioprinting strategies for 
precise cell-laden constructs [35–37]. Here, we employ 
Xolography-compatible hydrogels to fabricate scaffolds as an initial 
platform for in vitro fluid flow studies, providing foundational data to 
guide future enhancements toward implantability. Xolography’s appli
cation with biocompatible hydrogels, while demonstrating promising 

Fig. 1. Conceptual overview of the study. The aim of this work was to reproduce the interstitial fluid flow observed in native human bone in simplified in vitro 
models. Geometrical parameters were extracted from trabecular bone samples obtained from human femoral heads and subsequently translated into printable 
scaffold designs. The performance of the scaffolds in replicating the fluid flow was then evaluated with computational fluid dynamics (CFD) simulations.
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results [28,38,39], remains nascent, with most reported examples based 
on GelMA or GelMA/PEGDA formulations, which present trade-offs 
between bioactivity and printability.

This study addresses the lack of consensus on how osteoporosis alters 
bone mesoscale architecture and interstitial fluid flow by providing 

synthetic bone scaffolds that reproduce the trabecular network of 
healthy and osteoporotic bone. These simplified models can eventually 
serve as a template for systematic investigation of fluid dynamics and 
mechanotransduction in vitro (Fig. 1). We hypothesise that replicating 
key geometrical features of trabeculae will generate WSS patterns that 

Fig. 2. Morphometric analysis of bone samples: from imaging to parameters extraction. (a) Twenty trabecular bone samples (4 × 4 × 6 mm) were harvested from 
femoral heads of healthy and osteoporotic patients undergoing hip arthroplasty. (b) SRμCT imaging setup, with projections acquired during 360◦ rotation of the 
sample. (c) Raw synchrotron image, (d) binarised image, (e) 3D reconstruction, (f) cleaned 3D model, (g) representative slice after filtering. (h) Extracted 
morphometric parameters: bone volume fraction (BV/TV), trabecular thickness (Tb.Th), trabecular spacing (Tb.Sp), connectivity density (Conn.D), and degree of 
anisotropy (DA). Comparisons between healthy (H) and osteoporotic (O) samples were performed using Welch’s t-test or Mann–Whitney U test, depending on data 
normality. Statistical significance was defined as p < 0.05 (*).
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differ between healthy and osteoporotic conditions and that these fea
tures and effects can be maintained in simplified and manufacturable 
scaffold designs. To test this, human bone morphometry was quantified 
from images obtained with Synchrotron Radiation Micro-Computed 
Tomography (SRμCT) and used to inform a generative scaffold design 
approach that preserved essential trabecular features. Xolography, as a 
state-of-the-art, high-resolution manufacturing method was employed 
to test and improve the printability of scaffold designs. To ensure 
durability under in vitro conditions, scaffold designs were printed from 
newly formulated synthetic hydrogels and mechanically tested for 
structural robustness and resistance to deformation or swelling. Taking 
advantage of computational fluid dynamics (CFD) simulations, the 
simplified scaffold designs were evaluated to determine whether they 
reproduce the interstitial fluid flow and WSS observed in native bone 
and to identify differences between healthy and osteoporotic conditions. 
These scaffolds provide a promising platform for in vitro investigation of 
MSC osteogenesis and for linking changes in trabecular architecture to 
alterations in fluid flow and mechanotransduction.

2. Materials and methods

2.1. Bone synchrotron scans analysis

2.1.1. Bone sample collection and imaging
Twenty trabecular bone samples, each measuring 4 × 4 × 6 mm, 

were obtained from the femoral heads of patients undergoing hip 
arthroplasty (Fig. 2a). Samples were sectioned along the principal ten
sile and compressive stress trajectories. The study was conducted with 
approval from the Ethics Committee of San Raffaele Hospital (Milan, 
Italy, approval date: 13/05/2020, ClinicalTrials.gov ID: NCT04787679), 
and all patients provided signed informed consent. Donors range in age 
from 58 to 88 years and include exclusively female patients. Ten samples 
were derived from osteoporotic patients, while ten were collected from 
patients without diagnosed osteoporosis (hereafter referred to as 
“healthy”). This classification followed bone mineral density measure
ments obtained via dual X-ray absorptiometry, according to the World 
Health Organization’s 1994 criteria, where a T-score ≤ − 2.5 defined 
osteoporosis [40]. Each bone specimen underwent imaging at the Elettra 
synchrotron facility (Trieste, Italy), specifically within the experimental 
hutch of the SYRMEP (SYnchrotron Radiation for MEdical Physics) 
beamline. SRμCT experiments (Fig. 2b) were conducted using a 
white-beam setup in propagation-based phase-contrast mode. Imaging 
was performed with a specimen-to-detector distance of 150 mm and an 
average X-ray energy of 25.6 keV, achieved using a 1.5 mm thick silicon 
attenuator. Projections were acquired using a 16-bit, water-cooled Orca 
Flash 4.0 sCMOS camera (2048 × 2048 pixels), optically coupled to a 
17 µm thick GGG scintillator screen. Scans were executed in 
half-acquisition mode, involving a full 360◦ rotation of the specimen. 
The system provided an effective pixel size of 1.6 µm × 1.6 µm, corre
sponding to a field of view of 3.28 mm × 3.28 mm. Image acquisition 
was performed in continuous (fly-scan) mode with an exposure time of 
50 ms per projection, yielding a total of 3600 projections per sample. 
Calibration was achieved through the acquisition of flat-field and 
dark-field reference images [41,42]. Raw projections were processed 
using a single-distance phase-retrieval algorithm to enhance contrast 
and reduce phase artifacts [43]. Three-dimensional volume recon
struction was then carried out using the filtered back projection (FBP) 
algorithm implemented in the SYRMEP Tomo Project (STP) software 
package [44].

The output images (Fig. 2c) underwent post-processing with a 
custom Matlab script (v2023b, MathWorks) outlined in [45,46]. This 
processing included artifact removal, stitching of sequential image 
stacks from multiple acquisitions into a single cohesive volume, and 
masking of the sample to isolate the region of interest. Given the study’s 
focus on trabecular mesoscale architecture, only binarised images 
(Fig. 2d) were retained, and the number of slices per sample was 

downsampled to 974 to optimize computational efficiency. Subsequent 
3D reconstructions using ImageJ (v 1.54 f, NIH) revealed the presence of 
debris and isolated fragments (Fig. 2e), which were removed using 
MeshLab (v2022.02, Visual Computing Lab of ISTI-CNR [47]). To 
further eliminate non-isolated debris, especially on the sample’s outer 
shell, thin layers were trimmed from the four lateral faces employing 
Fusion 360 (v2.0.19994, Autodesk). The cleaning process with MeshLab 
was repeated as necessary (Fig. 2f). The final binarised image stacks 
(Fig. 2g) achieved a voxel resolution of 6.78 µm/pixel in the planar di
rections and 5.95 µm/pixel along the vertical axis.

2.1.2. Morphometric bone parameters
Five key morphometric parameters were extracted from the binar

ised two-dimensional slices of trabecular bone structures using BoneJ 
[48], an ImageJ plugin. 

1. Bone Volume Fraction (BV/TV): 
This parameter quantified the proportion of mineralised bone 

volume (BV) relative to the total scanned volume (TV), expressed as 
a percentage (Eq.1): 

Bone volume fraction (BV/TV) =
Bone volume (BV)
Total volume (TV)

× 100 [%]

(1) 

2. Trabecular Thickness (Tb.Th): 
Calculated using the local thickness algorithm developed by Hil

debrand and Rüegsegger [49], this parameter defined the thickness 
at each point p within the bone structure as the diameter of the 
largest sphere that contains p and fits entirely within the trabecular 
region. This method provided a robust and geometry-independent 
measure of trabecular thickness, as described by Dougherty et al. 
[50].

3. Trabecular Spacing (Tb.Sp): 
Analogous to the Tb.Th computation, trabecular spacing measured 

the mean separation between trabeculae, corresponding to the di
mensions of the marrow cavities. It was derived by applying the same 
local thickness model to the pore (non-bone) regions of the binarised 
structure.

4. Connectivity Density (Conn.D):

This metric quantified the number of interconnected trabecular el
ements per unit volume, reflecting the overall structural integrity of the 
network. Connectivity (Eq.2) was computed based on a modified Euler 
characteristic (χ), which is a topological invariant that described the 
number of connected components, loops, and cavities in a 3D structure: 

Connectivity = 1 − (χ+Δχ)                                                              (2)

where Δχ was a correction factor introduced to improve the accuracy of 
the connectivity estimation [51], [52]. The connectivity density is then 
defined as (Eq.3): 

Connectivity density (Conn.D) =
Connectivity

Total volume (TV)
[mm− 3] (3) 

i. Degree of Anisotropy (DA):

The DA described the orientation distribution of trabeculae, 
providing insight into the structural adaptation of bone to mechanical 
loading. It ranged from 0 (perfectly isotropic) to 1 (highly anisotropic 
with a dominant orientation). The DA was computed using the Mean 
Intercept Length (MIL) method, which statistically sampled line in
tercepts along multiple directions through the structure [53]. For this 
study, the following parameters were optimised for the MIL analysis: 
2000 directions, 10,000 lines per direction, and a sampling increment of 
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√3.
The selected parameters were chosen to provide a complementary 

description of trabecular bone, as single parameters alone can be 
misleading [9]. BV/TV, Tb.Th and Tb.Sp are established descriptors of 
bone quality and structural changes in physio-pathological states [9,54, 
55], with BV/TV strongly correlated to bone macroscopic mechanical 
properties [56–58]. Conn.D and DA were included to capture architec
tural organization, which significantly influences mechanical behaviour 
[9,58,59]. This combined approach is widely supported for linking 
microstructure to bone quality [55,60].

2.2. Bone scaffold design

2.2.1. Voronoi tessellation and design workflow
The translation from natural bone hierarchical structure to engi

neered scaffold design relied on the Voronoi tessellation method, which 
consisted in the partition of a plane or space into regions based on a 
given set of points, referred to as “nucleating points” (ns). This method 
generates regions, known as “Voronoi cells”, which consist of all points 
closer to a specific seeding point than to any other [61]. Given a set of m 
points P = {P1, p2…, pm} in a n-dimensional space, the Voronoi cell was 
mathematically defined as (Eq.4) [62,63]: 

Vi =
{

x : ∀j ∕= i, d(x, pi) ≤ d
(

x, pj

)}
, i, j ∈ {1,2,…, m} (4) 

Where d(x,y) represented the distance between two points, typically 
measured using the Euclidean distance. For points x = (x1, x2…, xn) and 
y = (y1, y2…, y), the Euclidean distance was defined as (Eq.5): 

d(x, y) = ‖ x − y ‖2 =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅∑n

k=1
(xk − yk)

2
√

(5) 

To generate biomimetic bone scaffolds with controllable geometric 
parameters, an interactive generative design workflow was imple
mented in Rhinoceros 8 (v8.10, Robert McNeel & Associates) using the 
Grasshopper plugin (v1.0.008). The inputs included a bounding box 
(4 × 4 × 4 mm) called region of interest (ROI), the number of nucleating 
points and a “generation” number to seed the points. The number of 
nucleating points was calculated to achieve a porosity compatible to that 
of native bone, using a simplified formula (Eq.6) adapted from Fantini 
et al. [64]: 

ns =
Vvoid

4
3 π

(
Tb.Sp

2

)3 where Vvoid = VROI × (1 − BV

/

TV) (6) 

Here, nₛ is calculated by assuming all pores have a diameter equal to 
Tb.Sp, aiming for a geometry which has a porosity compatible with 
native bone (i.e., 1 – BV/TV). The values of Tb.Sp and BV/TV were 
derived from synchrotron-based microstructural analysis. VROI denotes 
the volume of the bounding box, while Vvoid is the volume of empty space 
within the box. The nucleating points were seeded within the bounding 
box, then the Voronoi tessellation was applied. To generate the final 
scaffold geometry, curved pipes were implemented around the tessel
lation edges and node radii and beam thicknesses were adjusted to 
match the BV/TV values extracted from healthy and osteoporotic bone 
scans. The final geometry was exported in STL format. To verify the 
morphological accuracy of the design, values of Tb.Th and Tb.Sp (that 
here referred to the struts of the scaffolds) were extracted from the STL 
files and compared with corresponding native bone values.

2.2.2. Geometry simplification
The scaffolds designed using nucleating point values derived from 

(Eq.6 required geometric simplification to align with the resolution 
limits of the herein used hydrogel material in combination with the 
Xolography process. High geometric complexity challenged both print
ability and structural integrity. To address this, the scaffold geometries 

were simplified by proportionally scaling the number of nucleating 
points (ns). This was achieved by modifying the bounding box di
mensions and decreasing the structural complexity. Two scaffold sizes 
along the order of magnitude of the scanned bone samples were selected: 
7 × 7 × 3 mm and 4 × 4 × 3 mm. For each size, multiple values of ns 
were tested using fixed scaling factors. The strut thickness was then 
carefully adjusted for each configuration to achieve a BV/TV consistent 
with that of native trabecular bone.

2.3. Xolography 3D printing

3D printing was carried out using a customised Xolography printer 
for research purposes, which operated on the same principles and 
included similar components as the commercially available Xube® (xolo 
GmbH, Berlin, Germany). It featured two light sources that projected a 
thin light sheet of 10–40 µm from 375 nm lasers, along with a visible 
light projector that produced a sequence of images of the sliced object 
into the light sheet.

Four distinct hydrogel formulations were prepared, each comprising 
two components in a 60:40 wt ratio (Component A: 60%; Component B: 
40%). Component A consisted of a proprietary aqueous solution (xolo
PEGDA_Component-A, xolo GmbH), primarily composed of water, with 
triethanolamine (TEOA) and polyacrylic acid (PAA) as solutes. 
Component B was formulated by blending the DCPI JLe− 145 (xolo 
GmbH) with the crosslinking agents PEGDA (Mw = 700 g/mol) and/or 
PEGDMA (Mw = 750 g/mol), both obtained from Sigma-Aldrich. The 
four hydrogel variants differed in the PEGDA:PEGDMA ratio and were 
prepared following protocols described in Stoecker et al. [28].

After printing, the samples were rinsed with phosphate-buffered 
saline (PBS) to remove unpolymerised material. The materials’ refrac
tive indices were measured using an Abbe refractometer (Optika Mi
croscopes, Italy). For each formulation, the input parameters of light 
source intensity (I), printing speed (S) and energy (E) are interdependent 
according to the relationship provided by (Eq.7): 

E =
3I
S

(7) 

These parameters were optimised by systematically screening com
binations of I and S to identify a feasible processing window that ensured 
adequate curing while maximizing resolution. This procedure was 
applied consistently across all four material combinations. To assess 
print fidelity and resolution, a benchmark test object was designed, 
incorporating features with pore diameters comparable to the native Tb. 
Sp and strut widths within the range of Tb.Th. The printed scaffolds were 
examined using a digital microscope (Keyence VHX-500F), and dimen
sional accuracy was evaluated by comparing printed geometries with 
the corresponding STL files using ImageJ. For each hydrogel formula
tion, 8 replicate samples were printed and analysed.

2.4. Mechanical characterization

2.4.1. Swelling test
Swelling behavior was assessed using 3D-printed cylindrical samples 

(5 mm diameter × 2.5 mm height), with five replicates (n = 5) per 
material formulation. Immediately after printing, each sample was 
positioned on a glass slide, and images were acquired using a digital 
microscope from the top and two opposing lateral views to establish 
baseline dimensions. The samples were then fully immersed in PBS and 
incubated in a light-protected environment at 37 ◦C to simulate physi
ological conditions.

Microscopic images were collected at predetermined time points 
(days 0, 1, 4, 7, 14, and 21). Dimensional measurements (diameter and 
height) were extracted using ImageJ software to calculate the sample 
volume at each time point (Vt). The volumetric swelling fraction (Eq.8) 
was then determined using the initial volume (V0) as a reference: 
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Volumetric swelling fraction = SFV =
Vt

V0
(8) 

2.4.2. Compression test
Compression tests were conducted using the MicroTester G2 

(CellScale) on cylindrical printed samples (5 mm diameter × 2.5 mm 
height) immersed in PBS (n = 4 for each material combination). The 
device applied a gradual displacement to the samples through a 6 mm² 
metallic plate glued to one end of a microbeam. The diameter of the 
microbeam was selected based on the specific sample stiffness to mini
mize deflection and ensure accurate force transmission. Each sample 
was compressed to 10% of its initial height over a 60-second ramp, 
corresponding to a displacement rate of approximately 0.25 mm/min. 
Although slower than typical compression rates used for hydrogels, this 
controlled speed mitigated lateral slipping, enhancing measurement 
reliability. The compression test provided an estimation of the material's 
stiffness, quantified by the Young’s modulus E, derived as the slope of 
the linear region of the stress–strain curve. The quality of the linear fit 
was assessed using the coefficient of determination (R2, considered 
acceptable if R2 ≥0.98) and the residual standard error (RSE), which 
must be < 5% of the stress values within the linear range to be deemed 
reliable.

2.4.3. Microindentation test
While compression was performed to assess the bulk mechanical 

properties of the samples, microindentation testing was employed to 
characterize local mechanical responses at discrete positions across the 
material and determine possible inhomogeneities. Cylindrical samples 
(5 mm diameter × 2.5 mm height) were used. Microindentation was 
carried out using the MicroTester G2 system, with samples submerged in 
PBS. A spherical indenter bead with a diameter of 1 mm applied a 
displacement equal to 10% of the initial sample height over a ramp 
duration of 60 s. For each material formulation, six samples were tested, 
and stress–strain data were collected at five distinct positions per sam
ple, maintaining a minimum spacing of 15 µm between indentations, as 
recommended in [65].

Indentation data were analysed using the Hertz contact model 
(Eq.9), which describes the interaction between a spherical indenter and 
an elastic body under small deformation conditions: 

F =
4

̅̅̅̅
R

√

3
E

1 − ν2 d3/2 (9) 

where F is the indentation force, R is the indenter radius, E is the Young’s 
modulus, ν is the Poisson’s ratio and d is the indentation depth. A custom 
Matlab script, adapted from Huth et al. [65], was used to process the 
force–distance data and extract the local Young’s modulus. To account 
for depth-dependent variations, the algorithm evaluated the modulus 
across the force–distance curve and plotted E as a function of indenta
tion depth. The representative modulus was selected from the plateau 
region, corresponding to the best fit of the Hertzian model, thereby 
ensuring reliable and reproducible measurements of local stiffness.

2.5. Biological characterization

Human mesenchymal stem cells (hMSCs, obtained by human bone 
marrow of a healthy adult male donor, 1M0125, Lonza, USA; collected 
under their institutional guidelines and with informed consent; experi
ments were performed at Eindhoven University of Technology according 
to Dutch occupational health legislation) were used for the biological 
characterization of printed scaffolds. To ensure sufficient cell numbers, 
hMSCs were expanded in vitro in high-glucose Dulbecco’s Modified 
Eagle Medium (DMEM; Gibco, Fisher Scientific) supplemented with 
pyruvate and L-glutamine, 10% fetal bovine serum (FBS; Serana Europe 
GmbH), 1% antibiotic-antimycotic (penicillin-streptomycin-amphoter
icin B; Gibco), non-essential amino acids (Gibco), and basic fibroblast 

growth factor (bFGF). Prior to scaffold testing, the optimal cell seeding 
density was calibrated to (i) avoid adverse effects associated with either 
under- or over-seeding and (ii) establish the linear range between 
seeding density and metabolic activity measured via the PrestoBlue 
assay (Invitrogen). A seeding density of 6000 cells/cm² was selected 
accordingly. For each material formulation, six samples were printed in 
a well-like geometry tailored to fit a standard 96-well plate. Each sample 
included a central circular cavity to ensure cell contact with the material 
and prevent lateral migration toward the well bottom. Sterilization was 
performed by ultraviolet (UV) irradiation for 15 min, followed by im
mersion in 70% ethanol for 30 min and triple rinsing with sterile PBS. 
Half of the scaffolds (n = 3 per material) underwent surface function
alization with RGD peptides (GRGDSPC, Mw = 690 g/mol; GenScript) at 
a concentration of 10 mM in PBS. The sterilization and functionalization 
protocols followed the methodology reported by Anindita et al. [66]. 
Samples were incubated overnight on an orbital shaker under 
light-protected conditions to ensure uniform peptide adsorption, fol
lowed by three PBS washes to remove unbound RGD. Cell metabolic 
activity was assessed using the PrestoBlue assay on day 6, with culture 
medium refreshed every two days.

2.6. CFD simulations

The STL files of the designed bone scaffolds were imported into 
COMSOL Multiphysics® software (v.6.2, COMSOL AB, Stockholm, 
Sweden) to perform CFD simulations. The analyses assumed a laminar 
and stationary Navier-Stokes model, as well as the incompressibility of 
the fluid. The governing equations (Eq.10) and (Eq.11) were: 

ρ ∂u
∂t

+ ρ(u • ∇)u = − ∇p+ μ∇2u+ f (10) 

∇ • u = 0 (11) 

where ρ is the fluid density, u is the fluid velocity, t is the time, p is the 
pressure, μ is the hydrodynamic viscosity and f is the force. (Eq.10) 
represents the conservation of momentum and (Eq.11) denotes the 
conservation of mass. DMEM was chosen as the fluid material to simu
late the cell culture setting, with a hydrodynamic viscosity of 1.45 mPa⋅s 
and a density of 1 g/cm³ [67]. The scaffold walls were considered hy
drophilic and of no-slip nature, based on swelling tests which confirmed 
the materials’ impermeability: this justifies neglecting internal perme
ation, consistent with prior CFD studies on dense hydrogels where flow 
is confined to scaffold pores [68,69]. As for boundary conditions, along 
the z-axis, the top face was considered as the fluid inlet with a velocity in 
the range commonly used by pumps in bioreactors while the bottom face 
is set as the fluid outlet with zero output pressure [62,67]. A mesh 
convergence analysis was performed using physics-controlled tetrahe
dral meshes by monitoring the mean and maximum WSS on the scaffold 
surface. Mesh convergence was considered achieved when the variation 
in both quantities between successive mesh refinements was below 1%. 
Depending on the scaffold geometry, convergence was reached using 
meshes containing between 439,748 and 1,998,432 elements.

To compare the mechanobiological behavior of the designed scaf
folds with that of native trabecular bone, CFD simulations were also 
conducted on bone sub-volumes extracted from SRμCT datasets. Four 
representative samples were selected from each group (healthy and 
osteoporotic), based on BV/TV values close to the average of their 
respective populations. Each sub-volume was cropped to a size of 
4 × 4 × 3 mm³ , matching the dimensions of the designed bone scaf
folds to enable direct comparison. Mesh generation and simulation 
conditions were aligned with those detailed for the scaffold geometries, 
reproducing perfusion-like flow environments representative of in vitro 
bioreactor settings.

L. Maggi et al.                                                                                                                                                                                                                                   Applied Materials Today 52 (2026) 103394 

6 



2.7. Statistical analyses

The normality of the datasets (comprising geometrical parameters 
extracted from bone scans, results from compression and micro
indentation tests, and cell metabolic activity measurements from the 
PrestoBlue assay) was assessed using the Shapiro-Wilk test. For pairwise 

group comparisons, a Welch’s t-test was applied when both groups 
exhibited normally distributed data; otherwise, a non-parametric Mann- 
Whitney U test was employed. Statistical significance was defined at two 
thresholds: p < 0.05 (*) and p < 0.01 (**). All statistical analyses were 
conducted using Matlab and GraphPad Prism (v.10.3.1, GraphPad 
Software, USA).

Fig. 3. Voronoi-based design for trabecular bone scaffolds. Voronoi tessellation can be applied to randomly distributed nucleating points (ns), both in (a) 2D and 
(b–c) 3D domains. (d) Curved struts are generated along the tessellation edges, and both node radii and beam thicknesses are tuned to reproduce the bone volume 
fraction (BV/TV) and trabecular spacing (Tb.Sp) observed in synchrotron-derived structures from (e) healthy and (f) osteoporotic bone. (g) To ensure printability, a 
simplification process is applied: the scaffold volume is adjusted (e.g., from 4 × 4 × 4 mm to 7 × 7 × 3 mm or 4 × 4 × 3 mm), and the number of nucleating points is 
reduced. The simplified designs retain BV/TV values consistent with those of the native healthy and osteoporotic bone.
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3. Results

3.1. Computational generative design of bone-mimetic scaffolds

The study groups were well-matched for age, with no significant 
difference observed between the healthy (74.6 ± 5.6 years) and osteo
porotic (75.8 ± 8.4 years) donors (p = 0.74). Furthermore, Pearson 
correlation analysis confirmed that donor age was not a significant 
confounding factor for any measured morphometric parameter (all 
p > 0.11, r < 0.57), indicating that observed differences are primarily 
attributable to the disease state.

The morphometric features are presented in Fig. 2h. BV/TV was 
significantly reduced in osteoporotic samples (p = 0.011), with the 
mean decreasing from 28.4% ± 6.2% in healthy (H) to 21.0% ± 5.5% in 
osteoporotic (O) specimens. Tb.Th showed no statistically significant 
difference between groups, with mean values of 0.301± 0.051 mm in 
healthy and 0.314 ± 0.084 mm in osteoporotic bone. However, notable 
intra- and inter-sample variability was observed, with some samples 
exhibiting abnormally large trabeculae that influenced the mean. Tb.Sp 
was significantly higher in osteoporotic bone (1.008 ± 0.344 mm) 
compared to healthy bone (0.673 ± 0.145 mm, p = 0.015), suggesting a 
more porous structure. The density of connected trabecular elements 
was marginally lower in osteoporotic samples (2.90 ± 1.74 structures/ 
mm³) than in healthy samples (3.15 ± 1.96 structures/mm³), though not 
significantly. Finally, the DA was significantly elevated in osteoporotic 
bone (0.664 ± 0.127 vs. 0.534 ± 0.089, p = 0.017), with most values 
exceeding 0.45, indicating a pronounced preferential orientation of 
trabecular elements.

The translation of the structure of native bone into engineered 
scaffold geometries was achieved using Voronoi tessellation, an 
approach that can be applied to both 2D (Figs. 3a) and 3D (Fig. 3b-c) 
representations. Scaffold design was implemented through a generative 
workflow. The number of nucleating points was calculated to achieve 
porosity values compatible with those of native bone, as detailed in 
2.2.1. These points were randomly seeded within the defined region of 
interest, a 4 × 4 × 4 mm bounding box (Fig. 3b), and Voronoi tessella
tion was then applied to generate a scaffold framework (Fig. 3c). Curved 
struts were formed along the tessellation edges (Fig. 3d), and both node 
radii and beam thicknesses were tuned to replicate the BV/TV observed 
in healthy (Fig. 3e) and osteoporotic (Fig. 3f) synchrotron trabecular 

structures.
Following the generative design process, the geometric properties 

were quantitatively extracted from the generated scaffolds and 
compared to the target native bone parameters (Table 1). The resulting 
scaffolds retained a trabecular-like topology characterised by inter
connected, beam-like struts (Fig. 3d-e-f). Notably, both the healthy and 
osteoporotic scaffold variants exhibit similar Tb.Sp and smaller Tb.Th 
than their native counterparts.

The geometries were simplified to ensure successful printability, 
changing the overall size and the number of nucleating points (Fig. 3g). 
The resulting designs are shown in Fig. 4a. Reducing the number of 
nucleating points led to less intricate architectures, enabling more 
robust and reproducible fabrication.

Comparing the geometrical parameters of the bone scaffolds and the 
native bone specimens, in both healthy and osteoporotic cases, the 
simplified scaffold variants exhibited strut thicknesses from 24.2% to 
212.0% greater compared to native bone (Fig. 4b), a necessary adjust
ment to meet manufacturing constraints. As expected, increasing the 
number of nucleating points resulted in thinner struts, since more 
complex geometries required reduced thickness to preserve the target 
BV/TV. This inverse relationship displayed a shallower slope in larger 
scaffolds (7 × 7 × 3 mm) compared to smaller ones (4 × 4 × 3 mm), 
meaning that for a given number of nucleating points, struts in larger 
scaffolds were generally thicker. Within each scaffold size, healthy bone- 
mimetic designs consistently presented higher strut thickness than 
osteoporotic counterparts, in accordance with their higher BV/TV. A 
similar trend was observed for pore spacing (Fig. 4c): increased geo
metric complexity, driven by a higher number of nucleating points, 
correlated with reduced spacing due to a denser network of struts. 
Larger scaffolds exhibited greater spacing. Healthy scaffolds showed 
lower spacing than osteoporotic ones, again reflecting the higher BV/TV 
of the healthy group.

3.2. Xolography-based 3D printing: photopolymer formulation

Scaffolds were fabricated using light-sheet xolography volumetric 
printing, whose working principle is shown in Fig. 5a: polymerization of 
photocrosslinkable polymers occurred inside a resin-filled cuvette at the 
intersection of a UV light sheet and visible light projections, enabled by 
the presence of a DCPI. Four PEG -based formulation were tested: 40% 

Table 1 
Geometrical comparison between Voronoi-based scaffold designs and native trabecular bone. Parameters include bone volume fraction (BV/TV), trabecular thickness 
(Tb.Th), and trabecular spacing (Tb.Sp). The number of nucleating points (ns) in the designs is adjusted to replicate the BV/TV and approximate the Tb.Sp of healthy 
and osteoporotic bone specimens.

* values adjusted during the design process to match with native bone values
◦ values measured after the design process
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PEGDA, 30% PEGDA–10% PEGDMA, 20% PEGDA–20% PEGDMA, and 
40% PEGDMA (Fig. 5b). At high PEGDMA content, structures exhibited 
a visible loss of geometric fidelity; therefore 10% PEGDA–30% PEGDMA 
formulation was excluded. The formulation-specific printing parameters 
were optimised through iterative experimentation, serving as baseline 
conditions to be fine-tuned at each printing session to account for pro
cedural variability and resin handling. The 40% PEGDA and 30% 

PEGDA–10% PEGDMA blends exhibited broad process windows and 
high reproducibility, while PEGDMA-rich formulations showed narrow 
windows and poor fidelity (Fig. 5c).

Resolution was assessed using a standardised test structure with 
beams (0.5–0.1 mm) and pores (1.0–0.6 mm) representative of the 
characteristic struts and voids of porous scaffolds (Fig. 5d). None of the 
formulations consistently printed beams < 0.3 mm, while beams 

Fig. 4. Parametric simplification of scaffold architecture for enhanced manufacturability. (a) Scaffold geometries generated via Voronoi-based design for two 
characteristic sizes and two bone conditions (healthy and osteoporotic). For each condition, structural complexity was modulated by varying the number of 
nucleation points (ns), enabling controlled simplification while maintaining the target bone volume fraction (BV/TV). (b) Quantitative analysis of average strut 
thickness as a function of nucleation points for healthy (H) and osteoporotic (O) groups, categorised by scaffold size. Increased geometric simplification (lower ns) 
results in thicker struts, improving printability and mechanical robustness. (c) Average pore spacing as a function of nucleation points for each group and scaffold 
size. Larger pores are associated with lower ns values, supporting enhanced mass transport while preserving morphometric fidelity to native bone.
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between 0.3–0.5 mm were unstable (Fig. 5e). Hole fidelity was therefore 
used as the primary metric (Fig. 5f). The 40% PEGDA and 30% 
PEGDA–10% PEGDMA formulations successfully printed the full range 
of feature sizes, whereas the 20% PEGDA–20% PEGDMA and 40% 
PEGDMA formulations failed to reproduce any of the designed pore 
dimensions. Across all samples, printed pores consistently deviated to
ward smaller-than-intended diameters, with accuracy inversely corre
lated to feature size. The 40% PEGDA formulation demonstrated the 
highest mean dimensional fidelity (89.7%), followed by 30% 
PEGDA–10% PEGDMA (64.0%). Overall, an increase in PEGDMA con
tent was inversely correlated with printing resolution and dimensional 
accuracy.

3.3. Mechanical characterization

The mechanical characterization of the photopolymer formulations 
was considered to evaluate their suitability for future use in in vitro 
experiments by determining whether the materials can withstand sam
ple handling and maintain geometrical stability without swelling.

Volumetric swelling ratios remained close to unity across all for
mulations over both short-term (1–7 days) and long-term (14–21 days) 
immersion periods (Fig. 5g). Minor shape deviations and slight mea
surement variability observed during sample handling and imaging 
occurred but did not indicate substantial swelling or degradation, con
firming the materials’ dimensional stability under aqueous conditions.

The Young’s modulus E of the four photopolymer formulations was 
evaluated using complementary mechanical testing methods: compres
sion testing and microindentation. Stress-strain curves from both mo
dalities are presented in Fig. 5h-i, with the extracted moduli summarised 
in Fig. 5j. Notably, significant discrepancies between compression and 
microindentation results were observed for the 30%PEGDA–10% 
PEGDMA and 40%PEGDMA formulations, with microindentation 
consistently yielding lower moduli, likely reflecting local heterogene
ities or surface effects. Generally, the stiffness measured by compression 
decreases as PEGDMA content increases, except for the 40%PEGDMA 
formulation, which exhibited anomalously higher stiffness. Across all 
formulations, average modulus values ranged from 201 to 678 kPa.

3.4. Biological characterization

Cell metabolic activity data assessed at day 6 post-seeding were 
normalised to a control consisting of cells cultured on standard tissue 
culture polystyrene (TCPS), representing an ideal substrate for cell 
growth under in vitro conditions (Fig. 5k).

Measured metabolic activity increased with increasing percentage of 
PEGDMA but remained far below the control group, which was poten
tially due to a lack of cell adhesion sites. Functionalization of the scaf
folds with bioactive peptides therefore aimed to enhance cellular 
interactions by providing specific adhesion motifs. For the 40% PEGDA 
formulation, functionalization did not yield a statistically significant 
improvement in cell metabolic activity, suggesting limited peptide 
conjugation and thereby insufficient presence of bioactive sites. How
ever, in formulations containing PEGDMA, which inherently offered a 
higher density of methacrylate groups available for covalent peptide 
attachment, functionalization led to a notable increase in cell metabolic 

activity. Overall, the highest relative cell metabolic activity observed 
was approximately 65% compared to TCPS. High cell viability for 
hMSCs seeded on a similar combination of PEGDMA and PEGDA has 
been previously reported by Anindita et al. [66].

To ensure sufficient presence of cells for the formulation containing 
low PEGDA ratios, microscope images of hMSCs seeded on 30% 
PEGDA–10% PEGDMA functionalised with RGDs (Fig. 5l) show that, 
compared to TCPS, cells still appear rounded 2 h after seeding and 
poorly spread. However, after 2 days, cells were elongated, indicating 
sufficient presence of available binding sites.

3.5. Xolography-based 3D printing of bone-mimetic scaffolds

The 30%PEGDA–10%PEGDMA formulation was selected for scaffold 
fabrication, as it provided a compromise between print resolution and 
adequate metabolic activity. Initial attempts to fabricate 4 × 4 × 4 mm 
scaffolds without simplifications proved unsuccessful. These designs, 
while morphologically accurate, resulted in uncontrolled polymeriza
tion within the internal pore network during the volumetric exposure 
process, ultimately producing occluded and non-perfusable structures. 
To address this limitation, geometrical simplifications were introduced. 
With these adapted designs, scaffolds from the healthy bone group were 
successfully printed in both the smaller (4 × 4 × 3 mm) and larger (7 ×

7 × 3 mm) formats (Fig. 6a–b). Fig. 6c gives a 3D perspective, showing a 
scaffold in a cuvette from two sides after printing and washing.

Microscopy and dimensional analyses revealed that the printed 
constructs systematically deviated from their digital counterparts, with 
average linear oversizing of approximately 13% for 7 × 7 × 3 mm and 
11% for 4 × 4 × 3 mm scaffolds. This discrepancy may be attributed to 
light diffusion during the Xolography exposure process, and the 
threshold behavior of polymerization at microscale resolutions. Despite 
this, the printed scaffolds retained well-defined architectural features, 
including consistent strut connectivity and surface regularity, indicating 
high shape fidelity relative to the simplified models. In contrast, all 
osteoporotic-mimetic scaffold designs did not yield structurally stable 
printed parts. Their elevated porosity and reduced strut dimensions fell 
below the minimum threshold required for self-supporting structures.

3.6. CFD simulation results

CFD simulations were conducted under perfusion-like conditions 
representative of in vitro bioreactor environments (Fig. 7a). The WSS 
distribution on the scaffold surfaces was analysed, and scaffold perme
ability was also calculated.

WSS distributions highlighted the functional behavior of the scaf
folds under simulated flow. Ranges known to elicit different effects on 
MSCs are shown in Fig. 7b. In healthy scaffold geometries, inlet veloc
ities in the range of 0.15–0.25 mm/s produced surface WSS values 
within the osteogenic window (0.11–10 mPa), known to stimulate bone 
formation processes. These simulations yielded permeability values 
ranging from 3.54 × 10⁻⁸ to 19.0 × 10⁻⁸ m² across all scaffold configu
rations (Fig. 7c). Larger scaffolds consistently exhibit higher perme
ability compared to smaller ones, due to increased flow cross-sections 
and reduced hydraulic resistance. Within both healthy and osteoporotic 
design groups, permeability inversely correlated with the number of 

Fig. 5. Manufacturing method: Xolography working principle and characterization of PEGDA/PEGDMA-based printing formulations. (a) Schematic representation of 
the Xolography working principle within the resin-filled cuvette. (b) Chemical structures of the primary photocrosslinkable monomers: polyethylene glycol diacrylate 
(PEGDA) and polyethylene glycol dimethacrylate (PEGDMA), used in the development of hydrogel-based printing resins. (c) Four resin formulations with varying 
PEGDA/PEGDMA ratios are evaluated for printability and resolution. (d) CAD model of the resolution benchmark used to assess Xolography precision. (e) 
Representative printed resolution benchmarks for each tested formulation. (f) Quantitative evaluation of printing accuracy for two formulations: 40% PEGDA and 
30% PEGDA–10% PEGDMA, based on dimensional fidelity of benchmark hole features. (g) Swelling behavior of the four hydrogel formulations over 21 days in PBS. 
(h-i) Stress–strain curves from uniaxial compression tests and from microindentation. (j) Quantitative comparison of Young’s modulus values obtained from 
compression and indentation tests, reflecting material stiffness. (k) Cell metabolic activity of cells seeded on the resins with and without RGD functionalization. (l) 
Microscope images of human mesenchymal stem cells (hMSCs) attachment on 30% PEGDA – 10% PEGDMA functionalised with RGDs and on standard tissue culture 
polystyrene (TCPS). Significance thresholds are set at p < 0.05 (*) and p < 0.01 (**).
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nucleating points. Osteoporotic-mimetic scaffolds showed overall higher 
permeability than healthy counterparts. This observation was consistent 
with their greater porosity and thinner struts, which reduced resistance 
to interstitial flow.

WSS heatmaps (two representative samples per group are shown in 
Fig. 7d; the full dataset is available in Figs. S1–S2, Supporting 
Information) reveal spatial heterogeneity, with distinct regions experi
encing WSS between 0.11–0.55 mPa, associated with osteogenic stim
ulation without mineralization, and regions exceeding 0.55 mPa, which 
are conducive to both osteogenesis and mineral deposition [20]. The 
percentage quantification of the surface area exposed to each WSS range 
for the different groups is reported in Fig. 7e. As the number of nucle
ating points increased, the proportion of scaffold surface area exposed to 
WSS values > 0.55 mPa also increased. Osteoporotic scaffolds subjected 
to identical flow rates exhibited lower overall WSS, with broader regions 
restricted to the 0.11–0.55 mPa range.

The CFD results obtained from the bone sub-volumes are also 

presented in Fig. 7d-e and Fig. S3 in Supporting Information, using the 
same layout as employed for the designed scaffold geometries. CFD 
simulations were performed on a subset of bone samples (4 healthy and 
4 osteoporotic) whose BV/TV closely matched the mean BV/TV of the 
corresponding healthy-like and osteoporotic-like scaffolds. Among the 
10 healthy and 10 osteoporotic bone samples available, these 4 healthy 
and 4 osteoporotic had BV/TV values sufficiently close to the scaffold 
BV/TV to allow a direct comparison of WSS while holding porosity 
constant. This matching criterion was adopted to isolate the influence of 
the density on WSS relative to the native bone architecture, minimizing 
confounding effects due to differences in BV/TV. In bone samples, 
similar trends were observed in WSS distribution patterns, particularly 
in the proportion of surface areas exposed to low (blue) and interme
diate (green) WSS values. When comparing the bone samples with the 
smaller scaffolds, the percentages of surface area exposed to 
mineralization-enhancing showed no statistically significant differences 
were found between WSS in healthy scaffolds (75.21% ± 9.47%) and 

Fig. 6. Xolography printed scaffolds visualised with a digital microscope and their corresponding designs: (a) smaller size and (b) larger size. (c) Exemplary scaffold 
in a cuvette after printing and washing, showing the 3D structure from two sides.
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healthy bone (72.25% ± 1.38%) samples (p = 0.343) or between oste
oporotic scaffolds (69.09% ± 20.23%) and osteoporotic bone (57.34% 
± 8.54%) samples (p = 0.686). These results suggest that the scaffolds 
successfully replicated the native WSS environment. In addition, 
average permeability values for the native bone samples were included 
in Fig. 7c: 5.38 × 10⁻⁸ ± 0.31 × 10⁻⁸ m² for osteoporotic bone and 
4.91 × 10⁻⁸ ± 0.20 × 10⁻⁸ m² for healthy bone. These values were 
comparable to those observed in the scaffold series, particularly in the 
designs with a higher number of nucleating points. Moreover, the scaf
folds reproduced the increased permeability characteristic of the oste
oporotic case, consistent with native bone.

4. Discussion

4.1. Effects of osteoporosis on trabecular architecture and the translation 
of morphometric parameters into scaffold design

Osteoporosis was found to induce a statistically significant reduction 
in BV/TV, concomitant enlargement of trabecular spacing, and an in
crease in anisotropy index. These findings are in line with compromised 
trabecular integrity and increased fracture susceptibility by enhanced 
osteoclastic resorption that is outpacing osteoblastic formation as re
ported elsewhere [9,70,71]. The elevated heterogeneity in trabecular 
spacing observed among osteoporotic specimens is likely based on 
inter-subject variability in disease progression and mechanical loading 
conditions. The observed increase in anisotropy is hypothesised to result 
from the preferential resorption of trabeculae oriented orthogonally to 
the dominant load directions [70,71]. Conversely, trabecular thickness 
and connectivity density metrics did not display statistically significant 
differences between healthy and osteoporotic groups. This observation 
could be mechanistically rationalised by competing microarchitectural 
phenomena: progressive trabecular fragmentation induced by bone loss 
tends to reduce connectivity density, whereas concurrent remodelling 
processes induce a morphological transition from plate-like to rod-like 
trabecular elements (also with central plate perforation), which could 
partially enhance connectivity [9,70,72,73]. It must be noted, however, 
that, although the cohort was restricted to elderly female donors to 
reduce confounding, the relatively small sample size and the single 
anatomical source limit the generalizability of these findings to male 
donors, younger populations and other skeletal sites. Previous 
morphometric studies on human trabecular bone using CT- or 
synchrotron-based imaging have reported comparable sample sizes, 
supporting the feasibility of our approach within its limitations [9,54, 
57].

Three geometrical parameters (bone volume fraction, trabecular 
spacing, and trabecular thickness) were chosen as constraints to guide 
the scaffold design workflow. These descriptors captured the essential 
geometric determinants of trabecular bone functionality by balancing 
structural integrity and permeability. The employed generative 
approach ensured flexibility and scalability, as it can be applied to re
gions of interest of arbitrary shape and size. Furthermore, simple 
modification of the morphometric inputs enables efficient generation of 
geometries spanning both healthy and osteoporotic architectural re
gimes [64,74].

The final scaffold designs were produced in two different dimensions 
with topological complexity regulated through Voronoi nucleation 
density. Higher nucleation densities yielded increasingly intricate 

architectures characterised by finer features and reduced pore di
mensions. The scaffolds matched the BV/TV of healthy and osteoporotic 
trabecular bone, but exhibited increased strut thickness and spacing, 
which progressively approached native values in the more complex ar
chitectures. Control over the design variations allowed here to investi
gate the influence of scaffold size and complexity on fluid transport in 
silico and could be adjusted to ensure manufacturability by accounting 
for resolution limits of manufacturing processes for in vitro studies.

4.2. Bone scaffolds manufacturing: introduction and characterization of 
new Xolography-printed hydrogels

The choice of the employed hydrogels was guided by the combined 
requirements of Xolography processing, prior literature evidence and 
the targeted scaffold design. Previous studies have demonstrated that 
Xolography enables high-resolution fabrication with synthetic photo
polymers [26], [27] whereas biocompatible hydrogel systems remain 
comparatively underdeveloped. Cytocompatibility has mainly been re
ported for GelMA-based and GelMA–PEGDA formulations [28,38,39]
which, however, exhibited lower print resolution than synthetic coun
terparts. [28,38,39]. Low molecular weight (Mn = 575 or 700) 
PEGDA-based systems enable higher printing resolution and more stable 
processing conditions, making them better suited for fabricating com
plex geometries required for this study, although they lack intrinsic 
bioactive motifs [28,38]. Higher-molecular-weight PEGDA improves 
cytocompatibility but compromises print resolution or processability 
[28,38]. To address this trade off, the rationale was to retain low mo
lecular weight PEGDA (Mn =700) and replace GelMA with PEGDMA, 
which provided methacrylate functional groups amenable to conjuga
tion with bioactive motifs such as the RGD peptides, a strategy previ
ously used to enhance cell adhesion by facilitating integrin engagement 
[66]. Similar PEGDA/PEGDMA combinations have demonstrated 
improved biological performance in other photopolymerization tech
niques [66], although their application in Xolography remained 
unexplored.

Printing conditions varied for each hydrogel composition: the 40% 
PEGDA formulation supported low energy input, while increasing 
PEGDMA content required higher energy doses to achieve complete 
polymerization. This behavior is likely linked to distinct crosslinking 
kinetics of acrylate and methacrylate groups and is in agreement with 
Stoecker et al. [28], who observed slower printing dynamics in Gel
MA/PEGDA blends compared to pure PEGDA systems. Higher PEGDMA 
content required higher energy input which was accompanied by 
over-polymerization during extended exposure, leading to diminished 
resolution and geometric fidelity.

The stiffness measured via compression tests was primarily governed 
by the PEGDA:PEGDMA ratio: the Young’s modulus decreases with 
increasing PEGDMA content, a trend previously reported by Anindita 
et al. [66]. While variations in printing parameters (speed, intensity and 
energy dose) were necessary to accommodate the specific 'printing 
window' of each formulation, these parameters did not show a stand
alone monotonic correlation with the compressive elastic modulus, as it 
happens for other 3D printing techniques and materials [75]. An 
exception was noted for the 40% PEGDMA formulation: the higher 
stiffness observed can be attributed to the significantly higher energy 
dose and slower printing speed required to achieve stable polymeriza
tion. This increased exposure likely enhanced the crosslinking density, 

Fig. 7. Computational fluid dynamics (CFD) analysis on bone scaffolds and human bone specimens (a) CFD simulation domain and boundary conditions, modelling 
confined unidirectional perfusion through scaffold pores under bioreactor-like conditions. (b) Classification of wall shear stress (WSS) ranges based on osteogenic 
response of Mesenchymal Stem Cells: sub-threshold (non-stimulatory), osteoinductive without mineralization, and osteoinductive with enhanced mineralization. 
Adapted from Melke et al. [15] (c) Simulated permeability values as a function of geometrical complexity (nucleation points ns), comparing scaffolds mimicking 
osteoporotic and healthy trabecular architectures across two scaffold sizes. (d) WSS distributions mapped onto scaffold surfaces and human bone specimen surfaces, 
highlighting areas subjected to osteogenesis-promoting WSS ranges: 0.11–1.5 mPa (green, without mineralization) and 1.5–10 mPa (blue, with enhanced miner
alization). Two representative samples for each group are shown, the maps of all the samples are available in Fig. S1− 2–3, Supplementary Information. (e) 
Quantitative analysis of surface area percentages exposed to different WSS ranges.
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overriding the softening effect associated with higher PEGDMA 
percentages.

The measured stiffness from microindentation was significantly 
lower than that obtained from compression tests, particularly in the 30% 
PEGDA–10% PEGDMA and 40% PEGDMA samples. This discrepancy 
reflects the inherent difference in probed volume and loading mode 
which is correspondingly influenced by surface features, microstructure, 
and local crosslink density [76,77]. Across all compositions, micro
indentation results exhibited minimal spatial variability, indicating 
uniform curing throughout the printed structures. Overall, stiffness 
values ranged from 201 to 678 kPa, significantly lower than that of 
native trabecular bone (1–10 GPa) [78,79], but within a suitable range 
for samples in in vitro testing [80–82]. What is more, all hydrogel for
mulations maintained structural integrity and dimensional stability over 
time, with a swelling ratio near unity over 21 days in aqueous condition. 
This stable swelling behavior reflected robust crosslinking and resis
tance to osmotic expansion, supporting their use in sustained culture 
environments without significant geometric distortion.

As expected, the non-functionalised 40% PEGDA hydrogel, lacking 
methacrylate sites, showed the lowest metabolic activity of the groups 
compared. In contrast, PEGDMA-containing formulations displayed 
increased cell metabolic activity with and without RGD conjugation, 
demonstrating the biofunctionality of the methacrylate groups. The 
RGD-functionalised formulations achieved higher metabolic activities 
with the highest activity for the 40% PEGDMA formulation (~65% 
relative to control), though its limited printability restricts its applica
tion in complex scaffold fabrication. Presence of cells was confirmed 
with brightfield imaging for functionalized prints with the lowest con
centration of PEGDMA, nevertheless, more spatial information about 
cell attachment and cellular morphology on these hydrogels should be 
obtained with immunofluorescent confocal microscopy.

Scaffolds modelled according to healthy bone morphology were 
successfully printed using the selected formulation of 30% PEGDA–10% 
PEGDMA which demonstrated a balance between print fidelity, me
chanical competence, and metabolic activity. However, osteoporotic 
scaffold designs, characterised by higher porosity and lower connec
tivity, consistently failed to print, likely due to insufficient volume 
fraction. Notably, the herein investigated structures exceed the 
geometrical fragility of previous studies that demonstrated defined 
printability of equivalent or similar material formulations [28,38,39]. 
These findings underscore the need for further optimization of both 
design parameters and material formulations to fabricate scaffolds that 
replicate the structural characteristics of pathological bone tissue. Po
tential strategies to improve the printability include the addition of 
TEMPO as a radical scavenger to shift the processing window or ad
justments of the temperature and viscosity of the resin during printing to 
influence reaction kinetics.

4.3. Interstitial fluid flow in designed bone scaffolds

To study the effect of osteoporotic degeneration in architecture on 
fluid flow, the same inlet fluid velocity was applied to all samples. It was 
iteratively tuned in healthy scaffolds to yield WSS values within osteo
genic (0.11–10 mPa) and mineralization-favourable (>0.55 mPa) ranges 
and then applied also to osteoporotic scaffolds. These optimised veloc
ities, typically between 0.15 and 0.25 mm/s, fell within the operational 
capacity of standard perfusion systems (e.g., syringe and peristaltic 
pumps), ensuring translational feasibility. Simulations confirmed that 
healthy bone-mimetic scaffolds exposed to these velocities generated 
widespread regions of osteoinductive shear stress, with significant sur
face areas exceeding the threshold for mineralization. This spatial dis
tribution of WSS is critical, as localised variations could influence the 
spatial organization of bone matrix deposition and tissue integration. In 
contrast, osteoporotic scaffolds subjected to the same inlet velocities 
exhibited significantly reduced WSS magnitudes across their surfaces. 
Although portions of these geometries still experienced osteogenic WSS, 

the overall intensity and extent of mineralization-promoting regions 
were diminished. This outcome reflected the characteristic increase in 
porosity and strut spacing associated with osteoporotic trabecular ar
chitecture, which facilitated higher flow-through (i.e., increased 
permeability) but attenuated shear stress transmission due to reduced 
surface confinement. CFD simulations on the native bone scans revealed 
a clear similarity in WSS spatial distributions between native bone and 
the corresponding scaffold designs. In particular, the relative pro
portions of scaffold or bone surface exposed to osteogenic and miner
alizing WSS ranges followed consistent trends across the two domains. 
Furthermore, permeability values in bone specimens closely matched 
those of high-density scaffold variants. These findings suggested that the 
generative approach did not only replicate the morphology of bone 
tissue but also successfully captured its key fluid-dynamic behavior 
under perfusion.

Key trends emerging from the simulations include: 

i. Increased geometric complexity correlated with reduced 
permeability but promoted higher WSS heterogeneity and 
elevated peak values, which may enhance spatial control over 
osteogenic differentiation;

ii. Reducing scaffold dimensions resulted in lower permeability 
without markedly altering WSS distribution;

iii. Comparative analysis of healthy and osteoporotic scaffolds, 
across both scaffold designs and native bone sub-volumes, 
revealed that osteoporotic samples yielded higher permeability 
but lower surface WSS, leading to insufficient mechanical stim
ulus for robust mineralization. This parallel behavior confirmed 
that the scaffolds not only mimic bone structure, but also reca
pitulated condition-specific fluid dynamics and stimulus trans
mission. The lower WSS observed in osteoporotic conditions as a 
consequence of bone loss may initiate a vicious circle since 
reduced mechanical stimulation of osteoblasts leads to impaired 
bone matrix deposition.

4.4. Conclusions

This study advances understanding of how trabecular architecture 
governs interstitial fluid flow in physiological and pathological states, 
revealing that osteoporotic bone exhibits higher permeability and lower 
wall shear stress than healthy bone, thus altering mechanically relevant 
cues for bone cells. As proof-of-concept, it demonstrates that integrating 
generative scaffold design and CFD simulations successfully translates 
key structural and fluid-dynamic features of healthy and diseased bone 
into simplified geometries that preserve functionally meaningful 
cellular stimuli through shear stress. To take a step toward experimental 
application, healthy bone-inspired scaffolds were printed via Xolog
raphy using PEG-based hydrogels suitable for cell culture and in vitro 
use, though osteoporotic designs proved challenging, necessitating 
printability optimizations. The natural next step is to experimentally 
validate cell behavior under dynamic culture conditions, thereby 
assessing the impact of these mechanically derived cues on cellular 
response. In addition, expanding the number of bone samples in the 
morphometric analysis would provide a more comprehensive charac
terization of osteoporosis-related structural variability.
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