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Abstract: Scaffolds are an essential component of bone tissue engineering to provide support and create a
physiological environment for cells. Biomimetic scaffolds are a promising approach to fulfill the requirements.
Bone allografts are widely used scaffolds due to their mechanical and structural characteristics. The scaffold
geometry is well known to be an important determinant of induced mechanical stimulation felt by the cells.
However, the impact of allograft geometry on permeability and wall shear stress distribution is not well understood.
This information is essential for designing biomimetic scaffolds that provide a suitable environment for cells to
proliferate and differentiate. The present study investigates the effect of geometry on the permeability and wall
shear stress of bone allografts at both macroscopic and microscopic scales. Our results concluded that the wall shear
stress was strongly correlated with the porosity of the allograft. The level of wall shear stress at a local scale was
also determined by the surface curvature characteristics. The results of this study can serve as a guideline for future
biomimetic scaffold designs that provide a mechanical environment favorable for osteogenesis and bone repair.

Introduction: bone defect repair. Autologous bone grafts are considered the gold
standard due to their satisfying osteoconduction and osteoinduction
properties. However, their application is limited due to their
restricted availability and donor site morbidity. Although synthetic
substitutes are a promising alternative to autografts, they are
typically only osteoconductive and so far displayed inadequate
biomechanical properties. As a compromise between these two
approaches (autograft versus synthetic substitute), allografts are
good candidates. Allografts are cancellous bone fragments
harvested from living or deceased donors that have a similar

Bone tissue serves multiple functions in the human body,
including structural support and muscle attachment. It is a highly
dynamic tissue that undergoes remodeling throughout life and has
the capacity for self-healing [1]. However, this capacity becomes
limited when bone lesions are extensive. The primary focus of
bone tissue engineering is to develop therapeutic alternatives to
improve repair of large bone defects. One promising strategy for
engineering bone is to associate mimetic bone scaffolds, bone

progenitor cells and _soluble factors to create an environment biochemical composition and can create biomechanical conditions
suitable for osteogenesis [2]. that resemble the in vivo environment. As a result, they are widely

Scaffolds are an essential component of bone tissue  used in clinical practice for fracture repair [3-5]. Because
engineering as they provide support for cell proliferation and allografts are believed to recreate a suitable environment for bone
differentiation, as well as promote vessel and nerve growth. It is cells, conducting researches on the mechanical environment
important that they have the appropriate porosity, bone surface induced by fluid flow in these allografts will help design and
area to volume ratio, mechanical behavior, and biocompatibility  fabricate biomimetic scaffolds, especially for in vitro studies such
for the intended clinical use [3]. Autografts, allografts, and  as the development of a bone organoid in a perfusion bio-reactor
synthetic substitutes are the three major types of scaffolds used for [6-8].
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The design and properties of scaffolds play a crucial role in
tissue engineering and regenerative medicine. As previously stated,
a scaffold must possess suitable properties to establish an
appropriate  biological, biochemical, and biomechanical
environment for the cells. While the biological and biochemical
properties are primarily related to the material's chemical
composition, the biomechanical property is believed to be
associated with the geometry of the scaffolds. As bone cells are
mechanosensitive cells responsive to both strain and shear stresses
[9-12], scaffolds with different geometries, resulting in different
mechanical environments, will induce different cellular behaviors.

The mechanical environment created by scaffolds can be
described at both macroscopic and microscopic scales. At the
macroscopic level, it is important to consider the mechanical
strength and permeability of the scaffolds. The scaffolds must be
resistant enough to bear the loads at the implant site, while also
allowing for efficient nutrient transport to the cells. Extensive
studies have been performed to evaluate the permeability of natural
bones, both experimentally and numerically. The reported
magnitude for the permeability of human bone is of 1-743 10-10
m2, depending on the sampling sites [13-18]. The permeability of
natural bones has also been found to be anisotropic and dependent
on its fabric tensor, trabecular spacing, and structure model index
(SMI) [19,20]. At the microscopic level, it is important to
determine the strain and stress distribution to assess whether the
local mechanobiological environment is suitable for the cells.
Several in vitro studies have shown that the range of wall shear
stress promoting osteogenesis is of 0.1 — 10 mPa [21-23].
However, this result also depends on the experimental settings,
scaffold composition, and scaffold geometry [24—26].

Numerous studies have been conducted to examine the impact
of various geometry of synthetic substitutes on bone cell behavior
[27-31]. Fan et al. [30], for example, showed that greater scaffold
permeability enhanced the growth of osteoblastic cells. Rubert et
al. [31] tested different scaffold pore geometries and observed
distinct cell activity and bone-like tissue formation outcomes. The
results of these studies illustrate the importance of optimal
geometry design for synthetic substitutes. However, these different
geometries are still simplified versions of the complex structure of
bones. Furthermore, human bones have a wider variety of
microstructures compared to synthetic substitutes that could
potentially affect cellular behaviors. In addition, many studies
focus solely on macroscopic properties [18,32,33], with only a
limited number of studies examining at microscopic scale [34-36].
In fact, the characterization of the mechanical properties at the
microscopic scale is also essential to help understand the
stimulation experienced by the cells.

The present study investigates the effect of scaffold geometry
on the permeability and wall shear stress of bone allografts at both
macroscopic and microscopic scales. Microarchitectural bone
allografts parameters were derived from micro-CT images, while
surface curvatures calculated from finite element simulations were
used to describe the local geometry of allografts. Computational
fluid dynamics (CFD) analysis was performed to calculate the
permeability at the macroscopic scale, as well as the wall shear
stress of allografts at the microscopic scale. It is believed that the
results of this study will help gain insights on how the permeability
and wall shear stress felt by the cells are influenced by the
geometry of the allografts. The permeability and wall shear stress
felt by the cells will be referred to as “mechanical properties” in
the present study. The findings will thus provide guidelines for

designing optimal biomimetic synthetic substitutes in the future for
bone defect repair.

Materials and Methods:

1/ Sample preparation

Twenty-nine bone allografts used in the present study were
obtained from a bone bank (BioBank, 77127 Lieu-Saint, France)
that collects trabecular bone from femoral heads of human donors.
The sampling direction and the donor information were not
specified. These samples were devitalized and defatted using the
Supercrit® inactivation process and sterilized by gamma radiation
at 25 kGy [37,38], the bone marrow inside the samples were also
removed during the treatment. Then they are cut into cylindrical
shapes with a diameter of 6.9 mm and a height of 10 mm as
illustrated in Figure 1A using a trephine in a water bath and then
air-dried at room temperature from 30 x 20 x 10 mm trabecular
bone blocks.

2/ X-ray computed tomography analysis

X-ray computed tomography (micro-CT) was used to obtain
the 3D images of the 29 specimens. The micro-CT images were
acquired using the Skyscan 1172 micro-CT (Bruker, Kontich,
Belgium). The acquisition parameters were set to 40 kV, 100 pA,
and a voxel size of 7.9*7.9*7.9 um corresponding to protocol used
in previous study [36]. Then the images were reconstructed with
NRecon software (v 1.7.1.0, Bruker, Kontich, Belgium). To avoid
boundary effects, a representative cylindrical volume with a
diameter of 6 mm and a height of 8 mm was chosen to reconstruct
the 3D numerical model for each sample, as illustrated in Figure
1B. The gray level threshold for bone tissue was calculated using
the 3D auto-Otsu algorithm integrated in the CTAnN software (v.
1.17.7.2, Bruker, Kontich, Belgium).

3/ Computational fluid dynamics analysis
a/ CFD model meshing

In order to reduce the computation cost without losing
the structure integrity of the samples, a cubic region of interest in
the core area with a length of 4 mm for each section was selected
to generate finite element meshes for the computational fluid
dynamics (CFD) model. As illustrated in Figure 1C and 1D, the
numeric model of fluid domain includes a homogeneous flow layer
to facilitate the calculation apart from the trabecular structure.

The 3D images used to reconstruct the fluid domain
model meshes were primitively processed with Avizo® software
(v. 2021.1, Berlin, Germany). In the first place the “Median filter”
module was used to reduce image noises. Then 3D binary images
were obtained by using the “Interactive thresholding” module with
the threshold calculated by 3D auto-Otsu algorithm, except that it’s
the complementary threshold for bone tissue threshold, assuming
that the fluid domain occupies the void. Next the “Dilation”,
“Erosion”, and “Binary smoothing” modules were employed to
smooth the model border and reduce the image pixelization errors.
Finally, the “Label analysis” module was used to remove all the
non-connected parts of the 3D model.

After the generation of preliminary surface meshes for
the 3D models, they were exported in “.stl” format and then
imported in FEBioStudio software® (v.2.3) [39]. The 3D models
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were then remeshed with tetrahedrons by using the “MMG
Remesh” method integrated in the software. According to
preliminary simulation results, the remesh parameters were set to
have a good compromise between the calculation cost and result
reliability, with the element size of 25, min element size of 5,
Hausdorff value of 0.2, and gradation of 1.1. The average element
numbers for all the models after remesh process are presented in
Table 1. For each sample, 4-node tetrahedral with a Gaussian
integration point were used for meshing and calculation. Due to the
large number of elements, a skin surface with an average thickness
of three microns was implemented at the fluid-bone interface.
Therefore, due to the small thickness value, it was assumed that the
Cauchy stress of an element calculated in this skin surface was
equal to the Cauchy stress at the corresponding skin surface.

b/ Boundary conditions and fluid properties

CFD simulation of a Newtonian fluid passing through a
trabecular bone structure were performed in FEBioStudio
software® (v.2.3) as illustrated in Figure 1D. The outlet surface
pressure was set at 0 Pa and the no-slip condition was given to the
skin surfaces. The inlet velocity normal to the surface was
determined at 0.5 mm/s according to the preliminary simulation
results of wall shear stress distribution, with the aim to have an
osteogenic shear stress ranged from 0.1 mPa to 10 mPa [21-23,
40]. The fluid is adjusted to have mechanical properties similar to
those of the aMEM culture medium at ambient temperature: the
fluid density was fixed to 1,000 kg/m3, a bulk modulus of 2.2x105
Pa, a bulk viscosity of 0.002 Pa-s, and a shear viscosity of 0.001
Pa:s.

4/ Calculation of permeability and wall shear stress
a/ Calculation of the permeability (k)

Considering the fluid domain between the inlet and outlet of
the allograft structure, the permeability k of the sample was
calculated by using Darcy’s law [41]:

Qul.
A ap

k 1)

Where Q is the flow rate of the fluid, p is the shear viscosity
of the fluid, L is the height of the sample, A is the surface area of
the flow region, and Ap is the pressure drop of the fluid that was
obtained from the simulation results.

b/ Calculation of wall shear stress (WSS)

Bone cells are mechano-sensitive cells that respond to
mechanical stimulation such as fluid-induced shear stress. As the
cells adhere to the skin surface, the shear stress in the tangential
direction to the skinsurface is the most important. Hence, the wall
shear stress induced by the fluid should be calculated in the
tangential direction rather than the absolute coordinate system
directions.

In the absolute three-dimensional coordinate system
. + 3
composed by the three basic vectors(X, y,é’), the stress vector,

T = le + }?Tz + ng in Cartesian coordinate, experienced by
a finite element can be calculated by equation (2):

Oxx  Oxy  Oxz) /My T,

=

T=0X7= Opx Oypy Opzp| T | = | Th 2
Ozx  Ozy 0Ozz) \Ng T

Where o represents the Cauchy stress tensor of one skin surface

finite element, 7 = fni + }?nz + Eng is the external normal
vector of the skin surface of one skin surface finite element.

Then T_"} can be expressed by a combination of its sub-
components in the normal direction, the normal stress c;r_,: ,and in
the tangential direction, the wall shear stress (WSS) T as illustrated
in Figure 1F. As shown in equation (3), they can be individually
calculated by equations (4) and (5).

T=d+ 7 (3)

- f (Tyng 4 Tang + Tymy)
do=(Ten)en'= (n;ll‘n; + Tang + Tany)
\ My (Tyng 4 Tany + Tamy)

= Ty = my(Tymy + Tang + Tyng) | N
t=T-0,= ( Ty —na(Tym + Tong + Thn,) ) e ( r”) )

Ts = nz(Tyny + Tang + Tyng}

For a 3D finite element fluid domain model, by knowing the
stress tensor and the surface normal for each element in the wall,
the WSS for each element was calculated as in equation (6). Since
the average height of the skin surface element is of 3 10 mm, it is
assumed that the WSS of this element is equal to the WSS at the
skin surface.

To take into account the effect of element geometry close to
the wall, the calculation of the average WSS for a sample needs to
be normalized by the individual element, as illustrated in equation

.
WSS = O 121 Vatern)/ D . Votom )

Where Ve is the element volume for a finite element at the
wall, (WSS) denotes the average WSS level for a sample. In the
present study, WSS was normalized by the volume of the element
and by the area adjacent to the bone. The results obtained using the
two different normalization methods show a strong linear
correlation. This can be seen in Supplemental Data, Figure S1.
Consequently, the normalization of the WSS values by the volume
of the element, which was already published in a previous study
[11], was applied in the present study.
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5/ Calculation of geometrical parameters

a/ Calculation of bone microarchitectural
parameters

Three dimensional microarchitectural parameters of each of
the twenty-nine samples were calculated in the CTAR software (v.
1.17.7.2) by using the binarized 3D images that were used to
construct the 3D model. In the present study, the following
parameters were calculated and used [42]: bone volume fraction
(BVITV; %), bone surface-to-volume ratio (BS/BV; mm-1),
trabecular separation (Th.Sp; mm), and degree of anisotropy (DA).
The modified formula of DA was used in the present study with a
range from 0 to 1, where O represents an isotropic structure.

b/ Calculation of local surface curvatures

In addition to the traditional microarchitectural
parameters, the local surface curvatures including the first local
principal curvature (k1) and second local principal curvature (k2)
for each finite element of the 3D fluid domain were exported from
FEBioStudio software® (v.2.3) to describe the surface geometry at
microscopic level. For each element in the skin surface, its first
local principal curvature and second local principal curvature were
exported to correlate with the WSS calculation result. In the
present study, three different surface curvature features occupying
the majority of the skin surface area of the samples, greater than
95%, were distinguished: concave, hyperboloid, and convex. The
surface features and their corresponding surface descriptions are
illustrated in Table 2. It needs to be noticed that the principal
curvatures exported from FEBioStudio software® (v.2.3) describe
the fluid domain, hence the characteristics of the surface for the
solid domain or the fluid domain are specified in the text.

6/ Statistical analysis

For the Pearson’s correlation study, the representative sample
size was defined assuming an expected correlation of 0.5, a two-
tailed significance level (o) of 0.05, and a power level (1-B) of
80%. This calculation gave a sample size of twenty-nine.
Statistical analyses were performed using GraphPad Prism (version
9.2, GraphPad Software, San Diego, CA, USA,
www.graphpad.com (accessed on 10 November 2023)). Kruskal-
Wallis ANOVA test was performed before comparing the results
of two groups by Mann-Whitney tests. In all cases, p values < 0.05
were considered significant.

Results:

1/ Bone allograft microarchitectural and mechanical
property parameters

The microarchitectural parameters obtained from 3D images
are presented in Figure 2A, 2B, 2C, and 2D. The measured mean
values and standard deviations for the 29 samples were equal to
28.9 £ 6.1 % for BV/TV; 0.41 £ 0.06 mm-1 for BS/BV; 0.60 +
0.10 mm for Th.Sp; 0.56 + 0.09 for DA, and 0.42 £ 0.32 for SMI.
The bone volume fraction BV/TV has the biggest normalized
standard deviation equal to 20%, from a minimal value of 16.2% to

a maximal value of 40.8%. The normalized standard deviation for
other microarchitectural parameters is between 13% to 16%.

The mechanical properties derived from CFD analysis are
presented in Figure 2E and 2F. The mean value and standard
deviation for permeability were equal to 3.69 + 2.64 10-9 m2. A
wide variation was observed for permeability, from a minimal
value of 0.30 10-9 m2 to a maximal value of 10.99 10-9 m2. On
the other hand, the mean value and standard deviation for average
WSS were equal to 6.43 + 2.16 mPa, ranging from 3.59 mPa to
11.81 mPa.

Average values of meshing information, BV/TV,
permeability, and WSS are presented in Table 1. The average
meshed element number was 9,240,469, with an average skin
surface element number of 1,380,499. Their individual meshing
information, BV/TV, permeability, and WSS are given in
Supplemental Data Table S1.

2/ Relationship between microarchitectural parameters,
permeability and WSS

Assuming all the parameters follow a normal distribution,
Pearson’s linear regressions were primitively performed among the
parameters. The correlation matrix for the regression coefficient R
values is presented in Figure 3A. The correlation results show that
BV/TV is linearly correlated with BS/BV, SMI, and Th.Sp, but not
with DA. The correlation between BV/TV and SMI is given in
Supplemental Data Figure S2.

As for the macroscopic mechanical bone properties
parameters, the BV/TV is the microarchitectural parameter that is
most correlated with k and average WSS. It can be seen that
BV/TV is negatively correlated with permeability while positively
correlated with the average WSS. However, the correlation relation
is stronger for average WSS, with Pearson’s value R = 0.84, than
for permeability, with Pearson’s value R = -0.68. Between
permeability and average WSS, the correlation is non-linear. The
R-squared value equals to 0.64 when a non-linear one-phase decay
exponential regression was performed

3/ CFD analysis of fluid domain

As the BV/TV of an allograft strongly influenced its
respective level of average WSS, three representative samples with
varying BV/TV were chosen to compare the fluid domain
differences in terms of shear stress and fluid velocity. The sample
n°29 has a BV/TV of 40.55%, the sample n°10 has a BV/TV of
29.67%, and the sample n°26 has a BV/TV of 21.06%. The
distribution of von-Mises stress, maximum shear stress, nodal z
fluid velocity, as well as the nodal fluid velocity for these three
samples are presented in Figure 4.

In terms of shear stress, it can clearly be seen that the area of
higher shear stress decreases as the BV/TV decreases. For sample
n°29 (BV/TV=40.55%), high level of shear stress appears at the
inlet surface. While for the other two samples, the shear stress
level becomes more important in the middle part of the structure.
Potentially due to the higher level of BV/TV, the fluid domain of
sample n°29 was separated into multiple small sections compared
to sample n°26 (BV/TV = 21.06%), which may result in fluid
passage difficulties and thus higher shear stresses. Furthermore, the
location of the mechanically stimulated areas is different for every
slices. This may be due to the high heterogeneity of the 3D
structure.
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From the fluid velocity profiles, it can be seen that a great
proportion of fluid domain has a velocity exceeding the inlet
velocity of 0.5 mm/s. This proportion becomes higher when the
sample has a higher BV/TV. However, the areas with higher
velocity are not necessarily associated with higher shear stress
areas.

Figure 5 shows the WSS distribution for the three samples.
Near 50% of skin surface area of each sample is within the
osteogenic WSS range ([0.1, 10] mPa), with sample n°29 (BV/TV
= 40.55%) having the lowest surface area portion that experiences
such stimulation. Within the osteogenesis range, 0.4-0.8 mPa WSS
represents the range to which most elements are exposed.

4/ Local surface curvature and local fluid-induced
shear stress correlation

After examining the fluid domain for a whole allograft, the
investigation of the microarchitecture influence on fluid-induced
shear stress was carried out on the microscopic level. The Figure 6
shows the local distribution of the Gaussian curvature (K), the
mean curvature (H), and the von-Mises stress for a randomly
chosen local fluid domain, where the Gaussian curvature and the
mean curvature can be calculated according to equations (8) and

9):

K=k *k, ®)
1
H=£(k1+k2) )

As shown in Figure 6A, a great part of the surface has
negative value for K while the values of H are mainly positive in
Figure 6B. This result means that the trabecular bone surface is
mainly composed of hyperboloid surface (K<0). By comparing the
local principal curvatures given in Figure 6A, 6B, and the
distribution of von-Mises stress given in Figure 6C, a distinct
distribution of von-Mises stress can be observed for regions where
the local principal curvatures are both negative from regions where
they are both positive. The convex regions of the fluid domain
experienced a lower level of von-Mises shear stress than the
concave regions of the fluid domain.

In order to highlighted the influence of the local surface
curvature on the local WSS, three regions with different curvature
characteristics for the fluid domain were analyzed: one concave
region; one hyperboloid region; and one convex region. The
average WSS and the area ratio for the three selected surface
curvature types (concave, hyperboloid, and convex) for the 29
individual samples are given in Supplemental Data Table S2. The
sums of the area ratios are not equal to 1 because of the four side
surfaces with principal curvatures equal to zero. The results are
compared for all the 29 samples and it is presented in Figure 7. It
can be concluded that there exist significant differences for the
average WSS among these three regions of the fluid domain: the
concave regions have the highest average WSS, the hyperboloid
regions have the second highest while the convex regions have the
lowest average WSS. In addition, the average WSS for concave
and convex regions have the same distribution characteristics
where the density is the highest near the lower quartile. However,

the highest density for hyperboloid range appears near its median
value.

5/ BV/TV and different curvature regions correlation

To take a step further to see if the porosity will influence the
area ratio and average WSS distribution of the selected surface
curvature regions, correlation studies were performed and
illustrated in Figure 8. It can be observed that the BV/TV is
positively correlated with the area ratio for the convex region of
the fluid domain, while SMI is negatively correlated with the area
ratio for the convex region of the fluid domain. The correlation
result is given in Supplemental Data Figure S3. As for the average
WSS, it correlates with BV/TV for all the three selected surface
curvature regions, which is in accordance that to the finding that
BVITV is correlated with the average WSS of samples. The
average WSS of the three regions are strongly correlated with each
other, in contrast to the area ratio of the three regions.

Apart from the individual area ratio and average WSS, the
ratio of the average WSS between the three selected surface
curvature regions were determined. The histograms for the ratios
of each sample as well as the Pearson’s R-squared values between
the BV/TV and the individual ratios are illustrated in Supplemental
Data Figure S2. There is no evident correlation found. It can be
concluded that with increasing BV/TV, the variation of the ratios
for regional average WSS is limited even though the average WSS
and the BV/TV are increasing.

Discussion:

In the context of large bone defect repair and bone tissue
engineering, scaffolds are essential to provide a suitable 3D
environment for cells. Numerous studies have focused on the
design of substitute scaffold materials that promote
osteoconduction and  osteoinduction [43-46]. From a
mechanobiological perspective, the mechanical properties of these
scaffolds, particularly the fluid-induced WSS and permeability,
may be crucial factors that guide cellular behavior and could define
the choice of a specific 3D biomimetic scaffold. Therefore,
studying the permeability and fluid-induced WSS distribution of
human bone allografts can provide insight into the relationship
between their geometry and mechanical properties at both the
macroscopic and microscopic scales. This information can be used
as a reference for the design of 3D synthetic substitutes. In the
present study, conventional microarchitectural parameters derived
from micro-CT imaging were used to describe the macroscopic
geometry, while surface curvatures calculated from finite element
models were used to describe the microscopic geometry. Based on
a constant flow rate CFD simulation, the permeability and the
WSS were calculated for all the samples. The results of the present
study emphasized the importance of considering both the scaffold
porosity at the macroscopic scale and the surface curvature at the
microscopic scale. However, the variation in WSS was limited
regardless of the microarchitecture. These findings should be
considered when designing scaffolds to create in vitro mechanical
environments suitable for osteogenesis, as for the production of a
bone organoid using perfusion bioreactor, where the fluid flow will
greatly influence the cellular activities [6-8].

At the macroscopic scale, two important mechanical
properties that are thought to influence cellular behavior and
osteogenesis are permeability and average WSS [47]. Therefore,
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careful consideration of their interaction is necessary when
designing a scaffold. The BV/TV of the allografts was found to be
the most important indicator of these two parameters in the present
study. When the bone allograft has a higher BV/TV, its
permeability decreases while its average WSS increases. This
finding is consistent with the literature and common understanding
[47,48]: when there are more obstacles in a volume-fixed structure,
the fluid will encounter more resistance and interact more with the
surface of the structure. Th.Sp, BS/BV, SMI, and DA were also
found to modulate permeability in the present study, although to a
lesser extent. Kreipke et al [20] studied the dependence of
permeability on the fabric tensor, trabecular spacing, and SMI and
reported that Th.Sp, SMI, and DA were useful in predicting the
permeability of human bones by using the Kozeny-Carman
relationship. Our findings support theirs, indicating that the
microarchitecture parameters influence the permeability of the
scaffold as well. Therefore, it is important to consider the effects of
geometry when designing biomimetic scaffolds. The correlation
shown in Figure 3 indicates a linear relationship between the
BV/TV of allografts and the average WSS. The correlation
between permeability and average WSS is exponential rather than
linear. When the permeability of the allografts exceeds 5x10-9 m2,
the variation in average WSS becomes limited. Therefore, the
plateau phase in the exponential correlation can be an ideal range
to achieve both optimum permeability and optimum average WSS
simultaneously.

Three samples with different BV/TV values were selected to
further investigate the influence of BV/TV on the WSS
distribution. For all three samples, the surface area ratio decreases
monotonically as WSS increases (Figure 5). Multiple studies
investigated this distribution of WSS in various triply periodic
minimal surface and lattice-based structures. The majority of these
structures do not exhibit a monotonic decreasing distribution, with
a second or a third peak appearing in different WSS ranges
[49,50]. The same distribution trend was also observed in the
present study for all three samples when considering the
osteogenesis WSS range of [0.1, 10] mPa, with the highest peak
occurring in the range of [0.4, 0.8] mPa. It was also found that as
BVITV increased, the proportion of skin surface within the
osteogenesis WSS range decreased. However, the proportion of
each osteogenesis WSS subrange did not differ greatly between
different samples. This result suggests that a high BV/TV level
will mostly result in a greater proportion of highly-stimulated (>
10 mPa) skin surfaces, which are more likely to induce
chondrogenesis [40,51]. Therefore, a lower BV/TV level for the
scaffold may be more suitable for osteogenesis.

At the microscopic scale, the influence of local surface
curvature on cell behavior has attracted significant attention.
Previous studies have shown that surface curvature characteristics
can influence the cell migration, cell proliferation and cell
differentiation behaviors [52-54]. Therefore, it is worthwhile to
examine this geometric influence from a mechanical perspective to
determine whether cells are exposed to varying mechanical
stimulation when residing in regions of different curvature. The
study of Li et al. [55] already showed that surface curvature
significantly affects the mechanical properties and permeability of
their synthetic substitutes. In the present study, the three regions
with distinct curvature characteristics for the fluid domain (i.e.,
Concave, Hyper, Convex) exhibited significantly different levels
of WSS stimulation for all twenty-nine samples. This indicates that
local surface curvature influences the mechanical stimulation
induced by the fluidic environment. Previous research showing

that cells tend to prefer regions with at least one negative principal
curvature [56,57] suggests that cells seeded in the allografts will
initially colonize the concave or hyperboloid regions before
proliferating and covering other areas. The results of the present
study indicate that the cells seed on the allografts will therefore
initially experience a higher lower WSS stimulation than the
average WSS level. These findings support the idea that
consideration of the local curvature characteristics of the scaffold
is critical for providing an optimal mechanical environment for the
cells.

In addition, correlation analyses were conducted between
BV/TV and curvature region characteristics to investigate the
potential influence of allograft porosity on its microscopic
geometry. Area ratio was positively correlated with BV/TV only
for the convex surface curvature regions of the fluid domain. No
obvious correlation could be observed for the other two surface
curvature regions. On the other hand, BV/TV remained the
determining factor for the average WSS of the three surface
curvature regions: as BV/TV increased, the average WSS for the
three regions also increased. However, as shown in Figure S2, a
higher BV/TV does not result in a greater variation of the average
WSS ratio between the three surface curvature regions.. This
indicates that while a higher BV/TV may result in a higher average
level of WSS for all regions in allografts, the variation in the
average WSS ratio between different surface curvature regions is
still limited. It is hence worth noting that bone allografts extracted
from human bones have a morphogenesis tendency that prevents
the appearance of regions with extreme WSS values.

The present study has several limitations. Firstly, it did not
investigate deeply the influence of other microarchitectural
parameters such as BS/BV and Tb.Sp on permeability, despite
their potentially determining role, as suggested by the present
results and the literature [20]. However, as these parameters are
strongly correlated with BV/TV, it is difficult to dissociate the
influence of porosity from other microarchitecture parameters. In
addition, the aim and novelty of the present study focused mainly
on the shear stress experienced by cells on the bone surface, which
has been little studied in the literature, unlike scaffold
permeability, which has been the subject of extensive studies [13-
20]. Secondly, the allografts used in the study were all harvested
from the human femoral head. Trabecular bone from other sites
such as the iliac bone, vertebrae, or tibia, have different
microstructures that may affect the results [58,59]. Hence the
results of the current study will only be applicable to scaffolds
mimicking femoral head bones. In the future, allografts from
various harvesting/collection sites should be included to obtain a
more general conclusion regarding the effects of geometry on
mechanical properties. The third limitation of the study is that it
did not take into account the deformation of the trabecular bone
induced by fluid flow. In this study, the trabecular structure was
considered as a rigid, undeformable material, whereas in reality it
exhibits elastic behaviors. However, the stress induced by fluid is
relatively negligible compared to the stress induced by
compression in the previous study [36]. Therefore, the results
should not be significantly affected without considering fluid-
structure interaction.

In conclusion, the present study examined the effect of
trabecular bone geometry on permeability and fluid-induced WSS
at both the macroscopic and microscopic scales. Micro-CT was
used to obtain conventional bone microarchitectural parameters,
while finite element were used to obtain the local surface
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curvatures. Computational fluid dynamics was used to calculate
the permeability and WSS for each allograft sample. The results
showed that the mechanical shear stress experienced by bone cells
was strongly correlated with the porosity of the allograft.
Additionally, the level of WSS at the local scale was determined
by the surface curvature characteristics. However, the variation in
porosity did not significantly affect the distribution of WSS. The
trabecular bone structure naturally reduced the occurrence of
extreme stimulation areas. The results of this study may serve as a
guideline for future biomimetic scaffold designs that provide a
mechanical environment conducive to osteogenesis and bone
repair.
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Figure 1: Method overview: representative image of (A) gross image of bone allograft; (B) reconstructed cylindrical volume from pCT
imaging; (C) region of interest selected for CFD simulation; (D) CFD simulation model with boundary conditions; (E) meshed model with
different individual surface normal (arrows); (F) wall shear stress calculation for individual finite element.
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Number of Number of o
= Permeability  Average WSS
Sample size BV/TV (%) mesh skin surface 5
(10°m?) (mPa)

elements elements

9240469 1380499 t

29 28.95+6.10 3.6912.64 6.43+2.16
629737 245923

Table 1: BV/TV, meshing information, permeability, and WSS for the twenty-nine samples, in the form of average value * standard
deviation

Notation Concave Hyper Convex

Surface
curvature k1>0, k2>0 k1>0, k2<0 k1<0, k2<0
range

Surface
features for Concave ellipsoid Hyperboloid surface Convex ellipsoid
fluid domain

Geometry
illustration

Table 2: Three different surface curvature features observed in allografts
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Figure 2: Microarchitectural parameters obtained from micro-CT images and mechanical property parameters derived from CFD analysis;
box center lines, bound of boxes and whiskers indicate median, first and third quartiles and minima and maxima within a 1.5 times
interquartile range (IQR), respectively. +: mean value, N=29. (A) bone volume fraction (%, BV/TV); (B) bone surface area to volume ratio
(mm-1, BS/BV); (C) trabecular separation (mm, Th.Sp); (D) degree of anisotropy (DA); (E) average wall shear stress (mPa, WSS); (F)
permeability (10-9 m2, k).
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Figure 3: Correlation relation among variables. (A) Correlation matrix heatmap of Pearson’s R value for parameters employed in the
present study; (B) Pearson’s linear regression between BV/TV and k; (C) Pearson’s linear regression between BV/TV and average WSS;
(D) Non-linear exponential regression between k and average WSS.
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Figure 4: CFD simulation results of von-Mises fluid stress distribution color map, max shear stress distribution slice plot, nodal z fluid
velocity distribution slice plot, and fluid velocity streamline plot for three representative samples with varying BV/TV. (A) sample n°29
with BV/TV = 40.55%, the simulation element size is of 4 mm * 4 mm * 8.5 mm (homogeneous flow layer included); (B) sample n°10
with BV/TV = 29.67%, the simulation element size is of 4 mm * 4 mm * 9 mm (homogeneous flow layer included); (C) sample n°26 with
BV/TV = 21.06%, the simulation element size is of 4 mm * 4 mm * 9.5 mm (homogeneous flow layer included). The distance between the
five image sections is equally distributed along the model height.
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Figure 5: WSS distribution plot for three representative samples with varying BV/TV (sample n°29 with BV/TV = 40.55%; sample n°10
with BV/TV = 29.67%; sample n°26 with BV/TV = 21.06%).
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(C) Local von-Mises stress distribution

Figure 6: Distribution of local surface curvatures and fluid-induced stress for a randomly chosen local fluid domain. (A) local distribution
of the Gaussian curvature K of the fluid domain; (B) local distribution of the mean curvature H of the fluid domain; (C) local distribution of
the von-Mises stress of the fluid domain.
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Figure 7: The average WSS in the three selected surface curvature regions of the fluid domain (Concave, Hyper, Convex) for the 29
samples. Solid line and dotted line represent the median value and the quartiles, respectively. *: p < 0.05 by Mann-Whitney test.
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Supplementary Data: Figure 9: Histograms of the average wall shear stress ratio for the three different curvature regions and its
correlation with BV/TV of individual sample: the samples are aligned in regards to their BV/TV value from the smallest at left to the
greatest at right, R-squared values are obtained from Pearson’s linear regression. (A) Average wall shear stress ratio of concave (k1>0,
k2>0) region and Hyper (k1>0, k2<0) region; (B) Average wall shear stress ratio of concave (k1>0, k2>0) region and convex (k1<0, k2<0)
region; (C) Average wall shear stress ratio of Hyper (k1>0, k2<0) region and convex (k1<0, k2<0) region.

18




Zhuang Xiong and al.

plert g M W remely v
1 22.49 8974024 1100905 10.99 359
2 24.39 9566049 1294282 589 4.88
3 25.34 9237719 1183502 593 445
4 25.29 9303155 1237125 534 4.97
5 37.21 9056508 1525989 0.75 11.81
6 34.92 9431330 1609741 0.97 10.20
T 34.96 9259306 1573508 1.68 7.08
8 23.19 8663035 1062851 691 4 06
9 28.11 9090090 1286351 374 540
10 29.67 10352564 1808776 256 712
" 31.23 9414032 1504973 3.39 5.96
12 29.67 9723722 1518655 213 6.72
13 26.98 9750759 1538658 2.08 6.71
14 30.26 8743058 1261710 2.82 570
15 29.17 9935190 1580723 3.80 5563
16 32.55 10840037 1868472 142 968
17 36.77 9422234 1626856 1.00 9.71
18 22,13 10623055 1600730 i 6.10
19 26.69 8956657 1146498 a.70 4.25
20 22.61 9025776 1166500 872 396
21 40.79 9025641 1608504 1.70 9.02
22 35.89 9115621 1571079 0.30 a.87
23 24.71 9104177 1221280 541 4 55
24 27.86 8345819 1105712 2.02 552
25 16.18 83358086 914832 6.20 3.59
26 21.06 9194110 1219812 2.72 527
27 23.61 8166704 992972 242 563
28 35.34 8373492 1290798 226 7.07
29 40.55 9035645 1602142 172 9.08

Supplementary Data: Table 3
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Area average WS5S (mPa)

Area to wall surface ratio

Sample n®
Concave Hyper Convex Concave Hyper Convex
1 6.07 3.28 237 012 0.73 0.1
2 T.57 437 3.08 0.1 0.74 0.11
3 6.56 419 259 0.09 0.78 0.09
4 6.99 4.66 274 0.08 0.80 0.08
5 13.99 10.55 7.29 0.07 0.75 0.15
6 13.46 8.79 573 0.09 0.74 0.14
7 9.83 5.98 365 0.08 0.77 0.12
8 6.31 3.83 238 0.10 0.74 0.11
9 8.34 4.85 in 0.10 0.73 0.12
10 10.60 5.96 415 0.1 0.75 0.1
11 8.29 5.09 367 0.1 0.73 0.13
12 5.99 6.07 4.01 0.10 0.74 0.13
13 9.35 6.38 419 0.10 0.76 0.1
14 7.01 5.33 3.53 0.07 0.76 0.14
15 8.34 4.76 3.28 012 0.75 0.1
16 13.64 7.67 4.50 015 0.77 0.08
17 12.84 8.57 5.64 0.10 0.74 0.13
18 9.03 5.22 299 0.16 0.74 0.07
19 6.57 3.88 292 0.1 0.73 0.12
20 6.03 342 232 013 0.73 0.10
21 12.38 7.54 555 0.09 0.74 0.15
22 10.70 7.99 4.9 0.08 0.75 0.13
23 727 3.99 2.56 013 0.72 0.1
24 7.92 5.41 3.65 0.09 0.72 0.15
25 549 3.59 2.01 012 0.75 0.08
26 7.51 525 3.00 0.10 0.76 0.10
27 7.06 552 34 0.08 0.76 0.12
28 8.10 6.69 457 0.06 0.74 0.16
29 12.30 7.62 5.7 0.09 0.74 0.15

Supplementary Data: Table 4
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