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A B S T R A C T

Granules of calcium/phosphate biomaterials are used to fill small bone defects in oral and maxilla-facial surgery.
Granules of natural (e.g., trabecular bone, coral) or synthetic biomaterials are provided by industry. Small
granules can also form of putty. The 3D geometry of granules creates a macroporosity allowing invasion of
vascular and bone cells when pores are larger than 300 μm. We analyzed the 3D-porosity of 11 different stacks of
biomaterials: Osteopure®, CopiOs®, Bio-Oss®, TCP Dental HP®, KeraOs®, TCH®, Biocoral®, EthOss® and
Nanostim®. For each granular biomaterial, two sizes of granules were analyzed: small and large. Microcomputed
tomography (microCT) determined porosity and microarchitectural characteristics of the biomaterials stacks.
Computational fluid dynamics (CFD), a simulation method, was used on the stacks of microCT images.

Stacks of small granules had a much lower permeation and fluid velocity than large granules and the hy-
draulic tortuosity was increased. Significant correlations were observed between microarchitecture parameters
(porosity, mean pore diameter and specific surface) and fluid dynamic parameters. The two putties were as-
sociated with low (or absence of) porosity and permeation study revealed a very low (or absence) of flow rate.
Stacks of granules represent 3D scaffolds resembling trabecular bone with an interconnected porous micro-
architecture. Small granules create pores less than 300 μm in diameter; this induces a low fluid flow rate. CFD
simulates the accessibility of body fluids and progenitor cells and confirms that it is depending on the shape and
3D arrangements of granules within a stack. Large granules must be preferred to putties and small granules.

1. Introduction

Biomaterials in a granular form represent a common method for
filling bone defects in oral - maxilla-facial surgery and orthopedics
(Bohner, 2010b; Guillaume, 2017; Hernigou et al., 2017). However,
there is now no real consensus in the literature and routine surgical
technique concerning the nature and the modality of using and pre-
paring such biomaterials. Industrial companies can provide biomater-
ials either synthetic or natural with various granulometry. The com-
monest presentations are represented by large granules (e.g.,
1000−2000 μm), small granules (e.g., 250−1000 μm) and powder or
pasty formulations (i.e., ready-to-use powder with a binding agent
giving a putty with consistence similar to a toothpaste). Reports con-
cerning these different forms exist in the literature but they are usually
limited to a few clinical cases, especially in odontology journals. Al-
though the chemical nature of the biomaterial appears of the upmost

importance to ensure bone healing, it is likely that the shape of the
granules and their 3D geometrical arrangement in the grafted site play a
considerable role to favor cell colonization (Karageorgiou and Kaplan,
2005; Knabe et al., 2008; Lapczyna et al., 2014; Ndiaye et al., 2015).

When surgeons place granules within a bone cavitary defect, the
voids between the granules represent an interconnected space available
for bone cells to invade the grafted area (Carvalho et al., 2007;
Guillaume, 2017; Redondo et al., 1995). The 3D geometry of these
scaffolds has been little considered and depends on a number of factors
such as the size and shape of the granules themselves. An open porosity
with a high degree of interconnectivity and a pore size> 300 μm is now
considered a key factor ensuring a rapid healing of the grafted site and
the rapid colonization by vascular sprouts (Karageorgiou and Kaplan,
2005; Mastrogiacomo et al., 2006).

X-ray microcomputed tomography (microCT) is a powerful tool to
analyze and measure the 3D volume, porosity and microarchitecture of
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granule-based scaffolds in vitro (Farber et al., 2003; Ndiaye et al., 2015;
van Lenthe et al., 2007v). Evaluation of the volumetric and micro-ar-
chitectural parameters of the granule scaffolds is especially important
to have a precise idea of their microarchitecture when they will be
implanted in a bone defect. This is based on the assumption that the
scaffolds represent a microarchitecture close to that of natural bone
(Arbez et al., 2019; Arbez and Libouban, 2017; Chappard et al., 2015;
N’Diaye et al., 2013; Tanaka et al., 2017). Trabecular bone consist of a
macroporous scaffold of trabeculae made of an organic phase (mainly
type I collagen) re-enforced with a mineral phase (carbonated

hydroxyapatite). Measurement of bone volume in normal and osteo-
porotic patient bone samples revealed that it varies from ∼11 to 30 %
depending on the age and site analyzed (Ibrahim et al., 2013; Kim et al.,
2015; Turunen et al., 2013). A large number of authors have used mi-
croCT to evaluated bone volume (and porosity is defined as 100- bone
volume) (Blok et al., 2013; Chappard et al., 2008).

When applied to biomaterials, microCT allows a qualitative and
quantitative analysis of the granule scaffolds but only indirect in-
formation can be obtained concerning their behavior via extracellular
fluids. The permeability of virtual 3D models derived from microCT
analysis can now be evaluated by means of numerical methods (Ochoa
et al., 2009; Syahrom et al., 2013). These methods simulate the flow of
a liquid through a stack of granules and different parameters can be
determined and visualized graphically such as pressure, absolute per-
meability, tortuosity (i.e. complexity of the flow path).

This study aims i) to evaluate by microCT the 3D microarchitectures
of different granular biomaterials prepared and sold by several com-
panies ii) to determine the permeability parameters of the different
stacks of granules. Investigating the transport of extracellular fluids
through such stacks of granules by computer simulation is of paramount
importance to appreciate their behavior when they will be used after
grafting in a patient. Allogenic and xenogeneic particles and synthetic
Ca/P ceramic granules commonly used in bone surgery were analyzed.
The influence of two size of granules sold by industry (i.e., < 1000 μm
and 1000−2000 μm) and the use of powder or putty was considered on
the 3D microarchitecture and permeation analysis.

2. Material and methods

2.1. Biomaterial granules

2.1.1. Osteopure ® undecalcified human graft
A hemi-femoral head (Osteopure ®) was provided by Ost

Development (France). The sample did not contain cortical bone and

Fig. 1. MicroCT analysis of some biomaterials used in the present study. A) EthOss® is a powder composed of mineral particles packed together in a dry state. B)
Nanostim® is a paste made of nanoparticles of hydroxyapatite in water. The paste is not homogeneous, and the nanoparticles tend to agglomerate in ill-defined areas
that appear white in microCT. C) TCP Dental HP® in small granules closely packed together. D) Biocoral® granules. E) Osteopure® composed of large granules where
whole trabeculae are clearly identified. F) Bio-Oss® appeared composed of a mixture of trabeculae and cortical bone fragments (arrows) identified by their compact
aspect and presence of Haversian canals. G) TCP Dental HP® in large granules forming a scaffold with an interconnected porosity resembling trabecular bone
microarchitecture. Compare with the smaller granules in C). H) KeraOs ® producing a porous scaffold; note that small round holes inside some granules represent a
closed porosity (arrows).

Table 1
morphometric parameters obtained by microCT on the different stacks of
granules.

Porosity (Po in %) Po.Diam (in μm) Po.S/TV (mm2/mm3)

Powder/putty
EthOss® 61.3± 2.0 39.9± 4.0 25.7±1.7
Nanostim® 0.66± 0.3 6.08± 1.6 1.8± 0.6

< 1000 μm
Osteopure® 76.7± 0.8 147±9 8.67±0.48
CopiOs® 65.3± 1.9 105±7 10.31± 0.41
Bio-Oss® 57.9± 0.6 95±7 10.16± 0.79
TCP Dental HP® 60.5± 2.4 94±19 10.92± 1.84
KeraOs® 59.3± 0.7 111±2 8.83±0.25
TCH® 60.3± 0.3 110±2 9.10±0.17
Biocoral® 65.8± 1.3 112±5 9.78±0.5

1000−2000 μm
Osteopure® 82.2± 0.1 252±6 5.43±0.12
Copios® 82.4± 1.9 314±44 4.41±0.55
Bio-Oss® 69.9± 1.7 226±7 5.15±0.05
TCP Dental HP® 79.4± 1.7 232±8 5.69±0.11
KeraOs® 63.0± 1.9 193±14 5.44±0.24
TCH® 63.7± 0.5 189±7 5.61±1.61
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the sub-chondral bone had been grinded. Granules of this undecalcified
purified hip were prepared with a bone miller (Roswitha P. Quétin,
Dental-Products, Leimen, Germany) and they were sieved to obtain two
groups of granules: 250−1000 μm (small) and 1000−2000 μm (large).

2.1.2. Bio-Oss ®
Granules of the undecalcified bovine xenograft Bio-Oss ®were di-

rectly purchased from Geistlich Pharma AG (Switzerland). The packa-
ging and the leaflet package indicates they are prepared from bovine
spongy bone which has been extensively deproteinized with a 300 °C
treatment for 18 h (Kim et al., 2013). Granules (250−1000 μm and
1000−2000 μm of batches #81,600,947 and #81,600,788 respectively
were used.

2.1.3. CopiOs ®
Granules of CopiOs ® (250−1000 μm and 1000−2000 μm) were

directly purchased from Zimmer Dental (Germany). These granules are
prepared by the Tutoplast process ® Tutogen Medical GmbH, Germany
from bovine spongy bone, the process comprises alkali washes and
oxidative treatments that preserve the organic and mineral parts of the
bone matrix. Granules of batches # 13,517,185 and #20,108,414 were
used.

2.1.4. TCP dental HP ®

These granules of the synthetic ceramic β-TCP (beta-tricalcium
phosphate) are prepared by Kasios SAS by using the polyurethane foam
technology as extensively reported elsewhere (Filmon et al., 2009;
Schwartzwalder et al., 1963; Terranova et al., 2015). Granules
(250−1000 μm and 1000−2000 μm) of batch #484/16.175 were used.
They present a high porosity making them to resemble trabecular bone.

2.1.5. KeraOs ®
These granules of the synthetic ceramic are prepared by Keramat (A

Coruña, Spain) in 250−1000 μm and 1000−2000 μm by a patented

method. Granules of batches #1,115,121 12,007 were used. The
packaging indicates that these granules are composed of β-TCP with a
purity higher than 99 %.

2.1.6. TCH ®

These granules (250−1000 μm and 1000−2000 μm) are prepared
by Kasios SAS with a slurry containing 25 % of β-TCP and 75 % of
hydroxyapatite powder per 100 ml of water. Granules of batch #404/
15.393 were used.

2.1.7. BioCoral 1000®
It was prepared by Biocoral France (Saint-Gonnery, France) by

crushing the exoskeleton of natural coral into granules of 630−1000
μm.

2.1.8. EthOss®
EthOss® is a biphasic dry powder containing 35 % calcium sulfate

and 65 % of calcium triphosphate. It is prepared by Medbone Medical
Devices Lda, (Sintra, Portugal) for bone grafting and for stimulating
bone regeneration. Batch #ETT0505530S lot 0000 was used from a gift
from Dexter (Argenteuil, France).

2.1.9. Nanostim®

Nanostim® is a synthetic paste made of nanocrystalline hydro-
xyapatite in sterile water to produce a slurry; it is sold in disposable
syringes. The product is prepared by Medtronic and a syringe ref.
8,470,050 was purchased from Medtronic France.

The molecular composition of all types of granules was verified on
an InVia Qontor Raman microscope (data not shown) as previously
reported (Arbez et al., 2019).

2.2. MicroCT analysis

MicroCT analysis was performed on a Skyscan 1172 microcomputed

Fig. 2. Simulation of fluids dynamics. A) 3D analysis with the pink inlet plane and the parallel yellow outlet plane. B) 2D analysis of 1000-2000 μm of Osteopure ®

granules. C) 2D analysis of Bio-Oss ® granules. The large granules of cortical bone markedly influence the velocity and the trajectory of the streamlines. D) 2D analysis
of TCP dental HP ® 1000-2000 μm. E) 2D analysis of TCP dental HP ® 250-1000 μm granules, note that velocity is considerably reduced and the direction of
streamlines appears more tortuous. F) 2D analysis of Biocoral ® granules, velocity is reduce and the trajectories are tortuous. G) 2D analysis of EthOss ® powder.
Velocity is considerably reduced and the streamline trajectories are complexified by the numerous small particles that fragment the fluid flow. Velocity is color-coded
according to the look-up-table from zero to 2 m/s; streamlines appear in white (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article).
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tomograph (Bruker microCT, Kontich, Belgium) as previously reported
(Arbez et al., 2019). The different types of biomaterials were placed in
Eppendorf polystyrene test tubes (10 mm in diameter) and gently agi-
tated to allow the granules to settle and optimize their 3D spatial ar-
rangement in the dry state; a volume of ∼330 mm3 was analyzed.
Analysis was done in triplicate with the different granules stacks. The
microCT was operated at 80 kV, 100 μA with a 0.5 mm aluminum filter.
The cubic voxel size was fixed at 4.95 μm and the angular rotation step
at 0.25°. Microarchitecture parameters were obtained with the CTAn
software (Bruker) after thresholding of the pores (Tassani et al., 2014).
They included measures of porosity (Po, in %), mean pore diameter
(Po.Diam, in μm) and specific surface (representing the interface be-
tween bone or biomaterial and the porosity (Po.S/TV, in mm2/mm3,
where Po.S is the whole pore surface and TV, the volume of interest as
previously reported. The 3D models of each type of granules were ob-
tained with VG Studiomax 3.2 (Volume Graphics GmbH, Heidelberg,
Germany) operating in the volume-rendering mode.

2.3. Simulation of fluid dynamics

Simulation of fluid dynamics is also referred as Computational fluid
dynamics (CFD). Once the 3D models were obtained, the add-on
“Transport Phenomena Simulation” module of VG Studiomax was used
to compute the computational fluid dynamics simulations across the
different biomaterials (Rieth-Hoerst et al., 2014). The boundary con-
ditions were set as follows: first, a superior plan was defined; then, a
parallel opposite plane (separated by 2870 μm) was selected. The fol-
lowing parameters were used for simulation: an outlet pressure of 1 Pa;
then, the wall boundaries were defined as sealed faces, the physical
properties for the fluid dynamic viscosity was set at η = 0.00155 Pa.s
(similar to that of extracellular fluids (Zarnitsyn and Fedorov, 2007)).
Computation was done with a 3-voxel simulation cell size and 1000
iterations. The following parameters were obtained:

- Absolute permeability (k): it is a measure of the ability of a porous
stack of granules to allow fluids to pass through it. The unit of measure
is the milliDarcy (Fanchi, 2018; Mostaghimi et al., 2013).

- Hydraulic tortuosity (T): it is a parameter describing the average
elongation of fluid streamlines in a porous medium as compared to a
free flow (with a value = 1). Hydraulic tortuosity is a dimensionless
quantity, but is always greater than one (Duda et al., 2011; Espinoza-
Andaluz et al., 2017).

- Total flow rate: it Indicates the total volume of fluid per second
transported through the volume of the pack of granules (Baker et al.,
2015). The unit of measure is the mm3/s.

In addition, the graphical analysis illustrates the calculated velocity
distribution in color-coded way according to a LUT (look up table). The
streamlines, overlaid in white, illustrate the direction of the flow be-
tween the granules.

2.4. Statistical analysis

Statistical analysis was performed using the Systat statistical soft-
ware release 13.0 (Systat Software Inc., San José, CA). For each bio-
material considered, the mean of the three trials was considered. All
data were expressed as mean± standard error of the mean (SEM).
Differences between the groups were sought with the Kruskall-Wallis
non-parametric analysis of variance followed by the Conover-Inman
test for all pairwise comparisons. Linear correlations between micro-
architecture and fluid dynamics parameters were searched and the
Pearson’s coefficient of correlation was determined. A difference was
considered as significant when p<0.05.

Fig. 3. Statistical and graphical analysis of fluid dynamics in a variety of
granules stacks. Tortuosity could not be determined with Nanostim® because
the flow rate across the putty was null. ●Large granules, ○ small granules, △
putty or powder biomaterials.

D. Chappard, et al. Micron 133 (2020) 102861

4



3. Results

3.1. MicroCT analysis

The microCT analysis of the different scaffolds of biomaterials ap-
pears on Fig. 1 and the morphometric parameters are depicted in
Table 1. For convenience, the two biomaterials composed of mineral
granules (i.e., EthOss ® and Nanostim ®) are grouped together in the
table and the graphs. The small granules (i.e. with a size< 1000 μm)
constitute another group while all biomaterials with granules ranging
from 1000 to 2000 μm constitutes the group of large granules. EthOss ®
appeared as a powder composed of very small particles packed together
and the diameter of the pore between these small granules was very
reduced (Fig. 1A). The specific Po.S/TV was maximal for this material
due to the high number of mineral granules. Nanostim ® appeared as a
compact mass without a clearly defined porosity between the hydro-
xyapatite nanoparticles. The occasionally observed pores were in fact
bubbles appearing during extrusion of the paste from the syringe. The
biomaterial was heterogeneous, and packs of nanoparticles appear as
white and poorly delimited masses on the microCT images (Fig. 1B).
Stacks of small granules are composed of intermeshing granules with
less porosity than stacks of large granules ((Fig. 1C-D). Granules of al-
logenic or xenogenic bone give stacks with an intermeshing of frag-
ments of bone trabeculae (Fig. 1E-F). However, Bio-Oss ® appeared
composed of a mixture of trabecular and cortical bone; these cortical

fragments were easily identified by their largest size and the presence of
Haversian canals (Fig. 1F). The synthetic ceramics created scaffolds
mimicking the trabecular bone architecture because the networks have
an interconnected porosity and the substance of the biomaterials cre-
ates connected structures when granules come in direct contact
(Fig. 1G-H). For TCP dental HP ®, the interconnected porosity was
clearly evidenced while closed and round pores were clearly identified
in KeraOs ® (Fig. 1H). TCH ® and KeraOs ® were composed of large
granules and presented the lowest porosity and pore diameter of this
group.

3.2. Simulation of fluid dynamics

Fig. 2 illustrates the principle and results of the simulation of fluid
dynamics applied to several stacks of granules. Fig. 2A illustrates the
conditions of the simulation: the lateral walls of the volume of interest
have been trimmed with a clipping box and defined as no-slip faces. The
axis-flow is in the vertical direction starting from the pink inlet plane to
the opposite plane in yellow that constitutes the outlet face. The cal-
culated velocity of the fluid is color-coded according to the look-up-
table that was the same for all analyses. The streamlines are also illu-
strated. The other pictures correspond to 2D images of different stacks
of biomaterials. One can easily see that large granules favor the per-
meation of fluids through the scaffolds (Fig. 2A-D) while small granules
induce a reduced velocity. It is noteworthy that the large particles of

Fig. 4. Relationships between microarchitecture and fluid dynamics parameters. In all cases, the linear equation is mentioned.
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cortical bone present in Bio-Oss ® affect the velocity and the trajectory
of the fluids. The fluid dynamic parameters are illustrated on Fig. 3.
Nanostim ® was very difficult to investigate with the permeation soft-
ware, as almost no porosity was present in the samples. So absolute
permeability and flow rate appeared null and the tortuosity could not
be determined. On Fig. 3, the influence of the granule size was evi-
denced on all parameters. Stacks of small granules had significantly
lowest absolute permeability and flow rate than the counterpart large
granules (p<0.001). On the contrary, the flowing routes were sig-
nificantly increased because the trajectories of the streamlines were
more complex and elongated.

Correlations between microarchitecture parameters and fluid dy-
namic parameters appear on Fig. 4. Absolute permeability was sig-
nificantly correlated with porosity, mean pore diameter and specific
surface. The total flow rate was also highly correlated with the mean
pore diameter and porosity (Fig. 4). Tortuosity was negatively corre-
lated with porosity (r = -0.62, p< 0.0001); correlation was also ob-
served with mean pore diameter (r = 0.36, p = 0.02) but no correla-
tion was found with Po.S/TV.

4. Discussion

In a material with an interconnected porosity, porosity is described
as made of two phases: pores bodies connected by small canaliculi
termed pore throats (Lindquist et al., 2000). The equation describing
fluid flow in porous media is Darcy’s Law (Armstrong et al., 2018;
Darcy, 1856). The movement of a fluid through a porous sample de-
pends on cross-sectional area of the sample, pressure difference, length
of the flow path, and viscosity of the flowing fluid. The fluid flows from
high pressure to low pressure. In the present study, the micro-
architecture characteristics of the different types of granules were
quantified by microcomputed tomography, a powerful tool to evaluate
bone and porous materials such as foams, rocks and scaffolds (Ho and
Hutmacher, 2006; Lapczyna et al., 2014; N’Diaye et al., 2013; Sasov
and Van Dyck, 1998; Voltolini et al., 2011). However, morphometric
analysis did not allow computing separately pore bodies from throats.
In a recent paper, we analyzed the 3D characteristics of nine com-
mercial biomaterials usable for bone grafting in maxillo-facial surgery
(Arbez et al., 2019). Stacks of small granules (250−1000 μm) had a
much lower porosity than their corresponding large granules
(1000−2000 μm) as evidenced by several technics applied to microCT
images (morphometry, histogram frequency of pore diameter and
vector analysis of porosity). In addition, it was found that the pore
bodies obtained with the small granules were smaller than the 300 μm
commonly accepted size that favors vascular invasion in a grafted site.
In the present study, we analyzed 15 different biomaterials with a small
or large granulometry and added two types of putty. Putties (non-
hardening pastes) are reported in the literature to be satisfactory for
bone grafting (Bohner, 2010a; Callan et al., 2000; Neiva et al., 2008)
but some reports provide negative results with bone non-union or poor
bone regeneration (Kim et al., 2012; Kurien et al., 2013; Lee et al.,
2009). The two putties analyzed in the present study had the lowest
pore diameter and Nanostim® had almost no quantifiable porosity. Al-
though bioactive glasses (calcium sodium phosphosilicate) are also sold
by some companies for bone grafting and that a number of publications
have been published (El-Rashidy et al., 2017; Gerhardt and Boccaccini,
2010), we did not use these biomaterials in the present study due to
their health hazards. Silica and silicones have been recognized to in-
duce an autoimmune response (see review by (Subra, 2004)), particles
can migrate in the organism (Absher et al., 1992; Brown, 2009; Slavin
et al., 1985), they can induce an acute renal failure in animals when
implanted in bone or peritoneum (Gorustovich et al., 2007; Kawanabe
et al., 1992) and recent findings indicate potential carcinogenicity
(Dashevsky et al., 2019).

The physics of drainage of a fluid inside a porous material such as
rock or sandstone is commonly explained by the invasion percolation

theory (Berkowitz and Ewing, 1998). Simulation of fluid dynamics-CFD
is a recently developed method used for evaluation of permeability of
porous networks like the exploration studies done in the oil-gas in-
dustry and water drainage for soils (Armstrong and Berg, 2013;
Armstrong et al., 2018; Bourbie and Zinszner, 1985; Hilpert and Miller,
2001). For biological tissues or biomaterial, permeability reflects the
amount of fluid flow that can penetrate and diffuse through a porous
scaffold (Widmer and Ferguson, 2013). A permeable scaffold is able to
transmit nutrients and oxygen through its interconnected pores. The
method has been applied to evaluate the permeability of the trabecular
bone network (Basri et al., 2017; Daish et al., 2017; Egan et al., 2017;
Sandino et al., 2014; Teo and Teoh, 2012; Widmer and Ferguson,
2013). To our knowledge, this study is the first attempt to simulate the
body fluid drainage through stacks of granular materials usable for
bone grafting. All different types of granules are used to fill the 3D
space thus giving virtual scaffolds that mimic what happens when a
surgeon fills a bone cavity (Guillaume, 2017; Ndiaye et al., 2015). The
stacks of large granules presented the highest values for absolute per-
meability and total flow rate. The two putties had values close to, or
equal to, zero, indicating that the access of body fluids inside the
grafted area with such products will be considerably reduced. CFD
studies have shown that permeability of trabecular bone is negatively
correlated with the trabecular bone volume (BV/TV, according to the
American Society for Bone and Mineral Research nomenclature which
is defined as 100 - Po) and positively with trabecular separation (Tb.Sp,
which correspond to Po.Diam measured here) (Sandino et al., 2014;
Widmer and Ferguson, 2013). In the present study, absolute perme-
ability and flow rate were also found positively correlated with porosity
and with mean pore diameter. It should be noted that presence of
cortical bone fragments mixed with trabecular bone granules present in
BioOss® significantly modified the fluid dynamics by creating hetero-
geneous and sinuous paths. Hydraulic tortuosity is a parameter linked
to microarchitecture that measures the complexity of the paths that a
liquid follows through an interconnected porosity (Gommes et al.,
2009; Solórzano et al., 2013). As expected, tortuosity was markedly
increased with the small granules and impossible to compute for Na-
nostim®. The quantitative method used here is graphically illustrated
and more easily computed than succolarity, a fractal parameter that
cannot be adjusted with pressure and dynamic viscosity of the fluid
(N’Diaye et al., 2013; Ndiaye et al., 2015).

5. Conclusion

Simulation of fluid dynamics-CFD is an interesting approach to
evaluate bone biomaterials in pre-clinical steps (Basri et al., 2017). It
confirms that accessibility of body fluids and progenitor cells can be
completely different, depending on the shape and 3D arrangements of
granules within a stack.
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