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ABSTRACT
Bioactive glasses (BG) are heavily explored biomaterials especially for their bone and tissue regenerative property and
biocompatibility. In this study, the synthesis of BG doped with Bi, Zn, and Cu (representative of Bi-213, Cu-64, and Zn-65
radioisotopes) was investigated at 100◦C via the sol-gel method, followed by calcination at 700◦C. Addition of dopants such as
Bi, Zn, and Cu enhance the localized treatment of bone malignancies, aiming to combine therapeutic effects with enhanced
mechanical integrity. The composition of the BG consisted roughly of 50% SiO2, 25% Na2O, and 25% CaO. X-ray diffraction (XRD)
and Fourier transform infrared spectroscopy (FTIR) were used to identify the crystalline phases and to determine the presence
of specific functional groups in the BG, respectively. The XRD peaks demonstrated that Sodium Calcium Silicate (Devitrite) was
present in the synthesized BG where highest intensity peak was observed at 2θ = 29.8◦. A finite element analysis (FEA) was
performed on the scaffold model with undoped BG properties to investigate the effect of blood pressure, which revealed minimal
overall deformation averaging ∼0.12 Å, with edge deformation ranging from 1.58 to 0.635 Å. Furthermore, CFD analyses were
conducted to explore the flow distribution through the microchannel network of the scaffold, which indicated favorable blood
flow and pressure distribution throughout the BG.

1 Introduction

Bioactive glass (BG) is a type of glass-ceramic biomaterials widely
recognized for their ability to regenerate damaged bones and
support in the repairment process. These materials are pre-
dominantly composed of silicate networks, capable of releasing

therapeutic ions upon interaction with body fluids, thereby initi-
ating a cascade of biological responses suitable for bone healing
[1]. For non-load bearing bone defects, an effective scaffold
must replicate the three-dimensional fibrous architecture of the
extracellular matrix (ECM), providing a conducive environment
for cell attachment, proliferation, and differentiation [2].

Abbreviations: BG, bioactive glass; CFD, computational fluid dynamics; FTIR, Fourier transform infrared spectroscopy; XRD, X-ray diffraction.
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The field of bioactive glass has observed substantial evolution
since the pioneering of L. Hench, who introduced the high-
temperature melt-quenching technique in 1969. Although the
melt quenching process enhancesmechanical strength and struc-
tural uniformity, it may result in phase separation, which can
form unwanted crystalline phases and reduced bioactivity. Later
on, in 1991, Li et al. introduced the sol-gel technique, which
enabled low temperature synthesis ranging from 600◦C to 700◦C,
while preserving the bioactivity of the resulting material [3]. Var-
ious adaptations of the sol-gel method have emerged since then.
For instance, Charlena et al. synthesized fluorapatite from snail
shells (Achatina fulica) using the sol-gel technique and concluded
that optimal crystallinity was obtained at 900◦C [4]. In parallel,
Jianhang Du et al. employed bismuth coating on a 3D-printed
bioactive glass scaffolds to serve as a photothermal anticancer
therapy while promoting bone regeneration [5]. Further investi-
gations into compositional tuning have underscored the benefits
of incorporating various metal oxides. For example, Kenawy et al.
developed nano-sized bismuth oxide and iron oxide based bio-
glass using sol-gel [6]. The cell culture experiments demonstrated
that MC3T3-E1 cells showed enhanced osteoblastic cell adhesion,
particularly in iron oxide-incorporated variants. Similarly, M. M.
Farag et al. studied substitution of SrO for Na2O in 45S5 bioactive
glass resulting in reduced toxicity and improved antibacterial and
osteogenic performance. Enhancements were further achieved
via gamma irradiation, which increased glass dissolution and
promoted fibroblast proliferation, suggesting promising clinical
applications [7].

Regarding fabrication, new methods are still evolving that
enhances the accuracy and scalability of BG synthesis. Michał
Wojasinski and Joanna Latocha made advancements in fabrica-
tion techniques by presenting a novel 3D-printed BOX reactor
to facilitate the production of nHAp at a larger scale and
further demonstrated improved hydrodynamic conditions found
in single-channel milli reactors [8]. The investigation was signif-
icantly influenced by the 3D-printed BOX modeled by Michał
and Joanna et al. and an identical box was attempted to design
in SpaceClaim, in order to circulate blood across the bioglass
scaffold. Similarly, ElenaMarcello et al. constructed reproducible
3D P(3HO-co-3HD-co-3HDD) scaffolds, showing 100% high cell
viability toward the MC3T3-E1 cells [9]. Complementing these
structural innovations, computational studies by CortesWilliams
III have revealed that pore size distribution in scaffolds, par-
ticularly smaller pores in the upper layers, can significantly
affect shear stress levels, thereby influencing nutrient flow
and cell proliferation [10]. These findings justify the integra-
tion of computational modeling into material design, enabling
predictive evaluations of scaffold behavior under physiological
conditions.

Built on these foundational studies, the present work investigates
doping of radioactive Bi, Zn, and Cu in bioactive glasses. The
inclusion of radioactive isotopes such as Bi-213 (derived from Ac-
225) [9], Cu-64, Cu-67, and Zn-65 offer varied biological half-lives
and therapeutic windows which are targeted for radiotherapeutic
applications. Bi-213, specifically affects nearby tissues while
avoiding healthy ones from damage. On the other hand, Cu-64
and Cu-67, with half-lives of 12.7 [11] and 61.83 h respectively,
support both diagnostic and therapeutic roles. Zinc-65, with
a significantly longer half-life of 244 days [12], contributes to

sustained antibacterial action. The presence of Cu and Zn ions
enhances osteogenic activity and reduces infection risk, further
justifying their incorporation into BG matrices for multifunc-
tional orthopedic applications. Table 1 indicates the prospective
applications of the dopant materials (bismuth, zinc, and copper)
in bioglass and specifies the potential benefits of integrating their
oxides.

The synthesized BG in current study was prepared via an acidic
sol-gel process, using sodium silicate (NaSiO3) and calcium
nitrate (Ca(NO3)2.4H2O) as precursors. The sol was subsequently
transitioned to a gel, then dried, and calcinated at temperature
(700◦C). X-ray diffraction (XRD) and Fourier-transform infrared
spectroscopy (FTIR) were used to assess the crystalline phase
composition and functional group of the doped BG. Furthermore,
to evaluate the mechanical behavior and fluid flow within the
developed scaffolds under simulated physiological conditions,
the study considered the finite elementmethod (FEM) for ANSYS
Static Structural and finite volume method (FVM) for fluent
simulations respectively. The particular modeling approaches
enable a comprehensive assessment of scaffold performance,
offering insights into stress distribution andhemodynamic behav-
ior for predicting clinical efficacy in bone tissue engineering. The
purpose of the study is to assess the integration of bismuth (Bi),
zinc (Zn), and copper (Cu) in the formulation of BG, with the
synthesized materials intended for potential use in the regener-
ation of damaged bone tissue. Addition of dopants such as Bi, Zn,
and Cu enhance the localized treatment of bone malignancies,
aiming to combine therapeutic effects with enhancedmechanical
integrity.

2 Materials andMethods

2.1 Bioglass (BG) Synthesis

BG was prepared with a composition of 50 mol% SiO2, 25 mol%
Na2O, and 25 mol% CaO [17] using the solgel process. The main
precursors were sodium silicate (Na2SiO3) and calcium nitrate
tetrahydrate (Ca(NO3)2⋅4H2O). By adding 1 M NaOH with 2 g
of silicon dioxide, with a 2:1 ratio of silicon dioxide to sodium
hydroxide, sodium silicate was developed. Subsequently, a 20 mL
calcium nitrate solution of 2.733 g was added to the mixture.
The pH of the prepared solution was adjusted to roughly 3 by
adding nitric acid (HNO3). After approximately 3 h of constant
heating over 2 days, the solution soon turned into a gel. After
drying in an oven at 100◦C for 5 h, this gel developed into
a solid and was crushed into a fine powder (Figure 1). To
control the pH of the BG between 6 and 8, the BG powder
was separated and rinsed with DI water. This sample was dried
at 100◦C for 45–60 min. Subsequently, the sample underwent
calcination at a temperature of 700◦C in a furnace for a duration
of 2 h, following the methodology used in the study of J.P.
Nayak [18] and Rainer et al. [19]. Similar solutions were prepared
using snail shell Gibbula umbilicalis (95% CaCO3) and egg
Shell (97% CaCO3).

Doped samples were synthesized using 5 g of a 20 mL bismuth
nitrate, zinc nitrate, and copper nitrate solution respectively
including 4 mL 0.56 M Zn (NO3)2, 3 mL 0.78 M Bi(NO3)3,
and 3 mL 1.035 M Cu(NO3)2. BG with doped materials also
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TABLE 1 Biological implications of dopant incorporation (bismuth, zinc, and copper).

Bismuth Antibacterial, radiopacity [13]
Zinc Osteoblast differentiation, antibacterial activity [14]
Copper Angiogenesis [15], hydroxyapatite formation, antibacterial properties [16]

FIGURE 1 Flowchart of the BG synthesis workflow step by step.

TABLE 2 Molar ratio of all components in the samples.

Sample SiO2 CaO Na2O Bi2O3 CuO ZnO

BG
(no doping)

50% 25% 25% — — —

BG (Snail Shell)
Gibbula umbilicalis (95% CaCO3)

50% 25% 25% — — —

BG (EggShell)
(97% CaCO3)

50% 25% 25% — — —

BG
(doped with Zn(NO3)2)

48.90% 24.45% 24.45% — — 2.19%

BG
(doped with Bi(NO3)3)

49.42% 24.71% 24.71% 1.16% — —

BG
(doped with Cu(NO3)2)

48.49% 24.25% 24.25% — 3.01% —

BG (doped with Zn(NO3)2 -
Bi(NO3)3 - Cu(NO3)2)

46.942% 23.471% 23.471% 1.098% 2.915% 2.103%

maintained a similar ratio of sodium–calcium–silicate - 50%
SiO2, 25% Na2O, and 25% CaO. Following the incorporation of
dopants into the BG mixture, the molar ratio gets modified,
as shown in Table 2. The doped samples were similarly rinsed
with distilled water balancing each sample to pH 7. Figure 1
outlines the methodologies used during the process, encom-
passing BG preparation (sol-gel process, drying, calcination, and
powder formation). Figure 2 illustrates the methodological steps
involved in both the experimental and simulation sections of the
study.

2.2 Characterization

The synthesized BG samples were analyzed using a Rigaku SE
XRDmachine. The powdered sampleswere subjected to radiation
from a ceramic copper tube serving as the radiation source (Cu
Kα, λ = 1.54060 Å). The data for the relevant samples were
collected, including the intensity (cps) for diffraction angles
ranging from 2θ = (5–700) degrees [20]. The identification of
functional groups was conducted by FTIR study within the
infrared wavelength range of (280–4000) cm−1 [21].
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TABLE 3 Engineering data of the porous bioglass.

Density 2700 [22] kg/m3

Melting temperature 1070–1278 [23] ◦C
Isotropic elasticity Young’s modulus, E = 16.5 [24] GPa

Poisson’s ratio= 0.2692 [24] —
Shear modulus, G = 6.5 [24] GPa

Porosity, p = 0.52 [24] —
Tensile strength 42 [25] MPa
Compressive strength ∼500 [25] MPa
Tensile ultimate strength 1.2 [24] GPa
Compressive ultimate strength 0.43 [24] GPa

TABLE 4 Material properties of the fluid (blood).

Density 1060 [20] kg/m3

Specific heat 3620 [26] J/kg K
Thermal conductivity 0.52 [27] W/m K
Viscosity 0.003 [27] kg/m s

FIGURE 2 Flowchart of the sequential steps of the study.

2.3 Computational Modeling of the Bioactive
Glass Scaffold the Bioactive Glass Scaffold and
Surrounding Fluid Domain

Ansys SpaceClaim was employed to create a three-dimensional
porous (matrix) BG (Figure 3) structure. The tablet version of the
permeable BG scaffold had a cylindrical shape, with a radius of
0.5 cm and a height of 10 mm. In this study, we considered a
particular geometry of the scaffold with a radius R= 8.49mm and
a height, h= 16mmalongwith amicrochannel network of diame-
ter d= 0.5mm (Figure 3) for simplicity of analysis. A fluid domain
of dimensions 40.98 mm × 26.98 mm × 20 mm (Figure 4) was
incorporated surrounding the porous BGbody, throughwhich the
blood was set to flow. Additionally, a 4 × 4microchannel network
(Figure 5c) was also considered inside the cylindrical BG scaffold.
The rationale for this design stems from the fact that the scaffold is
often positionedwithin the bone tissues, and blood flows through
channel to support the growth of new cells. Blood flow through
the fluid domain, across the scaffold was modeled, and the flow
characteristics were examined, considering the properties of fluid
(blood), provided in Table 3. ANSYS Static Structural was used
to assess the mechanical stability of the BG scaffold within bone

tissue. Following this, engineering reference data for porous BG
(see Table 4) and Sodium–Calcium–Silicate (see Table 5) were
assembled to simulate the stress distribution and the potential
deformation across the scaffold, caused by the applied fluid flow
forces.

2.4 Turbulence Model and Boundary Condition

The hemodynamic analysis was a steady state analysis employing
Reynold’s Averaged Navier Stokes (RANS) model—particularly
RANS k-ε realizable model. Due to the low computational
requirements, the model was deemed appropriate for the anal-
yses. Moreover, since the analysis solely focused on flow char-
acteristics and completely disregards any thermal effect, energy
equation in the model. The residuals targets were set at 10−5 for
all 6 (continuity, three-dimensional velocity, turbulence kinetic
energy k and turbulence dissipation rate ε) criterion.

Inlet boundary condition: The hydraulic diameter for a rectan-
gular duct is defined as 𝐷ℎ = 2ab

a+b
, where a and b are sides of the

duct inlet. For the model of interest, the duct has dimension of
26.98mm × 40.98mm. Using the equation for hydraulic diameter
𝐷ℎ, the obtained value was 3.25 × 10−2 m. The inlet type was
chosen as velocity inlet with a velocity of 3 × 10−3ms−1 (Table 6)
which is typical flow velocity within an aorta. Although the bio-
glass scaffolds are not placed in aortas, it was chosen as the inlet
velocity nevertheless as a reference value.

The associated turbulent intensity at the inlet was determined
using the following equation:

Turbulent intensity, I = 0.016
(
𝑅𝑒𝐷𝐻

)− 1

8
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FIGURE 3 (a) Isometric view, (b) top view, (c) side view of bioglass (BG) scaffold with microchannel network.

FIGURE 4 (a) Cross section view of the fluid domain around the porous bioglass (BG) positioned at the center, and (b) top and front view of the
fluid domain.

FIGURE 5 Mesh generation of the porous bioglass (BG) scaffold: (a) Body of the scaffold, (b) Fluid domain enclosing the scaffold, and (c) Porous
matrix within the scaffold structure.

TABLE 5 Material properties of the bioglass body (sodium calcium silicate).

Density 2700 [22] kg/m3

Specific heat 850 [28] J/kg K
Thermal conductivity 1.38 [29] W/m K

Nano Select, 2025 5 of 17
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TABLE 6 Specific boundary conditions considered for CFD simulation.

Inlet Velocity inlet 3 × 10−3 ms−1

Outlet Pressure outlet Gauge pressure = 0
Wall No slip condition —

In which, the Reynold’s number were in turn measured by the
following equation:

Reynold′s number, 𝑅𝑒𝐷𝐻 =
𝜌𝑣𝐷ℎ

𝜈

For the geometric model of interest, Reynold’s number were
found 3.445 which lies in the laminar flow region, and the
corresponding turbulent intensity was found to be 1.37%.

Outlet boundary condition: The outlet was chosen as pressure
outlet with a gauge pressure value of 0.

Wall treatment: All the walls of the geometry (both the outer
walls of the domain and the blood-bioglass interface walls) were
set to have no-slip condition as shown in Table 6.

2.5 Mesh Sensitivity Analyses

The complex porous channel system throughout the BG scaffold
makes it challenging to generate a structured mesh that is also
conformal. Thus, tetrahedral unstructured mesh was chosen as
the primary mesh, with prism elements at inflation layer as
with such element’s conformity is easier to achieve. Among the
studied meshes, the cases that are chosen as candidates for mesh
sensitivity analyses is shown in Table 7.

From the analyses, it is evident that the surface elements at BG
surface needs to be below a particular dimension (1 × 10−4 m)
for the analysis to converge. As for inflation layers on the
blood-bioglass interface, while it does not significantly affect the
convergence, the flow through pore channels does show variation
with higher number of inflation layers and with finer mesh.
But regardless of inflation layer height, the velocity drops at
the locations where microchannels meet is well captured by all
meshes as seen in Figure 6.

Figure 7 illustrates the velocity distribution at the center of the
outlet across × direction. It is evident that only for domain
maximum length (which affects the resolution of outlet face).
However, as long as the parameter is set below 1 × 10−3 m, the
distribution coincides with <2% deviation. Considering the time
constraints and computational costs, mesh 3 (Table 6) was chosen
for the final analysis.

3 Results and Discussions

3.1 XRD Characterization

The crystalline phases of the samples were identified using
XRD characterization. Figure 7 presents four distinct diffraction

patterns, each displaying characteristic peaks at specific angles.
The potential forms of Sodium Calcium Silicate are highlighted
in the graphs using different marks. In the graph captions Snail
PH7 and Egg PH7 indicate samples of BG containing Snailshell
Gibbula umbilicalis (95% CaCO3) and Eggshell (97% CaCO3), both
exhibiting a pH level of 7.

Figure 8a displays the XRD pattern for the materials (Bi–Zn–
Cu-BG, Bi-BG, Bi–Zn-BG) that underwent calcination at 100◦C.
The predominant peak in the samples is of Devitrite (JCPDS-
751252) [30] or sodium calcium silicate (Na2Ca3Si6O16) at an
angle of 2θ = 29.86◦. Here, additional peaks were observed
at around 32◦, 38◦, and 48◦ for the Bi-Zn-Cu combination.
A comparable peak of Devitrite was identified in the study
conducted by Yanrui Mao et al., where XRD peaks were observed
at 29◦ and 36◦ [31]. Rest of the peaks might consist of Combeite
(Na6Ca3Si6O18) (JCPDS-751687) [32], similar to prominent peaks
found in the study of Pritam et al. which primarily focused
on 45S5 bioglass using various acid catalysts [33]. Calcium
silicate peaks were also observed at multiple diffraction angles
in the research conducted by Pragyan Paramita et al. [14],
which are identical to the peaks of Bi-BG and Bi-Zn-BG sam-
ples. It could be concluded that the composition might be of
Devitrite [34] and Combeite [35] by confirming the peaks at
angles (32◦, 38◦, and 48◦).

Figure 8b shows a pronounced diffraction peak at 29.8◦ for
Sodium Calcium Silicate (Na2Ca3Si6O16) in the Bi–Zn–Cu-BG,
Bi-BG, and Zn-BG samples respectively (that was calcinated
to 700◦C). The finding is consistent with the study of Elisa
Fiume et al., who observed peaks within the range of 25◦–
35◦[36]. The observed minor peaks at 35◦ and 38◦ angles,
could be attributed to tetrasodium tetracalcium cyclo-hexasilicate
(Na4Ca4Si6O18), in agreement with the XRD analysis observed by
Luqman et al. [37]. Small peaks of calcium silicate (Ca6Si6O18)
were also identified at angles ranging from 35◦ to 42.5◦, similar
to XRD pattern of glass ceramic material studied by Yang
Weizhong [38]. Furthermore, an observable peak of Parawollas-
tonite (Ca12Si12O36) also identified at 2θ= 23◦ ± 0.5◦ and 32◦ ± 0.5◦,
respectively [39].

The graph depicted in Figure 8c displays the peak at angle 2θ =
30◦ corresponding to Devitrite (JCPDS-23-0671) or tetrasodium
tetracalcium cyclo-hexasilicat [40]. The minor peaks of Bi-BG,
Snail-BG, and Egg-BG had identical sodium calcium silicate
(Na2Ca2Si3O9) peaks within the range of 25◦ to 48◦, which are
identical to doped BG glasses. In addition, Wollastonite (JCPDS-
84065) [41] or CaSiO3 (JCPDS-00-043-1460) [42] peaks were also
observed besides sodium calcium silicate.

Figure 8d displays XRD patterns of three types of glass: stan-
dard bioglass, bioglass derived from Snail shell, and Cu-doped
bioactive glass that underwent calcination at 700◦C. The primary
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FIGURE 6 Velocity through a porous microchannel for selected mesh candidates.

FIGURE 7 Velocity distribution at the center of the outlet across × direction.

TABLE 8 FTIR spectra range of BG components.

Functional group FTIR wavenumber spectrum (cm−1)

Si–O–Si 1000–1100
Ca–O 750–1000
(CO3)2− 1400–1500
H–OH(Hydroxyl) 1500–2000
O–Si–O 800–600

peaks of intensity are evident at 20◦, 23◦, 26.8◦, 29.8◦, 33◦, 36◦, 39◦,
and 48.6◦. The prominent peaks detected correspond to various
forms of sodium calcium silicate (Na4Ca4Si6O18. Na2Ca3Si6O16
and Na6Ca3Si6O18) corroborating by the findings of Pirayesh and
Nychka [43], Knowles et al. [44] and Golubevas et al. [45] during
BG synthesizing.

Overall, the analysis confirms the presence of Sodium Calcium
Silicate as the dominant crystalline phase, present at peak 2θ
= 29.8◦. XRD pattern (Figure 8d) also revealed two distinct
peaks may be attributed to Devitrite or Combeite. The presence
of crystalline phase might be due to grain fractions or phase
separation.
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FIGURE 8 XRD Characterization (diffraction angle vs. intensity)—(a) Bi–Zn–Cu-BG, Bi-BG, Bi–Zn-BG calcinated at 100◦C; (b) Bi–Zn–Cu-BG,
Bi-BG, Zn-BG calcinated at 700◦C; (c) Eggshell-BG, Snailshell-BG, Bi-BG Calcinated at 100◦C; (d) BG, Snailshell-BG, Cu-BG calcinated at 700◦C.
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FIGURE 9 FTIR analysis (Wavenumber vs Transmittance) (a) Bi–Zn–Cu-BG, Bi-BG, Bi–Zn-BG calcinated at 100◦C; (b) Bi–Zn–Cu-BG, Bi-BG,
Zn-BG calcinated at 700◦C; (c) BG, Eggshell-BG, Snailshell-BG, Cu-BG calcinated at 700◦C.

3.2 FTIR Analysis

FTIR was employed in the study the functional group of the
synthesized BG with and without dopant. Figure 9 depicts the
FTIR spectra of samples calcined at 100◦C and 700◦C. The
majority of the functional groups identified were fundamental
functional groups of sodium calcium silicate which are Si-O-Si,
CaO, and O-Si-O respectively.

Among the illustrated plots, Figure 9a exhibits the FTIR spectrum
of Bi–Zn–Cu-BG, Bi-BG, and Bi–Zn-BG samples calcined at
100◦C. The Si–O–Si group peak was detected at 1082 cm−1 in
the FTIR spectra, analogous to the findings of Quintero Sierra L
et al. [46] where the transmittance occurred at about 1097 cm−1.
The functional group of Ca–O was observed at 968 cm−1 [47],
following the Si–O–Si peak. In Figure 9a, the peak of the hydroxyl
functional group was observed at 3000–3500 cm−1 and 1500–2000

cm−1 respectively, which can be compared with the results of
S. Estrada-Flores’s study [48]. The presence of hydroxyl in the
sample indicated incomplete drying.

The FTIR analysis of Bi–Zn–Cu-BG, Bi-BG, and Zn-BG samples
calcined at 700◦C was depicted in Figure 9b. The graphs exhibit
the absence of the O–H functional group due to calcination.
Although, the CO3

2− (carbonate) group was identified in the Zn-
BG sample at a wavenumber of 1500 cm−1, consistent with the
findings of S. Estrada-Flores [48]. Subsequently, the Si–O–Si bond
displayed the highest peak at 1045 cm−1. The Si–O–Si group was
visible adjacent to the peak of calcium oxide functional group
between 750 and 1000 cm−1 [49, 50]. It was apparent that the FTIR
peak for each functional group varied at different calcination
temperatures. The chemical structure of the material altered at
elevated temperatures, producing separate peaks for analogous
functional groups.
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Four samples were depicted in Figure 9c, which include (BG,
Eggshell-BG, Snail shell-BG, and Cu-BG) that were calcined at
700◦C. The presence of CO2 in the analysis was a result of the
samples remaining in the air for an extended period during the
FTIR analysis, which accounts for the presence of CO3

2− group
peak. The presence Si–O–Si group at 1064 cm−1, corresponds to
the standard peak. The CaO group may be observable within the
transmittance range of 900–1000 cm−1 [50], with a small peak in
each sample. Next to the CaO peak, the O–Si–O group showed a
narrow and distinct peak between 800 and 600 cm−1, which was
also observed by S. Barzgar et al. in their studies [51].

Overall, the FTIR spectra identified the presence of Si–O–Si, CaO,
O–Si–O, and occasionally CO3

2− and hydroxyl peaks in the FTIR
plots. Random carbonate peaks in the graph, suggest that the
samples might have been exposed to the natural environment
during examination, resulting in a reaction with carbon dioxide.
However, the primary functional groups exhibited characteristic
peaks in transmittance during the FTIR analysis are given below.

3.3 ANSYS Static Structural Analysis

The structural analysis of the synthesized samples was conducted
using ANSYS Static Structural Analysis. Figure 10 illustrates
the stress distribution and deformation profiles of the BG. The
primary objective of this investigation was to assess the potential
structural distortions in BG induced by blood flow. To achieve
this, systolic blood pressure values were applied, and the corre-
spondingmagnitudes of deformation resulting from this pressure
were quantified.

Figure 10a,b illustrate the stress contours on the undoped bioac-
tive glass (BG) body. Pressure was applied to the surfaces of the
porous matrix, which was treated as a stationary body. Based on
a systolic blood pressure of 60 mm Hg [52] the corresponding
applied pressure was approximately 8000 Pa. The tension was
applied along the Y-axis. From the data, the average pressure
applied was around 5110 Pa.

The contours indicate that the highest stress occurred at the
circular faces (inlet and outlet), where the pores were located.
Additionally, the cylindrical circumferential area also expe-
rienced stress, though it remained within normal limits at
approximately 3200 Pa. The greatest stress concentration was
observed in the porous region of the BG, where blood flow occurs.
However, since the average stress remained below the arterial
systolic pressure (threshold of 60mmHg), the structural integrity
of the bioactive glass had been maintained. This suggested that
the BG design is suitable for implantation in fractured bones.

Figure 10c,d shows the total deformation contour of the porous
BG structure. Notable distortion was visible near the outlet and
along the circumferential region of the glass. The maximum
deformation observed along the eight edges was found to be 2.86
× 10−10 m, indicating minimal displacement. Some variation in
deformation was also noted along the pores of the outlet. While
the inner surfaces of the pores showed no significant distortion,
the edges of the pores experienced slight deformation ranging
1.58–0.635Å.Deformation in the outer circumferential region also
varied slightly, within a narrow range of 0–0.12 Å.

The pores in the circumferential region, like those at the
inlet and outlet, did not exhibit central distortion. However, a
slight increase in deformation was observed as the pore radius
increased.Minor distortionwas also seen at the four corners of the
BG. Nonetheless, the overall magnitude of deformation—given it
was measured in angstroms—was negligible. Thus, the structure
was found to be sufficiently robust to support application in joints
or fractured bone sites, as the deformationwas too small for blood
flow to cause disruption.

3.4 ANSYS CFD Fluent Analysis

3.4.1 Pressure Profile

Figure 11 displays seven pressure contour profiles of the fluid
domain encircling the undoped BG body, using ANSYS fluent
simulations. These profiles depict the distribution of pressure
values at different positions on the BG surface and the outlet. The
associated pressure gradients (Pa) are illustrated in the adjacent
chart with the seven contour plots. The contours illustrate
pressure distributions at the inlet (11a), outlet (11b), and at cross-
sectional points x = –0.005 (11c), x = 0.001 (11d), x = 0.004 (11e), x
= 0.01 (11f), and x = 0.02(11 g), respectively.

Figure 11 illustrates a gradual decrease observed in pressure, as the
fluid (blood) moves toward the outlet. At the inlet, the pressure
was approximately 0.732 Pa (Figure 11a), which steadily declined
to around 0.0067 Pa at the outlet (Figure 11b). Pressure variations
are evident at different locations throughout the domain. In the
X-axis, the negative sign represents pressure directed toward the
inlet, while the positive sign indicates flow toward the outlet.
Figure 11c–g illustrates the transition that was visible in pressure
magnitudes, indicating a gradual shift toward lower values. As
the flow approached the outlet, the contours progressively shifted
from orange to blue, signifying a decline in pressure.

The emphasis on depicting the pressure profile aimed to assess
the risk factors associated with elevated pressure around the
edges and corners of the BG structure. A separation was dis-
cernible near the porous matrix since it contained a total of 16
rod-shaped matrices within the body, as illustrated in Figure 5c.
In the porous matrix region, particularly around x = 0.01 m,
the pressure ranges between 0.421 and 0.067 Pa. This reduction
confirmed that the porous structure imposes a flow constraint,
contributing to the observed pressure drop. Above all, the pres-
sure seemed to be suitable for the BG’s incorporation within the
bones, comparing it with the regular blood pressure level.

3.4.2 Velocity Profile

The velocity profile was evaluated using ANSYS Fluent 2020 R1,
where the inlet velocity was considered as the representative of
blood flow (3 × 10−3 m/s) [53]. The magnitudes of the velocity
gradients were noted as the flow advanced toward the BG. Seven
velocity contour plots were plotted for the identical locations
employed in the pressure contour analysis (Figure 12).

Figure 12a shows the initial velocity at the fluid box inlet,
measured to be approximately 3 × 10−3 m/s [53], which was
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FIGURE 10 Structural analysis of the porous bioglass (BG): (a) stress distribution along the −Y axis (outlet), (b) stress distribution at the edges,
(c) total deformation contour along the −Y axis (outlet), and (d) total deformation at the edges.

consistent with typical blood flow velocity in the aorta. At
the outlet (Figure 12b), the velocity contour patterns exhibited
variations, but the flow remained steady across the scaffold
region, as indicated by uniform contour outlines.

The velocity peaked at 3.46 × 10−2 m/s at positions x = ±0.02 m
(Figure 12g), which corresponded to the lateral boundaries of the
scaffold. These results suggested that blood flow remained stable
as it approached the porous matrix, minimizing the risk of stress-
induced damage to the glass structure.

With the incorporation of a velocity-based outlet in the boundary
conditions, the velocity distribution revealed minimal flow at
the inlet of the fluid domain. Conversely, at the exit, two
oval-shaped gradients- with varying velocity values could be
observed. This occurred due to the cylindrical shape of the
BG, which altered the blood flow at the edges, gradually gen-
erating friction in the flow. Thus, these separations of fluent
velocity were noted at the outflow. Additionally, the porous
matrices had minimal impact on the velocity due to their
relatively small radius (r ∼ 0.25 mm). It caused limited flow
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FIGURE 10 (Continued)

entry into the holes, which did not significantly alter flow
velocity.

This study focused solely on cylindrical geometries for BG
scaffold. However, alternative configurations such as (square,
oval, rectangular, or capsule-like) shapes may also be imagined
for modeling the scaffold. The results presented here provide
a foundation for future structural simulations that are critical
in shaping the mechanical and functional characteristics of BG
scaffolds. The demonstrated role of geometry in influencing

flow behavior highlights the importance of further evaluation of
optimized scaffold designs.

In this study, bismuth (Bi), zinc (Zn), and copper (Cu) were
incorporated as dopant materials due to their owing to their well-
recognized roles in bone regeneration applications. The aimof the
study was to incorporate these materials to understand the influ-
ence of different molar ratios (shown in Table 2) while doping
BG using sol-gel process. The characterization study exclusively
examined non-radioactive simulants to avoid potential risk and
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FIGURE 11 Pressure profile analysis of fluid box (blood) surrounding the undoped BG body-pressure profile at different positions: (a) Pressure at
inlet of the fluid box, (b) Pressure at outlet of the fluid box, (c) Pressure at x= −0.005, (d) Pressure at x = 0.001, (e) Pressure at x = 0.004, (f) Pressure at
x = 0.01, and (g) Pressure at x = 0.02.

hazards. To build on this work, future studies should generate
reliable reference data that clearly differentiate the pressure
and velocity profiles between doped and undoped BG systems.
Additionally, investigations involving radioactive isotopes of Bi,
Zn, and Cu using COMSOLMultiphysics are planned. Extending
these simulations to doped porous BG scaffolds will provide
greater insights, as the present ANSYS structural analysis was
restricted to undoped sodium calcium silicate.

4 Conclusion

The SiO2–Na2O–CaO bioactive glass doped with Bi, Zn, and
Cu was successfully synthesized in this study. Structural anal-
ysis of the porous undoped BG model immersed in blood,
demonstrated favorable mechanical behavior, including accept-

able levels of stress, deformation, pressure, and velocity. Notably,
the maximum stress observed remained below the arterial
systolic pressure (60 mm Hg), indicating the material’s compat-
ibility with physiological loading conditions. The deformation
results showed minimal displacement overall, with slightly ele-
vated deformation at the edges and nearly zero deformation
in the inner regions—making the structure suitable for bone
implantation.

XRD analysis revealed prominent peaks corresponding to Devit-
rite at 2θ = 29.8◦, suggesting the formation of sodium calcium
silicate (Na2Ca3Si6O16), as well as additional peaks in the range
of 2θ = 32–48◦, which may indicate the presence of Combeite
(Na6Ca3Si6O18). FTIR spectroscopy further confirmed the charac-
teristic Silicate (Si–O–Si) bonds, with a strong transmittance peak
at 1082 cm−1.

14 of 17 Nano Select, 2025

 26884011, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/nano.70080 by Sheffield H

allam
 U

niversity, W
iley O

nline L
ibrary on [15/12/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



FIGURE 12 Velocity profile analysis of fluid box (blood) surrounding the undoped BG body-pressure profile at different positions, (a) Velocity at
inlet of the fluid box, (b) Velocity at outlet of the fluid box, (c) Velocity at x = −0.005, (d) Velocity at x = 0.001, (e) Velocity at x=0.004, (f) Velocity at x =
0.01, (g) Velocity at x = 0.02.

The fluent pressure gradient indicated that the flow is restricted
within the porous region of the BG, leading to a pressure drop
at the outlet of the fluent domain. Additionally, the flow remains
nearly stable within the porous section at x = 0.01 m, suggesting
a steady and consistent blood flow throughout the BG structure.

Overall, both the structural and spectroscopic analyses validate
the successful synthesis of bioactive glass with favorablemechan-
ical and compositional properties, confirming its potential for
effective application in bone tissue engineering.

The principal objective of this investigation was to establish a
bridge between experimental research and simulation studies on

BG. Given the challenges of directly examining blood flowwithin
bone tissue, this work explored potential insights through flow
and structural simulations. One of the main limitations encoun-
tered was the restricted research timeframe, which confined the
experimental characterization to XRD and FTIR analyses. Future
studies will expand this scope to include advanced techniques
such as SEM, EDS, and TEM analysis for a more comprehensive
assessment of material composition. Furthermore, the present
simulations were limited to undoped BG, as engineering data
for doped systems were unavailable in existing databases. In
subsequent work aim to incorporate engineering data for doped
materials, which will allow for improved accuracy and broader
applicability of the simulations.
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