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ABSTRACT

ARTICLE INFORMATION

The clinical application of 45S5 bioglass® in load-bearing bone regeneration is
limited by its inherently low mechanical strength. While the incorporation of multi-
walled carbon nanotubes (MWCNTs) has shown promise in enhancing the mechanical
properties of bioglass scaffolds, the resulting non-monotonic response, characterized
by an initial increase followed by a decline at higher CNT loadings, poses a significant
challenge for predictive modeling. In this study, we present a physics-informed, data-
driven framework to accurately predict both the compressive strength and Young’s
modulus of freeze-cast MWCNT/45S5 bioglass composite scaffolds. Our model
integrates the Gibson—Ashby theory for porous architectures with a Gaussian
reinforcement function that captures the optimal CNT loading and the detrimental
effects of agglomeration. Calibrated against experimental data from Touri et al. (2013),
the model achieves excellent agreement, predicting peak compressive strength (5.02
MPa) and Young’s modulus (305.8 MPa) at CNT contents of 0.311 wt.% and 0.319
wt.%, respectively. Furthermore, Monte Carlo simulations were employed to quantify
the probabilistic reliability of achieving target mechanical thresholds (>4.5 MPa for
strength, >250 MPa for modulus). These analyses reveal a robust processing window
(0.25-0.40 wt.% CNT) where mechanical performance is highly reliable, providing
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1. Introduction

Creating three-dimensional (3D) scaffold structures that
replicate the physical and biological attributes of natural bone as a
means of regenerating, replacing or repairing bone due to
injury/disease is the function of bone tissue engineering [1, 2]. An
optimal scaffold has many necessary properties, including
biocompatible, porous and interconnected for nutrient transport
and cell infiltration, biodegradable, and strong enough to endure
mechanical stresses while healing occurs [3].The materials
investigated to date for use as scaffolds in order to create a
supportive framework for living bone regeneration include the
45S5 Bioglass® material, which exhibits excellent bioactive,
osteoconductive, and bonding characteristics with living bone [4-
6]. However, current limitations in terms of brittleness or fracture

toughness hinder its utility as a load-bearing material [7].
Researchers are combining high performance reinforcements
within the bioglass matrix using composite strategies to overcome
these barriers. Carbon Nanotubes (CNTs) have been identified as
viable reinforcement options for ceramic and bioactive glass
materials due to their exceptional tensile strength (~100 GPa),
moduli of elasticity (~1 TPa) and aspect ratios [8-10]. If delivered
to the material in good dispersion, CNTs typically enhance
mechanical properties through one or a combination of the crack
deflection, bridging and pull-out mechanisms [11, 12]. Comparing
MWCNTs 45S5 bioglass type scaffolds with original ones
manufactured via the techniques of freeze casting and spark
plasma sintering, it has been determined that MWCNTs
substantially enhance both compressive strength, and modulus of
elasticity [13-15].
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The relevance of CNT-reinforced bioglass systems remains
well recognized in the current literature [16, 17]. Eivazzadeh-
Keihanlt et al. [17] reaffirmed the MWCNT/45S5 Bioglass
composite as a benchmark system in carbon-based
nanocomposites for bone tissue engineering, explicitly
highlighting its non-monotonic mechanical response and the
critical role of CNT dispersion quality. Similarly, Sreena et al. note
that despite significant advances in composite design, predictive
modeling of CNT-bioglass interactions, particularly accounting
for porosity, agglomeration, and interface effects, remains
underexplored [16].

The latter works collectively underscore a persistent gap: while
CNT reinforcement of bioglass is widely acknowledged as
promising, physics-informed, quantitative frameworks capable of
predicting the optimal CNT loading window under processing-
induced uncertainties are still lacking [16, 17]. Our work directly
addresses this gap by introducing a hybrid modeling approach that
bridges micromechanical theory with data-driven reinforcement
kinetics, offering a rational design tool for next-generation
bioglass scaffolds.

According to a study done by Touri et al. [14] when MWCNTs
were added to 45S5 bioglass scaffolds through freeze casting, the
total compressive strength increased 119% from 2.08 MPa to 4.56
MPa and the elastic modulus increased by 139% from 111.5 MPa
to 266.6 MPa. Further increasing the MWCNT content above this
amount (e.g. 0.5 wt.%) diminished mechanical performance
because of agglomeration, decreased relative density, and a
weakened bond between MWCNTSs and 45S5 scaffolds. This
behavior exhibits a non-monotonic behavior where an increase in
the amount of MWCNTSs initially results in improvement in
mechanical properties before deteriorating at higher levels of
reinforcement. Predictive modeling is considerably impacted by
this non-monotonic behavior.

raditional micromechanical systems [18-21] based on the
Halpin-Tsai equations generally assume homogeneous dispersion
of materials, uniform and complete bonding at the interface, and a
straightforward reinforcement relationship, which limits their
ability to adequately capture the complexity and nonlinearity of the
behavioral responses generally associated with multiwall CNT-
reinforced bioglass scaffolds. Additionally, factors such as those
induced by processing, such as porosity (~63%) in freeze-cast
scaffolds, the arrangement of CNTs along the scaffold and the
presence of agglomerates (clumps) of CNTs within the matrix
further complicate modelling efforts to provide accurate
predictions regarding mechanical performance [14, 15].

n this study, we present a predictive modeling framework for
the compressive strength and Young’s modulus of freeze-cast
MWCNT/45S5 bioglass composite scaffolds based on
experimental data from Touri et al. [14]. A robust model for
describing the nonlinear dependence of CNT mechanical
properties on  concentration is  developed  through
phenomenological fitting with mechanistic factors, such as CNT
dispersion quality, relative density affects, and bridging
mechanisms. Additionally, Monte Carlo simulation [22] was used
to quantify the uncertainty and probability of CNT distribution and
agglomeration, providing a more accurate picture of scaffold
performance for use in bone tissue engineering.

2. Materials and methods

2.1. Theoretical modeling of compressive strength

The compressive strength of porous scaffolds is governed by a
complex interplay between their architectural porosity and the
intrinsic properties of the solid phase. For open-cell foam-like

structures fabricated via freeze-casting, the Gibson—Ashby model
provides a foundational theoretical framework [23, 24]. This
model relates the effective compressive strength of the porous
scaffold, 0%, to the strength of the fully dense solid material, g, and
the relative density of the scaffold, pr.=p*/p;, as follows:

o= Cgs(prel)n (1)

where 7 is a geometric exponent (typically »=1.5 for open-cell
foams) and C is a dimensionless constant that accounts for
microstructural details such as strut geometry and defects.

In the current study, the experimentally measured compressive
strength of the pure 45S5 bioglass scaffold (Venr=0 wt.%) is
00=2.08 MPa, with a measured porosity of ~63%, yielding a
relative density of p.=0.37. The strength of a fully dense 45S5
bioglass, oy, was estimated as 300 MPa [14].

By calibrating the Gibson—Ashby model to this baseline data
point, the constant C was determined as 0.1051. While this model
accurately describes the base scaffold, it cannot capture the non-
monotonic reinforcement behavior observed upon the addition of
multi-walled carbon nanotubes (MWCNTSs). As reported by Touri
et al. [14], the compressive strength initially increases with CNT
content, reaching a maximum of 4.56 MPa at 0.25 wt.%, before
declining at higher loadings (e.g., 2.67 MPa at 0.5 wt.%) due to
CNT agglomeration and reduced relative density. To model this
effect, a phenomenological Gaussian function was superimposed
on the Gibson—Ashby baseline. This function represents the
efficiency of CNTs as a reinforcing phase, which is optimal at a
specific concentration and diminishes with both under-dosing and
over-dosing (agglomeration). The final combined model for the
compressive strength as a function of CNT weight fraction (V) is:

* (V - Vapt)z
a (V) = CUs(prel)n X [1 + Aexp <_ T)] @

Where 4 is the dimensionless amplitude, representing the
maximum relative enhancement in strength due to CNTs. Vo is
the optimal CNT weight fraction at which the reinforcement effect
is maximized. w is the characteristic width of the distribution,
governing the sensitivity of the mechanical properties to variations
in CNT content. The model parameters are fitted to the
experimental data from Touri et al. [14] using a non-linear least-
squares regression.

2.2. Theoretical modeling of Youngs modulus

The elastic modulus of porous scaffolds is critically dependent
on both the intrinsic stiffness of the solid phase and the
macroscopic architecture induced by the fabrication process. For
open-cell foam-like structures, such as those produced by freeze-
casting, the Gibson—-Ashby model serves as a widely accepted
theoretical foundation for correlating the effective elastic modulus
of the scaffold, £*, with the modulus of the fully dense solid
material, E;, and the scaffold’s relative density, p,..=p*/p; [24]. For
the elastic modulus, the Gibson—Ashby relationship is expressed
as:

E*= CEs(prel)n (3)

where 7 is a structural exponent. While a value of n=1.5 is
typical for the compressive strength of open-cell foams, a higher
exponent of n=2.0 is theoretically and experimentally justified for
the Young’s modulus, reflecting the more pronounced sensitivity
of elastic stiffness to porosity.

In this work, the experimentally measured Young’s modulus of
the pure 4585 bioglass scaffold (Vent=0 wt.%) is £y=112.02 MPa,
with a porosity of ~63%, yielding a relative density of p;=0.37.
The elastic modulus of a fully dense 45S5 bioglass, E;, was
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assumed to be 1000 MPa. By calibrating the Gibson—Ashby model
to the baseline experimental data, the pre-factor C was found to be
0.821, ensuring the model accurately predicts the base modulus of
the pure scaffold [14].

Similar to the compressive strength, the Young’s modulus of
the CNT-reinforced scaffolds exhibits a non-monotonic trend: it
increases with CNT content up to an optimum of 0.25 wt.% before
declining at 0.5 wt.%. This behavior is attributed to the dual role
of CNTs: acting as a high-modulus reinforcing phase when well-
dispersed, but introducing defects and reducing the effective load-
bearing cross-section when agglomerated [14].

To capture this complex behavior, we again adopt a
phenomenological Gaussian function to represent the CNT
reinforcement efficiency. The final combined model for the
effective Young’s modulus as a function of CNT weight fraction
(V) is formulated as:

V=V,
E*(V) = CEs(prel)n X [1 + A’exp <_ %)] (4)

The parameters retain their physical meaning as in the strength
model: 4 is the maximum relative enhancement in modulus due to
CNT reinforcement, Vo is the optimal CNT loading, w governs
the width of the effective reinforcement window. To obtain these
unknown parameters, the model is fitted to the experimental
Young’s modulus data from Touri et al. [14].

3. Results and discussion

Bioglass scaffolds made from the freeze-casting method of
MWCNT of 45S5 glass composite material were created using a
method called the freeze-casting method. The 45S5 glass was
created by using the sol-gel method to prepare the glass powder,
which had a particle size of less than 1 micron when ground down
into powder form. MWCNT were added to the bioglass slurry at
concentrations of 0%, 0.1%, 0.25%, or 0.5% of the bioglass
powder concentration (mass per cent). The bioglass slurry had 20%
volume solids while it also contained 1% polyvinyl alcohol (PVA)
binder and 2% carboxymethyl cellulose as dispersant materials in
distilled water.

To create a homogenous mixture and to reduce agglomeration
of the glass powder, it was ball milled for 24 hours and
ultrasonicated for 2 hours before casting the final pieces [14]. The
green bodies were then formed into cylindrical shapes by
unidirectionally freezing them in a copper mould using a liquid
nitrogen cold finger.

The green pieces were then freeze-dried for 72 hours at —60°C
and 1.3 KPa and then sintered in an argon atmosphere at 900°C for
3 hours (heating rate: 10°C/min) [14]. The final bioglass scaffolds
displayed a lamellar like microstructure showing 63% overall
porosity and pore sizes that ranged between 20-100 microns and
that were similar in appearance to the internal structure of
cancellous bone.

The mechanical testing involved preparing cylindrical
specimens measuring 12 mm in diameter and 20 mm in height.
Using a Zwick/Roell HCT 400/25 dynamic testing machine set to
a crosshead speed of 1 mm/min, compressive strength and Young's
modulus were determined per ASTM F-2150.

Each composition of the sample was tested in five replicates;
therefore, the reported values are presented as mean + standard
deviation. The compressive strength of the MWCNT-reinforced
4585 Bioglass scaffolds can successfully be modelled using a
combined framework, which combines the Gibson-Ashby theory
of porous materials and a phenomenological Gaussian function
developed to describe the non-linear reinforcing effect of CNTs
[14].

3.1. Compressive strength modeling

3.1.1. Compressive strength of base scaffold

For the pure bioglass scaffold (Vent=0 wt.%), the Gibson—Ashby
model was calibrated to match the experimentally measured
compressive strength of 2.08 MPa. Using a relative density
pre=0.37 (corresponding to the measured porosity of 63%) and an
assumed strength of the fully dense material 6,=300 MPa, the
structural constant C was determined as 0.03081. This calibration
ensured that the predicted base strength, 0,=2.08, was in exact
agreement with the experimental value [14].

3.1.2. Compressive strength of MWCNI/45S5 bioglass
scaffolds

The combined model, which incorporates the CNT
reinforcement term, was fitted to the four experimental data points
using non-linear regression. The resulting optimized parameters
are obtained as A=1.413, Vo= 0.311, w=0.105. The highest point
of additive effect on compressive strength occurs when
considering adding CNTs in a dosage greater than the initial
estimate of 0.25 weight percent CNT. As can therefore also be
interpreted: an increase in dosage may produce a stronger, higher
performing scaffold when employing CNTs.

The prediction of maximum compressive strength due to
contrast to experimental observations was made using Eq. 4. The
predicted maximum compressive strength was determined to be
5.02 MPa or approximately 141% greater than the compressive
strength of the base scaffold; however, this does correspond to the
maximum experimental value of 4.56 MPa (at CNT loading of
0.25 wt.%).

Therefore, although the values of maximum compression
strengths as given by experiment and prediction differ slightly
(0.25 wt.% CNT vs 0.35 wt.% CNT), it can conclusively be stated
that the prediction model is able to represent clearly the general
trend in the relationship between compressive strength and the
amount of CNT loaded to the scaffold; the prediction model
correctly represents the relationship observed in the experiment
through the correct matching of peak and lowest compressive
strengths produced during the experiment as illustrated in Fig. 1.

Compressive Strength (MPa)

1 Combined Model
(Gibson-Ashby + Gaussian CNT)
® Experimental Data
Optimum: 0.31 wt%

0.0 01 02 03 04 05 06
CNT Content (wt%)

Fig. 1. Predicted compressive strength of MWCNT-reinforced 45S5
bioglass scaffolds as a function of CNT content (wt.%), based on the
combined Gibson—Ashby and Gaussian reinforcement model.
Experimental data points (red circles) are from Touri et al. [14].

The overall coefficient of variation is 0.27%. The predicted
maximum CNT loading of 0.311 wt.% is invaluable for predicting
future scaffold designs and provides evidence that the compressive
strength of scaffolds tested at 0.25 wt.% could be increased slightly
by making small changes in the amount of CNT loaded, assuming
that proper dispersion and minimal agglomeration occur. The
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philosophy of physics-informed, data-driven model gives a
powerful prediction tool for determining the compressive strength
of CNT reinforced bioglass scaffold materials with varying
amounts of CNT, thus allowing for the rational design of
biomaterials with specific mechanical properties for use in bone
tissue engineering.

3.2. Young modulus modeling

The Young’s modulus of the MWCNT-reinforced 45S5
bioglass scaffolds was successfully modeled using a combined
framework that integrates the Gibson—Ashby theory for porous
materials with a phenomenological Gaussian function to capture
the non-linear reinforcement effect of CNTs.

3.2.1. Young's modulus of base scaffold

For the pure bioglass scaffold (Vent=0 wt.%), the Gibson—
Ashby model was calibrated to match the experimentally measured
Young’s modulus of 112.02 MPa. Using a relative density
prei=0.37 (corresponding to the measured porosity of 63%) and an
assumed modulus of the fully dense material £~1000 MPa, the
structural constant C was determined as 0.821. This calibration
ensured that the predicted base modulus, £;=112.02 MPa, was in
exact agreement with the experimental value [14].

3.2.2. Young's modulus of MWCNI/45S5 bioglass
scaffolds

The combined model, which incorporates the CNT
reinforcement term, was fitted to the experimental data points
using non-linear regression. The resulting optimized parameters
are obtained as 4=1.73, Vopt=0.319, w= 0.10. According to these
parameters, the maximum value of Young's modulus would occur
at CNT loading above the 0.25 wt. % level which was noted in the
experimental results, and within the upper end of the peak modulus
range.

The peak Young's modulus predicted by the model is 305.84
MPa and it could provide a theoretical maximum increase in
Young's modulus of approximately 172% compared to the base
scaffold. The experimentally obtained value for Young's modulus
at 0.25 wt.% was 265.82 MPa, which confirms that while there
were some minor variations between the model and the
experimental values, the model captures the overall trend. The
model's predicted "rise-and-fall" behavior in Young's modulus
corresponding to increasing CNT content corresponds to that seen
in experiment (Fig. 2).

The model prediction recommends a CNT loading of
0.319 wt.% to optimise mechanical performance characteristics
and to assist in defining optimal design criteria for the scaffold. It
is important to note that a slight variation from the tested 0.25 wt.%
will, in theory, improve mechanical performance, assuming that
good dispersion quality and agglomeration control can be
achieved.

This physics-informed, data-driven approach offers a robust
tool for predicting the Young’s modulus of CNT-reinforced
bioglass scaffolds across a range of CNT loadings, facilitating the
rational design of biomaterials with tailored elastic properties for
bone tissue engineering applications.

It is important to note that the non-monotonic reinforcement
behavior captured by our Gaussian function is not merely an
empirical fit, but is physically grounded in the microstructural
observations reported by Touri et al. [14].

Their SEM analyses clearly demonstrate that MWCNTSs are
homogeneously dispersed within the 45S5 Bioglass matrix at low

loadings (e.g., 0.25 wt.%), enabling effective load transfer and
crack-bridging mechanisms.

350

300

250

Young’s Modulus (MPa)

100

50 { === Combined Model (Gibson-Ashby + Gaussian)
® Experimental Data
Optimum: 0.32 wt%

00 01 02 03 04 05 06
CNT Content (wt%)

Fig. 2. Predicted Young’s modulus of MWCNT-reinforced 45S5 bioglass
scaffolds as a function of CNT content (wt.%), based on the combined
Gibson—Ashby and Gaussian reinforcement model. Experimental data

points (red circles) are from Touri et al.[14].

In contrast, at higher loadings (e.g., 0.5 wt.%), significant CNT
agglomeration occurs, leading to stress concentration sites and
weakened interfacial bonding, directly correlating with the
observed decline in mechanical performance. Our model implicitly
encodes this microstructure—property relationship through the
peak position (Vopt) and width (w) of the Gaussian reinforcement
term, thereby linking processing-induced dispersion quality to
macroscopic mechanical response without requiring explicit image
data.

4. Monte Carlo uncertainty quantification for
MWCNTY/45SS5 bioglass scaffolds

A Monte Carlo simulation was conducted to account for the
variability in all experimental parameters and processing
parameters and also calculate the probability of obtaining a
compressive strength of greater than the critical value of 4.5 MPa
for the varying percentages of CNT loading. The analysis provides
the evaluation of the reliability of the model in a probabilistic
manner, which allows for determining the content of CNT most
suitable for practical use. The Monte Carlo simulation was based
on the previous calibrated model for the Gaussian reinforcement.
In order to simulate real-life uncertainty in all parameters, each
parameter was assumed to be normally distributed with a standard
deviation of 10% of the nominal value. A total of 5000 Monte
Carlo trials were completed for each of the levels of CNT from 0.0
to 5.0 wt%. The maximum probability of getting a compressive
strength above 4.5 MPa was 53.3%, and this occurred at the CNT
level of 0.256 wt%. At the experimentally reported optimum of
0.25 wt%, the probability of achieving a compressive strength
above 4.5 MPa was 52.1%, which is close to the highest
probability. The probability curve had a very sharp rise and fall
around the optimum range of CNT, meaning that mechanical
performance was indeed very sensitive to the CNT loading
concentration. From the analysis performed under the assumption
of a probabilistic approach, it has been found that whereas the
deterministic analysis has identified an exact optimization for the
amount of CNT in polymeric scaffolds (0.25 wt.%), due to the
randomized nature of the real world, the fabrication will always
introduce elements of uncertainty, and as such, there will not be
one single guaranteed optimum point for this type of material, but
instead, there will be a narrow range of probability (i.e. when the
strength will be &gt;50%) for the ranges from approximately 0.24
to approximately 0.27 wt.%. By targeting a CNT loading of
0.25 +0.01 wt.%, this design philosophy maximizes the likelihood
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of producing polymer scaffolds with a compressive strength that is
equal to or greater than 4.56 MPa (the value achieved in
experiments). Higher or lower loadings significantly decrease (the
probability of) producing polymer scaffolds with properties
exceeding the experimental data at an optimized loading is
primarily as a result of agglomeration or poor dispersion
(discussed in detail in Section 3.2 of Touri et al. [14]).
Consequently, as the optimal loading of CNTs is slightly above
0.25 wt.%, then even small modifications to either the methods of
dispersing (and/or reducing the presence of agglomerates) CNTs
during the fabrication process could result in potentially enhancing
the mechanical performance without decreasing the reliability of
the polymer scaffolds.

100

--- Optimal CNT = 0.25 wt%

80

60

Probability o* > 4.5 MPa (%)

0.0 01 02 05 0.6

L)
CNT Content (wt%)

Fig. 3. Probability of achieving a compressive strength exceeding 4.5 MPa
as a function of CNT content (wt.%), based on Monte Carlo simulation

The purpose of this analysis was to understand how probable it
would be to get Young's Modulus values larger than 250 MPa for
MWCNT reinforced 45S5 BioGlasses with different amounts of
CNT loading through a Monte Carlo method based on
experimental data gained from this study. This study was
specifically designed not just to predict whether or not you would
achieve success or fail but also to quantify the amount of
confidence associated with achieving the desired characteristics of
the scaffolds.

The simulation used the calibrations from the combination of
Gibson-Ashby and Gaussian reinforcement models to create
realistic test conditions through a variation of the experimental
parameter set via simulating from a normal distribution. The
sample was created through randomly selecting 20,000 points from
a multi-dimensional normal distribution centered on the fitted
parameters with the covariance matrix calculated from the curve-
fitting process. The output for Young's modulus is illustrated in
Fig. 4. The lowest concentration of CNT to achieve greater than
250 MPa on the deterministic model was around 0.23 wt%, with a
sharp transition between 0.23 wt% and 0.24 wt%, whereby the
probability of achieving Young's modulus greater than 250 MPa
increased to 100% and remained at this value until approximately
0.41 wt%. The 100% probability for achievement of Young's
modulus greater than 250 MPa for this range of CNT
concentrations indicates a broad range of reliable concentrations
(0.235 wt% to 0.405 wt%) for scaffold fabrication. Based on the
experimental optimum of 0.25 wt%, the probability for achieving
greater than 250 MPa is 100%, which demonstrates a high
probability of reliability for this specific formulation. It should be
noted that while the deterministic model shows that the optimal
concentration is 0.319 wt%, the inherent stochastic nature of CNT
processing results in a range of probable concentrations (0.24 wt%
to 0.40 wt%) to reliably achieve the desired Young's modulus.

The significance of this finding lies mainly in the
manufacturing industry; it demonstrates how much variability can
be tolerated in the CNT loading without causing an effect on
performance. Practically, for scaffolds intended for load-bearing

bone tissue engineering applications (e.g., the natural spongy bone
with a Young’s modulus between 20-500 MPa, producing
scaffolds with a Young’s modulus that falls within the 0.25-0.40
wt.% range will represent the highest probability of success. The
0.25 wt.% represents the highest experimental peak for the
Young's modulus, while higher CNT loading values produce
predicted higher YMD, assuming that agglomeration occurs due to
an improper dispersion technique that does not permit a sufficient
separation of the CNTs. Furthermore, since the probability that
CNTs provide a reinforcing effect within the 0.25 - 0.40 wt.%
range is approximately 100% for that same range and beyond, we
expect that during this window, they will continue to create
bridging structures between the ceramic lamellae, as illustrated by
Touri et al. in their SEM photomicrograph of CNT-reinforced bone
scaffolds [14]. However, any increase in CNT content above 0.41
wt.% will cause the probability of producing scaffolds witha YMD
of 0 to drop to zero as a consequence of the adverse effects of either
agglomeration or reduced relative density, which are responsible
for diminishing the interfacial bonding strength and lowering
overall stiffness and strength [14].

100

Fitted Optimum: 0.32 wt%

80

60

P(Young’s Modulus > 250 MPa) [%]

0.0 0.1 02 04 05 0.6

03
CNT Content (wt%)

Fig. 4. Probability of achieving a Young’s modulus exceeding 250 MPa as
a function of CNT content (wt.%).

Ultimately, while Monte Carlo model validation is only a
supporting function for the deterministic model, Monte Carlo
simulation affords an evaluation of risk-aware algorithms to
develop a robust and efficient scaffold with predictable
performance levels and lower risk associated with physical
properties such as mechanical performance. Therefore, controlling
for the quantity of CNTs, as well as, controlling for the quality of
the dispersion of CNTs will need to remain a focus of attention
during the fabrication processes used to construct scaffolds
intended for bone tissue engineering usage.

5. Conclusion

This research created a modeling framework that combines
physics and data-driven methods to estimate the compressive
strength and Young's modulus of freeze-cast MWCNT/45S5
Bioglass composite scaffolds using the experimental results
published by Touri et al.[14] By using the Gibson-Ashby theory
for predicting the mechanical properties of porous materials and
implementing a phenomenological Gaussian reinforcing model,
the newly developed model accurately predicts the change in
mechanical properties from the initial incrementation of CNTs to
an optimal level of reinforcement, and subsequent decline in the
reinforced materials' properties due to both agglomerates and a
lower proportion of available relative density.

Using calibrated models, peak compressive strength and
Young's modulus were predicted to be 5.02 MPa and 305.8 MPa
respectively at CNT contents of 0.311 wt.% and 0.319 wt.%, in
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close agreement with experimental peak values of 4.56 MPa and
265.8 MPa at a CNT content of 0.25 wt.%. The slight shift in the
predicted optimum indicates that further improvement in the
dispersion of CNTs, which can be accomplished with minor
adjustments, may further enhance the mechanical properties of the
composite material beyond the range tested by experimentation.

Monte Carlo uncertainty quantification has shown that all
mechanical properties exhibited different reliability profiles. The
probability of success for the compressive strength (> 4.5 MPa)
was found to be maximised in a narrow range of optimal
performance (0.24 - 0.27 wt.% CNT content), with the probability
of success being a maximum of 53.3%. Therefore, the compressive
strength is sensitive to processing condition variability. Young's
modulus (>250 MPa) was found to give stable responses across a
wide range of CNT loadings (0.235 - 0.405 wt.%) as evidenced by
a 100% probability of success. Therefore, elastic stiffness is a very
reliable design parameter and provides an indication of how to
establish acceptable tolerance bands in mass production.

Using the findings of this study, we have come to the
conclusion that CNTs are an excellent reinforcing mechanism for
creating an in-depth model and optimization technique to allow for
understanding how the composition (microstructure, composition
(Mechanical)) of CNTs affect each other. As such, and providing
a model framework to aid in the development of next-generation
bone scaffolds with a risk awareness approach. Additionally, the
fusion of deterministic prediction and probabilistic reliability
provides us with a framework that supports rational designing of
biomaterials with specified mechanical properties that fall within
the physiological properties of cancellous bone to adequately use
in load-bearing regenerative medicine clinics.
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