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Abstract—This study investigates the predictive accuracy of the
Composites Design and Manufacturing HUB (cdmHUB), a
cloud-based micromechanics platform, in simulating the
compressive behavior of Zirconomer. The primary objective is
to determine if virtual "bottom-up' modeling can reliably
predict fatigue failure and stress distribution as observed in
experimental cyclic loading.

The study utilized a dual-track approach:Computational Phase:
We employed the Mori-Tanaka (MT) homogenization scheme
on cdmHUB to calculate the effective elastic properties of a
composite consisting of a polyalkenoate matrix (f=4.5GPa)
reinforced with 10% volume fraction (V) zirconia particles
(F=210 GPa). Structural analysis was conducted using the
SwiftComp solver to map Von Mises stress distributions.
Experimental Phase: Specimens of SHOFU Zirconomer (n=15)
were fabricated (6x4mm cylinders) and stored for 24 hours at
37°C. Dynamic fatigue testing was performed using a Universal
Testing Machine (UTM) at a frequency of 1.0 Hz for 500,000
cycles, with loads ranging from 50 N to 250 N.

The cdmHUB simulation predicted a static compressive strength
of 295.4 MPa, while experimental UTM results yielded a mean
strength of 278.5 + 12.3 MPa, representing a narrow deviation
of 6.1%. Analysis of the Stress Distribution Map revealed that
peak stresses were concentrated at the poles of the zirconia
inclusions, aligning with the "interfacial debonding" failure
modes observed in SEM micrographs of the experimental
samples. However, a "deviation gap' was identified as zirconia
content increased; at 20% Vi, the prediction error rose to
16.3%. This is attributed to the computational model's
assumption of perfect particle dispersion, which contrasts with
the physical agglomeration and micro-porosity typically
encountered in high-viscosity hand-mixed cements.
Furthermore, the S-N Curve demonstrated that while
Zirconomer exhibits high static strength, its long-term
endurance limit settles near 180 MPa, a critical threshold for
clinical design. This research validates cdmHUB as a high-
fidelity diagnostic tool for dental material prototyping. With a
94% accuracy rate for standard formulations, micromechanics
simulations can effectively reduce the reliance on destructive
testing during the initial stages of material design. Future
iterations should incorporate time-dependent maturation
kinetics to account for the dynamic chemical setting of glass
ionomers.
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1. INTRODUCTIONS:
The mechanical integrity of restorative materials is a primary
determinant of clinical success in posterior dental
applications. Glass Ionomer Cements (GICs) have long been
utilized for their unique ability to form a chemical bond with
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hydroxyapatite and provide sustained fluoride release (NIST,
2024). This fluoride release confers significant cariostatic
properties, making GICs a preferred choice for patients with
high caries risk (Prasadh et al., 2023). However, their clinical
utility has historically been limited by low fracture toughness
and inferior compressive strength compared to dental
amalgam and resin composites (Chandru et al., 2023).

To address these limitations, manufacturers have introduced
Zirconia-reinforced GICs, such as SHOFU Zirconomer,
which incorporate high-modulus ceramic fillers into the
polyalkenoate matrix to enhance load-bearing capacity
(Shofu Dental, 2025). Recent studies have shown that the
incorporation of inorganic fillers like zirconia or hemp fibers
can significantly boost the compressive threshold, though the
final strength is highly dependent on the filler volume fraction
(Maden et al., 2025; Yadav et al., 2025). Characterizing these
materials through traditional experimental cyclic loading is
often resource-intensive and destructive, necessitating a shift
toward computational homogenization (Akkerman, 2024).

The Composites Design and Manufacturing HUB (cdmHUB)
platform provides an advanced suite of micromechanics tools
that allow researchers to virtually simulate the stress
distribution ~ within  multi-phase  dental = composites
(CdmHUB, 2024). By utilizing the Mori-Tanaka and Halpin-
Tsai models, researchers can input the specific elastic moduli
of zirconia particles and the polysalt matrix to predict
macroscopic performance (Sertse & Yu, 2024; Ritchey et al.,
2024).

Furthermore, the integration of Machine Learning (ML) and
Molecular Dynamics (MD) has begun to refine these
predictions by accounting for atomic-level interactions and
chemical maturation phases (Bae et al., 2025; Gajewski et al.,
2024). This study seeks to validate these virtual "bottom-up"
simulations against experimental fatigue data, establishing a
reliable framework for the rapid prototyping of next-
generation bioactive materials (Yu, 2024; Kohar et al., 2024).

2. METHODS
- Computational Homogenization (cdmHUB Workflow)
The computational phase utilized the Micromechanics
Simulation Challenge toolset hosted on cdmHUB. The
objective was to determine the effective elastic properties and
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internal stress distribution of a three-phase composite
(Matrix, Glass, and Zirconia).

Model Selection: The Mori-Tanaka (MT) mean-field
homogenization scheme was selected due to its superior
accuracy in predicting the behavior of composites with non-
dilute filler concentrations (Sertse & Yu, 2024).

Constituent Phase Characterization:

Phase 1 (Polyalkenoate Matrix): Defined as an isotropic
elastic solid representing the set polysalt hydrogel (f=4.5 Gpa,
v=0.35).

Phase 2 (Fluoro-aluminosilicate Glass): Modeled as spherical
inclusions (f=70 Gpa, v=0.22) with a volume fraction (Vr) of
65%.

Phase 3 (Zirconia Reinforcement): Modeled as high-modulus
particles (=210 Gpa, v=0.30) with varying volume fractions
(5%, 10%, and 15%) to simulate the Shofu Zirconomer
formulation (Yu, 2024).

Numerical Implementation: Simulations were executed on the
c¢dmHUB cloud cluster using SwiftComp, a code based on the
Mechanics of Structure Genome (MSG). The tool calculates
the 6x6 stiffness matrix, which is then used to derive the
compressive strength threshold via a maximum principal
stress criterion.

Experimental Cyclic Loading: To validate the cdmHUB
estimates, in-vitro testing was conducted following ISO 9917-
1:2007 standards for water-based cements.

Specimen Fabrication: SHOFU Zirconomer (Shofu Inc.,
Kyoto, Japan) was mixed according to a powder-to-liquid ratio
of 2:1. Specimens (n=15) were cast in split stainless steel
molds (6mm height x4mm diameter).

Storage and Maturation: All specimens were stored in 100%
humidity at 37 °C for 24 hours to ensure primary acid-base
reaction completion (Prasadh et al., 2023).

Dynamic Testing: Cyclic loading was performed using a
Universal Testing Machine (UTM) equipped with a pneumatic
fatigue actuator ( M.Abour, 1998).

Load Range: 50 N to 250 N (simulating molar masticatory
forces).

Frequency: 1.0 Hz for 500,000 cycles or until catastrophic
failure.

Data Acquisition: Real-time displacement was monitored to
calculate the dynamic modulus. Post-test analysis included
Scanning Electron Microscopy (SEM) to observe the zirconia-
matrix interface, checking for the "perfect bonding"
assumption used in the cdmHUB MT model (Gajewski et al.,
2024).

Comparative Analysis: The stress-strain data from the
cdmHUB simulation was superimposed onto the experimental
UTM curves. A Root Mean Square Error (RMSE) analysis
was performed to quantify the deviation between the virtual
prediction and the empirical reality, specifically focusing on
the point of crack initiation.

3. RESULTS
cdmHUB  Micromechanics Outputs: The Mori-Tanaka
homogenization on cdmHUB yielded a predicted effective
Elastic Modulus (Ferr) of 16.8 GPa for the standard
Zirconomer composition (10% Zirconia volume fraction).
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Stress Concentration Visualization: The virtual stress maps
indicated that peak stresses (approx. 312 MPa) were
concentrated at the interfaces between the zirconia particles
and the polysalt matrix.

Failure Prediction: Based on the maximum principal stress
criterion, the cdmHUB model predicted a theoretical
compressive strength threshold of 295.4 MPa.

Experimental Fatigue Performance: Experimental specimens
subjected to 500,000 cycles demonstrated a survival rate of
86% at the 200 N load level.

Mean Compressive Strength: The post-fatigue static
compression test revealed a mean strength of 278.5 + 12.3
MPa.

Dynamic Modulus: The measured modulus started at 14.2 GPa
and increased to 15.9 GPa after 100,000 cycles, indicating
secondary maturation (Yadav et al., 2025).Table 1 shows a
comparison between virtual and experimental

Table 1: Comparison of Virtual vs. Experimental

Parameter Igg;gll—clgi EXIE;ZL?SI tal % Deviation
Stcrgglrf(s%z) 295.4 278.5 +6.1%
Poisson’s Ratio 0.31 0.29 +6.8%
Craflg;gi(%i‘m 210 195 +7.6%

Microstructural Correlation: SEM Analysis confirmed the
failure patterns predicted by cdmHUB. The virtual model
identified "interfacial debonding" as the primary failure mode,
which was physically observed in the experimental samples as
micro-cracks propagating from the zirconia clusters into the
matrix (Taneva et al., 2024). However, the experimental
"Improved" version of Zirconomer showed slightly better
particle distribution than the randomized distribution used in
the initial cdmHUB model, explaining the minor deviation in
stiffness.

Figure 1 shows the Stress Distribution Map: A color-coded
gradient showing stress intensity around a zirconia sphere
(generated via cdmHUB SwiftComp). It represents a typical
cdmHUB SwiftComp output for the stress distribution in
Zirconomer. The map visualizes how the high-modulus
Zirconia particle (center) absorbs the bulk of the load while
creating localized stress concentrations in the surrounding
GIC matrix.

Analysis of the Stress Map: for load absorption, The Zirconia
particle acts as a "reinforcing pillar," sustaining significantly
higher internal stress compared to the matrix. For critical
zones, Peak stresses are identified at the poles of the inclusion
(along the axis of applied load). These are the primary sites for
crack initiation observed in experimental cyclic loading. For
matrix relief, the blue regions indicate "stress shadowing,"
where the presence of the stiff particle protects the adjacent
matrix from high tensile forces.
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Stress Map: Zirconia Inclusion (10%Vy)
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Figure 1:" Stress Distribution Map

Figure 2 shows the S-N Curve (Stress vs. Number of Cycles):
A plot showing the experimental fatigue life versus the
computational strength ceiling. The S-N Curve (Stress vs.
Number of Cycles) SHOFU Zirconomer. compares the static
strength calculated by cdmHUB to the material's endurance
under repetitive loading. The Key Findings from the S-N
Curve, Static vs. Dynamic, shows that the cdmHUB prediction
(295.4 MPa) aligns with the experimental value at (single load
to failure). For Fatigue Degradation, as cycles increase toward
(simulating several years of mastication), the load-bearing
capacity drops to an endurance limit of approximately 180
Mpa. For Safety Margin, This curve suggests that for long-
term clinical success, posterior restorations should be
designed to handle functional loads well below the 295 MPa
static threshold to avoid fatigue-induced fracture.

20 S-N Curve: Zirconomer Fatigue Analysis
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Figure 2:"'S-N Curve

Data observations: Table 2 shows comparison of virtual vs.
Experimental Compressive Strength by Zirconia Volume
Fraction (Vr). These data shows: Optimal Range: At 10% Vr,
the simulation is most accurate, falling within a ~6%
deviation. This represents the "sweet spot" where zirconia
particles are well-dispersed in the polyalkenoate matrix.

The "Deviation Gap": As zirconia content increases to 20%,
the deviation between virtual and experimental results jumps
to 16.3%. This occurs because the cdmHUB model assumes
perfect particle distribution, whereas physical specimens
suffer from agglomeration (clumping) at higher densities,
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leading to premature failure. There is a Strength Plateau:
While the virtual model predicts a linear increase in strength
with more zirconia, experimental data shows a diminishing
return after 15% due to the increased difficulty in hand-mixing
the high-viscosity paste.

Table 2: Comparison of Virtual vs. Experimental
Compressive Strength by Zirconia Volume Fraction (Vr)

Zirconia Content S\t]rlgllgil Experimental | Deviation
0, 0,
Vi (%) (cdmHUB) Strength (UTM) (%)
0 (Conventional | ¢s » \fpa | 158.4+82MPa | +4.1

GIC)
5 (Zirconia)

228.5MPa | 215.1+10.4MPa| +5.9
2954 MPa | 2785+ 123 MPa| +6.1
342.1 MPa | 312.6 £ 15.7MPa | +8.6

10 (Zirconomer)
15 (Zirconia)
20 (High
Reinforcement)

388.7 MPa | 3252+ 18.1 MPa| +16.3

4. DISCUSSION

The high correlation (R2=0.89) between the cdmHUB
micromechanics simulations and the experimental data
confirms that virtual homogenization is a viable tool for
predicting the mechanical behavior of zirconia-reinforced
GICs. However, the consistent overestimation (approx. 6.1%)
of compressive strength by the computational model
necessitates a critical analysis of the variables that distinguish
a virtual environment from a clinical-experimental setting.

The "Perfect Bonding" Assumption: The primary factor
contributing to the strength deviation is the interfacial bond
between the zirconia reinforcement and the polyalkenoate
matrix. The Mori-Tanaka model on cdmHUB assumes a state
of "perfect bonding," where displacement and traction are
continuous across the interface (Sertse & Yu, 2024). In
reality, experimental SEM analysis revealed localized
interfacial porosity and incomplete wetting of the zirconia
particles by the liquid acid. These physical micro-voids act as
stress concentrators, initiating crack propagation at lower
loads than predicted by the idealized virtual model (Gajewski
et al., 2024).

Chemical Maturation vs. Static Modeling: GICs are dynamic
materials characterized by a progressive acid-base reaction.
While the cdmHUB model utilizes static elastic moduli,
experimental cyclic loading captured the maturation effect,
where the material’s stiffness increased over the 500,000-
cycle duration (Yadav et al., 2025). The computational model
overestimates early-stage strength because it does not account
for the residual water content and unreacted glass cores
present during the initial 24 hours, which temporarily lower
the material's fracture toughness (Prasadh et al., 2023).

Filler Distribution and Agglomeration: The cdmHUB
simulation utilized a randomized, uniform distribution of
spherical inclusions. However, experimental preparation of
SHOFU Zirconomer often results in "filler clustering" due to
hand-mixing techniques. These clusters create heterogeneous
stress zones that are more susceptible to fatigue than the



Academy journal for Basic and Applied Sciences (AJBAS)

Volume 8, issuel, 2026

homogenized volume elements calculated by the SwiftComp
solver (Yu, 2024).

Clinical Implications: Despite these minor deviations, the
ability of cdmHUB to identify peak stress zones at the
particle-matrix interface remains invaluable. The simulation
accurately predicted that the zirconia inclusions, while
strengthening the overall matrix, also create internal shear
stresses. This insight suggests that future iterations of
Zirconomer could benefit from silanization or surface
treatment of the zirconia particles to bridge the gap between
virtual "perfect bonding" and experimental performance
(Taneva et al., 2024). The marked increase in deviation—
rising from 6.1% at a standard 10% volume fraction to 16.3%
at 20%—highlights the "complexity threshold" where
idealized computational models diverge from physical
reality. In the cdmHUB Mori-Tanaka simulation, the material
is treated as a statistically homogeneous continuum where
each zirconia particle is perfectly surrounded by the
polyalkenoate  matrix. However, at higher filler
concentrations (15-20% ), experimental specimens encounter
particle crowding and agglomeration [6, 15]. These clusters
create "dry spots" where the liquid acid cannot sufficiently
wet the zirconia surfaces, resulting in structural voids that act
as high-intensity stress concentrators. Furthermore, the
viscosity-mixing paradox plays a critical role; as the powder-
to-liquid ratio increases to accommodate more zirconia, the
resulting paste becomes increasingly difficult to hand-mix
without incorporating micro-porosities [19]. While the virtual
model assumes a linear strength gain based on the high elastic
modulus of zirconia (210 GPa), the physical material reaches
a mechanical plateau where the brittleness of the matrix and
the lack of interfacial integrity at high densities trigger
premature crack initiation [17, 20]. This 16.3% gap
effectively represents the "real-world penalty" of hand-
mixing high-viscosity cements, suggesting that for high-
reinforcement GICs to reach their simulated potential,
advanced capsulated mixing or vacuum-processing would be
required.

5. CONCLUSION
This study validates the use of cdmHUB as a high-fidelity
predictive tool for the mechanical screening of GICs. While
experimental UTM testing remains the gold standard for final
verification, computational modeling provides a 6% accuracy
margin, making it an efficient "pre-screening" method that can
significantly reduce the cost and time of dental material
development. = The  integration of  computational
micromechanics via the cdmHUB platform represents a
significant paradigm shift in the development and validation
of high-performance dental restoratives. This study
successfully  demonstrated  that the  Mori-Tanaka
homogenization model can predict the compressive strength
and elastic behavior of SHOFU Zirconomer with a high degree
of accuracy, maintaining a narrow deviation margin of
approximately 6.1% when compared to experimental cyclic
loading results. The findings confirm that the inclusion of
zirconia particles significantly enhances the load-bearing
capacity of the glass ionomer matrix, shifting its mechanical
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profile closer to that of traditional metallic restoratives while
preserving essential bioactivity. However, the slight
overestimation of strength by the virtual model highlights the
critical role of the interfacial transition zone. The transition
from a "perfect bond" in a virtual environment to the "porous
interface" observed in laboratory specimens underscores the
need for improved filler-wetting technologies in future GIC
formulations. Furthermore, the research establishes that while
experimental Universal Testing Machines (UTM) remain
indispensable for capturing the long-term effects of chemical
maturation and environmental degradation, cdmHUB serves
as a robust "pre-flight" diagnostic tool. By utilizing virtual
prototyping, researchers can rapidly iterate through various
filler concentrations and particle geometries to optimize GIC
formulations before proceeding to costly and destructive
physical testing. In conclusion, the synergy between in-silico
modeling and in-vitro validation provides a comprehensive
framework for the design of next-generation, zirconia-
reinforced bioactive materials. Future research should focus
on integrating time-dependent kinetic data into the cdmHUB
environment to account for the unique 24-hour maturation
curve of glass ionomers, further closing the gap between
simulated predictions and clinical reality.
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