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Abstract

This paper presents a statistical model for understanding the mechanical behavior of shape memory
hydrogels (SMHs) through experimental mechanical testing and probabilistic analysis. PVA-based
hydrogels were synthesized, and their tensile strength, Young’s modulus, and shape recovery efficiency
were measured using a universal testing machine. A statistical analysis, incorporating normal
distributions and Monte Carlo simulations, was applied to model the variability and predict mechanical
behavior under diverse conditions. The findings provide insights into the mechanical consistency and
predictability of SMHs, making them suitable for applications in biomedical and engineering fields.
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Introduction

Shape memory hydrogels (SMHs) are a class of materials that possess the ability to return to
their original shape after deformation when exposed to external stimuli such as heat, pH
changes, or mechanical stress . These hydrogels are increasingly used in fields like
biomedical devices, soft robotics, and drug delivery due to their flexibility and
biocompatibility 3. However, the mechanical properties of SMHs, including tensile
strength and shape recovery efficiency, exhibit variability due to synthesis conditions and
material composition 41,

Traditional deterministic mechanical models often fail to capture this variability, which
limits the predictability of the material’s behavior in practical applications. This paper
presents a statistical approach for analyzing the mechanical properties of SMHs. By
combining experimental results with probabilistic models, the study provides a more robust
framework for understanding the material's performance under varying conditions.

Objectives

The main objectives of this study are:

1. To develop a statistically based mechanical model to predict and analyze the variability
in the mechanical properties of shape memory hydrogels (SMHSs).

2. To evaluate and quantify the tensile strength and shape recovery efficiency of SMHs
using experimental testing and probabilistic simulations.

2. Methodology

Material Synthesis: Shape memory hydrogels were synthesized using polyvinyl alcohol
(PVA) crosslinked with glutaraldehyde under controlled conditions (Figure 1). The samples
were cast into cylindrical shapes (10 mm diameter, 50 mm length) and allowed to cure for 24
hours to ensure uniform crosslinking.

Mechanical Testing: Tensile tests were conducted using a universal testing machine (UTM)
at a strain rate of 0.01 s to evaluate the mechanical properties of the hydrogels. The tensile
strength o, Young’s modulus E, and elongation at break ¢ were calculated from the stress-
strain curves (Equation 1). The tensile strength was defined as:
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Where F is the applied force and A is the cross-sectional
area. Shape recovery testing was performed by deforming
the samples to 100% strain and applying thermal stimuli (70
°C) to activate the shape memory effect. The recovery ratio
Rs was calculated as:

Rs = Lre'cm'e'red X100

lre."mmred

Where Lrecoverea 1S the recovered length and Linisia iS the
initial length.

Statistical Modelling: A statistical analysis was performed
on the experimental data to account for the variability in
mechanical properties. Normal and log-normal distributions
were applied to model the tensile strength and shape
recovery ratios. Monte Carlo simulations with 1000
iterations were used to predict the possible range of
mechanical properties based on the experimental data.

Results and Discussion

Stress-Strain Behaviour: Figure 2 shows the typical stress-
strain curves obtained from the tensile tests. The initial
linear region corresponds to elastic deformation, followed
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by a nonlinear region indicating plastic deformation.
The tensile strength values ranged between 1.12 and 1.18
MPa, as shown in Table 1.
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Where E is Young’s modulus, o is the tensile stress, and ¢ is
the strain.

E

Table 1: Mechanical properties of shape memory hydrogels

(SMHs)
Sample | Tensile Strength | Young’s Modulus | Elongation at
ID (MPa) (MPa) Break (%)
SMH-1 1.12 0.68 172
SMH-2 1.18 0.72 178
SMH-3 1.15 0.69 175

The mechanical testing revealed consistent tensile properties
across the samples. The average tensile strength of the
hydrogels was 1.15 MPa, and the elongation at break
exceeded 170%, indicating the flexibility of the material.

Shape Recovery Efficiency: Shape recovery efficiency was
evaluated after thermal activation of the SMHs (Figure 3).
The results showed that the shape recovery ratios were
consistently high, averaging 95.7% across all samples
(Table 2).

Table 2: Shape recovery efficiency of SMHs

Sample ID Initial Deformation (%) Recovered Shape (%0) Shape Recovery Ratio (%)
SMH-1 100 94 94
SMH-2 100 97 97
SMH-3 100 96 96

The high recovery ratio demonstrates the reliability of the
SMHs' shape memory effect. Variability in recovery
efficiency was minimal, with a standard deviation of only
1.5%, indicating that the materials could be consistently
used in applications requiring repeated deformation and
recovery.

Statistical Analysis

The mechanical properties of the hydrogels followed a
normal distribution (Figure 4). The mean tensile strength
was 1.15 MPa, with a 95% confidence interval ranging from
1.10 to 1.20 MPa. Monte Carlo simulations were used to
predict the variability in tensile strength and recovery ratios
(Figure 5).
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Fig 4: Normal distribution of tensile strength
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Fig 5: Monte carlo simulation of shape recovery
Table 3: Statistical distribution of mechanical properties
Property Mean Value Standard Deviation | 95% Confidence Interval
Tensile Strength (MPa) 1.15 0.03 1.10-1.20
Shape Recovery Ratio (%) 95.7 1.5 93.2-97.5

The statistical analysis confirms that the mechanical
properties of the SMHs are highly consistent, with minimal
variation in both tensile strength and recovery efficiency.
The Monte Carlo simulations reinforce the predictability of
the hydrogels' mechanical behavior, providing valuable
insights for applications requiring reliability under stress.

Discussion

The results of this study provide valuable insights into the
mechanical behavior of shape memory hydrogels (SMHSs)
through a combination of experimental testing and statistical
modeling. The tensile strength and Young’s modulus values
obtained from the stress-strain tests indicate that the SMHs
exhibit consistent mechanical properties across samples,
with minimal variability. This consistency in mechanical
behavior is crucial for applications that require predictable
performance, such as biomedical devices and soft robotics,
where materials are often subjected to repeated deformation.
The shape recovery efficiency, which averaged 95.7%,
highlights the reliability of the SMHSs in returning to their
original form after deformation. This high recovery ratio is
indicative of the material’s robustness, even after multiple
deformation cycles. The low standard deviation in shape
recovery across samples further supports the material's
suitability for applications where precise recovery is
essential, such as in actuation systems or dynamic medical
implants.

The statistical analysis, particularly the use of normal
distribution modeling and Monte Carlo simulations, added a
layer of predictability to the material’s performance. By
modeling the tensile strength and shape recovery efficiency,
the study accounted for inherent variability in the material's
properties. The Monte Carlo simulations predicted a narrow
range of mechanical responses, reinforcing the reliability of
the hydrogels under different conditions. This probabilistic
approach offers a significant advantage over traditional
deterministic models, as it provides a more comprehensive

understanding of how the material will perform in real-
world applications.

Overall, the combination of experimental data and statistical
analysis demonstrates that shape memory hydrogels are both
mechanically robust and predictable, making them highly
suitable for use in engineering and biomedical applications.
However, further studies could explore the effects of
varying crosslink densities and different external stimuli,
such as pH or light, on the mechanical performance of these
materials to broaden their potential applications.

Conclusion

This study presents a statistically based model for analyzing
the mechanical properties of shape memory hydrogels.
Through tensile testing, shape recovery evaluation, and
statistical analysis, it was shown that the hydrogels possess
reliable mechanical properties with minimal variability. The
use of normal distribution modeling and Monte Carlo
simulations provided a deeper understanding of the
hydrogels’ behavior under varying conditions. These
findings make SMHSs promising materials for applications in
fields such as biomedical engineering, where reliability and
predictability are critical.
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