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The crosslinking characteristics of hydrogels and polymeric films critically influence their swelling 
capacity, a key factor in wound care applications. This study optimized the swelling behavior of 
polyvinyl alcohol (PVA)–polyethylene glycol (PEG)–bromothymol blue (BTB) films using three hybrid 
metaheuristic algorithms: Hybrid Genetic-Hippopotamus Optimizer (HG-HO), Hybrid Genetic-Walrus 
Optimization Algorithm (HG-WOA), and Hybrid Genetic-Horned Lizard Optimization Algorithm 
(HG-HLOA). Among these, HG-HLOA achieved the fastest convergence, while all algorithms reliably 
identified optimal solutions with comparable fitness values. The optimal glutaraldehyde concentration 
was determined as 4.9251 wt%, with a predicted maximum swelling ratio of 1217.7311%. 
Experimental validation yielded an average swelling ratio of 1225.7123%, differing by only 0.65% 
from the predicted value. An increasing trend in swelling ratio was observed with rising glutaraldehyde 
concentration up to the optimum point, followed by a decrease due to possible over-crosslinking and 
formation of acetal linkages. This trend was supported by structural analysis using Fourier Transform 
Infrared (FTIR) spectroscopy and Scanning Electron Microscopy (SEM). Statistical analysis via Analysis 
of Variance (ANOVA) confirmed a significant relationship between glutaraldehyde concentration and 
swelling ratio, with a p-value of 2.1e−161.

Glutaraldehyde (GA) is widely employed as a crosslinking agent across numerous biomedical applications, 
owing to its capacity to enhance the structural integrity and stability of polymers1. Crosslinked polymers 
exhibit improved mechanical properties, controlled degradation rates, and refined swelling behavior, making 
them highly suitable for applications requiring regulated absorption or release mechanisms. Such uses include 
hydrogels, wound care materials, tissue scaffolds, and drug delivery systems2. The integration of GA as a 
crosslinker in hydrogels and polymer films, for instance, has been shown to bolster material resilience and 
functionality significantly in these contexts1.

Swelling, defined as a material’s capacity to retain fluid within its structural network, is a key parameter in 
assessing its responsiveness and suitability in diverse environments. The rate and extent of swelling are critical 
in predicting how materials behave when exposed to different immersion conditions, providing insight into 
the material’s adaptability and functionality3. Hydrogels and crosslinked polymers are advantageous for wound 
care applications due to their moisture-retention capabilities. Among them, polyvinyl alcohol (PVA)-based 
hydrogels have been widely studied and valued for their superior swelling capacity, which is instrumental in 
fluid absorption and retention, making them viable candidates for wound management applications4,5.

The swelling properties of these materials are influenced by various factors, with crosslink density playing a 
particularly significant role. Swelling capacity is determined during hydration, as the material’s hydrophilic polar 
groups interact with surrounding fluids. This interaction is governed by the material’s surface porosity and the 
intermolecular spacing within its polymeric network. Crosslinker concentration is a critical factor influencing 
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these structural attributes, as it modulates the polymer network’s density, ultimately impacting swelling behavior. 
Thus, controlling crosslink density through crosslinker concentration adjustments enables the fine-tuning of 
material performance in terms of fluid retention and response to hydration6,7.

The optimization of crosslinking parameters is essential to tailor the swelling behavior of polymers and 
hydrogels for specific applications. Conventionally, optimization in this field has been carried out using 
experimental design techniques like factorial design and response surface methodology (RSM). Factorial 
experimental design analyzes multiple factors by varying them simultaneously, allowing comprehensive 
exploration of all possible combinations, while RSM combines experimental design with optimization and 
regression analysis to model and optimize the relationship between independent factors and a response 
variable8. While conventional methods have been extensively used to optimize the ionic conductivity of 
polymeric membranes or adjust reaction conditions and material parameters9,10, they can become impractical 
in high-dimensional problems. These approaches often require numerous trials to capture complex interactions 
accurately and may struggle to handle non-linear or non-convex objective functions, limiting their effectiveness 
in more intricate optimization tasks.

Artificial intelligence (AI) has become a game-changing tool in scientific research and engineering, providing 
innovative approaches to optimization and decision-making. AI algorithms, particularly those in machine 
learning and optimization, enable researchers to analyze complex data, identify patterns, and predict outcomes 
more effectively than traditional approaches11,12. In particular, metaheuristic algorithms—flexible and powerful 
AI-based approaches—provide a significant advantage for high-dimensional, complex optimization challenges. 
Unlike traditional calculation methods, metaheuristics explore multiple stochastic pathways to identify optimal 
solutions, making them especially valuable when non-linear relationships between variables exist. Metaheuristic 
processes are derived from heuristic algorithms, which are methods that highly depend on the problem and 
only result in a local optimum solution. Thus, the innovation of such heuristic processes is featured in the 
metaheuristic algorithm, which investigates the search or solution space in a more thorough manner until 
convergence is made possible for the attainment of a desired optimal solution13.

Metaheuristic algorithms are commonly classified based on their behavioral characteristics, falling into four 
primary categories: physics-based, swarm-based, evolution-based, and human behavior-based algorithms14. 
Among these, swarm-based algorithms have garnered significant attention due to several core attributes that 
make them particularly robust and effective for optimization. They are straightforward to implement; each agent 
follows simple behavioral rules, making the system easy to develop and adjust. These algorithms also demonstrate 
strong scalability, as each individual’s limited perceptual reach allows the system to adapt seamlessly to varying 
group sizes without compromising performance. A further advantage is their intrinsic capacity for autonomous 
coordination, where complex group behaviors emerge naturally from interactions between individuals without 
a central controller. Lastly, swarm-based algorithms exhibit inherent concurrency and decentralized processing, 
with the collective actions of individuals lending themselves to simultaneous operations, making them highly 
suitable for computationally intensive tasks15.

Popular swarm-based algorithms, including Ant Colony Optimization (ACO), Grey Wolf Optimizer 
(GWO), Particle Swarm Optimization (PSO), and Artificial Bee Colony (ABC), have proven effective across 
a range of optimization problems. However, their application in polymer optimization remains relatively 
underexplored, with previous studies primarily utilizing RSM for such purposes. Recent advancements in 
optimization algorithms have increasingly drawn inspiration from animal behaviors, particularly hunting and 
foraging strategies. Algorithms such as the Fossa Optimization Algorithm (FOA), Orangutan Optimization 
Algorithm (OOA), and Spider-Tailed Horned Viper Optimization (STHVO) exemplify this trend by mimicking 
the behavioral patterns of their biological counterparts. These nature-inspired approaches typically adopt 
population-based frameworks, wherein a group of candidate solutions cooperatively navigates and optimizes 
the search space to find optimal or near-optimal solutions16–18. This study applies such advanced swarm-based 
metaheuristic algorithms, integrated with genetic programming, to optimize glutaraldehyde concentration 
concerning the swelling behavior of a hydrogel film.

To achieve this, bio-inspired optimizers such as the Hippopotamus Optimizer (HO), Walrus Optimization 
Algorithm (WOA), and Horned Lizard Optimization Algorithm (HLOA) were selected for their innovative 
search mechanisms and shared network architecture, which enhances their effectiveness. These algorithms 
mimic the adaptive strategies of their respective species, leveraging cooperative and exploratory behaviors to 
navigate complex optimization landscapes. The HO models territorial and social dynamics, effectively balancing 
exploration of the search space and refinement toward optimal solutions19. The WOA mimics the dual-phase 
behaviors of walrus groups, alternating between broad exploration during foraging and focused exploitation 
during resting phases20. The HLOA dynamically adjusts its search patterns based on survival strategies like 
camouflage and escape, allowing it to efficiently navigate rugged and dynamic solution spaces21. This population-
based approach, combined with adaptive mechanisms, allows these algorithms to efficiently handle complex 
optimization challenges while avoiding local optima.

Traditional optimization techniques, such as Response Surface Methodology (RSM), have been widely used 
in polymer research to model and optimize material properties. However, RSM often assumes a predefined 
functional relationship between variables, which may not fully capture the nonlinear and intricate interactions 
that govern polymer behavior, particularly in hydrogels designed for biomedical applications. To address this 
limitation, this study integrates advanced bio-inspired metaheuristic algorithms to optimize the swelling capacity 
of halochromic hydrogel films for chronic wound care applications. By utilizing the adaptive and exploratory 
capabilities of these algorithms, the proposed approach offers a more robust and flexible optimization framework. 
This ensures enhanced hydrogel performance and functionality.

The key contributions of this study are:
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•	 Exploration of the applicability of bio-inspired hybrid genetic optimization algorithms in material science, 
showcasing their potential for addressing complex polymer optimization challenges;

•	 Development of advanced hydrogel films with tailored swelling properties, enhancing their application in 
chronic wound care and other biomedical uses;

•	 Demonstration of the scalability of the optimization approach, highlighting its potential for broader applica-
tions in biotechnology, healthcare, and advanced materials research; and

•	 Provision of multidisciplinary insights of effect of glutaraldehyde concentration in relation to swelling be-
havior by integrating gel fraction tests, FTIR, and SEM, offering a comprehensive characterization of the 
material’s behavior.

The succeeding sections of this paper are structured as follows: Results present the outcomes of the optimization 
process and experimental validation of the hydrogel’s swelling behavior. Discussion provides an in-depth 
analysis of the findings, explaining the influence of glutaraldehyde concentration on hydrogel properties and 
the effectiveness of the proposed optimization algorithms. Conclusion summarizes the key insights, highlights 
the study’s contributions, and suggests directions for future research. Finally, Methods detail the experimental 
procedures, optimization framework, and characterization techniques used to evaluate the hydrogel formulation.

Results
Swelling ratio of PVA-PEG-BTB film
The swelling behavior of polyvinyl alcohol (PVA)–polyethylene glycol (PEG)–bromothymol blue (BTB) films 
was analyzed as a function of glutaraldehyde (GA) concentration, with detailed results illustrated in Figs. 1 and 
2. Swelling kinetics analysis revealed a rapid water uptake phase during the first 30 min, followed by a plateau 
after approximately 60 min, with films crosslinked at 5.0 wt% GA achieving the highest equilibrium swelling 
ratio (~ 1200%) as shown in Fig. 1. In comparison, films with lower GA concentrations (0.5–2.0 wt%) exhibited 
moderate swelling capacities, stabilizing below 900%. Conversely, films with higher GA concentrations (> 5.0 
wt%) displayed reduced swelling ratios and slower kinetics, suggesting that overly dense crosslinking impedes 
water diffusion and retention. Figure 2 demonstrates the maximum swelling ratio and variability of each PVA-
PEG-BTB film with different glutaraldehyde concentrations. The maximum swelling ratio exhibited a distinct 
trend, increasing with GA concentration and peaking at approximately 1200% for films crosslinked with 5.0 wt% 
GA. Beyond this concentration, a decline in the swelling ratio was observed, likely due to excessive crosslinking 
reducing the availability of hydrophilic sites for water absorption. Variability in swelling performance was also 
evident across the GA concentration range. Films in the 5.0–5.5 wt% GA range not only exhibited the highest 
swelling ratios but also demonstrated greater variability, potentially reflecting the balance between crosslink 
density and structural integrity at these concentrations. In contrast, films with both lower and higher GA 
concentrations exhibited narrower distributions and lower swelling capacities, indicating more uniform but less 
effective swelling behavior.

Optimization using hybrid genetic metaheuristic algorithms
To determine the fitness function describing the relationship between glutaraldehyde (GA) concentration and 
the maximum swelling ratio, genetic programming was utilized. The resulting fitness function is expressed as:

Fig. 1.  Swelling behavior of PVA-PEG-BTB film with varying glutaraldehyde concentrations over 90 min.
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where f (x) represents the fitness value, corresponding to the maximum swelling ratio, and x denotes the GA 
concentration. The equation above combines a baseline constant (bias) with two nonlinear transformations of the 
input x. The bias term, 974, serves as the starting value for the output, representing the model’s base prediction 
before any adjustments are made. The first transformation involves raising x to the power of 3/2, followed 
by applying two nested sine functions. The second transformation applies the same nested sine functions but 
directly to x. Both transformations are weighted equally with a coefficient of − 146, indicating that they have 
identical magnitudes of influence on the model’s output but work to reduce it due to their negative weights. This 
structure allows the model to capture complex, nonlinear relationships in the data while starting from a high 
base value and adjusting downward based on the nonlinear contributions of the two genes. The equal weighting 
of the genes suggests that they are equally important in the model’s prediction, though their specific influence 
depends on the input x.

The convergence analysis of the three optimization algorithms—Hybrid Genetic-Hippopotamus Optimizer 
(HG-HO), Hybrid Genetic-Walrus Optimization Algorithm (HG-WOA), and Hybrid Genetic-Horned Lizard 
Optimization Algorithm (HG-HLOA)—revealed significant differences in their performance (Fig. 3). The HG-

Fig. 3.  Convergence curves of the three metaheuristic algorithms namely, HG-HO, HG-WOA and HG-HLOA, 
in optimizing the glutaraldehyde concentration in relation to swelling behavior of PVA-PEG-BTB film.

 

Fig. 2.  Maximum swelling ratio of each PVA-PEG-BTB film.
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HLOA algorithm exhibited the fastest convergence, reaching the optimal fitness function value of 1217.7311 in 
the first iteration and maintaining it throughout. This superior stability and efficiency make HG-HLOA the most 
effective approach. Table 1 presents the fitness values across the first eight iterations, highlighting the differences 
in convergence behavior.

Table 2 presents the optimal GA concentration identified by all three optimization algorithms, consistently 
determined as 4.9251 wt%, with a predicted maximum swelling ratio of 1217.7311%. Experimental validation 
yielded an average swelling ratio of 1225.7123%, differing by only 0.65% from the predicted value, demonstrating 
strong agreement between the model and experimental results. Figure 4 illustrates the swelling ratio trends across 
various GA concentrations, highlighting the optimized value. The consistency across optimization methods 
confirms the robustness and reliability of the proposed framework in predicting and optimizing polymeric film 
performance. Furthermore, Table 3 provides a comparative analysis with previous studies utilizing response 
surface methodology (RSM), emphasizing the superior predictive accuracy and optimization efficiency of the 
proposed hybrid genetic approach.

Fig. 4.  Maximum swelling ratio of each PVA-PEG-BTB film with optimized values highlighted.

 

HG-HO HG-WOA HG-HLOA

Best solution (Optimal GA concentration) 4.9251 4.9251 4.9251

Fitness value (Maximum swelling ratio) 1217.7311 1217.7311 1217.7311

Table 2.  Best solution and fitness value of each optimization algorithm.

 

Iteration HG-HO HG-WOA HG-HLOA

1 1168.4319 1215.0359 1217.7311

2 1213.5254 1217.6993 1217.7311

3 1217.7302 1217.7290 1217.7311

4 1217.7302 1217.7290 1217.7311

5 1217.7302 1217.7311 1217.7311

6 1217.7304 1217.7311 1217.7311

7 1217.7311 1217.7311 1217.7311

8 1217.7311 1217.7311 1217.7311

Table 1.  Fitness function value of each optimization algorithm from 1 st to 8 th iteration.
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PVA-PEG-BTB film characterization and analysis
Gel fraction vs. swelling behavior
The effects of glutaraldehyde concentration on the maximum swelling ratio (%) and gel fraction (%) of the 
polymeric films are presented in Fig. 5. The maximum swelling ratio exhibited an increasing trend with rising 
glutaraldehyde concentration, starting at approximately 600% for films with 0.5 wt/wt% glutaraldehyde and 
peaking at around 1200% at 4.9 wt/wt%. Beyond this concentration, the swelling ratio began to decline, 
dropping to approximately 1000% at 6 wt/wt% and continuing to decrease at higher concentrations of 7 wt/wt% 
and 10 wt/wt% (cf. supplementary figure S1). The initial increase in swelling ratio with rising glutaraldehyde 
concentration, though contrasting with typically reported studies24, can be attributed to the hydrophilic nature 
of glutaraldehyde.

In contrast, the gel fraction followed a different pattern, remaining relatively stable at approximately 65–70% 
up to 2.5 wt/wt% glutaraldehyde, then gradually declining to around 50% at higher concentrations. Interestingly, 
the gel fraction showed an anomalous increase at 6 wt/wt% glutaraldehyde, suggesting that further crosslinking 
occurred. This behavior is likely due to excessive crosslinking, which rigidifies the polymer network and reduces 
its ability to expand and absorb water25.

Fourier transform infrared spectroscopy (FTIR) and scanning electron microscopy (SEM) 
surface morphology analysis
For the FTIR and SEM analyses, the key concentrations identified from the gel fraction test—1 wt%, 2.5 wt%, 
4.9 wt% (optimized concentration), and 5.5 wt%—were selected for detailed evaluation. Figure 6presents the 
FTIR spectra of the polymer matrix at these glutaraldehyde (GA) concentrations, providing valuable insights 
into the chemical changes induced by increasing crosslinker content. The spectra focus on the O–H stretching 
vibrations (3000–3600 cm⁻¹) and C–O–C stretching vibrations (1050–1200 cm⁻¹), which are commonly reported 
as indicators of acetal linkage formation26. For comparison, the spectrum of the polymer matrix without 
glutaraldehyde is also included, serving as a baseline.

Fig. 5.  Maximum swelling ratio and gel fraction per varying glutaraldehyde concentration with optimized 
values highlighted.

 

Optimization method Input variable Response parameter Percent difference (%) Reference

RSM Rice starch & curcumin concentrations

Tensile strength 0.65

22
Elongation at break 19.64

Water vapor permeability 42.72

Antioxidant properties 2.03

RSM Alginate ratio, crosslinking time, crosslinker 
concentration, culture media, UV exposure

Degradation time 5.62
23

Swelling ratio 8.84

Hybrid genetic metaheuristic 
algorithm Glutaraldehyde concentration Swelling ratio 0.65 This work

Table 3.  Comparison of other related studies and this work.
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The O–H stretching band significantly diminishes as GA concentration increases, reflecting the gradual 
depletion of hydroxyl groups involved in the crosslinking reaction. This reduction in O–H stretching is 
associated with the formation of acetal linkages connecting glutaraldehyde to the hydroxyl groups within the 
polymer matrix26. The decrease in O–H is particularly evident at higher GA concentrations, as also shown in 
Supplementary Figure S2, which includes spectra for 7 wt% and 10 wt% GA.

Simultaneously, the C–O–C stretching band becomes more pronounced at higher GA concentrations (4.9 
wt% and above), indicating the formation of acetal linkages. The presence of the C–O–C band remains evident 
even at higher GA concentrations, as shown in Supplementary Figure S2, further supporting the extensive 
formation of acetal linkages in the polymer network.

The SEM images of the polymeric films at varying glutaraldehyde concentrations (1, 2.5, 4.9, and 5.5 wt/wt%) 
are presented in Fig. 7. At 1 wt/wt% glutaraldehyde (Fig. 7a), the polymer exhibits a loosely organized structure 
characterized by larger and irregular voids. With an increase in glutaraldehyde concentration to 2.5 wt/wt% (Fig. 
7b), the polymer network becomes denser and more uniform. At higher concentrations (4.9 and 5.5 wt/wt%), 
the micrographs reveal a progressively compact structure. At 5.5 wt/wt% glutaraldehyde (Fig. 7d), the polymer 
network appears excessively compact and rigid compared to the 4.9 wt/wt% sample (Fig. 7c).

Statistical evaluation using analysis of variance (ANOVA)
The single-factor ANOVA analysis, as shown in Table 4, demonstrates a statistically significant difference 
between glutaraldehyde concentration and swelling ratio, as indicated by the p-value of 2.1E- 161. This value is 
effectively zero and well below the established significance level (α = 0.05). This extremely low p-value highlights 
the robustness of the relationship between glutaraldehyde concentration and swelling behavior. It aligns 
with the fundamental understanding of glutaraldehyde’s role as a crosslinking agent. By altering the polymer 
matrix’s network structure, glutaraldehyde concentration significantly influences water absorption and swelling 
properties. This result provides compelling evidence that glutaraldehyde concentration is a critical determinant 
of the swelling behavior of the polymer.

Discussion
The results demonstrate that glutaraldehyde concentration plays a critical role in the swelling behavior and 
structural integrity of PVA-PEG-BTB films. The observed swelling peak at 4.9 wt% GA suggests an optimal 
crosslinking density that enhances hydrophilicity while maintaining polymer flexibility. Beyond this 
concentration, excessive crosslinking restricts water diffusion, leading to a decline in swelling capacity. The 
balance between swelling behavior and gel integrity is evident in the comparison of swelling ratio and gel 
fraction. At 4.9 wt% GA, the polymer network achieves maximum swelling due to improved hydrophilicity 

Fig. 6.  FTIR spectrum of PVA-PEG-BTB film with glutaraldehyde concentrations of 0%, 1%, 2.5%, 4.9%, and 
5.5%.
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while maintaining moderate gel stability. However, higher GA concentrations lead to a more rigid structure, 
reducing flexibility, decreasing hydrophilic site availability, and limiting free volume. This trend is further 
supported by FTIR analysis, which reveals that increased GA concentrations deplete hydroxyl groups, thereby 
reducing hydrophilicity while promoting acetal linkage formation that rigidifies the polymer matrix. SEM 
images confirm these findings, illustrating a densely packed, rigid structure at 5.5 wt% GA, indicative of over-
crosslinking. The successful implementation of hybrid genetic metaheuristic algorithms in optimizing GA 
concentration highlights the effectiveness of AI-driven approaches in material optimization. Among the three 
tested algorithms, HG-HLOA exhibited superior convergence and accuracy, consistently identifying 4.9251 wt% 
GA as the optimal concentration. The close agreement (0.65% deviation) between experimental and predicted 
swelling ratios underscores the reliability of the proposed fitness function. Additionally, a comparative analysis 
with previous studies demonstrates the advantages of hybrid genetic optimization over RSM-based approaches, 
particularly in reducing prediction error. The 0.65% deviation observed in this study is significantly lower 
than the deviations reported in prior RSM studies (up to 8.84% for swelling ratio prediction), highlighting the 
robustness and precision of the hybrid genetic framework. Despite these advancements, this study is limited to 
single-variable optimization, which may overlook potential interactions between polymeric components. Future 

Source Sum of squares Degree of freedom Mean square F p-value

Between groups 61588817.7 1 61588817.7 4180.4 2.1e−161

Within groups 3801024.6 258 14732.7

Total 65389842.3 259

Table 4.  ANOVA results.

 

Fig. 7.  SEM image of PVA-PEG-BTB film with glutaraldehyde concentration of (a) 1wt/wt%, (b) 2.5 wt/wt%, 
(c) 4.9 wt/wt%, and (d) 5.5 wt/wt%.
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research should explore multi-variable optimization, incorporating factors such as plasticizer concentration, dye 
loading, and additional crosslinking agents to further refine hydrogel performance. Expanding this approach 
could lead to the development of highly tunable polymeric films, enhancing their applicability in biomedical 
and wound care applications.

Conclusion
This study successfully optimized the swelling behavior of PVA–PEG–BTB films by systematically analyzing the 
effects of glutaraldehyde concentration and applying hybrid genetic metaheuristic algorithms for model-driven 
optimization. The optimal glutaraldehyde concentration was determined as 4.9251 wt%, yielding a predicted 
maximum swelling ratio of 1217.7311%. Experimental validation produced an average swelling ratio of 
1225.7123%, showing a minimal deviation of only 0.65% from the predicted value, thereby confirming the model’s 
reliability. Statistical analysis using ANOVA revealed a highly significant relationship between glutaraldehyde 
concentration and swelling behavior, with a p-value of 2.1E- 161. Beyond the optimal concentration, a decline in 
swelling capacity was observed, likely due to excessive crosslinking and the formation of acetal linkages, which 
reduces free volume and limits water uptake. This trend was further supported by FTIR and SEM analyses, which 
revealed structural changes consistent with increasing crosslinking density.

The application of HG-HLOA as an optimization tool proved highly effective, achieving superior convergence 
and prediction accuracy with minimal deviation between experimental and model-predicted values. The 
comparison with RSM-based studies highlights the advantages of hybrid genetic algorithms in reducing 
prediction error and improving optimization efficiency.

These results provide valuable insights into tunable polymer network design, particularly for wound care 
applications where swelling properties are critical. The optimized GA concentration enhances water absorption 
while maintaining structural integrity, offering a potential pathway for smart hydrogel development. Future 
studies could further investigate the dynamic swelling behavior of the hydrogel under different physiological 
conditions, including variations in temperature, ionic strength, and simulated wound exudates. This would 
provide deeper insights into its real-world performance and adaptability in clinical applications. Additionally, 
exploring multi-objective optimization, long-term stability, and biocompatibility testing can further enhance the 
formulation’s effectiveness. The optimization framework and insights gained in this study can also inform the 
design and improvement of other hydrogel systems for both biomedical and industrial applications.

Methods
Materials
Polyvinyl alcohol (PVA) with a viscosity of 50–60 mPa·s and a degree of hydrolysis of 97–99%, along with 
polyethylene glycol 6000, were procured from Xilong Scientific (China). Bromothymol blue was obtained from 
Sinopharm Chemical Reagent (China), while glutaraldehyde (50 wt% in H₂O) was sourced from Sigma-Aldrich 
(USA).

Synthesis of PVA-PEG-BTB film
The synthesis process for the PVA-PEG-BTB film was adapted from our previous study with minimal 
modifications27. A 10% (w/v) PVA solution was prepared by dissolving PVA in distilled water while maintaining 
the temperature between 70 °C and 90 °C. Simultaneously, an 8% (w/v) PEG solution was prepared. Once both 
solutions achieved homogeneity, they were combined, and 0.03% (w/v) BTB powder was added.

To initiate crosslinking, glutaraldehyde at varying concentrations (0.5–6 wt%) was incorporated into the 
mixture, which was then stirred for an additional 30 min. The resulting solution was poured into silicone molds 
and dried at 60 °C for 4 h using a Shel Lab 1600 convection oven.

Data collection through swelling test
Following the protocol described above, a total of 12 solution variations were prepared, each with a different 
glutaraldehyde concentration. The concentrations ranged from 0.5 to 6%, with increments of 0.5%. For each 
solution, 10 PVA-PEG-BTB film samples were fabricated, resulting in a total of 120 samples.

The dried weight ( Wd) of each sample was recorded before immersion in 30 mL of distilled water. At 
10-minute intervals, the swollen weight ( Ws) of each sample was measured after carefully removing excess 
water. This process was repeated for 90 min for each sample, and the swelling ratio was calculated using Eq. (2).

	
Swelling ratio (%) = Ws − Wd

Wd
× 100� (2)

The maximum swelling ratio for each sample was measured and documented, producing a dataset consisting of 
120 entries.

Optimization using hybrid genetic metaheuristic algorithms
This part consists of two main steps: (1) generating the fitness function from the raw dataset and (2) performing 
the optimization process using various metaheuristic algorithms. All steps in this section were executed using 
MATLAB software. The dataset, which includes glutaraldehyde (GA) concentration as the input variable and 
the maximum swelling ratio as the output variable, was processed using the genetic programming toolbox. The 
hyperparameters employed for generating the fitness function through genetic programming are detailed in 
Table 5.

The parameter values used in the genetic programming process were carefully selected to balance 
computational efficiency, solution accuracy, and model interpretability, guided by standard practices, prior 
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literature, and iterative testing. The population size and maximum number of generations were chosen to 
ensure a diverse initial solution pool and sufficient evolutionary iterations for convergence without excessive 
computational costs. The tournament size and elite fraction were set to maintain diversity during selection while 
ensuring that the best-performing solutions were preserved across generations to guide optimization effectively.

Additionally, constraints on the number of genes and tree depth were applied to prevent overcomplexity in 
the evolved models, promoting interpretability and reducing the risk of overfitting. Crossover and mutation 
probabilities were adjusted to promote the effective combination of high-performing solutions while introducing 
diversity to investigate unexplored areas of the solution space and avoid early convergence. The selected 
parameters collectively reflect a systematic approach to optimizing the genetic programming process, ensuring 
robust performance while maintaining computational feasibility and practical applicability.

The optimization process utilized three distinct metaheuristic algorithms: the Hippopotamus Optimizer 
(HO), Walrus Optimization Algorithm (WOA), and Horned Lizard Optimization Algorithm (HLOA). The 
fitness function generated earlier was used to identify the optimal value of GA concentration for each algorithm. 
The convergence behavior of each algorithm was analyzed to identify the best-performing approach. Following 
this, a new set of PVA-PEG-BTB films was fabricated based on the optimized GA concentrations, and swelling 
tests were conducted to validate the optimization results. The pseudocode of the hybrid genetic metaheuristic 
algorithms utilized in this study is presented below.

Hyperparameter Value

Population size 100

Maximum generations 100

Tournament size 50

Elite fraction 0.1

Probability of pareto tournament 0.8

Maximum genes 15

Maximum tree depth 15

Crossover probability 0.84

Mutation probability 0.14

Table 5.  Hyperparameters used in genetic programming.
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Algorithm 1.  Pseudocode of (a) hybrid genetic hippopotamus optimization algorithm, (b) hybrid genetic 
walrus optimization algorithm, (c) hybrid genetic horned lizard optimization algorithm.
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PVA-PEG-BTB film characterization and analysis
Gel fraction test
The initial weight ( Wi) of the dried samples containing glutaraldehyde was documented before immersion in 
a Petri dish filled with distilled water. The samples were left for 24 h to reach equilibrium. Afterward, excess 
water was carefully removed, and the samples were oven-dried at 60 °C for 4 h. The final weight ( Wf ) of the 
undissolved content was then measured. The gel fraction, defined as the ratio of the insoluble portion of the 
polymeric network to the total initial weight of the sample, represents the degree of crosslinking within the 
polymer matrix, and it was calculated using Eq. (3).

	
Gel fraction (%) = Wf

Wi
× 100� (3)

Spectroscopic and morphological analysis
Fourier-transform infrared (FTIR) analysis of the dried samples was performed using an Agilent Cary 630 FTIR 
Spectrometer. Dried samples were sputter-coated with a thin gold layer to improve conductivity for scanning 
electron microscopy (SEM) analysis. Imaging was conducted using a JEOL JSM IT500HR/LA Schottky Field 
Emission SEM, operating in High Vacuum Mode at 30 kV with a resolution of 1.5 nm. Each image was captured 
at a magnification of 2,000x.

Statistical analysis
A statistical analysis was conducted to assess the significance of differences between the experimental groups. 
A one-way analysis of variance (ANOVA) was conducted to examine the impact of independent variables on 
the response parameters. The analysis was conducted to test the null hypothesis, stating that no significant 
differences existed between the group means, with a 95% confidence level (p < 0.05). The ANOVA was executed 
using Microsoft Excel.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author upon 
request.
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