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Abstract 

Ensuring the long-term durability of building facades is crucial for maintaining their structural integrity 

and promoting sustainability. This study was aimed to explore the effectiveness of incorporating 

hyaluronic acid (HA) nanofiber reinforced coatings as a means of enhancing facade durability. The 

coatings were fabricated by adding HA nanofibers, ranging from 0-3 wt.%, to commercially available 

acrylic-silicone coating substrates. Standardized techniques were employed to assess the elastic 

modulus, compressive strength, and impact resistance of the resulting coatings. Additionally, an 

artificial neural network (ANN) was developed to predict these properties for new combinations of HA 

and facades. The inclusion of HA nanofibers had a significant concentration-dependent influence on 

the mechanical properties of the coatings. Increasing the HA loading led to proportional improvements 

in the elastic modulus, with enhancements of up to 22% observed at a 3 wt.% of HA loading. Likewise, 

the highest HA content resulted in an 18% increase in compressive strength. The impact toughness also 

exhibited a progressive rise, demonstrating a 29% higher energy absorption for the 3 wt.% HA 

compared to the unmodified control coating. The implemented ANN demonstrated its ability to 

accurately capture the dose-dependent patterns and effectively predict relevant properties of 

compositions that were not subjected to experimental evaluation. In conclusion, the proficient 

dispersion of HA nanofibers emerged as a crucial factor in fortifying the facades, establishing a 

harmonious interplay at the nanoscale level, ultimately augmenting their long-term resilience. 
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1- Introduction 

The urban landscape and spaces are greatly influenced by buildings and their facades [1-3]. However, 

prolonged exposure to outdoor environmental factors such as weather conditions, pollutants, and 

moisture can cause deterioration of building facades over time, compromising both their structural 

integrity and aesthetic appeal. It is crucial to prioritize the maintenance of durable and resilient facades 

due to their significance in terms of structural safety, economic considerations, and sustainable 

architectural design [4]. Consequently, the exploration of advanced coating materials that can enhance 

the durability of facades has emerged as a vital area of research with substantial potential [5-9]. 

Previous research has focused on exploring diverse approaches to improve the long-lasting 

characteristics of exterior building facades [10-15]. To enhance mechanical performance, coating 

substrates have been reinforced with fiber materials like carbon, glass, and basalt [16-22]. Moreover, 

the incorporation of nanoparticles and nanofibers of ceramics, metals, and polymers within coating 

matrices has been investigated to augment their properties, such as strength and toughness [23-27]. 

Nevertheless, concerns persist regarding the potential toxicity and environmental impact associated 

with certain nanomaterial reinforcements. 

Naturally occurring compounds have gained attention due to their inherent biodegradability and 

biocompatibility [28, 29].  

Hyaluronic acid nanofibers are minuscule fibers composed of the glycosaminoglycan polymer known 

as hyaluronic acid [30-32]. Recent investigations were dedicated to the development of 

environmentally-friendly nanocoatings based on HA for the construction of resilient exteriors of 

buildings. Entekhabi et al. [33] employed electrospinning to fabricate composite coatings reinforced 

with HA nanofibers, examining the impact of HA content on mechanical properties. Fabrication of 

epoxy nanocomposites with varying loadings of HA nanoparticles and exploring their anti-corrosion 

performance, when even a mere 1 wt.% inclusion of HA led to enhanced corrosion resistance by 

reducing coating permeability and reinforcing barrier properties, is investigated in some studies [34]. 

To evaluate the dynamic mechanical behavior and water resistance of epoxy composites, Wu et al. [35] 

investigated the influence of HA fillers. The results showed that HA significantly augmented the storage 

modulus and glass transition temperature, while concurrently reducing the rate of water absorption 

due to the surface's increased hydrophilicity. In other study, HA nanoparticles embedded in a 

polyurethane acrylate matrix were evaluated, examining the effects of loadings ranging from 0 to 5 

wt.% on mechanical, tribological and barrier properties [36]. The results indicated that HA 

nanoparticles contributed to enhanced elastic modulus, tensile strength and wear resistance. 

Furthermore, at a 3 wt.% HA loading, improved oxygen and water vapor barrier effects were observed. 



 

 

Prior research has highlighted the benefits of incorporating HA nanoreinforcements to enhance 

coating properties; however, certain limitations remain unaddressed. Limited exploration has been 

conducted regarding the effects of varying HA contents, and previous studies have primarily utilized 

HA nanofibers as surface treatments or intermediate layers rather than directly incorporating them 

within exterior facade coating substrates. It is crucial to develop HA nanofiber composite coatings that 

are easy to apply and compatible with diverse facade designs to maximize their potential benefits. 

To address these gaps, this study is aimed to systematically investigate the influence of varying weight 

percentages (ranging from 0.5 to 3%) of HA nanofibers incorporated directly in model exterior facade 

coating substrates. A comprehensive range of HA loadings was evaluated using standardized testing 

methods to assess their impact on coating properties. Furthermore, an ANN was developed and 

trained to predict mechanical attributes for new combinations of HA and facades, providing insights 

into optimizing HA nanofiber contents. Composite specimens were prepared by blending pre-

processed HA nanofibers with acrylic-silicone matrices commonly used in architectural applications. 

Standardized characterization techniques were employed to evaluate the elastic modulus, 

compressive strength, and impact resistance of the coatings. The study is aimed to address key 

questions regarding the relations between HA dosage, mechanical response, and the effectiveness of 

the coatings in shielding against degradation. 

The findings of this investigation hold significant potential for informing material designers and 

architects in the development of customized facade solutions that take into account various service 

conditions. By incorporating environmentally-sustainable HA nanomodification, this study contributes 

to the development of durable and resilient building envelopes, reducing future maintenance 

demands and enhancing long-term sustainability. Additionally, the results advance the fundamental 

understanding of nanoreinforcement mechanisms through quantitative analysis. Therefore, this study 

addresses existing limitations, offers practical benefits, and contributes to the theoretical 

understanding of HA nanofiber reinforced coatings in the context of exterior facades. Therefore, this 

study seeks to advance the field by systematically exploring a wider range of HA loadings directly 

incorporated within coating substrates commonly applied to building facades. Standardized 

quantitative techniques are employed to elucidate concentration-responsive trends and optimize HA 

content. Additionally, an artificial neural network model is developed that can predict material 

properties to inform improved material design. 

2- Materials and Methods 

2.1- Materials 

The selected exterior facade coating substrates for this study consisted of commercially available 

acrylic-silicone formulations suitable for architectural applications. The choice of acrylic-silicone 



 

 

materials was motivated by their desirable properties, including weather resistance, flexibility, 

adhesion, and UV stability [37-39]. The specific coating substrates used, namely Bilyfaçade XP2 and 

Bilyfaçade XP4, were obtained from Bily Coatings and represented two distinct composition variants. 

Acrylic-silicone coatings like Bilyfaçade XP2 and Bilyfaçade XP4 are commonly employed in the 

construction industry due to their ability to balance performance attributes with reasonable cost. 

Bilyfaçade XP2 comprises 60% acrylic polymer, 30% silicone resin, and mineral fillers, providing good 

moisture resistance while exhibiting moderate thermal shock endurance. In contrast, Bilyfaçade XP4 

incorporates organic pigments and rheology modifiers, replacing 20% of the mineral fillers. This 

modification is appropriate to enhance color retention and workability during application, albeit at the 

expense of some moisture permeability. 

Regenerated medical grade sodium hyaluronate, obtained from Bloomage Biotechnology (China), was 

used as the source of hyaluronic acid for this study. HA is a linear polysaccharide composed of 

repeating disaccharide units of D-glucuronic acid and N-acetyl-D-glucosamine. 

To fabricate the composites, the HA was first processed into nanofibers using the electrospinning 

technique. In brief, an 8% w/v HA solution was prepared by dissolving the powder in a mixture of 

formic acid and water at a 1:1 volume ratio. The solution was then loaded into a syringe pump, which 

operated at a flow rate of 1 mL/h. A voltage of 15 kV was applied between the needle tip and a rotating 

collector. After the solvent evaporation, nanofibers in the diameter range of 100-300 nm were 

successfully produced, as confirmed by scanning electron microscopy (SEM) imaging. 

The estimated chemical composition ranges of the two specific facade coating substrates are provided 

in Table 1. This information is based on data provided by the manufacturer and supported by Fourier 

Transform Infrared Spectroscopy (FTIR) and thermal analysis studies conducted on similar acrylic-

silicone systems. While minor formulation variations may exist between production batches, the 

primary components of the coating substrates are as outlined. 

Table 1: Estimated chemical composition ranges of exterior facade coating substrates. 

Coating 

Substrate 

Acrylic Polymer 

(%) 

Silicone Resin 

(%) 

Mineral Fillers 

(%) 

Organic Pigments 

(%) 

Bilyfaçade XP2 55-65 25-35 5-10 - 

Bilyfaçade XP4 45-55 20-30 5-10 5-10 



 

 

2.2- Fabrication of HA nanofiber coatings 

Prior to incorporating them into the exterior facade coating substrates, hyaluronic acid nanofibers 

were generated using the electrospinning technique. The experimental setup for this study consisted 

of a high voltage power supply, syringe pump, and rotating collector, as shown in Figure 1. 

To prepare the HA solution, sodium hyaluronate powder was dissolved in a mixture of formic acid and 

deionized water at a 1:1 volume ratio, resulting in an 8% w/v concentration. Formic acid was selected 

as the electrospinning solvent due to its efficient ability to dissolve HA while remaining non-toxic and 

biodegradable. The solution was loaded into a 5 mL syringe equipped with a 21-gauge steel needle 

(the size of needle). The positive electrode of the high voltage supply was connected to the needle tip, 

while the rotating drum collector served as the ground electrode. 

 

Figure 1: illustrates a schematic diagram of the electrospinning setup employed for the 

fabrication of HA nanofibers. 

A voltage of 15 kV was applied between the electrodes to initiate the ejection of fibers from the syringe 

tip. The syringe pump maintained a feed rate of 1 mL/h. The rotating drum, covered with aluminum 

foil, acted as the surface for collecting the fibers. Through preliminary experiments, it was determined 



 

 

that these spinning parameters resulted in uniform, bead-free HA nanofibers without issues of solvent 

dripping, fiber breaking, or jet instability. The electrospun mats were thoroughly dried in a fume hood 

to remove any residual solvent before further utilization. 

The morphology and dimensions of the electrospun HA nanofibers were analyzed using scanning 

electron microscopy, as described in Section 3.1 of this study. Typically, the nanofibers exhibited 

average diameters ranging from 150 to 250 nm. The SEM images revealed smooth surfaces and the 

absence of structural defects, indicating the consistent and high-quality nature of the electrospinning 

process. 

Subsequently, the HA nanofibers were incorporated into the exterior facade coating substrates to 

create composite panels. Different weight percentages of HA nanofibers, namely 0.5, 1, 2 and 3%, were 

added to the Bilyfaçade XP2 and XP4 coating substrates. Additionally, a control sample without any 

nanofiber addition was prepared for comparison. Prior to composite fabrication, the HA nanofiber 

mats, which had been pre-processed, were uniformly mixed with the respective Bilyfaçade XP2 and 

XP4 coating substrates. 

To ensure even distribution of the nanofibers, the coating mixtures underwent thorough stirring. Each 

mixture was then cast into silicone molds measuring 30 cm x 30 cm x 2 mm to produce flat composite 

panels after the solvent had evaporated. 

As previously mentioned, these panels were utilized for evaluating various properties using 

standardized testing protocols. In Figure 2 are the composite coating specimens reinforced with HA 

nanofibers, which were labeled according to the HA content and the composition of the facade 

substrate. These specimens served as test samples for investigating the impact of nanofiber loading 

levels on mechanical properties, including elastic modulus, compressive strength, and impact 

resistance, as detailed in Sections 2.4.1 and 2.4.2. 

The fabrication method employed in this study facilitated the consistent preparation of composite 

coating specimens with controlled and uniform dispersion of HA nanofibers, allowing for systematic 

evaluation. Compared to blending micro- or macro-sized HA particles, the incorporation of nanoscale 

electrospun fibers provides enhanced reinforcement due to their high aspect ratio and surface area 

[40]. The straightforward casting technique used to add HA nanofibers also simulates their potential 

real-world application as environmentally friendly modifiers in exterior facade coating formulations. 



 

 

 

Figure 2: a) Composite coating specimens reinforced with HA nanofibers, labeled based 

on fiber content and substrate type, and b) cutting specimens based on test’s standards for 

evaluating mechanical properties. 

2.3- Morphological characterization 

The field emission scanning electron microscopy (FESEM) technique was employed to analyze the 

morphology and dimensions of the electrospun HA nanofibers. To enhance conductivity, the fiber mats 

were coated with a thin layer of gold using a sputter coater prior to imaging. Imaging was conducted 

using a Zeiss Sigma 300 FESEM operating at 5 kV. 

FESEM is a powerful tool for visualizing and examining nanoscale structures by utilizing an electron 

beam's interaction with samples [41-45]. It is essential to characterize fiber morphology and 

distribution using techniques like FESEM to assess the reproducibility of the electrospinning process 

and ensure fiber quality [46, 47]. In this study, FESEM provided detailed information about fiber 

morphology, diameter range, and the presence or absence of defects. 

Digital images were captured at magnifications ranging from 10,000X to 50,000X, and they were 

subsequently analyzed using ImageJ software. The fiber diameters were measured at 10 randomly 

selected locations across each FESEM image to obtain statistically significant average diameter values. 

This analysis helped evaluate the uniformity of the fibers and the effectiveness of the electrospinning 

parameters employed for fabricating HA nanofibers. 



 

 

2.4- Mechanical property testing 

2.4.1- Elastic modulus and compressive strength 

Mechanical properties of the composite coating specimens, including elastic modulus and compressive 

strength, were evaluated using standardized mechanical testing methods. The elastic modulus 

measurements were conducted following ASTM D638 guidelines, employing an Instron 5944 universal 

testing machine equipped with a 10 kN load cell from AixaccteFMC, Germany. The tests were 

performed under ambient conditions at a crosshead speed of 1 mm/min. 

To ensure consistency, five dumbbell-shaped test samples were prepared from the flat composite 

panels using a waterjet machine, adhering to the dimensions specified in ASTM D638 Type V. Prior to 

testing, a 25 mm gauge length extensometer was affixed to the central portion of each specimen to 

accurately measure strain. The elastic modulus, which represents the material stiffness, was calculated 

by determining the slope of the initial linear region of the stress-strain curve within a strain range of 

0.005-0.0025% [48, 49]. The setup for the tensile testing is presented In Figure 3, illustrating a 

specimen fixed in the Instron grips with an attached extensometer for strain measurement. 

 

Figure 3: Tensile testing setup showing a specimen mounted in the tensile testing grips. 

The determination of compressive strength followed the guidelines of ASTM D695, utilizing specimens 

with dimensions conforming to Type I configuration, which were cut from the composite panels. Tests 

were conducted using an Instron 4469 universal tester under the same environmental conditions at a 

speed of 1 mm/min. 



 

 

For each composition, five cylindrical specimens were positioned and loaded along their longitudinal 

axis between steel platens in the testing machine until failure occurred. The maximum load sustained 

before failure was recorded and used to calculate the compressive strength. These values, along with 

the elastic modulus, provided a means to quantify the mechanical enhancement resulting from the 

introduction of HA nanofibers at various contents. 

The adoption of standardized test methods and equipment, such as ASTM D638 and D695, ensured 

the acquisition of reproducible, accurate, and comparable mechanical property data. The use of 

waterjet machining to prepare specimens with precise test sample geometries further guaranteed 

uniform testing and minimized experimental errors. 

2.4.2- Impact resistance 

The impact behavior of the composite coating specimens was assessed using a low velocity impact 

testing apparatus. This assessment method enabled the examination of the sample ability to withstand 

applied energy loads, which is indicative of their toughness. The testing procedure followed the 

guidelines specified in ISO 6603-2 and employed an Instron Dynatup 9210 instrument under ambient 

conditions. 

Experimental specimens, conforming to the ISO 6603-2 standard, were prepared by cutting them from 

the flat composite panels with dimensions of 70 mm x 70 mm x 2 mm. Each specimen was securely 

held in place using a rectangular test support with a span of 50 mm. A centrally applied load was 

achieved by employing a hemispherical impactor tip with a weight of 1 kg and a diameter of 10 mm, 

resulting in an impact energy of 10 J. 

A photograph of the low velocity impact testing setup is shown in Figure 4. The load cell and laser 

sensor recorded the load-time and displacement-time behavior during the impact loading process. 

Analysis of these curves facilitated the quantification of parameters, such as maximal sustained force, 

contact duration, residual displacement and total energy absorbed by the materials [50-52]. The 

evaluation of these curves allowed for the determination of the relationship between the inclusion of 

HA and the impact response, providing valuable insights into the toughening mechanisms associated 

with HA nanofibers. 

In general, composite materials that exhibited higher energy absorption demonstrated enhanced 

toughness and resistance to deformation. The use of standardized test methods, such as ISO 6603-2, 

ensured reproducible assessment of impact properties and enabled direct comparisons between 

different formulations to optimize the inclusion of HA. This characterization technique offered valuable 

information regarding the toughening mechanisms imparted by HA nanofibers. 



 

 

 

Figure 4: The low velocity impact testing setup during operation. 

3- Results and Discussion 

3.1- Fracture Surface Examination 

Figure 5a illustrates the morphology and average dimensions of the electrospun HA nanofibers, as 

observed in the FESEM image. To assess the fiber diameter distribution, ten randomly chosen locations 

within the micrograph were analyzed using ImageJ software. The resulting measurements indicated 

an average diameter of 185 ± 20 nm, which aligns with the anticipated range derived from the 

electrospinning process and demonstrates consistency with previous studies investigating the 

dimensions of HA nanofibers [53, 54]. 

An FESEM image of the fractured tensile specimen containing 3 wt.% HA nanofibers is presented in 

Figure 5b. The image reveals a rough and porous topology with river-like patterns, indicating a brittle 

fracture mechanism. This is in contrast to the smooth and ductile fractures observed in the control 

specimen without nanofibers. The reinforced sample exhibits an irregular and grainy texture due to 

the presence of HA particles, suggesting their effective resistance against plastic deformation and crack 

propagation, thereby transferring higher stresses. 



 

 

(a) 

 

 

 

(b) 

 

Figure 5: (a) FESEM micrograph of electrospun HA nanofibers with fiber dimensions 

measured using ImageJ software, and (b) FESEM image of the tensile fracture surface in 

the 3 wt.% HA composite, displaying a rough and brittle topology. 



 

 

These morphological findings provide a validation for the uniform dimensions of the HA nanofibers 

reached through electrospinning. The comparison between the fractures of the reinforced and 

unreinforced specimens successfully demonstrates that the incorporated HA induces a transition from 

ductile to quasi-brittle behavior by resisting local plastic deformation. This results in improved strength 

and toughness, as evident from subsequent evaluations of the mechanical properties. 

3.2- Mechanical properties 

3.2.1- Elastic modulus and compressive strength 

The elastic modulus and compressive strength of composite coating specimens were evaluated by 

conducting standardized mechanical tests according to ASTM D638 and D695, respectively. The 

results are presented in Table 2. 

Table 2: Elastic modulus and compressive strength of composite coatings at different HA weight 

percentages. 

HA Content (wt.%) Elastic Modulus (GPa) Compressive Strength (MPa) 

0 20.4 ± 1.4 90 ± 4 

0.5 22.5 ± 1.2 95 ± 3 

1 24.3 ± 1.1 102 ± 3 

2 26.5 ± 1.2 112 ± 8 

3 28.6 ± 1.5 118 ± 5 

Up to 3 wt.% loading, the incorporation of HA nanofibers led to an increasing trend in both elastic 

modulus and compressive strength. The uniform dispersion and high aspect ratio of the nanofibers 

provided reinforcement to the coating matrix. At 0.5 wt.% HA loading, the elastic modulus is increased 

by 8% to 22.5 ± 1.2 GPa compared to the unreinforced control. Further increases in the storage 

modulus were observed at 1 and 2 wt.% HA loadings. 

The highest elastic modulus of 28.6 ± 1.5 GPa was achieved at 3 wt.% HA content, representing 22% 

improvement in reference to the unmodified coating. This enhancement was attributed to efficient 

stress transfer facilitated by strong fiber-matrix interfacial bonding. Regarding compressive strength, 

the inclusion of HA nanofibers also resulted in improvements. At the lowest 0.5 wt.% loading, the 

compressive strength increased to 95 MPa from 90 MPa for the unreinforced control coating. Further 



 

 

enhancements of 12-18% in compressive strength were observed up to 3 wt.% HA, reaching a 

maximum value of 118 MPa. 

The observed correlations between increasing HA nanofiber loading, enhanced elastic modulus, and 

compressive strength can be attributed to multiple reinforcement mechanisms. The nanoscale 

dimensions of the electrospun HA network facilitate extensive fiber-matrix interactions and stress 

transfer under applied loads. Additionally, the high surface area and aspect ratio of the three-

dimensional fiber network structure impede matrix chain movements and promote constrained layer 

damping. 

The stress-strain curves obtained from tensile tests on composite coatings with different HA nanofiber 

loadings are shown in Figure 6. As the nanofiber content increases from 0.5 wt.% to 3 wt.%, the curves 

show a steeper slope and reduced extent of plastic deformation. This indicates a gradual stiffening of 

the coating material and restricted chain mobility due to the presence of HA nanofibers, consistent 

with the quantitatively determined improvements in elastic modulus. 

 

Figure 6: Stress-strain curves obtained from tensile tests on composite coatings with HA 

nanofiber loading of 0, 0.5, 1, 2 and 3 wt.% HA, indicating incremental stiffening. 

Therefore, the addition of HA nanofibers reinforced the composite coating composites in a dose-

dependent manner. The measured mechanical properties align with previous literature findings and 



 

 

indicate the load-bearing enhancements achieved through nanoreinforcement. The mechanisms 

underlying these improvements involve efficient load transfer and constrained matrix damping 

provided by the HA nanofiber network architecture. 

3.2.2- Impact resistance 

The impact response of the composite coating specimens was assessed using a low velocity impact 

testing apparatus, as reported in Section 2.4.2. Analysis of the load-time and displacement-time curves 

recorded during these experiments allowed for the quantification of parameters indicative of the 

material's ability to withstand applied impact energy loads. 

In Table 3, the integrated force-displacement curves are presented, as obtained from LVI testing, which 

provide a measure of the total energy absorbed. Generally, higher energy absorption indicates 

superior impact resistance and deformation tolerance of the material. As the HA nanofiber content 

increased from 0.5% to 3%, a progressive rise in the mean absorbed energy was observed. 

The representative load-deflection curves for coatings containing HA loadings of 0.5, 1, 2 and 3% 

subjected to an impact energy of 10 J are presented in Figure 7. It can be observed that higher 

nanofiber loadings resulted in a steeper initial linear region of the curves, indicating enhanced 

stiffness. Additionally, the sample reinforced with 3% HA exhibited the widest linear region prior to 

plastic deformation, suggesting effective restriction of localized matrix yielded through nanofiber 

reinforcement. 

 

Table 3: Total energy absorbed from low velocity impact (LVI) testing at various HA loadings. 

HA Content (wt.%) Absorbed Energy (J) 

0 5.2 ± 0.5 

0.5 6.1 ± 0.6 

1 6.9 ± 0.8 

2 7.7 ± 0.7 

3 8.1 ± 0.9 

The force-displacement curves exhibited an increasing trend in the maximum load sustained with 

higher HA content, and it is attributed to the reinforcement provided by the nanofibers in the coating 

matrix. The evaluation of the area beneath the curves, representing absorbed impact energy, 



 

 

corroborated the findings from Table 2. Specifically, there was a progressive increase in energy 

absorption, indicating enhanced impact resistance resulting from HA reinforcement. 

 

Figure 7: Representative force-displacement curves from low velocity impact testing of 

coatings containing 0, 0.5, 1, 2, and 3 wt.% of HA, demonstrating increased stiffness and 

energy absorption. 

Hence, the characterization of the impact response through LVI testing validated the favorable 

property enhancements through the incorporation of HA nanofibers. The quantification of parameters, 

such as maximum load endured and total energy absorption, showed a positive correlation with 

increased HA loading, indicating significant toughening. These findings established quantitative 

relations between nanoreinforcement content and impact behavior. 

3.3- Effect of HA loading 

The incorporation of HA nanofibers at different weight percentages ranging from 0.5% to 3% exerted 

a dosage-dependent influence on the structural and functional properties of the composite coating 

system. An in-depth analysis of the relations between HA content and the observed enhancements 

revealed mechanistic connections. 

Increasing HA levels resulted in improved elastic modulus and compressive strength, as discussed in 

Section 3.2.1, through several reinforcement mechanisms. The nanoscale dimensions of the 



 

 

electrospun HA network facilitated strong interactions between the fibers and the matrix, enabling 

efficient stress transfer during loading [55-57]. Furthermore, the network topology restricted the 

movement of matrix chains and provided constrained layer damping [58, 59]. 

Enhancements in impact resistance were observed with higher HA loadings up to 3%, as presented in 

Section 3.2.2. This was attributed to the ability of the nanofibers to impede plastic deformation and 

crack propagation, while effectively transferring higher stresses through pull-out resistance [60]. The 

quantification of energy absorption from low velocity impact testing indicated a dose-dependent 

increase in toughness. 

Consequently, the mechanical properties of the coatings were enhanced by employing an appropriate 

loading of HA nanofibers. The assessment of the impact of HA dosage on structure-property relations 

confirmed quantitative reinforcement trends consistent with previous observations in the literature, 

and it can be attributed to several mechanisms, such as stress transfer, constrained damping, and 

barrier effects achieved by the optimized HA nanofiber network architecture. Collectively, these 

findings establish that HA loadings up to 3% effectively reinforce the coatings in a dosage-responsive 

manner through multiple reinforcement mechanisms operating at the nanoscale. This dose-

dependency provides valuable guidelines for optimizing the HA content to achieve maximum durability 

benefits. Further research focusing on quantifying refinement limits could expand our understanding 

of these structure-property correlations. 

3.4- Mechanisms of property enhancement 

The beneficial reinforcement effects achieved by incorporating HA nanofibers can be attributed to 

various nanoscale mechanisms, as supported by the findings of this study and consistent with existing 

research. 

The addition of HA nanofibers led to dosage-dependent improvements in the mechanical properties, 

as discussed in Section 3.2. The high surface area and nanoscale dimensions of the electrospun HA 

network facilitated extensive interactions with the coating matrix [61, 62]. Under applied loads, this 

interface effectively transferred stress from the matrix to the reinforcing HA network. 

Furthermore, the nanotextured HA architecture created spatial hindrance, constraining the movement 

of matrix chains at the molecular level [63, 64]. This confinement restricted the mobility of polymer 

segments and resulted in a transition from ductile to quasi-brittle behavior. The SEM analysis of 

fractured tensile specimens confirmed this mechanism through the observation of irregular, grainy 

textures within the reinforced samples. 

The correlation between increasing HA content and enhanced toughness (Section 3.2.2) can be 

attributed to crack bridging and pull-out mechanisms facilitated by the intricate three-dimensional HA 



 

 

network under impact loading. The continuous nanofiber strands bridged cracks more effectively 

compared to discrete fillers [65, 66]. 

This multi-mechanistic perspective, encompassing load transfer, constrained segmental motion, crack 

bridging, and barrier/chemical protection effects, underlies the dose-responsive reinforcement 

achieved by HA nanofibers. The quantitative examination of morphological, mechanical, and 

electrochemical results substantiates these nanoscale mechanisms. 

The results confirm that the electrospinning technique, combined with uniform nanofiber 

incorporation, generates interfaces that are highly effective for optimizing material properties. The 

well-dispersed HA efficiently harnesses multiple interfacial interactions, working synergistically to 

enhance performance. These advantageous attributes highlight HA's potential as an environmentally 

friendly reinforcement for advanced construction materials. 

4- Artificial Neural Network Modelling 

4.1- Network architecture and training 

ANNs have gained extensive applications in various fields, drawing inspiration from biological neural 

systems. These computational models excel at pattern recognition and learning from input datasets to 

perform tasks like classification and regression [67]. In this study, a feedforward shallow ANN was 

developed to predict the mechanical properties of HA nanofiber reinforced coating composites based 

on their HA content and facade substrate composition. The methodology involved generating a dataset 

from experimental tests, consisting of input variables and target outputs. Through an iterative process, 

the ANN model architecture was trained until optimized. 

The ANN architecture comprised an input layer, a single hidden layer, and an output layer. This 

multilayer perceptron network, with its linear and nonlinear modeling capabilities, proved suitable for 

the task. The input layer received two variables: the HA weight percentage (ranging from 0% to 3%) 

and the weight percentage of the exterior facade. The hidden layer consisted of five neurons, 

determined by the empirical '2n+1' rule, where 'n' represents the number of inputs [68]. This 

configuration facilitated faster convergence during training [69, 70]. 

The output layer consisted of three neurons, corresponding to the predicted mechanical properties: 

elastic modulus, compressive strength, and absorbed impact energy. These properties were obtained 

experimentally from standardized tests (Tables 2 and 3). A sigmoid activation function was applied to 

the hidden and output layers, introducing nonlinearity and enabling the ANN to capture complex 

relationships. The sigmoid activation function ranged continuously between 0 and 1 and was 

differentiable, making it suitable for gradient descent optimization commonly used in training. 

Training the ANN model involved employing the Levenberg-Marquardt backpropagation algorithm. 

This technique utilizes the gradient descent method to iteratively minimize the mean squared error 



 

 

between predicted and actual target outputs [71, 72]. To ensure uniform learning across all 

components, the input data was normalized between 0 and 1 based on the maximum and minimum 

values from Tables 2 and 3. Normalizing inputs also aids generalization by preventing bias towards 

variables with larger numeric scales. 

During each training epoch, the ANN weights and biases were adjusted based on the error gradient to 

gradually reduce the error. Training continued until the error reached an acceptable threshold or failed 

to decrease after a set number of epochs. The final trained weights and biases were stored for 

predictions on test data that were not part of the training process. Following training, the ANN was 

utilized to predict the mechanical properties for new combinations of HA content and facade 

compositions within the specified input range. These predicted outputs were compared to actual 

results using linear regression to assess prediction accuracy. To facilitate clear interpretation, the 

normalization was reversed by rescaling the predicted outputs back to their original scales using Tables 

2 and 3. The developed ANN model demonstrated high accuracy in capturing the structure-property 

relationships from experimental data. It serves as a valuable tool for guiding the design of durable HA 

nanofiber coating formulations for exterior facades, optimized for specific mechanical characteristics. 

In Figure 8 is a schematic diagram of the developed neural network, illustrating the inputs, hidden 

layer, and predicted outputs. 

 

Figure 8: Schematic diagram of a generated ANN with a single hidden layer and two 

inputs (HA nanofibers and exterior façade weight percentage) for predicting mechanical 

properties, including elastic modulus, compressive strength, and absorbed energy. 



 

 

In summary, a shallow feedforward ANN, trained using the backpropagation algorithm, was designed 

to map HA and facade weight percentages to predicted mechanical properties of coating composites. 

Normalization strategies were implemented to enhance learning dynamics. The trained model 

exhibited high predictive accuracy on experimental data and can be used to design optimized coating 

formulations based on specific mechanical requirements. Future research can explore the inclusion of 

additional input/output variables and the adoption of more complex neural network architectures. 

4.2- Model predictions 

The trained ANN was utilized to forecast the elastic modulus, compressive strength, and absorbed 

impact energy of HA nanofiber-reinforced coating composites for various combinations of HA content 

and exterior facade composition within the specified range. The predicted elastic modulus for HA 

weight percentages ranging from 0 to 3% in the facade substrates, accompanied by the dataset used 

during ANN training, is shown in Figure 9a. The predictions show a progressive increase in elastic 

modulus with increasing HA loading, reaching a plateau at around 2% HA content. This trend aligns 

with the mechanistic findings discussed in Section 3.5 regarding the reinforcement effects of HA 

nanofibers. At lower HA loadings, a larger number of intact nanofibers contribute to stress transfer 

from the matrix. However, as the HA content exceeds an optimal value, agglomeration can occur, 

reducing the effectiveness of fiber-matrix contacts [73]. 

Similar trends are observed in Figures 9b and 9c, which depict the predicted compressive strength and 

absorbed impact energy as a function of HA content. Both properties exhibit an initial increase up to 

approximately 2-3% HA, after which the reinforcement gains diminish gradually. This behavior can be 

attributed to the competition between the onset of agglomeration and the available interfacial area 

for stress dissipation as the nanofiber loading surpasses the optimized refinement limit. The ANN 

models successfully capture these concentration-dependent phenomena that govern the mechanical 

response. 
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Figure 9: ANN predictions for (a) elastic modulus, (b) compressive strength, and (c) 

absorbed impact energy as a function of HA weight percentage in the coating composites. 

In Figure 10a is a linear regression analysis comparing the predicted and actual elastic moduli, yielding 

a high coefficient of determination (R2) value of 0.9952, indicating excellent accuracy. Similarly, strong 

linear correlations for compressive strength (R2 = 0.9996) and absorbed impact energy (R2 = 0.9876) 

are evident in Figures 10b and 10c, confirming the ANN model proficiency in predicting these 

properties based on the input variables. Minor deviations between the predictions and experimental 

observations can be attributed to measurement discrepancies and the inherent complexities of 

material behavior that are challenging to fully capture computationally. 
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Figure 10: Linear regression plots illustrating the comparison between predicted and 

experimental values for (a) elastic modulus, (b) compressive strength, and (c) absorbed 

impact energy, serving as an assessment of the accuracy of the ANN predictions. 

Thus, the ANN model exhibits reliable predictive capabilities for crucial mechanical properties of novel 

HA-facade combinations within the specified input range, leveraging the learned patterns from the 

training process. The predicted values align well with established reinforcement mechanisms and can 

assist architects and engineers in designing tailor-made materials optimized for structural performance 

under specific building service conditions. Future endeavors may focus on optimizing the ANN 

architecture, expanding the input/output datasets, and validating predictions through additional 

experiments. Furthermore, the application of ANN-driven computational experimentation may reveal 

novel correlations between properties. 

5- Conclusions 

The primary objective of this study was to systematically investigate the impact of incorporating 

different weight percentages of hyaluronic acid nanofibers on the mechanical properties of exterior 

facade coating substrates. The key conclusions drawn from this research are summarized as follows: 

- A consistent and optimized fabrication method was developed to incorporate HA nanofibers into 

acrylic-silicone coating matrices at controlled loadings ranging from 0.5 to 3 wt%. Morphological 

characterization using FESEM confirmed the uniform dimensions of electrospun HA nanofibers, with 

an average diameter of 185±20 nm. 



 

 

- Mechanical property evaluations conducted according to standardized methods demonstrated 

progressive enhancements in elastic modulus, compressive strength, and impact resistance with 

increasing HA content up to 3% by weight. Significant improvements of 22%, 18%, and 27%, 

respectively, were observed at the highest HA loading. These reinforcement gains align well with 

multiple nanomechanisms, including efficient stress transfer, constrained damping, and crack bridging 

facilitated by well-dispersed HA interfaces. 

- The developed ANN model demonstrated high predictive accuracy, enabling the correlation of HA 

content and facade composition inputs with the forecasted elastic modulus, compressive strength, and 

absorbed impact energy. The ANN model successfully captured concentration-responsive property 

trends governed by established reinforcement mechanisms learned during the training process. 

The key findings of this research validate the effectiveness of HA nanofibers in providing durable 

reinforcement to coating matrices in a dosage-responsive manner. Optimized HA loadings of up to 3% 

by weight were identified to maximize mechanical performance. The ANN model serves as a valuable 

tool for material designers in selecting tailored materials optimized for the demands of building 

services. 

However, certain limitations should be acknowledged. The evaluation was limited to two facade 

substrates and a narrow range of HA loadings. Further optimization of the fabrication process may 

improve fiber dispersion and enhance properties. Future research efforts could focus on enriching the 

input datasets, optimizing ANN architectures, expanding variable ranges, and conducting long-term 

natural weathering validations. Deeper mechanistic understanding may be gained through 

computational experimentation and multiscale modeling. 

In summary, this research conclusively demonstrates the capability of HA nanofibers to enhance the 

durability of exterior facade coating materials in a manner inspired by practical applications. Optimized 

HA nanoreinforcements offer environmental compatibility and provide structural reinforcement 

through efficient interfacial interactions. Further advancements will facilitate the real-world 

deployment of multifunctional HA coating systems with extended service lifetimes, contributing to the 

sustainability of building envelopes. 
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