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Abstract: In this study, we explored the potential of chitosan, a natural polysaccharide derived from 
shrimp shell waste, for piezoelectric applications in biomedical, food, and agricultural industries. 
Despite limited research on its piezoelectric properties, chitosan has gained attention due to its    
non-toxicity and energy-harvesting potential. We focused on optimizing the extraction of chitosan 
from shrimp shell waste for these applications. Chitin powder was treated with NaOH concentrations 
ranging from 30% to 60% to remove acetyl groups and create chitosan. The best results for chitosan 
extraction were achieved using a 50% NaOH solution. Piezoelectric properties of chitosan thin films 
dissolved in formic acid were also analyzed, showing the best performance with a piezoelectric 
constant (k) of 0.3158, maximum charge (Qm) of 64.1, and a low loss tangent (tan δ) of 0.0156. Later, 
the biological assessment of the chitosan thin films, namely the antimicrobial and biocompatibility 
analyses, were performed to evaluate their interaction with biological systems and to determine their 
potential for biomedical and biotechnological applications. The results indicated that the chitosan thin 
film exhibited no cytotoxic effects, highlighting its promise as a safe and suitable material for diverse 
biomedical uses. 
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1. Introduction 

Concerns regarding energy sources that can give unlimited power without endangering nature or 
the environment have been raised by the rise in integrated and miniaturised smart and electronic 
devices on the Internet of Things (IoT) [1]. Electrochemical batteries were used in the past to power 
the electrical devices. Notably, electrochemical batteries have a limited lifespan, cause an adverse 
effect on the environment, and require maintenance [2]. On the other hand, harvesting ambient sources 
of energy like heat, mechanical vibrations, electromagnetic radiation, and fluid flows can provide clean 
and viable energy for various electronic gadgets like portable electronics, wireless sensor networks, 
wearables, and implantable biomedical tools [3]. Of all the available renewable energies, mechanical 
energy would be the most suitable for self-powered items because of its availability and environmental 
viability. Numerous ambient sources, including wind, vibration, sound waves, and human body 
movement, can possess mechanical energy [4]. Among other technologies, like electromagnetic, 
thermoelectric, and electrostatic, piezoelectric material-based technology, also known as 
piezoelectricity, is the best and most viable for infinite self-powered tools [5,6]. This is because it 
makes use of a particular material with inherent piezoelectricity to produce electricity when subjected 
to ambient vibration. 

Piezoelectric materials have the capacity to generate mechanical movement or vibration or an 
electrical potential in reaction to an applied force. The capacity to generate piezoelectricity, ease of 
obtaining the source [7], and biocompatibility [8] are essential when choosing piezoelectric material 
from natural sources. Currently, traditional piezoelectric material encompasses 2 polymer-based 
polyvinylidene fluoride (PVDF) and ceramic-based lead zirconium titanate (PZT). These materials not 
only have a high piezoelectric coefficient but also superior mechanical strength and the benefit of a 
steady and noticeable piezoelectric impact [9]. These two materials do, however, have some  
drawbacks: the use of piezoelectric ceramics, such as PZT, in smart biomedical devices is constrained 
by their typical fragility and substandard biocompatibility [10]. According to Ibn-Mohammed et al., 
lead oxide (PbO) discharges from PZT-based products could happen in several ways, such as 
evaporation during calcination and sintering at extreme temperatures [11]. This is one more problem 
with typical piezoelectric materials. The use of PZT may be extremely dangerous due to the lead 
discharge and its toxicity, which may be made worse by the volatilization at extreme temperatures 
during sintering and calcination [12]. Because of its greater acoustic impedance, the presence of lead 
results in a very high density, a property that may provide a significant obstacle in actuator and sensor 
applications. Conversely, when exposed to a very alkaline environment, the synthetic piezoelectric 
polymer known as PVDF tends to breakdown. Nonetheless, PVDF continues to be an unsuitable 
material in terms of ecological and biological contexts. Thus, PZT and PVDF are inappropriate for use 
as piezoelectric materials from the point of view of biomedicine, such as tissue engineering [13]. 

It is critical to choose piezoelectric materials carefully because improper human use might create 
biocompatibility and toxicity issues, leading to adverse health and environmental outcomes. Here, we 
assess several materials for piezoelectric instruments. Observations indicate the biological substances 
might have piezoelectric properties like synthetic substances. Considering the crystallinity and    
non-toxic nature, the bio-polymer chitosan is a potent eco-friendly piezoelectric material for energy 
extraction. Reports suggest that the concurrent use of chitosan and collagen polymers produces a 
noteworthy rise in the piezoelectric strain constant (d33) [14]. Studies concerning chitosan structure 
indicated the presence of dipolar alignments and constricted charges owing to the electronegativity of 



101 

AIMS Materials Science  Volume 13, Issue 1, 99–119. 

nitrogen, leading to a lasting dipole moment, producing electricity in a unit cell structure. The presence 
of a net dipole moment and changes in electronegativity values are vital for determining cell 
polarisation, highlighting the piezoelectric abilities of the material [15]. 

Chitosan is produced because of the deacetylation of chitin obtained from shrimp shells, which 
are the most common commercial raw material for chitin production. It is estimated that nature 
contains about 100 billion tonnes of chitin [16]. Considering the use of discarded shrimp shells, using 
shrimp-based chitosan for piezoelectric materials is eco-friendly. For example, the local areas have 
ramped up cultured shrimp production, leading to higher shrimp shell biowaste in Malaysia [17,18]. It 
is estimated that 45% of such processed foods ends up in landfills, leading to foul odors and aesthetic 
impacts on nature [19,20]. 

Despite the fact that chitosan extraction from shrimp shell waste is well-documented, researchers 
who develop and evaluate shrimp-shell-derived chitosan thin films for targeted piezoelectric 
applications remain limited. For instance, Kota et al. (2023) focus on chitosan production or 
biomedical applications rather than dedicated piezoelectric device development. Amran et al. (2021) 
investigated piezoelectric behaviour, but it used microbial chitosan rather than chitosan produced from 
shrimp shell waste [21,22]. Moreover, chitosan-based piezo electrics have been rare since the twenty-first 
century because practical outcomes indicate 0.1 to 2 pC/N levels, which are technologically inadequate 
for gathering energy [23]. The piezoelectric properties of chitosan are not fully established; hence, it 
is challenging to enhance piezoelectric sensitivity. A detailed assessment of the biological, electrical, 
and structural characteristics must be conducted to use this biomaterial as a reliable energy harvesting 
source, like manufactured polymers. 

2. Materials and methods 

2.1. Materials 

Shrimp shell waste was collected from local fish sellers. Pristine chemicals were used for 
evaluation. Sigma Aldrich provided NaOH pellets (98%), while R&M Chemicals provided hydrochloric 
acid (37%). 

2.2. Extraction of chitin and chitosan 

The shell waste was washed and oven-dried at 65 ºC for 4 days. It was then crushed into a powder 
and placed in a closed container. 

2.2.1. Deproteinisation 

The shrimp shell powder was treated with 1 M NaOH. This alkaline process used a 1:5 (w/v) 
solid-to-solvent ratio. This experiment required 20 h at room temperature (28 ± 2 ºC). The remains 
were then washed using distilled water to neutralise the chemicals. 
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2.2.2. Demineralisation 

Different HCl concentrations (1%, 2%, 3%, 4% and 5%) were used to trigger demineralisation. 
This treatment required 16 h and was conducted at room temperature (28 ± 2 ºC) at a 1:5 (w/v)    
solid-to-solvent ratio. The remains were then filtered, rinsed, and soaked in distilled water to obtain a 
neutral pH level. The produced residue at this stage was called chitin. 

2.2.3. Deacetylation 

Concentrated NaOH (50% (w/v)) was used on chitin to eliminate the acetyl group and produce 
chitosan. A 20 h treatment was provided at 65 ºC at a 1:10 (w/v) solid-to-solvent ratio. Subsequently, 
the samples were rinsed until the sample had a neutral pH. The chitosan was then dried for 4 h       
at 65 ºC. 

2.3. Fabrication of chitosan thin film 

A total of 0.5 g finely ground chitosan was mixed in 2% acid solution to produce a chitosan thin 
film. Formic, lactic, acetic, tartaric, and citric acids were used to produce this thin film. The chemicals 
were stirred thoroughly and mixed at 1000 rpm for 3 h at 60 ºC. Subsequently, 20 mL of this material 
was placed on a petri dish, which was stored in a dry place for 5 h at 55 ºC. 

2.4. Characterisation 

2.4.1. Crystalline structure 

X-ray diffraction (XRD) assessment of the chitosan sample was performed at 2θ = 5–40º. A 
Bruker D2 Phaser was set at 40 kV and 40 mA voltage and current levels for processing chitosan. A 
thin-film-specific machine (PANalytical model X’Pert3 Powder) was used for XRD assessment of thin 
films. The crystallinity index (CrI%) was then computed using Eq 1 [22]: 

                  CrI% = ቀ
ூభభబିூೌ೘

ூభభబ
ቁ × 100%                                         (1) 

where I110 is the maximum intensity of the (110) diffraction peak in the crystalline region at 20º and 
Iam is the highest intensity of amorphous diffraction at 16º. 

2.4.2. Fourier-transform infrared spectroscopy (FTIR) 

The obtained chitin and chitosan were evaluated for chemical structure based on the FTIR model 
Nicolet iS50. FTIR characteristics were obtained in the central infrared (4000 to 400 cm1) region    
at 2 cm1 resolution. The degree of deacetylation (DDA) can be computed based on Eq 2 [22]: 

DDA = 97.67 − 26.486 × ቀ
஺భలఱఱ

஺యరఱబ
ቁ                                                    (2) 

where A1655 and A3450 are the absorbance band at 1655 and 3450 cm1, respectively. 
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2.4.3. Field emission scanning electron microscopy (FESEM) 

The thin films of the two materials were assessed for morphology using FESEM (JEOL JSM-700F) 
images. Every sample was sputter coated with gold to reduce charging levels. 

2.4.4. Piezoelectric properties’ measurement 

Solarton Analytical (model 1280C) electromechanical test setup was used (Figure 1) to ascertain 
the electrical characteristics of the chitosan thin film. This device provides the electromechanical 
coupling factor (k), quality factor value (Qm), and dissipation factor (tan δ) pertaining to the chitosan 
thin film voltage and frequency ranges were set at 0.001 to 10 kV and 1 Hz to 1 MHz, respectively.  

 

Figure 1. Experimental setup for piezoelectric property measurement of chitosan thin film 
using it as a high-performance electrochemical impedance analyzer and its schematic drawing. 

2.4.5. Antimicrobial test 

Tryptic Soy Broth (TSB) was placed on a petri dish. The assessment was conducted using an agar 
medium. Adequate dilution levels were obtained, followed by Escherichia coli (ATCC 8739) and 
Staphylococcus aureus (ATCC 25923) inoculation. A 1.5 cm diameter film was sliced and put on the 
inoculated culture surface. Bacterial growth was stimulated by maintaining the dish between 32–37 ºC. 
After one day, the film’s inhibition region was assessed to evaluate if bacterial growth was impacted. 
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2.4.6. Biocompatibility test 

Cellular metabolic characteristics were evaluated using the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl-2H-tetrazolium bromide (MTT) assay to understand cell viability, proliferation, and 
cytotoxicity. Considering that pre-clinical evaluations are necessary to ascertain material and 
instrument biocompatibility, such assays are critical for dentistry-specific medical equipment and 
material. An L-929 was used to assess the dose-specific cytotoxicity [23]. A 2 mg/mL growth medium 
was used to treat the chitosan thin film, followed by 0.2 μm membrane processing for sterilisation. 
Sequential two-fold dilution was achieved pertaining to the complete growth medium before cellular 
exposure. Cellular exposure was made at chitosan concentrations of 0.063, 0.125, 0.25, 0.5, 1,     
and 2 mg/mL of the chitosan thin film for 24 h. Tetrazolium salts (MTT) were used to assess 
cytotoxicity and cell viability. The cell viability was attained using Eq 3: 

                        Cell viability =
୘୦ୣ ୫ୣୟ୬ ୭୤ ୭୮୲୧ୡୟ୪ ୢୣ୬ୱ୧୲୷ (୓ୈ)

୘୦ୣ ୫ୣୟ୬ ୓ୈ ୭୤ ୬ୣ୥ୟ୲୧୴ୣ ୡ୭୬୲୰୭୪
× 100%                                     (3) 

3. Results 

3.1. Extraction of chitosan from shrimp shell waste   

Shrimp-based chitin and chitosan were evaluated for functional groups, surface morphology,  
and crystallinity. 

3.1.1. Crystallinity of chitin and chitosan from shrimp shells 

XRD has been employed for analysis of the crystalline structure pertaining to the pure shrimp 
shells as well as the extracted chitin. With regards to the pure shrimp shells and chitin samples, 
prominent peaks were seen near 2θ = 20° and 2θ = 10° as well as diffracted at planes (110) and (020), 
respectively (Figure 2). The amide II (–NH2) plane is represented by (110) plane, while the    
amide I (–N–CO–CH3) plane by the (020) plane [24]. This suggests that an α-chitin crystalline 
structure was included in both materials. At the centre of these structures, there is a lack of symmetry 
which results in the creation of dipole moments (μ), thereby inducing piezoelectricity. Since the peak 
almost disappeared at the (020) plane, low crystallinity was observed in the pure shrimp shell sample. 
However, after extraction of the chitin, the peaks were seen to become narrower at planes (110)    
and (020). This suggests that the crystallinity pertaining to the α-chitin structure would get enhanced 
after the elimination step of calcium carbonate (CaCO3) in the demineralisation process [25]. Thus, 
increased crystallinity indicates successful removal of CaCO3 and proteins from the pure shrimp shells. 

To further analyse deacetylated chitosan caused by changing concentrations of NaOH, XRD  
was employed. The XRD analysis established that the pronounced peaks occurred around 2θ = 10° 
and 2θ = 20°. When increasing the NaOH concentration to 50%, the peaks were observed to be 
intensified. In all the chitosan samples, a high degree of crystallinity was confirmed based on the 
intense peaks observed at planes (020) and (110), which are due to enhanced extra-molecular and  
inter-molecular hydrogen bonding after deacetylation [26]. However, when increasing the NaOH 
concentration to 60%, broadening of both peaks were seen, denoting a decrease in crystallinity. This 
could be due to the generation of high alkaline concentration (NaOH) during the deacetylation process, 
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leading to disruption of the order of macromolecule and polymer chain of heterogeneity, thereby 
causing distortion of the crystalline structure in the chitosan sample [27]. 

 

Figure 2. The XRD results of pure shrimp shells, chitin, and chitosan deacetylated with 
varying NaOH concentrations. 

Calculation of the CrI% was done, representing perfect, ordered, and average crystallite sizes [28]. 
It was seen that the CrI% of the chitin and the chitosan had an impact on their biological and physical 
characteristics, mostly biodegradability and solubility. As observed in Figure 3, higher CrI% (81.5%) 
was seen with chitin versus pure shrimp shells (60.2%). However, there were minor variations 
observed in CrI% of the 30%, 40%, and 50% NaOH-chitosan samples, while the 60% NaOH-chitosan 
sample yielded a CrI% of 60.3%, which was almost similar when compared with the pure shrimp shells. 

As mentioned, a higher CrI% (81.5%) was associated with the chitin versus chitosan. Similarly, 
as per Ahmad et al. [27], chitin displayed considerably more crystalline characteristic versus 
chitosan [29]. The associated comparatively low CrI% and the formation of amorphous structures 
could be due to the breakdown of the inter-molecular and intra-molecular hydrogen bonds with regards 
to the 60% NaOH-chitosan sample. Moreover, increasing the extent of deacetylation as well as 
exposing chitosan to extreme reaction conditions can decrease and degrade by the crystallinity 
pertaining to chitosan [30]. In contrast, 50% NaOH provided high purity and minimal structural 
compromise, making it the most optimum condition overall. 
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Figure 3. The CrI% of chitosan deacetylated with varying NaOH concentrations. 

3.1.2. Functional groups of chitin and chitosan derived from shrimp shell waste 

The FTIR spectra pertaining to the pure shrimp shells and the chitin is displayed in Figure 4. The 
optimised chitin showed visible absorption bands. The extraction of chitin from the pure shrimp shells 
is represented by the presence of two separate peaks at 1656 and 1625 cm1 bands, corresponding to 
the stretching vibration band regarding the amide I region [31]. The XRD result was also supported by 
the α-chitin isomorph characteristic. Apart from that, a distinctive stretching vibration that is found in 
the amide II region was observed at the 1553 cm1 band [32]. Moreover, at bands 3436 and 3256 cm1, 
O–H and N–H stretching vibrations could be observed, respectively. At 1376 cm1, a peak was seen 
and was recognised as a C–H bond, which was identical to the appearance pertaining to the primary 
peaks in the extracted chitin’s FTIR spectra [16]. 

Figure 4 also includes the FTIR spectra pertaining to the chitosan deacetylated by employing 
different concentrations of NaOH. At 1655 and 1620 cm1, considerable changes could be seen, 
wherein the amide I band had weakened on deacetylation of the chitosan with 60% NaOH. 
Fundamentally, both bands are key as they confirm that the amide I band is present and helps to identify 
the kind of chitin polymorphic conformations [33]. According to other researchers, the polymer chain 
degradation was observed when studying the deacetylation process, despite the use of longer treatment 
durations and higher concentrations of alkaline, as supported by their findings [34]. Thus, for the 
deacetylation process, 60% NaOH was regarded to be unsuitable as there was a chance that the chitosan 
structure could get damaged. 

 



107 

AIMS Materials Science  Volume 13, Issue 1, 99–119. 

 

Figure 4. The FTIR spectra of the pure shrimp shells and the chitin as well as the 30%, 
40%, 50%, and 60%-NaOH-chitosan samples. 

By eliminating the acetyl group from chitin, chitin is converted to chitosan via the deacetylation 
process [35]. However, the DDA determines the efficiency pertaining to the conversion of chitin to 
chitosan. Thus, the DDA of the chitosan deacetylated with different NaOH concentrations was 
calculated by employing the FTIR spectra results. As observed in Figure 5, when there was increase 
in NaOH concentration, the DDA was also seen to increase. The highest DDA (74.6%) was seen with 
the 50% NaOH-chitosan sample, indicating that 74.6% of the acetyl group was eliminated from the 
acetamide group (–NHCOCH3) and that the chitin was successfully converted into chitosan [36]. DDA 
is regarded as crucial for maintaining highly soluble characteristics of chitosan when placed in the 
appropriate solvent for subsequent thin film fabrication because of the removal of the acetyl group. 
Conversely, when there was an increase in the concentration of NaOH to 60%, the DDA was seen to 
decrease to 65.3%. This may have been caused by the presence of high concentration of NaOH, which 
can degrade the polymer chain in the deacetylation process [37]. 
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Figure 5. The DDA of the 30%, 40%, 50%, and 60%-NaOH-chitosan samples. 

3.1.3. Surface morphology of chitin and chitosan 

The surface morphology pertaining to the pure shrimp shells and the chitin was assessed by 
employing field emission scanning electron microscopy (FESEM). Because of the presence of proteins 
and minerals, the pure shrimp shells were seen to possess an uneven and rough surface (Figure 6a), 
which was almost the same as that of Andrade et al. [37]. However, a uniform and homogenous 
structure was seen with the chitin (Figure 6b). This was possible because of the deproteinization and 
demineralisation processes, which enabled removing minerals and proteins from the pure shrimp shells, 
thereby enhancing the chitin structure’s densification [38]. 

 

Figure 6. Morphology of the (a) pure shrimp shells and (b) chitin. 
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Figure 7 shows the chitosan’s surface morphology exposed to different NaOH concentrations. A 
coarse surface along with irregular-shaped aggregates was associated with 30% NaOH-chitosan 
sample (Figure 7a), while a surface that was rough but agglomerated was seen with the 40%    
NaOH-chitosan sample (Figure 7b). The 50% NaOH-chitosan sample demonstrated smoother 
morphology with pores absent (Figure 7c), hinting towards a near complete deacetylation of  
chitosan [39]. However, the surface pertaining to the 60% NaOH-chitosan sample was seen to be 
coarse along with visible pores (Figure 7d). This was due to the chitosan structure getting damaged 
with high NaOH concentrations [36]. 

 

Figure 7. The morphology of the (a) 30%, (b) 40%, (c) 50%, and (d) 60% NaOH-chitosan. 

3.2. Fabrication of chitosan thin film via solvent casting 

Chitosan is regarded as the only commercially available water-soluble cationic biopolymer that 
can dissolve in diluted acid solutions (pH > 6.5) while not dissolving in alkaline or neutral aqueous 
solutions [40]. To fabricate thin films, it is important that chitosan remains dissolved in the acid. Thus, 
the type of acid employed plays an important role regarding the dissolution of chitosan. The current 
study also evaluated the efficacy of employing formic acid, acetic acid, citric acid, lactic acid, and 
tartaric acid to produce chitosan thin films (CTFs). For this study, these acids were shortlisted since 
they are di-functional carboxylic acids, which aids in dissolving chitosan as well as the ionic crosslinks 
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of its chains to fabricate flexible CTFs [41]. As per the results described in Section 3.1, selection of 
the 50% NaOH-chitosan powder sample was done with regards to CTF fabrication because of its high 
DDA, highly crystalline structure, and its smooth surface, since these characteristics promote good 
solubility in acid solvents, a characteristic key to fabricating flexible CTFs. 

3.2.1. Crystallinity of chitosan thin films 

XRD was employed to examine the CTFs crystallinity (Figure 8). As seen, each of the CTFs had 
a similar orientation that was like planes (020) and (110) [42]. Those peaks developed around 2θ = 10° 
and 2θ = 20°. This indicated that the primary peaks noted in the films were obtained from the chitosan 
powder sample’s peaks. Notably, the shift of the small peak could be because of diverse matrix 
interactions such as the acid proton’s interaction with the nitrogen atom of chitosan’s amine group, 
inter-molecular restructuring, and changes in principal chain alignment [43]. Of the five films, the 
citric acid-CTF intensity at plane (020) seemed to almost disappear. As per Qiao et al., strong 
intermolecular associations between the citric acid and the chitosan inhibit the chain segments from 
movement, therefore inhibiting the process of crystallisation [44]. 

 

Figure 8. The XRD results of CTFs dissolved in different types of acids. 

As displayed in Figure 9, the formic acid-CTF had the maximum CrI% (92%) followed by lactic 
acid, acetic acid, citric acid, and tartaric acid, in descending order. With respect to piezoelectricity, a 
CrI% increase could improve the piezoelectric constant. As enhanced crystallite restructuring and 
crystallinity lead to a larger total dipole moment, it generates a bigger piezoelectric coefficient [45]. 
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Figure 9. The CrI% of CTFs dissolved in different types of acids. 

3.2.2. Morphology of chitosan thin films 

Figure 10 displays the CTF surface morphology at a 30k magnification. Substantial cracks were 
seen in the tartaric acid-, citric acid-, and lactic acid-CTFs, of which the largest cracks were observed 
in the tartaric acid-CTF. This may be because of relatively poor polymer chain configuration [46]. 
Conversely, the formic acid-CTF had a homogenous and even surface owing to better polymer chain 
packing between the formic acid and the chitosan. It is notable that the presence of cracks or apertures 
may obstruct the material’s dipole movement and reduce the film’s crystallinity, which reduces the 
piezoelectric effect. 
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Figure 10. The surface morphology of CTFs dissolved in (a) acetic acid, (b) formic acid, 
(c) lactic acid, (d) citric acid, and (e) tartaric acid. 

3.2.3. Piezoelectric properties of chitosan thin films 

The mechanical quality parameter (Qm) is the most significant extrinsic aspect in improvement of 
the piezoelectric response. Excellent piezoelectric materials are presumed to be having a high factor 
for mechanical quality (~20–300 for polymer) owing to their capability to increase the dipole  
moments’ orientation which, accordingly, enhances the piezoelectric response within the crystal 
configuration [47]. Besides, the electromechanical coupling factor (k) represents a measure of the 
piezoelectric material ability to transform mechanical energy into electrical energy or vice versa. Thus, 
a higher k value (close to 1) is desirable. Hence, several critical electrical parameters, namely 
electromechanical coupling factor (k), quality factor (Qm), and the dissipation factor (tan δ), were 
examined to determine the piezoelectric characteristics of each CTF. These values were noted down 
at a 100 Hz resonance frequency.  

Based on Figure 11, the formic acid-CTF sample exhibits the best piezoelectric properties, as 
evidenced by its highest Qm (64) and piezoelectric coefficient k (0.31). This might be due to the formic 
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acid-CTF’s high CrI%, which in turn, enhanced its crystallinity and densification. As an improvement 
in crystallinity enables dipole-dipole movement, it improved the formic acid-CTF’s piezoelectric 
response [48]. Moreover, its high Qm suggested that it was an excellent piezoelectric material since it 
could manage recurring mechanical vibrations under resonance. Interestingly, the k (31%) of the 
chitosan film of this research was much greater than those of Wittinanon, Rianyoi, and Chaipanich   
at 16.74% [49].  

Figure 11 also shows the tan δ of the CTFs. The tan δ regulates the rate of loss of energy of    
the piezoelectric material. The tan δ was lowest (0.0156) for formic acid-CTF. This was likely because 
of an increase in local charge carriers, which decreased the tan δ within the chitosan’s crystalline 
structure [50]. 

 

Figure 11. Quality factor (Qm), electromechanical coupling factor (k), and the dissipation 
factor (tan δ) of chitosan thin films dissolved in different types of acid solvents. 

3.3. Biological assessment of the chitosan thin films 

Predicated on the outcomes of the piezoelectric characteristics, crystallinity, tensile strength, and 
morphology evaluations, the formic acid-CTF produced the most excellent results. Thus, it was chosen 
for further biological evaluation in terms of biocompatibility and antibacterial properties. 

3.3.1. Antimicrobial analysis of chitosan thin films 

An antimicrobial examination was carried out to study the formic acid-CTF’s resistance to 
pathogens. Two kinds of bacteria were used: (1) Staphylococcus aureus (S. aureus); a gram-positive 
strain, and (2) Escherichia coli (E. coli); a gram-negative strain. Notably, the observed clear area above 
the chitosan antibacterial zone in Figure 12a was due to the diffusion pattern of the extractant or 
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residual solvent when the sample was placed on the agar. This area did not represent additional 
antibacterial activity, but rather an artifact of uneven solvent diffusion or surface moisture during the 
assay. Figure 12b exhibits the formation of a prevention zone in the vicinity of the formic acid-CTF. 
The size of the inhibition size was indicated using Ampicillin. The inhibition zone was bigger in the 
S. aureus culture at 13 mm, whereas it was 11 mm for the E. coli culture. Other researchers observed 
that their chitosan solution developed inhibition zones of similar size of 10 mm in both E. coli and   
S. aureus cultures [51]. Thus, CTFs can effectively inhibit the progress of microorganisms, especially 
S. aureus and E. coli. 

 

Figure 12. The inhibition zones surrounding formic acid-CTFs in (a) S. aureus and (b) E. 
coli cultures. 

3.3.2. Biocompatibility analysis of chitosan thin films 

The MTT test was performed to examine the formic acid-CTF’s cytotoxicity. As per ISO 10993-
5:2009 (E) guidelines, the formic acid-CTF was not cytotoxic since more than 70% of the L-929 cell 
remained workable after 24 h [52]. Figure 13 exhibits the L-929 cells’ viability at different 
concentrations of the formic acid-CTF. As per the observation, even at the maximum concentration  
of 2mg/mL, it did not inhibit the L-929 cells viability by more than 30% after an exposure of 24 h. 
Therefore, chitosan thin film did not exhibit a cytotoxic effect under the study conditions. 
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Figure 13. The viability of L-929 cells at various formic acid-CTF concentrations. “Test 
item: T041-22” refers to the sample identification code assigned by the biocompatibility 
testing laboratory. 

4. Conclusions 

To conclude, 50% was the best NaOH concentration for extracting chitosan from clean shrimp 
shells, whereas formic acid was the best suited acid for CTF formation since it produced a material 
with excellent piezoelectric characteristics. The XRD examination demonstrated that the formic  
acid-CTF possessed the maximum CrI% (92%), whereas its electrical characteristics (k = 0.316,    
Qm = 64.1, and tan δ = 0.421) were the most suitable for a piezoelectric material. Furthermore, the 
antimicrobial assays revealed the development of inhibition zones measuring 11 and 13 mm around 
formic acid-CTFs in E. coli and S. aureus cultures, respectively. Finally, the cytotoxicity examination 
demonstrated that the formic acid-CTF did not impede the L-929 cell viability by more 30%. Hence, 
the formic acid-CTF was not cytotoxic and could be used in low-frequency piezoelectric applications. 
Moreover, it has potential as a biocompatible piezoelectric material for some applications as an 
alternative to traditional lead-containing materials. 
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