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Abstract: Dragonfly is one the most agile insects on the earth and has excellent flight performance in 

the low Reynold number flow conditions. This study aims to develop biocomposite film-based 

flapping wings for micro air vehicles (MAVs), inspired by the dragonfly (Pantala flavescens). Using 

chitosan polymer and waste wood microparticles wing composite material is developed. 

Biocomposite films are fabricated by varying the chitosan content from 2.0 to 2.5 wt/v% and 

reinforcing them with wood microparticles ranging from 0.5 to 2.0 wt/v%. The films are characterized 

through tensile testing, dynamic mechanical analysis, natural frequency measurement, and water 

contact angle testing. The optimal performance is observed for the films reinforced with 1.5 wt% 

wood particles and 2.5 wt% chitosan, which shows a tensile strength of 48.7 MPa, tensile modulus of 

1410 MPa, storage modulus of 5090 MPa, and damping factor of 0.12. The optimized bio-composite 

film is also subjected to structural dynamic analysis both experimentally, using Digital Image 

Correlation (DIC), and computationally, using Abaqus. The results demonstrate that the developed 

biocomposite films possess significant potential for application as flapping wings in MAVs inspired 

by dragonfly flight. 

Keywords: bioinspired; dragonfly wings; MAVs; bio-composites; DIC 

 

1. Introduction 

Nature is an unparalleled laboratory, offering an extensive repository of efficient solutions to 

complex scientific and technical problems [1–3]. Over millions of years of evolution, living organisms 

have developed various functional adaptations—engineering marvels enabling them to thrive in 

diverse environments [4]. These remarkable natural strategies have consistently inspired human 

ingenuity, encouraging researchers and engineers to replicate the capabilities observed in biological 

systems [5]. Concepts derived from nature have sparked a wealth of creative ideas, resulting in the 

design of advanced materials and systems that function effectively across multiple scales, from the 

macro to the nanoscale [6]. Understanding and applying the fundamental principles of natural 

structures and mechanisms makes it possible to transform these biological inspirations into 

innovative engineering solutions, driving the development of advanced technologies and high-

performance devices [7]. Indeed, numerous complex engineering challenges have been successfully 

addressed by emulating strategies found in nature (like: Gecko-inspired adhesives [8], Beetle elytra 

inspired impact resistive materials [9] or armour materials inspired from fish scale [10]), guiding 

researchers to seek solutions through bioinspired approaches [11,12]. The dragonfly is among 

nature's most skilled flyers, with its wings demonstrating remarkable functional performance 

through the integrated synergy of their morphology, configuration, structure, and material 

composition. Often compared to a fighter jet among insects, the dragonfly showcases remarkable 

flight performance, made possible by its intricately structured membranous wings [13]. These wings 
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generate localized, unstable air currents distinct from their surroundings, allowing the dragonfly to 

ascend using vortex lift and glide with minimal thrust [14]. The flight mechanism of a dragonfly relies 

on two pairs of continuously flapping wings. This mechanism either involves the forewings flapping 

while the hindwings remain extended or both pairs of wings spread simultaneously for soaring [15]. 

The wings of dragonflies are lighter, thinner, and flexible, but still robust. They are naturally designed 

to withstand the forces generated during hovering, gliding, and flapping, ensuring good load-

bearing capacity and wing stability [16]. The wings of dragonflies are multifunctional; they act as 

vibration dampers, reduce noise, are self-cleaning, and exhibit anti-fatigue behavior, all contributing 

to enhanced aerodynamic performance [17]. Various studies worldwide have revealed that the flight 

efficiency of a dragonfly is the result of the integrative effect of material properties, structural 

topology, wing morphology, and structural composition [18]. Thus, dragonflies are an important 

model in bionic engineering research to explore wing surface functionality, mechanical behaviour, 

and complex flight dynamics. Such understanding is crucial in guiding the biomimetic design of 

micro aerial vehicle (MAV) wings, particularly in material selection, wing morphology, aerodynamic 

efficiency, and control mechanisms [19]. 

The main features of flapping wing micro air vehicles (FWMAVs) are agility, high flight 

performance, and maneuverability. This makes them an ideal candidate for military surveillance, 

rescue missions, and disaster relief [20]. The wings are among the most critical components of 

flapping-wing Micro Air Vehicles (MAVs). Drawing inspiration from nature, these biologically 

evolved structures offer valuable insights for designing MAV wings that can dynamically adapt to 

aerodynamic loads through passive deformation. Dragonfly flapping wings are characterized by 

dynamic shape change, which balances elastic forces with aerodynamic inertia. Aerodynamic effects 

and interactions at the wing base influence this morphing behavior.  When the wings undergo 

downstroke, they naturally form a positive camber and pitch, enhancing flight performance [21]. 

Flexible insect wings enable flexural and torsional deformation, guiding the aerodynamic forces 

acting on them. Even though insect wings are naturally functional structures, it is vital to understand 

their stiffness distribution and morphological characteristics to use this information in biomimetic 

design [22]. The wings of the dragon's files are made of members and veins [23]. Their wings stiffness 

directly depends on species-specific vein patterns, which control wing deformation during their 

flight [24]. In a finite element analysis of dragonfly wings, Hou et al. [25] revealed that soft vein joints 

promote passive camber formation and optimal flapping amplitude by enhancing chordwise 

flexibility without sacrificing spanwise rigidity. Additionally, Zhang et al. [26] found that 

microstructures like zigzag edges and surface micro-pillars on dragonfly wings reduce drag. Wing 

geometry and material properties determine movements such as the wing's chordwise twisting and 

spanwise bending. Therefore, wing skin and venation patterns must be carefully replicated in 

bioinspired wings. Material properties should be well-characterized before fabrication, with a 

thorough evaluation under static and dynamic conditions to ensure optimal wing performance. 

Selecting the suitable wing material is crucial for mimicking natural wings. While much of the 

existing research on flapping wings has focused primarily on aerodynamics and control systems, 

materials, manufacturing techniques, and structural dynamics are equally vital for developing 

structurally robust and aerodynamically efficient wings. Wood [27] developed insect-scale flapping 

wings using carbon fiber/epoxy veins and a polyester membrane. Pornsin-Sirirak et al. [28] used 

MEMS to make titanium-alloy skeletons with Parylene C skin, fabricating small-scale wings via 

photolithography. Shang et al. [29] employed soft photolithography to create PDMS molds and laser 

micromachining for unidirectional carbon fiber prepreg veins. These skeletons were cured with thin 

polymer films using vacuum bagging, producing lightweight, complex wings with natural-like 

stiffness. Shang et al. [29]suggested laser-micromachined isotropic materials or small particle 

reinforcement to improve alignment, design accuracy, and embedding micro-actuators to enhance 

propulsion and control. Richter and Lipson [30] used 3D printing to quickly fabricate geometrically 

tailored small wings, but the material lacked stiffness-to-weight efficiency and anisotropy control 

compared to carbon fiber. Kumar et al. [31] developed CNT/epoxy nanocomposite wings using laser-
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micromachined molds, casting stiff but brittle wings prone to dynamic loading issues. Due to their 

semicrystalline structure, low-density thermoplastic polymers offer flexibility that is ideal for 

replicating insect wing skin [32,33]. Materials like low-density polyethylene (LDPE) [34], 

polydimethylsiloxane (PDMS), and Kapton [35], often paired with carbon fiber stiffeners, provide a 

balance of high stiffness, fatigue resistance, flexibility, and lightweight, allowing for both flexural and 

torsional deformations. However, achieving stiffness tailoring is challenging without modifying 

wing geometry or venation. Reinforcing low-density polymers with high stiffness microfibrils 

addresses this limitation [36,37].  

Existing studies on artificial wing membranes have focused on synthetic polymers reinforced 

with synthetic fibers, leaving a significant gap in the exploration of bio-based polymer composites 

reinforced with natural fibers or fillers. Among various biopolymers available—such as cellulose, 

starch-based polymers, polylactic acid (PLA), and chitosan—chitosan emerges as an potential 

candidate [38]. It is a natural biopolymer derived from chitin, the primary structural component of 

the dragonfly wing’s sandwich-like architecture of chitin and protein [39]. This natural sandwich 

structure contributes to the dragonfly wing’s exceptional mechanical properties, including its high 

strength-to-weight ratio and flexibility. However, despite chitin’s desirable properties, its poor 

solubility in common solvents and difficulty in processing limits its direct application. On the other 

hand, chitosan is soluble in dilute acetic acid and easier to process, making it a practical alternative 

for biomimetic wing fabrication [40]. However, due to its inherently limited mechanical strength, 

reinforcement becomes crucial to restore or enhance its structural performance for functional 

applications. In this context, wood particles offer a viable reinforcement material due to their 

cellulose-rich composition, which provides excellent stiffness and strength. When embedded in a 

chitosan matrix, wood particles enhance the composite’s tensile strength and elastic modulus while 

maintaining a low overall density, thereby improving the strength-to-weight ratio [41]. Hydroxyl 

groups in both wood particles and chitosan allow for strong hydrogen bonding. Even covalent 

bonding can occur with appropriate chemical treatments, improving interfacial adhesion [42,43]. 

Furthermore, the mechanical properties of the composite can be tailored by adjusting the particle 

size, concentration, and surface chemistry of the wood particles [44]. With low cost and mechanical 

advantages, wood particles provide a sustainable and effective reinforcement for chitosan that 

supports the circular economy approach, making the composite an appealing material for developing 

bioinspired wing membranes. 

Rubentheren et al. [45] reinforced chitosan film by varying nanocellulose and tannic acid 

percentages and reported a maximum tensile strength of 57.2% and modulus of approximately 2000 

MPa. Caril et al. [46] developed chitosan-based films reinforced with crayfish shell particles and 

reported a maximum tensile strength of approximately 48 MPa and a Young’s modulus of around 

2500 MPa. Kulkarni et al.[47]  developed bamboo micro particle reinforced PVDF film using solution 

casting methods. This film shows a maximum tensile strength of 43 MPa and a modulus of 1071.47 ± 

41.23 MPa. Coir micro particle-based PVDF films were developed by Sahu et al. [48]for energy 

harvesting applications. Despite limited data on bio-based micro-filler composites for wing skins, 

studies show that incorporating bio based micro particles like coir, bamboo, and wood via solution 

casting can enhance stiffness [49–52]. However, excessive filler loading often results in particle 

agglomeration, which hampers performance. Instead of relying on coir and bamboo microparticles, 

wood sawdust, an abundant waste byproduct from carpentry operations, offers a more sustainable 

alternative [53]. Developing chitosan-wood composites for wing skin applications represents a 

meaningful step toward sustainability, delivering improved mechanical performance [54]. These 

high-stiffness micro composite films emerge as promising candidates for wing skins, combining eco-

friendliness with superior mechanical and aerodynamic performance. 

The present study focuses on fabricating and developing a bioinspired wing membrane for 

Micro-Air-Vehicle. The novel composite material was developed using chitosan as a matrix 

reinforced with wood microparticles. Solution casting method was employed to develop the 

composite thin films. Chitosan concentrations of 2.0% and 2.5% (w/v) were used, while wood 
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microparticles were incorporated at varying concentrations of 0.5%, 1.0%, 1.5%, and 2.0% (w/v) to 

optimize material performance. A full factorial Design of Experiment (DOE) was utilized to design 

the experiments. Various mechanical tests were performed to demonstrate its potential for flapping 

wing applications. Further, the modes shapes of the developed composite films were validated using 

CAE software, Abaqus FEA. This novel material aligns well with current sustainable materials 

development and manufacturing goals. 

2. Materials and Methods 

2.1. Materials 

Chitosan flakes ((C6H11NO4)n, Mw=3800-20000 Dalton, a minimum degree of deacetylation of 

75%) were purchased from HiMedia Laboratories Pvt. Ltd. (Nasik, India), and Acidic acid Glacial 

(CH3COOH) was procured from Avantor performance materials India Pvt. Ltd. (Thane, India). Wood 

particles were collected from the carpentry shop at the central workshop of IIT Madras. 

2.2. Synthesis of Wood Microparticles 

Wood biomass is produced during the cutting and shaping of wood. During these processes, 

impurities such as small iron particles, oil, and grease can mix inside the wood powder. Thus, a 

magnet was used to eliminate the small iron particles from the wood powder. The main challenge 

lies in removing non-ferrous impurities such as oil, grease, and soil particles, which were removed 

by several acetone and water washings. After washing, the biomass was dried in the oven for 8 hrs 

at 60°C. The dried wood powder was sieved with a standard 25µm sized sieve. These particles are 

designated as untreated wood particles. These untreated wood particles have poor interfacial 

interaction with the polymer matrix, necessitating enhancement. Therefore, microparticles were 

treated with a 5% NaOH solution to improve the interfacial properties between wood and the 

polymer matrix. A 5% NaOH solution was initially made for chemical treatment by adding NaOH 

pellets into distilled water, and microparticles were immersed into the solution. Then, the solution 

was kept on a magnetic stirrer at 500 rpm, maintaining 48°C for 8 hrs. Thereafter, microparticles were 

washed several times with acetone till the pH value was reached 7 [52]. After that, microparticles 

were kept in the oven for 8 hours at 60°C. These micro-particles were designated as treated wood 

particles. The step -by step process is shown in Figure 1. 
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Figure 1. Wood biomass to treated wood micro particle conversion process. 

2.3. Characterization of Wood Particles 

The morphological characterization of both treated and untreated wood particles was conducted 

using a scanning electron microscope (SEM: Zeiss, EVO 18, Germany) operated at 5 kV. SEM images 

of the microparticles were further analyzed using ImageJ software to determine particle sizes, and 

the mean particle size, along with the corresponding distribution curve, has been reported. 

X-ray diffractometry (XRD) was performed on treated and untreated wood particles for their 

crystallographic analysis using a Rigaku MiniFlex system with DteX100(position-sensitive detector) 

under the Cu-Kα radiation with 1.54 A°,40 kV voltage, and 15 mA current. XRD intensity was 

recorded from 2θ= 10°to 60°. The scanning speed was 10°/min with a step size of 0.01° was used. The 

crystallinity index (Cr%) of the treated and untreated wood microparticles has been calculated by 

using the Ruland-Vonk method, as per equation 1 [55].  

Cr% =
At−Aam

At
× 100                                           (1) 

Here At is the total area under XRD plot, Aam under the amorphous reason and Cr% is the 

percentage of crystalline index. 

2.4. Fabrication of Composite Films 

Chitosan solutions of 2% and 2.5% (w/v) were prepared by dissolving chitosan flakes in 1% (v/v) 

glacial acetic acid at 40°C using a magnetic stirrer for 2 hours. Once fully dissolved, the solutions 

were filtered to eliminate impurities. To formulate the composite solutions, treated wood particle 

(WP) at concentrations of 0.5%, 1%, 1.5%, and 2% (w/v) (equivalent to 0.5 g of wood particle in 100 

ml solution) were added to the 2% and 2.5% chitosan solutions. The mixtures were continuously 

stirred at 400 rpm on a magnetic stirrer at 40°C for 1 hour. Following this, the composite solutions 

were sonicated to ensure uniform dispersion of WP within the chitosan matrix. To eliminate air 

bubbles formed during mixing, the solutions were placed in a vacuum desiccator for 1 hour. The final 

composite solutions were then cast into 8 cm diameter plastic petri dishes and dried in an oven at 

50°C for 6 hours [56]. Once dried, the films were carefully peeled off and cut according to ASTM 

standards for further characterization. The flow diagram of fabrication is presented in Figure 2. A 
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total of 10 types of composite films were developed; the details of the developed composite films are 

tabulated in Table 1.  

 

Figure 2. Development flow diagram of chitosan-wood composite film. 

Table 1. The developed composite sample details. 

Sl. No. Sample Name 
Chitosan 

(%) (w/v) 

Treated Wood Particle (%) 

(w/v) 

1. 2C_0W 2  0 

2. 2C_0.5W 2  0.5 

3. 2C_1W 2  1.0 

4. 2C_1.5W 2  1.5 

5. 2C_2W 2  2.0 

6. 2.5C_0W 2.5  0 

7. 2.5C_0.5W 2.5  0.5 

8. 2.5C_1W 2.5  1.0 

9. 2.5C_1.5W 2.5  1.5 

10. 2.5C_2W 2.5  2.0 

2.5. Characterization of Composite Film 

The developed composite film was subjected to static mechanical characterization through 

tensile testing, whereas dynamic mechanical properties were evaluated using dynamic mechanical 

analysis and vibration analysis. Additionally, structural dynamic testing was conducted using a DIC-

FPGA-based non-contact setup. The film's surface wettability was also assessed through contact 

angle measurements to evaluate its hydrophobicity, and thermal stability was analyzed using 

thermogravimetric analysis (TGA). 
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2.5.1. Tensile Testing 

Tensile testing was conducted using a micro-tensile testing machine (Zwick Roell, 500N) to 

evaluate the tensile properties of the composite films, specifically Young’s modulus (E), tensile 

strength (TS), and elongation at break (EB). The test samples were prepared as per the ASTM D882 

standard, commonly used for thin plastic films. The specimens, measuring 55 mm in length, 20 mm 

in width, and an average of 80 micron in thickness, were tested with a gauge length of 30 mm to 

maintain consistency across all samples. A constant crosshead speed of 2 mm/min was applied 

throughout the test to minimize strain rate effects and ensure reliable data acquisition. To ensure 

statistical robustness, three specimens of each composite film type were tested. The mean values of 

the measured mechanical properties, along with their corresponding standard deviations, were 

reported to account for variability within the samples. 

2.5.2. Dynamic Mechanical Analysis (DMA) 

Dynamic Mechanical Analysis (DMA) was performed at room temperature to evaluate the 

frequency-dependent modulus and damping behaviour of the thin films. Storage modulus represents 

the elastic nature, and the damping factor represents the damping capacity of the viscoelastic 

material. The damping factor (tan 𝛿 =
𝐿𝑜𝑠𝑠 𝑚𝑜𝑑𝑢𝑙𝑢𝑠 (𝐸′′)

𝑠𝑡𝑜𝑟𝑎𝑔𝑒 𝑚𝑜𝑑𝑢𝑙𝑢𝑠 (𝐸′)
) is the ratio of loss modulus and storage 

modulus. Loss modulus is an indication of the viscous nature of the material. The measurements 

were carried out using a 242 Artemis DMA machine NETZSCH, following the standard operating 

procedures outlined in the instrument manual. Specimens were precisely cut to 20 mm × 6 mm and 

securely mounted in tensile test fixtures to ensure accurate and reproducible results. The oscillation 

frequency was systematically varied from 1 Hz to 100 Hz, a range chosen to align with the dragonfly's 

natural wingbeat frequency.  

2.5.3. Measurement of Natural Frequency 

The vibration test was conducted to find out the first natural frequencies. An input signal of a 

certain frequency was generated using a waveform generator (Agilent 33220A) and a power amplifier 

(HBK Type 2732) to amplify the input signal. A signal was then fed to a modal exciter (HBK Type 

4824) to excite the sample. The fabricated film was cut to match the membrane geometry of the 

bioinspired wing and used as a test specimen for the vibration test. The out-of-plane tip displacement 

of the wing was measured using a high-resolution laser displacement sensor (optoNCDT 1700, Micro-

Epsilon), positioned to capture the dynamic response at the free end of the wing. The sensor output 

was acquired through a data acquisition (DAQ) module (NI 9239, National Instruments) and 

recorded in real-time. The time-domain displacement signal was post-processed in MATLAB using 

Fast Fourier Transform (FFT) to obtain the amplitude-frequency spectrum, enabling reliable 

extraction of the first natural frequencies from the dominant resonance peaks and characterizing the 

wing's dynamic response under harmonic excitation. 

2.5.4. Digital Image Correlation (DIC) 

Digital Image Correlation (DIC) was utilized to measure the deformation of the developed bio-

inspired wing. DIC is a non-contact full-field displacement measurement technique that is beneficial 

for structural dynamic testing of lightweight and flexible structures. Specimens were prepared by 

applying a distinct speckle pattern onto the composite films. This pattern was generated by spraying 

white paint on a black background to provide adequate contrast for accurate image correlation. An 

electrodynamic shaker was used to excite the fabricated wing, with a power amplifier regulating the 

shaker’s frequency and amplitude during testing. High-speed cameras (1920 × 1080 resolution, 

Prosaic GX1910), fitted with Nikon 35mm f/2D fixed focal length lenses, recorded the motion of the 

films during excitation. Further, VIC-3D analysis software by Correlated Solutions, USA was used 

for visualization of integrated image.   The detailed experimental setup has been presented in 
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Figure 3a,b. The sample for DIC experiment is presented in Figure 3c with black-and-white speckle 

patterns.  

 

Figure 3. (a) and (b) DIC experimental setup, (c) developed film with speckle patterns. 

2.5.5. Contact Angle Measurement 

Flapping wings may operate in a humid or wet environment, so it is important to understand 

the wing’s material response under such conditions. This water contact angle measurements by 

goniometer (Apex Instrument Co. Pvt. Ltd.). The angle formed between the baseline of the droplet 

and the tangent at the droplet's edge (contact line) was calculated using sessile drop analysis.  

2.5.6. Thermogravimetric Analysis  

The developed composite films' thermal stability and decomposition characteristics were 

analyzed using a thermogravimetric analyzer (TGA). Approximately 10 mg of each sample was dried 

at 60 °C for 12 hours to eliminate residual moisture. The TGA measurements were carried out in a 

nitrogen (N₂) atmosphere, with the temperature ranging from room temperature to 400 °C at a 

constant heating rate of 10 °C/min. During the analysis, the mass loss of the samples was recorded as 

a function of temperature, and thermal decomposition profiles were generated based on this data. 

2.5.7. Microscopic Analysis of Composite Film 

The surface morphology of the fabricated chitosan film was examined using a scanning electron 

microscope (SEM: Zeiss, EVO 18, Germany) operated at an accelerating voltage of 5 kV. Before 

imaging, the samples were coated with a thin layer (10nm) of gold using a sputter coater (QUORUM, 

SC7620, made in the UK) and then analyzed under the SEM. 
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2.6. Development of Film Membrane by Biomimetic  

The hindwing of the dragonfly (Pantala flavescens) was chosen as bioinspiration due to its 

dominant role in lift generation, larger surface area, and structurally efficient vein-corrugation design 

ideal for MAV applications. A high-resolution image of the hindwing was captured with the Sony 

Alpha 7 series and imported into Fusion 360 (student version) with the Canvas function, which acted 

as a visual guide for outlining the overall geometry of the wing. After importing the image, it was 

calibrated in Fusion 360 by specifying the known distance as a reference. Length, chord (at 50% of 

wing length), and area of wing model are 45.5mm, 12.3mm, and 576.9 mm2, respectively. The goal 

was to capture the hindwing's external boundary and general shape to generate a simplified 2D CAD 

model suitable for fabrication. The developed CAD geometry was exported in a vector format 

compatible with a digital cutting machine. This model was then used to cut the composite membrane 

into the desired wing shape, ensuring dimensional accuracy and repeatability. The different steps 

from DSLR photograph to cut film are presented in Figure 4a–c.  

2.7. Computational Analysis  

 The same CAD model was given an 80-micron thickness, imported in a step file (Figure 4d), 

and then imported into Abaqus for computational structural analysis. The geometry of the film was 

divided into optimal numbers by using partition tool, which is available in the Abaqus part module. 

The figure of partition inside the film before meshing is presented in Figure 4e. The membrane was 

meshed by using SC8R, an 8-node quadrilateral in-plane general-purpose continuum shell, reduced 

integration with hourglass control, finite membrane strain elements to represent its thin-film nature, 

and simulations, such as modal analysis, have been conducted to evaluate its natural frequencies and 

corresponding mode shapes. The computational model was further validated by using our 

experimental results obtained from DIC. Element library was chosen as the standard, and geometric 

order was selected as linear. The family of elements was a continuum shell. The total number of 

elements and nodes is 45434 and 91892, respectively (Figure 4e). A fixed boundary condition is 

applied at the root of the wing membrane. Material properties such as elastic modulus and density 

were determined experimentally. The first three natural frequencies and corresponding mode shapes 

were determined and reported in the results and discussions section.  
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Figure 4. (a) to (c) Biomimicking of dragon fly wings; (d) to (f) import of CAD model of wings for computational 

work. 

3. Results and Discussion  

3.1. Characterization of Wood Particles 

The morphology of the treated and untreated wood particles was analysed with a scanning 

electron microscope (SEM). Figure 5a,b show the micro particles and morphology, respectively, of 

untreated wood particles. The untreated particle is covered with wax [43,55] and impurities that may 

make weak Van der Waals bonds with the chitosan matrix. Such bonding will not be able to transfer 

load from the matrix to the filler particle and thus shows weaker thermo-mechanical properties of 

the developed film. Figures 5 (d) and (e) represent the micro particles and morphological details of 

the treated wood particle, where wax and impurities are removed because of the chemical treatment. 

Due to this, the surface roughness of fillers increased, which led to strong mechanical bonding and 

interfacial interaction observed between chitosan and wood particles. This may effectively enhance 

the thermo-mechanical properties of the composite. A similar observation has been reported by Saha 

and Kumari for Bamboo and Epoxy composites [43,51].  Figure 5c,f show particle distribution for 

treated and untreated wood particles, respectively, wherein the average particle size of untreated 

was measured to be 24.52 μm, and that for treated wood particles, it  is 21.2 μm. The alkaline 

treatment penetrates the cell walls of the wood, causing the breakage of particles into smaller 

fragments during washing, drying, or subsequent processing. Also, NaOH treatment removes the 

hemicellulose and lignin from the wood particles, which leads to cell wall collapse or shrinkage, and 

reduction of the lumen diameter  [43,52]. 

Further, the effect of chemical treatment on the crystalline nature of wood particles was 

investigated using X-ray diffractometry (XRD). The XRD patterns for both treated and untreated 

particles are shown in Figure 6. . 

 

Figure 5. (a) Morphology of Untreated wood particle, (b) Impurities and smooth surface and (c)Particle 

distribution of untreated wood particles, (d) Morphology of Treated wood particle, (e)Surface without 

impurities, rough surface of treated Wood particles, (f) Particle size distribution of treated wood particle. 
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Figure 6. XRD pattern for treated and untreated wood particles. 

For both treated and untreated wood particle, three major crystalline peaks were observed at 

2θ=15.8°,22.3°,35.8°, which correspond to crystalline planes (110), (002), and (004), respectively [52]. 

These peaks are due to presence of crystalline cellulose in α and β phases in wood particle. Untreated 

wood particle shows a crystallinity of 42.4%, whereas after NaOH treatment, this crystallinity index 

was measured as 68.65%. Due to chemical treatment, the non-crystalline components such as lignin, 

hemicellulose, extractives, and wax were removed from the wood, as also confirmed by the SEM 

image, leading to an overall increase in crystallinity after treatment. 

3.2. Characterization of Developed Film  

3.2.1. Tensile Behaviour   

A tensile test was conducted to evaluate developed composite films' tensile strength and 

stiffness. Figure 7a,b present the tensile stress-strain curves for the developed composite films. The 

stress-strain curve for all samples initially showed linear elasticity, followed by yielding, plastic 

deformation, and eventual fracture. Figure 7c,d show the variation of the tensile strength (MPa) and 

tensile modulus (MPa) for 2 and 2.5 wt%. 
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Figure 7. (a) and (b) Tensile stress-strain curve, (c) and (d) variation of tensile properties for 2% and 2.5% chitosan 

concentrated different wood reinforced composite. 

Chitosan films, respectively, with various wood microparticle concentrations. The tensile 

strength and tensile modulus of 2.5% chitosan (unreinforced) films were 17.85% and 32.75% higher, 

respectively than those of 2% chitosan films, which is due to increased polymer chain density 

enhancing the material’s resistance to deformation under load. With the reinforcement of wood 

particles, tensile properties were enhanced significantly for all types of composite film. Wood 

microparticles act as a rigid reinforcement and help to effectively transfer the load from the chitosan 

matrix and enhance the load-bearing capacity of the film. The hydroxyl groups present in both 

chitosan and cellulose in wood particles promote strong interfacial bonding, resulting in improved 

interfacial adhesion [57,58] and efficient load distribution under tensile stress. 2C_1.5W and 

2.5C_1.5W samples showed the highest tensile modulus of 905.8±18.9 MPa and 1410±24.1MPa, 

respectively, and tensile strength of 42.1±1.9 and 48.7±1.7 MPa, respectively. However, adding wood 

particles of more than 1.5% (2C_2W and 2.5C_2W) shows a decrement in strength and modulus value 

due to the agglomeration of reinforced particles. Excessive addition of wood microparticles leads to 

agglomeration, which is a reason for poor interfacial interaction and increased stress concentration, 

which leads to a decline in mechanical properties. 

Between the 2C_0W and 2.5C_0W chitosan films, 2.5C_0W film exhibits a lower elongation 

before failure. The increased chitosan concentration leads to greater polymer chain entanglement, 

reduced free volume, and a denser hydrogen bonding network, making the film stiffer and more 

brittle. As a result, the elongation before the fracture decreases. Additionally, the incorporation of 

wood particles further restricts the mobility of the chitosan chains. This reduced chain flexibility 

prevents the matrix from stretching freely under stress, decreasing elongation before break.   
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3.2.2. Dynamic Mechanical Analysis  

Figure 8a,b illustrate the variation of storage modulus with increasing frequency for different 

wood particle percentages at 2% and 2.5% Chitosan concentration, respectively. A continuous 

increase in storage modulus is observed for all samples with increasing frequency. At high frequency, 

the material does not have sufficient time to undergo its molecular rearrangement. Due to this reason, 

the material behaves more elastically (stiffer), resulting in an increment in storage modulus. In 

between 2 and 2.5% chitosan concentration, 2.5% Chitosan exhibits a higher storage modulus across 

the tested frequency range. Increasing the chitosan concentration from 2% to 2.5% increases the 

density of the polymer network, leading to a higher number of interchain hydrogen bonds and 

physical entanglements. This denser, more interconnected structure restricts chain mobility, making 

the material stiffer and better at storing mechanical energy. 

Adding wood particles to both chitosan concentration samples shows an incremental trend in 

storage modulus compared to pure chitosan. As rigid lignocellulosic fillers, wood particles serve as 

stress-transfer sites within the chitosan matrix. Their addition limits polymer chain mobility, 

reinforcing the network and enabling the material to store more elastic energy during cyclic 

deformation. The particles also act as micro-scale barriers to deformation, increasing the composite’s 

resistance to strain. For 2 and 2.5% chitosan concentration, 2C_1.5W and 2.5C_1.5W samples show 

the highest storage modulus values of 3170.3 MPa and 5090.8 MPa, respectively, at 1 Hz frequency. 

However, when the wood particle reinforcement percentage increased to more than 1.5%, a drastic 

drop was observed in storage modulus values. This can be attributed to the possible agglomeration 

of wood microparticles. Resulting in debonding, voids, and defects, resulting in increased stress 

concentration, a weak interfacial zone, and inefficient load transfer from matrix to reinforcement. 

Leading to a decrease in the storage modulus.[59]. 

 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 17 June 2025 doi:10.20944/preprints202506.1252.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202506.1252.v1
http://creativecommons.org/licenses/by/4.0/


 14 of 23 

 

Figure 8. Storage modulus for (a) 2% and (b) 2.5% chitosan concentrated different wood reinforced composite, 

damping factor for (c) 2% and (d) 2.5% chitosan concentrated different wood reinforced composite. 

Figure 8 (c) and (d) represent the variation of a damping factor with a change in frequency. It 

was observed that the damping factor decreased with increased frequency for all samples. At higher 

frequencies, molecular rearrangement is restricted, and energy dissipation is reduced; hence, the 

damping ratio decreases. Between 2 and 2.5% of Chitosan concentration, 2.5% showed a lower 

damping factor. The 2C_0W and 2.5C_0W samples show damping factors of 0.123 and 0.117, 

respectively, at 1 Hz frequency.   Lower polymer concentration results in higher chain mobility, less 

dense molecular packing, and more free volume. These conditions allow for greater internal friction 

and higher energy dissipation, leading to a higher damping factor. The higher concentration increases 

the number of entanglements and hydrogen bonding, forming a stiffer and more elastic network 

[60,61]. This restricts chain movement, reducing the material’s capacity to dissipate energy, leading 

to a lower damping ratio. An increment in wood particle concentration resulted in a continuous 

decrement in damping factor values. The lowest damping factor values among the various 

concentrated chitosan films reinforced with wood were recorded for the 2C_1.5W and 2.5C_1.5W 

samples, with respective values of 0.072 and 0.069. The wood particles act as rigid, load-bearing 

inclusions that limit the segmental motion of chitosan polymer chains. This restriction reduces the 

ability of the material to dissipate energy, lowering the damping ratio [62].  

3.2.3. Natural Frequency 

The vibration test was conducted to determine the first fundamental frequency of the developed 

wing. Figure 9 shows the natural frequencies for all samples. The natural frequency for the 2C_0W 

sample is 30.33±1.15Hz. Whereas for the 2.5C_0W sample, the natural frequency is observed as 

33±1Hz. A higher chitosan percentage leads to a denser polymeric chain structure, resulting in a more 

tightly packed polymer network. Therefore, Young’s modulus and stiffness of the film increase, 

which in turn leads to an increase in natural frequency. The addition of wood particles shows an 

increasing trend in natural frequency values for both concentrations of chitosan [63,64]. The 

maximum natural frequency for the 2% chitosan film was observed in sample 2C_1.5W, with a value 

of 41.33 ± 0.58 Hz, while for the 2.5% chitosan film, the highest value was recorded as 43.33 ± 1.15 Hz. 

Including wood particles enhances stress transfer across the composite film, resulting in a stronger 

internal structure capable of vibrating at higher frequencies [65].  Additionally, the wood particles 

restrict the mobility of polymer chains, especially under dynamic conditions, resulting in a stiffer 

dynamic response and a corresponding increase in natural frequency. Moreover, the density of wood 

particles (approximately 0.2 g/cm³) is significantly lower than that of chitosan (approximately 0.8 

g/cm³). Therefore, the addition of wood microparticles not only increases the stiffness (k) but also 

reduces the overall mass (m), leading to an increase in the natural frequency (𝑓𝑛 =
1

2𝜋
√

𝑘

𝑚
). However, 

with the addition of wood particles of more than 1.5% (for samples 2C_2W and 2.5C_2W), 

agglomeration occurred and resulted in a decrease in natural frequency [63]. 
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Figure 9. Natural frequency of developed composite film. 

3.2.4. DIC and Computational Analysis of Wing 

2.5C_1.5W showed the optimal mechanical and structural dynamic properties and hence is 

chosen for DIC experimental analysis. The fundamental natural frequency of dragonfly-inspired 

wings is 40 Hz from experiments and 34 Hz from computations. The average flapping frequency of 

a dragonfly wing is 20 to 30 Hz, which is lower than the natural frequency of the present developed 

materials. This may help the bio mimic MAVs for stable flight without resonance. The effect of speckle 

patterns is not considered in the Abaqus simulation. The deforming mode shape is obtained using 

3D-DIC by correlating the images from both high-speed cameras.  Figure 10a,b show the mode 

shapes from simulations and experiments, which produce similar results. It can be observed that the 

wing has a mode shape of a simple bending nature with negligible torsional deformations. The 

bending deformation of the dragonfly wings shows that their flight mechanism is not solely reliant 

on passive bending-twisting interactions. Dragonfly actively controls each of their four wings 

independently, modulating the phase and angle of attack to produce propulsive aerodynamic forces. 

To eliminate the influence of aerodynamic forces on the fabricated wings, the DIC experiment was 

conducted under controlled environmental conditions, maintaining constant temperature, air 

velocity, pressure, and humidity. Notably, there is no significant variation in the natural frequency 

or mode shapes. This observation aligns with the findings of Combes and Daniel [32], who reported 

that aerodynamic forces have minimal impact on the bending deformation pattern of the wing. 
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. 

Figure 10. (a) Mode shape from Abacus, (e) mode shape from DIC experiment. 

The results from the current study are compared not only with previously developed composites 

that are developed for dragonfly-inspired wings but also with the properties of natural wings 

reported in the literature. This comparative analysis is presented in Table 3 

Table 3. Comparative analysis table of the mechanical analysis of wings with previous literature. 

Sl. 

No. 
Matrix Reinforcement 

Tensile 

modulus 

(GPa) 

Tensile 

strength 

(MPa) 

Storage 

Modulus 

at 1Hz 

(GPa) 

Damping 

factor at 

1Hz 

Natural 

Frequency  

(Hz) 

References 

1. Chitosan Wood particle 1.41 48.79 3.17 0.123 40 

Present 

study  

(2.5C_1.5W) 

2. PP 
Carbon 

Nanotubes 
1.31 24 2 0.046 29.4 [66] 

3. PP 

MWCNT–

COOH 

 

1.2 24.5 3 0.1 23.19 [18] 

4. Chitosan 
Nanocrystalline 

cellulose 
1.5 57.2 -- -- -- [67] 

5. 
Natural 

wing 
 1.5 -- -- -- -- [68] 

6. 
Natural 

wing 
 3.75 -- -- -- -- [69] 

7. 
Natural 

wing 
 2.74 -- -- -- -- [70] 

3.2.5. Water Contact Angle Measurements 

Figure 11 shows the contact angle values for composites with varying chitosan (C) and wood 

particle (W) contents, allowing for a detailed analysis of wettability trends. If the contact angle 

exceeds 90°, the surface is classified as hydrophobic, showing water repellence. And if the contact 

angle is below 90°, the surface is considered hydrophilic, indicating wettability behaviour. For both 
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2% and 2.5% chitosan, the contact angle decreases as wood particle content increases. At 0% wood 

(2C_0W and 2.5C_0W), the contact angles are high, about 138° and 140°, indicating the strong 

hydrophobicity nature of the films. With the addition of 0.5% and 1% wood particles, the contact 

angle drops moderately (to around 131° and 127° for 2% chitosan, and 131° and 122° for 2.5% chitosan 

film). A drastic decrease is observed at higher wood contents: at 1.5% wood, the contact angle 

decreases to about 104° (2 °C) and 98° (2.5C °C). At 2% wood (2C_2W and 2.5C_2W), the contact angle 

reaches its lowest values: approximately 88° and 89°, indicating a shift to hydrophilic behaviour 

(contact angle < 90°). The wood particle contains hydrophilic groups (–OH) present in the cellulose, 

hemicellulose, and lignin components of the wood, and due to the presence of these groups, the 

addition of wood particles to chitosan makes the film hydrophilic; moreover, the incorporation of 

wood particles may create micro-gaps or interfacial regions in the chitosan matrix, which facilitate 

water diffusion and absorption, thereby enhancing the hydrophilic character [71,72]. 

 

Figure 11. Contact angle measurements of chitosan (2% and 2.5%) composites. 

3.2.6. Thermogravimetric Analysis 

The thermogravimetric analysis (TGA) has been performed to understand the thermal stability 

and thermal degradation of the developed composite films. Figure 12 (a) and (b) show the 

thermogram and DTG curves of all the fabricated composite and neat films with respect to 

temperature. 2C_0W and 2.5C_0W are the base polymeric materials, and 2C_1.5W and 2.5C_1.5W 

composite samples showed the best mechanical properties compare to the rest of the samples, thus 

TGA was performed on these four samples only. There are three degradation stages have been 

observed for all samples. The first stage of degradation starts from room temperature to 120°C, which 

may be due to the evaporation of the residual solvent, which was mixed with chitosan polymer and, 

moisture, and extractives from the wood particle. The second degradation stage is from 121°C to 

340°C due to the decomposition of a chitosan polymer chain and cellulose, hemicellulose present in 

the wood particle [73]. The third stage of decomposition started at 340-600°C, which may be due to 

the breakdown of carbonaceous, lignin, and highly crystalline cellulose present in the composite [74]. 

The maximum degradation temperature was observed for the 2.5C_1.5W sample with a numeric 

value of 283.72°C. The other mass loss information regarding different composite films has been 
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tabulated in Table 2. The addition of wood particles has been observed to slow down the thermal 

degradation of the film. At elevated temperatures, chitosan releases volatile by-products such as 

acetic acid, ammonia, and water. In comparison, lignocellulosic wood microparticles act as thermal 

barriers and reduce the rate of degradation by restricting the chain mobility of the chitosan poly chain 

mobility [75,76]. 

 

Figure 12. (a) Thermogram and (b) DTG graph for different chitosan composite film. 

Table 2. Mass loss details of the developed composite film. 

Sample name 
Stage-I mass 

loss (%) 

Stage-II mass 

loss (%) 

Stage-III mass 

loss (%) 
MRDT (°C) 

Residual Mass 

(%) 

2C_0W 13.5 44.0 25.7 268.1 35.9 

2C_1.5W 7.7 42.5 19.4 269.4 42.7 

2.5C_0W 11.8 42.8 23.4 270.6 38.5 

2.5C_1.5W 2.6 34.8 25.6 283.7 47.1 

3.2.7. Microscopic Analysis  

The morphological characteristics and microstructure of the fabricated films were examined 

using SEM. Figure 13 presents SEM images of developed composite films with varying 

concentrations of chitosan and wood microparticles. Figures 13a,b correspond to the pure chitosan 

films with concentrations of 2C_0W and 2.5C_0W, respectively. Both micrographs show a smooth 

and homogeneous surface morphology, indicating well-formed polymeric films without wood 

microparticles. 1.5% Wood microparticles reinforced developed composites are presented in Figure 

13c,d. The SEM images show homogeneous dispersion of microparticles within the polymer matrix. 

Significant morphological changes are observed with increased wood particles, as shown in Figures 

13e,f. The images show pronounced agglomeration of wood microparticles, suggesting a threshold 

concentration where particle-particle interactions dominate over the matrix dispersion. Therefore, 

the mechanical properties, including tensile strength, modulus, and dynamic mechanical properties, 

decrease when the reinforcement percentage exceeds 1.5%, as observed in the 2% wood-reinforced 

samples (2C_2W and 2.5C_2W). The observed agglomeration at higher wood concentrations can be 

attributed to increased cohesive interactions between the biomass particles, which lead to an 

inhomogeneous particle distribution. This, in turn, increases stress concentration factors and 

significantly reduces both static and dynamic mechanical properties. 
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Figure 13. SEM image of different developed composite film. 

4. Conclusions 

Chitosan-wood microparticle composites were effectively fabricated using the solution casting 

method for the development of dragonfly-inspired biomimetic flapping wings intended for MAV 

applications. The following conclusions are drawn.  

• Treatment of the wood particles with 5% NaOH solution enhanced their crystallinity, and 

increased their surface roughness, resulted in better mechanical properties of the film.  

•  Developed composite films showed significant enhancement in elastic modulus and tensile 

strength as compared to chitosan films. The sample (2.5C_1.5W) exhibited the highest Young's 

modulus, and the highest tensile strength. 

• The 2.5C_1.5W sample showed the highest storage modulus and lowest damping factor.  

• 2.5C_1.5W sample also showed higher natural frequency(40Hz), than the average flapping 

frequency of a dragonfly wing (20 to 30 Hz).  

• First mode shape of the developed bio-mimetic wings was determined using, DIC method, and 

it was also numerically validated using Abacus software.  
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Finally, our study shows that the bio composite possess strong potential as material for 

fabricating dragonfly-inspired biomimetic flapping wings for Micro Aerial Vehicles. Future studies 

will be aimed towards development of mimicking wings with veins and analysis of their further 

actuation behaviour. In parallel, the bio composite’s biodegradable characteristics make it a 

promising material for sustainable food packaging applications. 
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