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Abstract 
This study investigates the augmentation of the mechanical properties of Polylactic Acid (PLA) filaments by 

incorporating Orange Peel Powder (OPP) as an eco-friendly filler for 3D printing applications. The study delves 

into optimizing the printing parameters to achieve enhanced mechanical characteristics while maintaining 

printability. Various 3D printing process parameters were analyzed systematically to assess their impact on 

tensile strength, flexural strength, and impact resistance. A thorough investigation was conducted to determine 

the impact of layer height, infill density, and printing speed on the overall mechanical properties of the printed 

specimens. The findings demonstrate that adding 25% OPP significantly enhances the mechanical strength of 

the PLA composite without compromising printability, with optimal concentration and printing parameters 

identified. Thermo gravimetric study reveals that the PLA/OPP composite filament has a higher maximum 

thermal degradation temperature of 329 °C, compared to the PLA’s temperature of 316 °C. This research 

contributes to advancing the development of sustainable and mechanically robust materials for additive 

manufacturing, offering insights into the fabrication of PLA-based biodegradable composites tailored for 

specific applications in various industries. 

 

Keywords: Bio-degradable filler, Optimization, Orange peel powder, Polylactic acid, Printing parameters,         
3D printing 

 

1 Introduction 

 

Fused Deposition Modelling (FDM) fabricates 

products by extruding materials through a nozzle and 

joining them to manufacture three-dimensional 

objects [1]. The additive manufacturing industry has 

become increasingly intrigued by polylactic acid 

(PLA) due to its biodegradability, renewability, and 

processing simplicity. Various studies have focused 

on improving its mechanical properties to expand its 

applications  [2]–[4]. Moreover, the work of Saini et 

al., investigated the influence of various techniques, 

such as annealing and blending, on the mechanical 

properties of PLA [5]. They reported that altering 

processing conditions can effectively modify PLA's 

mechanical characteristics, enhancing its suitability 

for diverse applications.  

Numerous investigations have been conducted to 

improve the mechanical properties of 3D printing 

materials by adding reinforcements into polymer 

matrices [6]. Research by Parandoush et al., 

investigated the reinforcement of PLA; the 

incorporation of fibers enhanced the material's tensile 

strength and resistance to impact [7]. New filaments 
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with natural filler reinforcements have been 

extensively studied for their ability to improve the 

strength, stiffness, and thermal properties of polymers 

[8]. For instance, the review conducted by Romani et 

al., focused on incorporating biomass waste materials 

into PLA composites via extrusion-based additive 

manufacturing, where improved mechanical 

properties and thermal stability are achieved [9]. 

Similarly, the utilization of natural fillers and waste 

materials as reinforcements has gained attention due 

to their sustainability and cost-effectiveness. Studies 

by Lohar et al., explored the reinforcement of 

polymers using agricultural waste-derived materials, 

demonstrating promising results in enhancing 

mechanical properties while simultaneously reducing 

environmental impact [10]. 

The process parameters of 3D printing play a vital 

role in the performance of the 3D printed objects. This 

study's chosen parameters include layer height, infill 

density, and printing speed. Layer height refers to the 

thickness of each material layer deposited during the 3D 

printing process. It is a critical parameter that influences 

the resolution, surface finish, and overall quality of the 

printed object. Infill density refers to the amount of 

material used to fill the interior of a 3D-printed object, 

expressed as a percentage. It determines the internal 

structure's strength, weight, and material usage. Printing 

speed refers to the rate at which the print head moves 

while extruding material, usually measured in 

millimeters per second (mm/s). It affects the overall 

print time and the quality of the printed object.  

Optimizing 3D printing parameters is crucial for 

superior mechanical properties and part quality. 

Numerous studies have investigated the influence of 

printing parameters, including layer height, infill 

density, printing speed, and temperature, on the 

mechanical performance of printed parts [11]. For 

example, the work by Croccolo et al., investigated the 

effect of varying printing temperatures on the tensile 

strength and layer adhesion of 3D-printed PLA parts, 

highlighting the importance of temperature control in 

achieving optimal mechanical properties [12]. The 

performance of 3D printing products depends on 

various parameters such as layer height, infill density, 

printing speed, build orientation, raster angle, infill 

pattern, extrusion temperature, and bed Temperature as 

reported in the previous works [13]–[15].  

The effects of using natural fibers, such as silane 

fibers, Nona/Soy fillers, palm fiber, Ceiba petandra 

fiber, timoho fiber and several agro waste natural 

fillers to enhance the mechanical properties, 

printability, and performance of the resulting 

composite filaments were explored earlier which gives 

an idea about the fabrication and testing of the 

composite filament [16]–[22]. This study provides a 

foundational understanding of the existing research 

related to PLA enhancement, reinforcement materials, 

and optimization of 3D printing parameters, setting 

the stage for the manuscript's focus on enhancing PLA 

filament properties by incorporating orange peel 

powder and optimizing printing conditions.  

 

2 Materials and Methods 

 

2.1  Materials 

 

The study utilized several raw materials, including 

polylactic acid (PLA), orange peel powder, and wax. 

The PLA was sourced from Sigma Aldrich Chemicals 

Private Limited in Bengaluru. The orange peel extract 

was obtained from MM Stores, Madurai district, 

Tamil Nadu, India. The extract was initially cleaned 

and soaked in distilled water to prepare the orange peel 

for 24 h. This soaking effectively removed impurities 

and foreign particles from the orange peel extract. The 

extract was then sun-dried for three days to reduce its 

moisture level. Subsequently, it was heated to 80 °C 

in a vacuum air oven for five hours. After the orange 

peel extract had dried, it was pulverized at 350 rpm 

with a mechanical pulverizer for sixty minutes. A 

cooling process was implemented in the pulverization 

chamber at 5-min intervals. This created the 

pulverized orange peel filler, as shown in Figure 1. 

The micrograph of orange peel powder is given in 

Figure 2. 
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Figure 1: Orange peel powder preparation process. 

 
Figure 2: Micrograph of OPP. 

 

 
Figure 3: Fabrication of composite filament. 

 

2.2 Composite filament fabrication 

 

Before the compounding process, the PLA granules 

and orange peel powder were dried at 80 °C for 5 h in 

an oven with air circulation. Subsequently, they were 

combined in their dry state. The dry mixture consisted 

of PLA granules (75 wt.%) and orange peel powder 

(25 wt.), and this mixture was fed into a single screw 

extruder equipped with a blending feed hopper. The 

extrusion process was carried out at a constant speed 

of 20 mm/s. The temperature along the entire 

extrusion path, from the feeding zone to the die, was 

maintained at an average of 160 °C. The extruded 

filament, with a diameter of 1.75 mm (Figure 3), was 

rapidly cooled in a water tank with a temperature 

range of 20–30 °C. Subsequently, it was wound onto 

a spool using a winding mechanism. The diameter of 

the filament prepared is 1.75 mm. 

 

2.3 Particle size analysis 

 

The size of particles significantly impacts the 

efficiency of manufacturing processes and the overall 

quality of the final product. The Malvern Particle Size 

Analyzer Instrument was employed to thoroughly 

analyze the filler's particle dimensions to assess the 

particle size. This analysis yielded results in 

cumulative wt.% distribution and particle size 

distribution frequency percentage. 

 

2.4 Fourier Transform Infrared Spectroscopy (FTIR) 

 

The process of determining the chemical functional 

groups that are inherent in the filaments derived from 

PLA/orange peel powder was accomplished through 

FTIR analysis. FTIR data was collected at room 

temperature using an RXI Perkin Elmer FTIR 

spectrometer, covering the range from 4000 to 500 

cm–1, with a resolution of 4 cm–1. 

 

2.5    X-ray diffraction test (XRD) 

 

X-ray diffraction analysis was performed on filament 

made from PLA and orange peel powder utilizing a 

Bruker D8 X-ray Diffractometer. The generator 

settings were 40 kV and 30 mA, and the X-ray source 

utilized Ni-filtered Cu K radiation. The XRD pattern 

was obtained in reflection mode with a scan rate of 

50/min, covering the range from 0° to 80°. 

The filaments’ Crystallinity Index (CI) was 

calculated using the standard peak height technique as 

indicated in Equation (1). 

 

𝐼𝐶  (%) = (1 −  
𝐼𝑎𝑚

𝐼𝑐𝑝
) × 100                                       (1) 

 

Icp is the intensity of the crystalline peak, and Iam - is 

the intensity of the amorphous peak. 

 

2.6   Thermo Gravimetric Analysis (TGA) 

 

Thermogravimetric analyses of the matrix (PLA) and 

the fillers (AC and OPP) were conducted using a 

Thermogravimetric Analyzer (TA Instrument: 

NETZSCH STA 449F3 STA 449F3A – 1100 –M). To 

assess the thermal stability of the samples, they were 

subjected to a gradual heating process at a rate of         

10 °C/min within the temperature range of 300 °C to 
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550 °C, all while maintaining a dynamic flow of 

nitrogen (50 mL/min). Each test involved approximately 

10.2 mg of the samples placed on an alumina crucible, 

and during this process, weight loss occurred with 

every 100 °C increase in temperature. 

 

2.7   Soil burial test 

 

In accordance with ASTM D5988 guidelines, the Soil 

burial test was carried out. Filaments produced from 

PLA/AC and PLA/OPP were 3D printed with 

dimensions of 40 × 10 × 0.5 mm³ using a FlashForge 

Finder 3D printer. Subsequently, these samples were 

subjected to a 24-h drying process in an oven at 50 °C 

and then measured. To create aerobic conditions 

conducive to decomposition, the container containing 

the soil and samples was exposed to an environment 

with 25 °C temperature and a relative humidity of 

40%–45%. Protective plastic covers were employed to 

shield the pots and prevent moisture loss from the soil. 

Daily, a digital soil analysis meter was employed to 

monitor the soil's relative humidity. The 

biodegradation rate was assessed by tracking changes 

in weight over time since the burial. At intervals of        

5 days, the soil samples were extracted, and after 

removing any remaining soil with distilled water, they 

were subjected to a 24-h conditioning period in a         

50 °C oven. 

 

2.8 Tensile properties 

 

A tensile test is an essential mechanical evaluation 

wherein a meticulously designed specimen is loaded 

under controlled conditions, with the force applied and 

the specimen's extension over a designated distance 

being measured. Tensile properties are typically 

determined through this test, often following an 

ASTM standard procedure. The tensile testing was 

performed using a Deepak Poly Plastic Universal 

Testing Machine with specimens measuring 

100×20×8 mm³, printed on a flat surface by ASTM 

Standard D 3039 [23]. The specimens were prepared 

using a Flash Forge finder 3D printer (Nozzle 

diameter of 0.4 mm, extrusion temperature of 210 °C, 

bed temperature of 45 °C). 

 

2.9    Flexural properties 

 

The flexural test assesses the force required to bend a 

beam under a three-point loading arrangement. This 

data is often employed to select materials for 

components that need to withstand loads without 

bending. The flexural modulus of a material reflects 

its stiffness when subjected to flexural stress. The 

flexural test followed ASTM Standard D 7264 using a 

Deepak Poly Plastic Universal Testing Machine with 

a three-point loading setup, using specimens 

measuring 220 × 20 × 10 mm³. 

 

2.10  Impact properties 

 

The impact test determines the amount of energy a 

material can absorb during fracture. The energy 

absorbed measures the material's durability and is a 

crucial tool for studying temperature-related shifts 

between brittleness and ductility. The primary 

objective is determining whether the material 

demonstrates brittle or ductile behavior. The Charpy 

impact test was performed using a Deepak Poly Plastic 

digital pendulum impact tester, following the ASTM 

Standard D 256 guidelines. 

 

2.11 Specimen preparation 

 

The specimens for conducting tensile, flexural, and 

impact tests were generated utilizing a FlashForge 

Finder 3D printer. These were printed by adjusting the 

printing parameters outlined in Tables 1 and 2, with a 

nozzle diameter of 0.4 mm, an extrusion temperature 

of 210 °C, and a bed temperature of 45 °C [24]. 

 

Table 1: Levels of input parameters. 
Particulars Level I Level II Level III 

Layer height (mm) 0.08 0.16 0.24 

Infill density (%) 60 80 100 
Printing speed (mm/s) 50 70 90 

 

Table 2: Specimen details. 
Sample 

No. 

Layer Height 

(mm) 

Infill 

Percentage (%) 

Print Speed 

(mm/s) 

1 0.08 60 50 

2 0.08 80 70 

3 0.08 100 90 
4 0.16 60 70 

5 0.16 80 90 

6 0.16 100 50 
7 0.24 60 90 

8 0.24 80 50 

9 0.24 100 70 

 

3 Results and Discussions 

 

The main objective of this study is to disclose the 

outcomes of experiments carried out on 3D printing 

filaments made from PLA and orange peel powder. In 

line with prior research cited in the literature review, 

the concentration of fillers in the PLA matrix has been 
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fixed at 25wt%. This section explains the effects of 

natural filler concentration on various properties of the 

PLA matrix, including physicochemical, mechanical, 

thermal, fracture morphology, and soil biodegradation 

characteristics. The experimental findings are 

presented through micrographs, charts, images, and 

tables, categorizing each PLA-based 3D printing 

filament type. 

 

3.1 Particle size analysis of fillers 

 

A particle size analyzer was employed to assess the 

particle dimensions of the natural fillers [25]. It is 

important to note that the particle size of these fillers 

within the polymer matrix exerts a substantial 

influence on the filaments' mechanical, physical, and 

thermal characteristics, as emphasized in the work by 

Ghabezi et al., [26]. Figure 3 illustrates the particle 

size characteristics of orange peel powder (OPP). This 

data emphasizes that the OPP exhibits a particle size 

below 20 µm, with an average particle size of 9 µm, 

as depicted in Figure 4. This is visually depicted in 

Figure 4, underscoring the finely refined nature of the 

orange peel powder. This dimensionality information 

regarding the OPP is pivotal, demonstrating its fine 

particle size distribution and emphasizing its potential 

impact on the overall properties of the composite 

material. 

 

 
Figure 4: Average particle size of OPP fillers. 

 

 

3.2 Chemical composition analysis of OPP filler 

 

The process established by Kurshner and Hoffer was 

followed to calculate the quantity of cellulose in the 

OPP. The hemicellulose content in the OPP was 

calculated based on the protocol suggested in the NFT 

12-008 standard. The step-by-step guidelines in the 

APPITA P11s-78 standard were followed to finalize 

the lignin content in OPP. The thermal decomposition 

characteristics, mechanical properties, and overall 

durability of composite materials are entirely 

determined by the chemical composition of the infill 

material. The source of the plant significantly 

influences the chemical composition of plant-based 

fillers. In the case of OPP, its composition includes 

approximately 69.23 wt% cellulose, 19.28 wt% lignin, 

9.23 wt% hemicellulose, and a minor content of 0.19 

wt% wax. Furthermore, the filler contains 

approximately 0.0502 wt% ash. 

 

3.3   FTIR analysis 

 

The FTIR spectra of the PLA matrix and the OPP filler 

exhibited broader peaks when measured at equivalent 

wavelengths. These peaks observed at 3669 cm–1 and 

3560 cm–1 are attributed to the hydroxyl (-OH) group 

in the OPP filler and the PLA group, respectively. The 

overlapping peaks at 1618 cm–1 and 1748 cm–1 

indicate that the carboxyl (C=O) group of 

hemicellulose plays a role in preventing the autolysis 

of the acetyl group. In the case of PLA, additional 

groups were observed at 1544 cm–1, corresponding to 

the (-CO of carbonate) [27]. These hydroxyl and 

carbonyl groups contribute to the compatibility 

between the matrix and reinforcement and facilitate 

hydrogen bonding. As illustrated in Figure 5, it is 

noteworthy that the filament manufacturing process 

does not produce any new chemical by-products. The 

PLA/OPP filament spectra appeared to flatten, 

probably due to interactions between the polar groups 

on the OPP infill and the hydroxyl group of PLA. 
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Figure 5: FTIR spectra for PLA, OPP, and PLA/OPP. 

 

 
Figure 6: X-Ray diffractograms of PLA, OPP, and 

PLA/OPP. 

 

 
(a) 

 
(b) 

Figure 7: TGA results of PLA, OPP, PLA/OPP 

filament (a) Primary thermogram and (b) Derivative 

thermograms. 

3.4 X-ray diffraction analysis 

 

X-ray diffraction is a technique utilized to determine 

the compatibility and dispersion of a natural substance 

and polymer matrix and to analyze the presence of 

amorphous and crystalline phases in films [28]. Figure 6 

shows the X-ray diffraction patterns of OPP, PLA, and 

their composite. The crystallinity index of the OPP 

was determined to be 69.85%. A higher crystallinity 

index is associated with enhanced tensile strength in 

filaments. In contrast, PLA displays a prominent peak 

at 2θ = 19.60°, indicating lower crystallinity. 

Conversely, the composite filament exhibits a 

more distinct peak at 2θ = 23.65° compared to the PLA 

filament, signifying a higher degree of crystallinity in 

the PLA/OPP filament. The PLA/OPP composite 

displays a crystallinity index of 66.11%, surpassing 

the pure PLA value of 47.23%. This clear indication 

of high crystallinity in the filaments significantly 

impacts their thermal stability and mechanical 

strength. 

 

3.5 Thermogravimetric analysis 

 

To investigate the thermal stability of PLA, orange 

peel filler, and PLA/OPP, thermal gravimetric 

analysis (TGA) was conducted. Figure 7 present the 

TGA and DTG curves for PLA, OPP, and PLA/OPP. 

The primary thermograms (TGA) of the PLA/OPP 

filament reveal the weight loss of the films with 

increasing temperature, while the derivative 

thermograms (DTG) provide information about the 

degradation temperature at each stage. Due to its 
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lignocellulosic nature, the orange peel filler exhibited a 

gradual degradation process and withstood higher 

temperatures than the PLA matrix [29]. Notably, the 

maximum degradation temperatures for the PLA and 

PLA/OPP filaments were determined to be 316 °C and 

329 °C, respectively. 

Figure 7 illustrates that the increased thermal 

stability of the orange peel filler elevated the 

maximum degradation temperatures of PLA from 

316°C to 329 °C in the case of PLA/OPP filaments. 

The observed enhancement may be related to the 

chemical interaction and interfacial bonding between 

PLA and OPP. Since OPP possesses greater thermal 

stability than PLA, its reinforcement with PLA has 

enhanced the filaments' thermal stability. 

 

 
Figure 8: Weight loss (%) due to soil degradation for 

PLA/OPP. 

 

 
(a) 

 
(b) 

Figure 9: Tensile properties of PLA/OPP as (a) 

indicates the tensile strength and (b) indicates the 

tensile modulus of the composite filaments. 

3.6 Soil biodegradation test 

 

Figure 8 illustrates how the weight loss of controlled 

PLA and PLA/OPP composites containing 25% OPP 

evolved as they underwent degradation in the soil. 

Within 30 days, the presence of OPP in the composite 

accelerated the rate at which the PLA/OPP specimen 

decomposed in the soil. This heightened 

decomposition rate in the presence of the natural filler 

OPP can be attributed to enzyme oxidation, effectively 

expediting the degradation of the PLA/OPP filament. 

Notably, approximately 34% of the weight of the 

PLA/OPP specimen was lost during this process. It is 

crucial to incorporate the natural infill component, 

OPP, into the PLA matrix to facilitate composites' 

organic decomposition. The matrix and the OPP filler 

exhibit water resistance, with the OPP filler being 

more crystalline than the PLA counterpart. This 

increased crystallinity, along with the formation of 

hydroxyl groups and hydrogen bonds between PLA 

and OPP, facilitates the penetration of soil vapor 

particles into the filament, expediting its degradation. 

After 30 days, the PLA/OPP composite in the soil had 

lost 34% of its initial weight, providing clear evidence 

of its biodegradability. 

 

3.7 Tensile properties 

 

The tensile testing of PLA/OPP was conducted using 

a tensile testing machine, and the outcomes are 

depicted in Figure 9. The tensile strength of the 

composite filament exhibits gradual variations based 
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on printing parameters such as layer height, infill 

density, and printing speed. The maximum tensile 

strength achieved by PLA/OPP amounts to 29.67 

MPa. This remarkable tensile performance is 

attributed to the effective bonding between OPP and 

PLA molecules and the efficient transfer of stress 

between the PLA matrix and the filler material [30]. 

The figures illustrate that the sample printed with a 

layer thickness of 0.16 mm, an infill density of 100%, 

and a printing speed of 50 mm/s demonstrates the 

highest tensile strength, primarily due to its superior 

mechanical properties. Similarly, the maximum tensile 

modulus, which reached 4.69 GPa, was observed in 

this same sample, whereas the minimum tensile 

modulus of 3.72 GPa was recorded for a sample with 

a layer thickness of 0.08 mm, 100% infill density, and 

a printing speed of 90 mm/s. This variation could be 

attributed to reduced adhesion between layers when 

printing at higher speeds. 

 

 
(a) 

 
(b) 

Figure 10: Flexural properties of PLA/OPP as (a) 

indicates the flexural strength and (b) indicates the 

flexural modulus of the composite filaments. 

 

 
Figure 11: Impact strength of PLA/OPP. 

 

3.8 Flexural properties 

 

Flexural strength is crucial in determining the 

composite's ability to withstand bending loads. The 

flexural test results for PLA/OPP are depicted in 

Figure 10. It is crucial to acknowledge that the 

outcomes in the figures were obtained using the same 

printing settings as those established for the tensile 

testing. Similar variations can be observed in the 

composite material's flexural strength and tensile 

strength. The highest flexural strength observed in the 

PLA/OPP composite specimen reached 43.94 MPa. 

Notably, the sample printed with the same settings as 

the one achieving the highest tensile modulus 

displayed a maximum flexural modulus of 4.56 GPa. 

In contrast, the sample printed with a layer thickness 

of 0.08 mm, a 100% infill density, and a printing speed 

of 90 mm/s demonstrated a minimum flexural 

modulus of 3.39 GPa. 

 

3.9 Impact properties 

 

Impact strength reflects the ability of the composite 

filament to withstand sudden loads and determine how 

it breaks under such conditions. Figure 11, illustrates 

the impact strength of the PLA/OPP composite 

filament. The results presented in the figure were 

obtained using the same printing parameters as those 

applied in the tensile test. Notably, the sample printed 

with the identical settings as the one attaining the 
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highest tensile strength exhibited a maximum impact 

strength of 16.679 kJ/m2. In comparison, the lowest 

recorded impact strength was 14.7786 kJ/m2. 

 

4 Conclusions 

 

A composite filament was produced by employing a 

single screw extruder, utilizing PLA and OPP. FTIR 

analysis shows that both PLA and OPP exhibit 

hydrophilic characteristics, primarily attributed to the 

shared presence of the -OH band in common peaks. 

The utilization of OPP in the PLA matrix has led to a 

gradual reduction in the intensity of this peak. 

Notably, in the PLA/OPP filament, the presence of 

high-intensity peaks is not distinctly observed, 

indicating a high level of compatibility between PLA 

and OPP. XRD analyses determined that the 

Crystallinity Index (CI) of the PLA/OPP filament, 

with a 25wt% content of OPP, reached 66.11%. The 

XRD examination also unveiled that the PLA/OPP 

filament exhibits a semi-crystalline structure, which 

can be attributed to the coexistence of amorphous PLA 

and crystalline orange peel filler within the material. 

Incorporating the OPP filler into PLA enhanced 

the filament’s thermal stability, and specifically, the 

PLA/OPP filament with a 25% OPP content 

demonstrated the highest stability at elevated 

temperatures, notably at 324 °C. The soil 

biodegradation test revealed a reduction of 34% in the 

material’s weight within 30 days. This significantly 

accelerates the rate of PLA degradation under 

identical environmental conditions. The highest 

recorded tensile strength and tensile modulus were 

29.67 MPa and 4.69 GPa, respectively. Likewise, the 

sample featuring a layer thickness of 0.16 mm, a 100% 

infill density, and a printing speed of 50 mm/s 

exhibited the maximum flexural strength and 

modulus, determined to be 43.94 MPa and 4.56 GPa, 

respectively. In the future, there is the possibility to 

Investigate the effect of materials with shape memory 

properties (such as thylene-vinyl acetate, 

polytetrafluoroethylene, etc.) on incorporation with 

PLA and utilize the materials for 4D printing. 
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