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Abstract: Sustainable manufacturing practices are becoming increasingly necessary due to the growing 
concerns regarding climate change and resource scarcity. Consequently, material recycling technologies have 
gradually become preferred over conventional processes. This study aimed to recycle waste polylactic acid 
(PLA) from household-disposed cups and lids to create 3D-printed parts and promote sustainable 
manufacturing practices. To achieve this, the current study utilised virgin and post-consumer PLA (sourced 
from household waste) blends. The PC-PLA wastes were shredded and sorted by size with the aid of a washing 
step, resulting in a filament with a 1.70 ± 0.5 mm diameter without fragmentation or dissolution. A 50:50 wt.% 
blend of virgin PLA (vPLA) and PC-PLA was selected as the standard recycling percentage based on previous 
research and resource conservation goals. The study investigated the impact of three 3D printing parameters 
(layer height (LH), infill density (I), and nozzle temperature (NT))on the quality of 3D-printed parts using a 
three-level L9 Taguchi orthogonal array. The findings revealed that blending PC-PLA with vPLA led to 
significant improvements in the tensile, flexural, and impact strengths by 18.40%, 8%, and 9.15%, respectively, 
compared to those of recycled PLA. This conclusion was supported by the investigation of the fracture surface 
area, which revealed fractographic features associated with printing parameters, such as plastic deformation 
and interfilament debonding. An ANOVA analysis revealed a positive influence of larger layer height and high 
nozzle temperature on the mechanical properties. Subsequently, the optimal printing parameters (LH: 0.3 mm, 
I: 100%, and NT: 215 °C) were determined using the S/N ratio, and a confirmation test using the optimum 
printing parameters exhibited a strong correlation with statistically predicted outcomes. Finally, the study used 
optimum printing parameters to fabricate 100% post-consumer recycled PLA 3D printed parts, demonstrating 
their potential for low-strength applications. Based on these findings, it can be concluded that virgin and post-
consumer recycled PLA blended filament for fabricating 3D printed components is an effective way to support 
plastic recycling in the context of a circular economy. 

Keywords: additive manufacturing; post-consumer PLA (PC-PLA) waste; blended filament; 
mechanical properties; circular economy 

 

1. Introduction 

Plastics, whilst commonly utilised in human life, have been identified as long-lasting pollutants 
in the environment [1]. Plastics are utilised in several aspects of life, such as clothes, electronics, toys, 
healthcare supplies, and food packaging [2]. The widespread use of plastics has led to their presence 
not only on Mount Everest but also at depths in the ocean. In 2022, the worldwide plastic production 
reached approximately 400 million tons [3]. A significant share of crude oil is used to produce this 
plastic. The majority of current polymer and plastic materials are derived from non-renewable 
petrochemical resources. However, this is not a sustainable solution in the long term, as these non-
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renewable resources will eventually be depleted. The continued increase in plastic production will 
increase the scarcity of fossil fuels, which will affect the economy and human livelihoods. The 
growing number of plastic products has had a profound impact on the environment, particularly in 
terms of pollution. The manufacturing process and disposal of plastic materials through incineration 
release greenhouse gases, contributing to global warming [4]. The decomposition of plastics in 
landfills takes 10-450 years, and this prolonged process contributes significantly to water and 
environmental pollution [5,6]. Furthermore, the production and disposal of plastics consumes a 
considerable amount of energy [6]. 

Proper management of plastic waste in daily life is crucial for environmental conservation and 
the ecological well-being of future generations. Reusing plastic products and recycling them into new 
items can significantly contribute to achieving a circular economy [7]. Sustainable engineering 
strategies that have been considered to date include industrial symbiosis, remanufacturing, design 
for the environment, life cycle engineering, green engineering, and cleaner production with a focus 
on sustainable consumption and production [8,9]. Under these circumstances, post-consumer plastic 
waste has drawn considerable attention from researchers, governments, and industries. Therefore, 
recycling post-consumer waste could play a significant role in enhancing the efficiency of natural 
resource utilisation and mitigating the detrimental environmental impact of plastics [10–12]. 

Various methods have been used to recycle plastic waste with an aim to decrease greenhouse 
gas (GHG) emissions, enhance waste management, minimise the reliance on fossil fuels, and to 
protect the bio-geo-physical environment. These processes include bioconversion [13], dissolution 
recycling, injection moulding [14], mechanical recycling [15], additive manufacturing (3D printing) 
[16], and other similar methods. These solutions have significantly enhanced the ability to manage 
plastic waste to help achieve a viable and environment-friendly future [1]. 

Among the aforementioned technologies, 3D printing has gained widespread acceptance as the 
optimal solution for eco-efficiently producing functional components in a wide range of industries, 
including unmanned aerial vehicles (UAVs), aerospace, civil engineering, agriculture, bioprinting, 
biomedical engineering, biomedicine, membrane technology, multi-material components, metal 
matrix composites, and food production [17,18]. Consequently, the use of recycled polymers in 
additive manufacturing (AM) has been identified as a potential solution to extend the lifespan of 
plastic items [7]. Many additive manufacturing techniques have been developed, and the most 
popular method is fused deposition modelling (FDM) additive technology. This involves continuous 
feeding of a thermoplastic filament into the printer, heating it until it melts, extruding the material 
through a heated nozzle, and depositing it on a printing platform [19]. 

Recently, acrylonitrile butadiene styrene (ABS), polylactic acid (PLA), polyethylene 
terephthalate (PET) and polycarbonate (PC) have emerged as the most commonly used polymer 
materials for FDM [20,21]. Among these, PLA has gained widespread prominence due to its 
biodegradable nature, utilisation of renewable resources, and significantly reduced greenhouse gas 
emissions [22,23]. Specifically, PLA production requires 65% less energy and generates 68% fewer 
greenhouse gases than for traditional plastics. Moreover, it is a highly recyclable thermoplastic that 
contains no toxins [24]. Therefore, it is considered a potential candidate for replacing traditional 
plastics [23]. Consequently, the global production capacity of PLA has reached approximately 677,000 
metric tons by 2023, reflecting its growing popularity as a sustainable alternative to conventional oil-
based plastics [25]. The rising demand for PLA is largely attributed to the growing awareness of 
environmental issues and the dwindling reserves of crude oil, leading various industrial sectors to 
consider PLA as a sustainable alternative. Consequently, the amount of PLA in conventional post-
consumer plastic waste streams is expected to increase [25]. Despite its biodegradable nature, PLA 
does have some adverse environmental consequences. PLA takes several years to degrade in the 
environment (between 3-5 years) presenting a challenge for its appropriate disposal [12,26]. PLA that 
is made from corn and sugarcane can cause "food vs filament" issue as it not only creates pressure on 
cultivable land but could affect food scarcity unless this biobased filament is recycled. In addition, 
the weaknesses of pure PLA polymers including poor mechanical strength, brittleness, low ductility, 
poor thermal stability, and a narrow processing window, have limited its application [27]. 
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Some of these weaknesses can be overcome by selecting optimum printing parameters to obtain 
the required mechanical properties [28,29]. This is important as the growing market volume of PLA 
has prompted ongoing efforts to reprocess and recycle post-consumer PLA. Beltran et al. [30] 
observed a minor influence of mechanical recycling on the thermal, structural, and mechanical 
properties of PLA, indicating the reusing capability of recycled PLA in low value-added applications 
such as packaging. However, the repeated extrusion cycling of virgin PLA could steadily increase the 
melt flow rate (MFR) of the reprocessed samples, resulting in a decrease in the tensile and impact 
strengths [31]. Similarly, Pillin et al. [32] found a notable reduction in tensile strength upon repeated 
injection moulding of PLA. In addition, Zhao et al. [33] examined the recyclability of PLA in 3D 
printing and observed significant deterioration in polymer properties and viscosity after just two 
reprocessing cycles. 

Therefore, blending recycled plastics with virgin plastics could be one of the most 
straightforward approaches to recover the properties of recycled polymers [29]. This initiative will 
not only reduce plastic waste, but also save fossil fuels for future generations by reducing the 
conversion of petroleum products to produce virgin plastic [1,8,21]. The strength of the filament 
decreased with an increase in the recycled material [34,35], but Bergaliyeva et al. [36] found that the 
blend specimens strength increased with an increase in the recycled content. However, these studies 
did not analyse the impact of the process parameters on blend-printed specimens. Therefore, a 
detailed study of post-consumer PLA (PC-PLA) is necessary to fill this research gap. 

The preparation of blend filaments is a fundamental step in FDM 3D printing. However, the 
fabrication of blend materials often requires adjustment of various process parameters to ensure high 
accuracy in the final printed products. The quality and processability of the fabricated filaments are 
largely influenced by extrusion parameters, such as the screw speed (RPM) and extrusion 
temperature [36]. These extruder parameters are experimentally fine-tuned and may vary 
accordingly. In addition, design of experiments (DoE) has been commonly used to optimise the 
process parameters in FDM and enhance one or more physical properties [37–40]. Studies in this field 
commonly employ the Taguchi method to optimise process parameters, identify key influencing 
factors, and conduct experiments and analyses accordingly. Using this method, researchers have 
been able to obtain the desired performance through an optimal combination of factors, 
demonstrating the reliability and maturity of this approach [27]. 

The existing literature has primarily focused on a restricted range of production orientations, 
thereby limiting the understanding of the anisotropic behaviour of fabricated parts. Furthermore, 
these investigations have offered limited insight into understanding the degradation behaviour and 
inherent modification of material properties that occur during the selection of a material for part 
manufacturing. Therefore, a detailed study on the implementation of blended PLA filaments in 3D 
printing is necessary. This study aimed to bridge the existing gap by using post-consumer recycled 
PLA (PC-PLA), focusing on the incorporation of virgin PLA (vPLA) into PC-PLA. The resulting 
physical and mechanical characteristics of 3D printed components at various printing temperatures 
were carefully determined. It is noteworthy that relatively few investigations have been carried out 
regarding the effects of printing temperature on the 3D printability of vPLA/PC-PLA blends. This 
study, however, aimed to contribute to the existing body of knowledge by examining the effects of 
printing temperature on the quality of 3D printed parts produced using 50:50 wt.% blend of 100% 
virgin commercial PLA pellets and PC-PLA waste. This research provides in-depth information on 
material fabrication and characterisation, which will offer additional knowledge for the 
manufacturing of blended PLA filaments. 

2. Materials and Methods 

A systematic approach was employed to manufacture eco-friendly 3D printed components from 
post-consumer recycled polylactic acid, as depicted in Figure 1. This method was implemented to 
achieve sustainable 3D printing practices by minimising plastic waste and promoting the use of 
environmentally friendly materials. The detailed methodology employed for the production of the 
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PC-PLA filament included material selection for filament extrusion, printing parameter selection, 
mechanical property testing, and optimisation of process parameters. 

 

Figure 1. Flow chart of the research methodology. 

2.1. Preparation of Raw Materials 

Material selection is a critical aspect of fused deposition modelling. This process involves the 
identification of plastic waste that can be utilised as 3D printing filaments, which requires the 
selection of specific types of plastic as a source material. Plastic waste can be classified into various 
categories based on their properties, such as thermoplastics and thermosetting plastics.[41]. The aim 
of this study is to fabricate low-cost blended filaments; therefore, post-consumer PLA and virgin PLA 
plastics were selected. Commercially available virgin PLA pellets from AURARUM (Victoria, 
Australia) with a 1.24 g/cm3 density and a printing temperature of 200-230 °C were used as the 
primary PLA. Waste cups and lids made from PLA plastic were chosen because they are one of the 
most readily available types of waste. Post-consumer PLA waste was collected from household 
waste, then washed to remove any visible contaminants, and then dried by exposure to sunlight. 
Once the waste had been dried, it was cut into pieces that were not larger than 4 mm (between 2 mm 
and 4 mm) to facilitate its conversion into the intended form and dimensions for the subsequent stage 
of the procedure. It is essential to cut the waste into smaller pieces for the overall success of the 
process, which allows the efficient utilisation of recycled plastic in the production of 3D printing 
filaments [41]. Furthermore, they were then dried in two steps: first in an open atmosphere under hot 
sunlight (atmospheric temperature 30°C and humidity 50%) for one day, and then in a hot air oven 
at 80 °C for 12 h [42,43]. The samples were then stored in a sealed container containing silica gel to 
avoid moisture adsorption. The processing of the PLA waste used in this study is shown in Figure 2. 

 

Figure 2. Processing of household post-consumer PLA waste. 
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2.2. Filament Extrusion 

The next step in the process involved the conversion of PC-PLA and vPLA into 3D printing 
filaments. Following the preparation of the plastic raw materials, the vPLA pellets were manually 
combined with PC-PLA in an appropriate weight ratio (50:50 wt.%) to create a blend (Figure 3). The 
mixture was subsequently dried in a hot air oven at 80 °C for 4h to eliminate moisture content and 
prepare it for extrusion [42,43]. The materials were then fed into an extruder (Figure 4). The present 
research employed a commercial filament-manufacturing system, namely FilaBot EX6, to produce 
blend filaments through three main procedures, namely filament extrusion, filament/winding path, 
and spooling. A pellet feeding hopper, four heating units for separate heating zones, and a motor-
driven screw passage characterise the extruder. The material is uniformly heated and sufficiently 
fluidised for extrusion by means of the four heating units. The extruded material is cooled using fans 
operating at a steady speed throughout the winding path. A driving wheel and spool holder are the 
two main components of the spooler. The detailed steps for plastic recycling followed in this study 
are as follows: the initial step involved setting the temperature of each heating zone to a certain target 
value and feeding vPLA:PC-PLA into the hopper. Secondly, the hot material (filament) was extruded 
along the winding path and cooled using fans. Thirdly, the extruded material was wound onto a 
spooler holder at a constant pace to maintain uniform filament quality (Figure 3) [44,45].  

 

Figure 3. Flowchart of post-consumer PLA filament production. 

In this research, the optimal parameters for extrusion were identified through a series of trial-
and-error experiments and past studies. The Filabot EX6 configuration for producing the blend 
filament was assembled in a straight line. The temperature settings for each heating unit were set at 
40 °C, 175 °C, 180 °C, and 175 °C to ensure that the material inside the extruder barrel was properly 
heated and melted and then forced through a 1.75 mm diameter nozzle. The extruder motor and 
spooling speed were then manually adjusted to achieve an extruded filament diameter in the range 
of 1.65 to 1.75 mm. Once the filament was extruded from the nozzle, it was directed towards the air 
path, where the speed of the fan was set at 65 rpm. The filament was carefully wound onto the spool 
by adjusting the winder speed in accordance with the extrusion speed to ensure that it was securely 
and uniformly wound, preventing the formation of knots or tangles that could compromise its 
quality. After the winding process was completed and the spool was filled, the filament was stored 
and prepared for use in 3D printing. The resulting filament exhibited a consistent diameter and was 
suitable for use in 3D printers. The process flow for producing the vPLA:PC-PLA (50:50) blend 
filament is shown in Figure 4.  
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Figure 4. Illustration of the process followed for blend filament production. 

2.3. FDM Printing of Specimens 

The specimens were fabricated through the FDM method to determine the mechanical 
properties. To fabricate high-quality samples, this study followed the printing parameter selection 
criteria proposed by Hasan et al. [46]. In this context, three different layer heights (LH) (0.1 mm, 0.2 
mm and 0.3 mm), infill percentages (I) (60%, 80%, and 100%) and nozzle temperatures (NT) (195 °C, 
205 °C and 215 °C) were determined. The Taguchi L9 orthogonal array (OA) experimental design was 
used to print the test samples (Table 1). Table 2 lists the parameters for 3D printing that were 
employed in this investigation. 

Following the Taguchi table, the samples were manufactured using a MakerBot Replicator 2X 
3D printer. The 3D printer was equipped with a 0.4 mm nozzle diameter and used MakerBot desktop 
software. The test samples were created using SolidWorks software, which was subsequently 
transformed into a standard tessellation language (STL) file format that is compatible with the 3D 
printer slicing process. The MakerBot desktop slicing program was used to convert the solid models 
of the samples into Geometric Code (G-code) files, which were then used to print the 3D 
specimens/samples. 

Table 1. Experimental layout based on Taguchi L9 OA design. 

Experimental run 
Coded matrix Un-coded matrix 
A B C Layer height (mm) Infill (%) Nozzle temperature (℃) 

1 1 1 1 0.1 60 195 
2 1 2 2 0.1 80 205 
3 1 3 3 0.1 100 215 
4 2 1 2 0.2 60 205 
5 2 2 3 0.2 80 215 
6 2 3 1 0.2 100 195 
7 3 1 3 0.3 60 215 
8 3 2 1 0.3 80 195 
9 3 3 2 0.3 100 205 

Table 2. Fixed printing parameters and their corresponding values. 

Parameter Specific parameter Values (constant) 
Layer Shell thickness 2 mm 

Extruder Extrusion width 0.4 mm 
 Retraction speed 40 mm/s 
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Infill Infill pattern            Rectilinear 
Speed Printing speed          50 mm/s 

 Infill speed 50 mm/s 
Support Support structure None 

 Platform addition None 
Temperature Heat bed temperature  45℃ 

2.4. Mechanical Testing and Material Characterisation 

The mechanical properties of the 3D printed specimens were determined using tensile, three-
point bending (flexural), impact, and hardness tests. The tests were conducted in accordance with 
ASTM standards [47–51]. Consequently, a total of 45 specimens were printed for each mechanical test 
(tensile, three-point bending, and impact), with five samples produced for each experimental run in 
each of the three tests. In addition, 27 samples were prepared for the hardness testing. 

Tensile tests were performed using a Shimadzu Autograph AGS-X universal testing system with 
a load cell capacity of 50 kN. As depicted in Figure 5a, a dog-bone-shaped Type IV 3D-printed 
specimen with 115 mm × 19 mm × 3.2 mm dimensions was tested following the ASTM-D638-22 [47] 
standard. The specimens were subjected to a crosshead loading speed of 5 mm/min until fracture 
occurred. Additionally, a 3-point bending setup was utilised on a Shimadzu Autograph AGS-X 
universal testing machine with a 10 kN load cell capacity to test 3D printed strip-like samples 
(127 mm × 12.7 mm × 3.2 mm) in accordance with the ASTM-D790-17 [48] standard (Figure 5b). The 
samples were examined at a testing speed of 3 mm/min and a support span of 51.2 mm. To calculate 
the tensile and flexural properties, the steps described by the author Hasan et al. [46] were followed. 
The tests for each experimental run were repeated for a minimum of five times, and the test results 
were presented as the mean value with standard deviation (SD). 

  

(a) (b) 

Figure 5. Schematic of (a) tensile and (b) flexural test specimens [46]. 

Charpy impact testing was conducted utilising a Zwick 5102 (model D-7900) impact tester fitted 
with a 6.5 J hammer. The specimens for the examination were fabricated following the ASTM-D6110-
18 [49] standard, with measurements of 127 mm × 12.7 mm × 6.2 mm, and notched at a 45° angle, as 
illustrated in Figure 6a. The hardness of the samples was assessed using a Sauter HBD 100-0 Shore D 
hardness testing device according to the ASTM-D2240-15 [50] standard using 40 mm × 40 mm ×
8 mm dimension (Figure 6b). The average data, including the standard deviations, were computed 
using the testing outcomes of a minimum of five samples for each material batch to assess the 
reproducibility of the tests. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 22 March 2024                   doi:10.20944/preprints202403.1297.v1



 8 

 

  
(a) (b) 

Figure 6. Schematic of (a) impact and (b) hardness test specimens [46]. 

The impact of the printing parameters on surface roughness was investigated using a Mitutoyo 
SJ-210 surface roughness tester. The roughness of the largest surface of the tensile specimens was 
measured following the ASTM-D7127-17 [51]. The arithmetic mean roughness (Ra) and root mean 
square roughness (Rq) were assessed quantitatively at the micrometer (μm) scale. The measurements 
were obtained from five selected locations across the samples (Figure 7), and the mean value with the 
standard deviation of five measurements was tabulated.  

 

Figure 7. Surface roughness measurement on the selected five-point of the top surface of tensile 
specimens [46]. 

Fractographic analysis of the fractured cross-sectional structures of the investigated materials 
was performed using a Pro-MicroScan microscope fitted with an eyepiece camera from Oplenic 
Corporation, China. The samples were prepared for analysis according to the procedure described 
by Hasan et al. [46]. Following the examination, all the test samples were stored in plastic zip bags. 

2.5. Optimisation of Process Parameters 

The Taguchi method is a well-established approach for analysing quality characteristics in the 
context of signal-to-noise ratio (S/N). By examining the S/N ratio, researchers can identify the effective 
process parameters that influence the results and determine the optimal sets for achieving desired 
outcomes [52]. The S/N ratio can be assessed in terms of three categories: smaller-the-better, larger-
the-better, and nominal-is-best [53,54]. In this study, the mechanical properties were evaluated using 
the "larger-the-better" whereas "smaller-the-better" was used to evaluate surface roughness. 

To further refine the analysis, a statistical Analysis of Variance (ANOVA) was conducted to 
measure the relative importance of quality attributes. A factor is considered statistically significant if 
the probability value (p-value) is lower than the predetermined significance level (α) [55]. F-value 
and percentage contribution were used to represent the relative significance of the factors [52,56,57]. 
The F-value or percentage contribution is used to quantify the relative importance of these factors. A 
larger F-value indicates more significant variation in the process parameters, or when the p-value is 
less than 0.05, the factor is more significant [53,57]. 

2.6. DoE Confirmation Test 

Once the optimum levels of printing parameters were determined, the final step involved the 
theoretical prediction and experimental confirmation of these parameters. The results obtained are 
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then compared to evaluate the enhancement in the quality characteristics achieved by employing the 
optimal printing parameters [58]. This comparison aids in evaluating the consistency between the 
predicted and observed parameters. It is expected that there should be a reasonable agreement of ± 
5% (95% confidence interval) between the predicted values and the results confirmed through 
experiments [58]. 

The predicted S/N ratio and confidence interval (CI) can be determined using Equations (1) and 
(2) [58]. 

𝑆𝑆/𝑁𝑁𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 =  𝑆𝑆/𝑁𝑁������ + �(𝑆𝑆 𝑁𝑁⁄ 𝑘𝑘
������� − 𝑆𝑆 𝑁𝑁⁄������)

𝑘𝑘

𝑗𝑗=1

 (1) 

where 𝑆𝑆/𝑁𝑁������  represents the overall mean of all S/N ratios, 𝑆𝑆 𝑁𝑁⁄ 𝑘𝑘
�������  denotes the average S/N ratio 

derived from the determined significant factors at the optimum level, and 𝑘𝑘 represents the chosen 
factor.  

𝐶𝐶𝐶𝐶𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 =  �𝐹𝐹(𝛼𝛼,𝜗𝜗1,𝜗𝜗2)𝑉𝑉𝑒𝑒 × �
1
𝑁𝑁𝑒𝑒
� (2) 

where 𝐹𝐹𝛼𝛼,𝜗𝜗1,𝜗𝜗2  represents the 𝐹𝐹-ratio obtained from the 𝐹𝐹-table, 𝛼𝛼  denotes the significance level 
corresponding to the confidence level of (1- 𝛼𝛼), 𝜗𝜗1 stands for the degree of freedom (𝐷𝐷𝐷𝐷𝐷𝐷) of the 
mean (always set to 1) and 𝜗𝜗2 represents 𝐷𝐷𝐷𝐷𝐷𝐷 of the error term. Meanwhile, 𝑉𝑉𝑒𝑒 denotes the error 
variance and 𝑁𝑁𝑒𝑒  signifies the effective number of replications, as mathematically expressed by 
Equation (3) [59]: 

𝑁𝑁𝑒𝑒 =
(𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑜𝑜𝑜𝑜 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇)

[𝐷𝐷𝐷𝐷𝐷𝐷 𝑜𝑜𝑜𝑜 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 (𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 1) + 𝐷𝐷𝐷𝐷𝐷𝐷 𝑜𝑜𝑜𝑜 𝑎𝑎𝑎𝑎𝑎𝑎 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 𝑖𝑖𝑖𝑖 𝑡𝑡ℎ𝑒𝑒 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒]
 (3) 

Finally, after conducting a confirmation run, the S/N ratio can be used as the value of 
𝑆𝑆/𝑁𝑁𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐. The formula for calculating the CI for 𝑆𝑆/𝑁𝑁𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 is presented in Equation (4), 
where 𝑅𝑅 is the number of replicas [59]. 

𝐶𝐶𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =  �𝐹𝐹(𝛼𝛼,𝜗𝜗1,𝜗𝜗2)𝑉𝑉𝑒𝑒 × �
1
𝑁𝑁𝑒𝑒

+
1
𝑅𝑅
� (4) 

2.7. Statistical Analysis 

Microsoft Excel (a data management tool developed by Microsoft Corporation), was employed 
in this study for the purpose of data management. The results include the average values derived 
from the material property characterisation tests, along with their corresponding standard 
deviations. In addition, Minitab 21 software was employed to analyse the signal-to-noise (S/N) ratio 
of the obtained mechanical properties and conduct an analysis of variance to determine the printing 
parameters that have a significant impact on these mechanical properties. 

2.8. Comparative Analysis 

In order to assess the improvement or deterioration of the mechanical properties of the virgin 
PLA and post-consumer PLA blend (vPLA:PC-PLA, 50:50), a comparison was made with the 
outcomes of 100% virgin PLA and 100% recycled PLA (rPLA) which were conducted by the author 
Hasan et al. [46] under the same printing parameters and testing conditions. 

3. Results and Discussions 

The objective of this study is to determine the optimal printing parameters for fabricating 3D 
printed components using a vPLA:PC-PLA (50:50) blended filament consisting of 50 wt.% post-
consumer PLA and 50 wt.% virgin PLA. To achieve this, 45 samples (five samples for each 
experimental run) each for tensile, flexural, and impact testing, and 27 samples (three samples for 
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each experimental run) were fabricated for hardness testing. Surface roughness measurements were 
obtained from the tensile samples before conducting the tensile tests. 

Following manufacturing, a comprehensive assessment of the surface roughness and 
mechanical properties, including the hardness, tensile strength, flexural strength, and impact 
strength, was performed. The performances of the blended filament-produced specimens were 
compared with those of 100% virgin PLA and 100% recycled PLA (sourced from residual extrusion 
waste streams) specimens published by the authors [46]. The same 3D printing parameters were 
considered in both current and previous studies. This investigation aimed to gain insights into the 
performance attributes of specimens printed with blended filaments by assessing selected printing 
parameters and determining if they exhibit properties comparable to those of vPLA. The following 
sections present a comprehensive analysis of the experimental data obtained by testing specimens to 
determine their material properties. 

3.1. Surface Roughness 

One primary concern in additive manufacturing is the surface quality, which is crucial for 
ensuring the operation and effectiveness of printed components over time. During the additive 
manufacturing process, the surface roughness stage plays a critical role in achieving the desired 
surface quality [60]. The surface roughness, Ra, of printed parts has a significant impact on their 
mechanical behaviour, such as the initiation of cracks, wear resistance, and fatigue life. The 
requirement for a decrease in surface roughness is contingent upon the specific experimental 
approach and purpose for which the components are printed [60]. The surface roughness of the 
vPLA:PC-PLA (50:50) blended printed tensile test samples was analysed to evaluate the impact of 
the printing parameters on the manufactured samples. 

The surface roughness values of all the tested specimens are illustrated in Figure 8a. The results 
indicate that experimental run 2 (LH: 0.1 mm, I: 100%, and NT: 205 ℃) produced the lowest surface 
roughness of 5.98 μm, followed by experimental run 3 (7.01 μm), and experimental run 1 (8.25 μm). 
A higher surface roughness was observed when the specimens were printed using experimental run 
8 (LH: 0.3 mm, I: 80%, and NT: 195 °C). As shown in Figure 8a, the surface roughness of the blended 
filaments increases with increasing layer height. Printing temperature also plays a critical role in the 
production of high-quality prints. The test results indicated that at higher selected temperatures (215 
°C) and lower selected temperatures (195 °C), the surface roughness increased, whereas at 205 °C, the 
surface roughness was found to be at its minimum. A higher printing temperature (215 °C) may cause 
samples to overheat, whereas a lower printing temperature (195 °C) could lead to inadequate material 
flow, which can negatively impact the print quality [61]. It was observed that as a result of uneven 
solidification and possible shrinkage, samples printed at 195 °C had poorer surface quality than those 
printed at 205 °C, which might lead to regulated solidification and produce smoother surfaces. 
Similar trends for the positive correlation between layer height and nozzle temperature were 
observed in the studies on virgin PLA and recycled PLA [46]. Hasan et al. [46] found that the rPLA 
samples had higher surface roughness values than the vPLA samples, indicating rougher surfaces 
(for experimental run 2). In contrast, the current study observed that the vPLA:PC-PLA (50:50) 
blended filament had a lower surface roughness than rPLA, indicating better surface properties 
compared to rPLA for the same experimental run. The surface roughness of the blended specimen 
demonstrated a 2.29% lower value compared to rPLA (as shown in Figure 8b). Studies have reported 
that the blending of virgin material with recycled material positively affects the surface roughness of 
3D-printed samples [43,62]. Specifically, an increase in the percentage of virgin material added to the 
recycled material led to a significant enhancement in surface roughness. This improvement may be 
attributed to the more pronounced influence of the virgin material on the properties of the recycled 
material, which are typically more consistent in vPLA than in rPLA. The upgraded surface finish was 
due to the improved melt flow and cooling behaviour of vPLA, leading to a more consistent 3D 
printing process [36]. 
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(a) (b) 

Figure 8. (a) Surface roughness of vPLA:PC-PLA (50:50) blended filament specimens and (b) 
comparison of surface roughness of vPLA, rPLA, and vPLA:PC-PLA (50:50) blended specimens 
(where LH is the layer height, I is the infill percentage, and NT is the nozzle temperature). 

3.2. Hardness 

The degree of hardness of a material indicates its capacity to withstand local deformation, 
including the effects of surface indentation or penetration. To attain an optimal number of production 
runs for an additively manufactured component, a high degree of hardness is required [63]. The 
detailed results of the hardness of all the vPLA:PC-PLA (50:50) blended prepared samples are shown 
in Figure 9a. The sample with the maximum infill and layer height exhibited the highest hardness. 
This may be attributable to the significant influence of infill density on the output. In experimental 
run 9 (LH: 0.3 mm, I: 100%, NT: 205 °C), the samples were printed with the highest infill density and 
layer height, resulting in the highest hardness of 79.51. In contrast to this, experimental run 1 (LH: 
0.1 mm, I: 60%, NT: 195 °C) exhibited a lower hardness value of 73.12 for the blended specimen. This 
increase in hardness may be attributed to better diffusion of the material in the subsequent layers at 
higher infill densities, resulting in fewer voids in the interspace of the structure and higher hardness 
values [64]. Another possible reason is that the cross-sectional area of the material increased as the 
percentage of filling increased, resulting in a harder internal structure. In contrast, a larger internal 
air gap with a lower filling percentage facilitates easier penetration of the hardness tip into the surface 
of the test specimen [64]. 

The printing temperature also plays a significant role in determining the hardness of the 
material. As the printing temperature decreases, the hardness value also decreases. The reason for 
this is incomplete melting of the material, which results in poor layer-to-layer bonding, larger 
porosity, and lower hardness [65]. Conversely, an increase in printing temperature led to a decrease 
in the rate of change in hardness, which may be attributed to the stronger bonding between the 
materials caused by the high printing temperature or the work of adhesion between the filaments 
[65]. In summary, the results of this study illustrate a direct correlation between nozzle temperature 
and infill percentage, resulting in an increase in hardness. This observation aligns with the outcomes 
reported by Hasan et al. [46] for vPLA and rPLA, as well as findings by Mani et al. [66] and Maguluri 
et al. [67] for vPLA. A comparison of the hardness of the vPLA:PC-PLA (50:50) blended with 100% 
recycled PLA and 100% virgin PLA showed that the hardness of the blend samples produced using 
experimental run 9 (LH: 0.3 mm, I: 100%, NT: 205 °C) exhibited a 5% increase compared to rPLA, 
whereas it was 6% lower than that of vPLA (Figure 9b) [46]. Mishra et al. [43] and Abbas et al. [68] 
noted that blending enhances the compatibility between polymers at the chemical and structural 
levels, which stimulates the formation of a homogeneous blend. This, in turn, improves 
intermolecular interactions, thereby enhancing the resistance to abrasion and making it more resilient 
to plastic deformation, ultimately contributing to the improved hardness [43,62].  
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(a) (b) 

Figure 9. (a) Shore D hardness of the vPLA:PC-PLA (50:50) blended specimens, and (b) comparison 
of hardness for vPLA, rPLA and vPLA:PC-PLA (50:50) blended specimens (where LH is the layer 
height, I is the infill percentage, and NT is the nozzle temperature). 

3.3. Tensile Behaviour 

Tensile test results were obtained using the Taguchi OA for the three printing parameters 
examined in this study, namely, layer height, infill density, and printing temperature. Each Taguchi 
experiment involved testing five specimens, and consistent repeatability was demonstrated by the 
tensile results. Therefore, a single stress-strain curve representing each set of five specimens has been 
presented in Figure 10. The stress-strain curve demonstrated that the fracture formed in the vPLA:PC-
PLA (50:50) blended 3D printed specimens exhibited ductile behaviour. In addition, the curves show 
that after reaching the maximum tensile stress, the tensile stress remained constant with a small 
increase in the strain values. The raw data obtained from the load and displacement after the tensile 
test were utilised to calculate the yield strength, ultimate tensile strength (UTS), strain at UTS, elastic 
modulus, fracture strength, strain at fracture, work until UTS, and work until fracture. 

 
Figure 10. Tensile stress vs. tensile strain curves for vPLA:PC-PLA (50:50) blended filament printed 
specimens (where LH is the layer height, I is the infill percentage, and NT is the nozzle temperature). 

The results of the tensile test showed that the strength decreased when the specimens were 
printed at a lower temperature (195 °C) and smaller layer height (0.1 mm), and improved when they 
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were printed at a higher temperature (215 °C) and larger layer height (0.3 mm). Studies have shown 
that specimens with a larger layer height (0.3 mm) exhibit the best tensile properties because they 
experience minimal distortions [69]. In FDM printing, the interlayer strength typically lags the 
intralayer strength. This is because the temperature gradient within a layer is less pronounced than 
that between consecutive layers, leading to the formation of weaker bonds between the layers [70]. 
The bonding strength between the layers is determined by the extruder temperature; a lower 
temperature restricts the molecular chains of the deposited material from reorganising adequately, 
thereby reducing the bonding strength between adjacent layers and ultimately weakening the tensile 
strength [70,71]. 

The highest tensile strength among the vPLA:PC-PLA (50:50) blended specimens was achieved 
at 48.88 MPa in experimental run 7 (LH: 0.3 mm, I: 60%, NT: 215 °C) (Table 3). The second-highest 
value for the tensile strength was estimated to be 47.88 MPa for experimental run 9 (LH: 0.3 mm, 
I:100%, and NT: 205 °C), and the third-highest value reached 46.67 MPa in experimental run 5 (LH: 
0.2 mm, I: 100%, and NT: 215 °C). 

Table 3. Tensile properties of the vPLA:PC-PLA (50:50) blended filament-printed specimens. 

Experimen
tal Run 

Yield 
Strengt
h (MPa) 

Ultimat
e 

tensile 
Strengt
h (UTS) 
(MPa) 

Strain 
at UTS 

(%) 

Fracture 
Strengt
h (MPa) 

Strain 
at 

Fractur
e (%) 

Elastic 
Modul

us 
(GPa) 

Work 
until 
UTS 

(kJ/m2) 

Work 
until 

Fracture 
(kJ/m2) 

Run 1 (LH: 
0.1, I: 60, 
NT: 195) 

25.35 ± 
1.98 

26.15 ± 
2.95 

2.09 ± 
2.31 

25.25 ± 
1.56 

2.90 ± 
1.86 

1.98 ± 
1.15 

21.97 ± 
1.58 

35.81 ± 
1.51 

Run 2 (LH: 
0.1, I: 80, 
NT: 205) 

28.72 ± 
2.25 

29.40 ± 
2.85 

2.13 ± 
2.10 

27.51 ± 
1.85 

3.15 ± 
2.85 

2.02 ± 
1.17 

23.36 ± 
1.02 

46.61 ± 
1.92 

Run 3 (LH: 
0.1, I: 100, 
NT: 215) 

28.12 ± 
2.10 

36.01 ± 
1.85 

2.14 ± 
2.25 

34.33 ± 
1.93 

3.05 ± 
2.53 

2.33 ± 
1.02 

28.62 ± 
1.09 

49.06 ± 
1.52 

Run 4 (LH: 
0.2, I: 60, 
NT: 205) 

31.24 ± 
2.05 

40.41 ± 
1.12 

2.12 ± 
1.25 

37.66 ± 
1.83 

3.03 ± 
2.14 

2.65 ± 
1.05 

32.25 ± 
1.19 

67.50 ± 
1.38 

Run 5 (LH: 
0.2, I: 80, 
NT: 215) 

41.85 ± 
1.95 

46.67 ± 
1.98 

2.20 ± 
1.45 

44.95 ± 
1.84 

3.41 ± 
1.97 

2.85 ± 
1.14 

39.74 ± 
1.14 

75.52 ± 
1.52 

Run 6 (LH: 
0.2, I: 100, 
NT: 195) 

32.37 ± 
1.91 

42.22 ± 
2.25 

2.17 ± 
1.58 

38.83 ± 
1.79 

3.42 ± 
2.05 

2.70 ± 
1.54 

34.18 ± 
1.27 

66.98 ± 
1.24 

Run 7 (LH: 
0.3, I: 60, 
NT: 215) 

43.64 ± 
1.68 

48.88 ± 
1.56 

2.37 ± 
1.87 

46.05 ± 
1.89 

3.35 ± 
2.61 

3.20 ± 
1.32 

42.31 ± 
1.34 

77.66 ± 
1.34 

Run 8 (LH: 
0.3, I: 80, 
NT: 195) 

34.01 ± 
1.81 

43.62 ± 
2.10 

2.14 ± 
2.37 

38.92 ± 
1.87 

3.69 ± 
2.13 

2.75 ± 
1.29 

34.524± 
1.51 

75.36 ± 
1.05 

Run 9 (LH: 
0.3, I: 100, 
NT: 205) 

43.47 ± 
1.88 

47.78 ± 
2.54 

2.28 ± 
2.21 

47.35 ± 
1.94 

3.54 ± 
2.10 

3.40 ± 
1.18 

42.51 ± 
1.24 

77.74 ± 
1.19 

* Where LH is the layer height, I is the infill percentage, and NT is the nozzle temperature. 

A comparison of the tensile strengths of the vPLA:PC-PLA (50:50) blended specimens with 100% 
rPLA and 100% vPLA (as shown in Figure 11) [46] showed that, in general, the blended filament 
specimens exhibited higher tensile properties than the 100% rPLA samples, but were lower than those 
of the vPLA samples. For experimental run 7, the tensile strength of the blended specimens was 
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18.40% higher than the corresponding value of 39.90 MPa for the rPLA printed specimens (Figure 
11). For experimental runs 9 and 5, the blended specimens demonstrated an increase of 20% and 
17.81%, respectively, compared to the rPLA specimens. The enhancement in tensile strength observed 
in the blended specimens may be ascribed to the improved load transfer capacity resulting from the 
additional cross-linking of polymer chains caused by the blending process while increasing the 
interlayer bonding [36,72]. Previous research on polymer processing has demonstrated that blending 
extrusion can cause microstructural changes, which may involve higher shear forces, resulting in the 
alignment of polymer chains and thereby improving the tensile properties of the material [72,73]. 

 
Figure 11. Comparison of UTS for vPLA, rPLA, and vPLA:PC-PLA (50:50) blended filament 3D 
printed specimens (where LH is the layer height, I is the infill percentage, and NT is the nozzle 
temperature). 

In contrast, the tensile strengths of the rPLA samples in experimental runs 1 (LH: 0.1 mm, I: 60%, 
NT: 195 °C) and 2 (LH: 0.1 mm, I: 80%, NT: 205 °C) were higher than those of the blended samples 
for the same experimental runs by 9.23% and 5.76%, respectively. Notably, the tensile strength of the 
blended samples decreased with a decrease in the printing temperature and layer height. This decline 
can be attributed to incomplete melting of the material caused by a smaller layer height, resulting in 
reduced layer-to-layer adhesion and subsequent brittleness [65]. In addition, blended filament 
specimens showed a comparatively lower strain at fracture of 3.8 to 4.2% for all experimental runs, 
compared to rPLA specimens of 5.5 to 7% for the same printing parameters; however, this result is 
consistent with the strain at fracture of vPLA [46]. This phenomenon, which occurred in the blended 
filament samples, may be attributed to the moisture content of the material [74]. PLA plastic is known 
to be susceptible to moisture absorption, which can result in hydrolytic degradation during the 
filament extrusion process. This degradation may cause the breakdown of polymeric chains and 
decrease the material elongation [75–77]. However, the same moisture content acts as a plasticiser, 
making the material softer and more ductile [77]. 

3.4. Flexural Behaviour 

The effects of the printing parameters on the flexural properties (yield strength, flexural strength, 
flexural strain, elastic modulus, and work until flexural strength) of the 3D printed vPLA:PC-PLA 
(50:50) blended specimens were obtained and examined through load-deflection data measured 
during flexural tests for each set of experimental runs. A total of 45 flexural tests were performed, 
with five tests for each experimental run. Typical flexural stress-strain curves for each experimental 
run are shown in Figure 12. The selection of the flexural stress-strain curves in the figure represents 
the average flexural strength level for each set of experimental runs. The behaviour observed during 
the flexural tests revealed that the blended samples did not reach the fracture point, which suggests 
that the samples were ductile and had a high degree of plastic deformation. Examining the stress-
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strain curves, it is evident that the blended specimens with a larger layer height and high nozzle 
temperature exhibited the highest flexural stress. Conversely, as the layer height and nozzle 
temperature were reduced, the flexural stress value tended to decrease, exhibiting a trend similar to 
that observed for tensile strength. 

 
Figure 12. Flexural stress–strain curves for vPLA: PC-PLA (50:50) blended filament-printed 
specimens (where LH is the layer height, I is the infill percentage, and NT is the nozzle temperature). 

A summary of the flexural tests for each experimental run of the vPLA:PC-PLA (50:50) blended 
specimens is presented in Table 4, which lists the average results of the yield stress, maximum 
flexural stress, flexural strain, elastic modulus, and work until the maximum flexural stress with 
standard deviation. The standard deviation (1.65-4.34 %) indicated excellent repeatability and 
reliability of the obtained data. The highest flexural stress, 88.36 MPa, was observed in experimental 
run 7 (LH: 0.3 mm, I: 100%, NT: 205 °C), followed by experimental run 9 (LH: 0.3 mm, I: 100%, NT: 
205 °C), which is 88.29 MPa, which showed a similar value. The results clearly show the impact of a 
larger layer height and nozzle parameters on the flexural properties. The results of this study are 
consistent with those of other studies that have demonstrated a similar trend with regard to the 
impact of printing parameters on the flexural properties [46,78,79]. A comparison of the flexural 
properties of the vPLA:PC-PLA (50:50) blended specimens with 100% recycled PLA and 100% vPLA 
showed a clear increase in flexural properties compared to the rPLA specimens, and a slightly lower 
result than the vPLA specimens under the same experimental conditions (Figure 13). The flexural 
strength of the blended specimen for experimental run 7 was 8% higher than that of recycled PLA 
and 4.5% lower than that of vPLA for the same printing parameters [46]. The second highest values 
of the blended specimens for experimental runs 9 and 5 were 8.41% and 2.3% higher than those of 
the rPLA specimens and 2.2% and 3.62% lower than those of the vPLA specimens, respectively. 
Overall, the flexural strength of the blended printed samples for all experimental runs increased by 
5–15% compared to that of the recycled PLA-printed samples. This improvement in strength is 
attributed to the elevated crystallinity and enhanced interfacial bonding among the constituent 
elements [61]. Research has revealed that a distinct crystal structure is formed when virgin polymers 
are combined with recycled polymers, which co-crystallises to create stereocomplex crystallites. 
These crystals increase the melting temperature, and their presence may significantly improve the 
properties of blended PLA specimens [80,81]. In addition, vPLA acts as a "bridge" within the blended 
system, reducing the phase boundary between the polymers and enhancing their bonding. This 
results in improved flexural properties because the phases between the polymers allow for closer 
connections [82]. 
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Table 4. Flexural test results of the vPLA: PC-PLA (50:50) blended filament-printed specimens. 

Experimental Run 
Yield 
Stress 
(MPa) 

Flexural 
Stress 
(MPa) 

Flexural 
Strain 

(%) 

Elastic 
Modulus 

(GPa) 

Work until 
Maximum 
Flexural 

Stress 
(kJ/m2) 

Run 1 (LH: 0.1, I: 60, NT: 195) 43.76 ± 3.21 51.01 ± 1.86 6.69 ± 1.89 1.97 ± 1.26 19.09 ± 2.83 
Run 2 (LH: 0.1, I: 80, NT: 205) 54.04 ± 2.56 63.81 ± 2.10 7.69 ± 2.67 2.15 ± 2.57 25.86 ± 2.01 
Run 3 (LH: 0.1, I: 100, NT: 215) 59.32 ± 2.21 67.23 ± 2.92 6.71 ± 2.15 2.29 ± 2.93 28.78 ± 2.12 
Run 4 (LH: 0.2, I: 60, NT: 205) 63.80 ± 2.21 77.20 ± 2.04 6.25 ± 2.65 2.52 ± 2.34 33.49 ± 2.05 
Run 5 (LH: 0.2, I: 80, NT: 215) 71.13 ± 2.14 84.23 ± 2.09 8.40 ± 2.39 2.65 ± 2.01 42.34 ± 2.45 
Run 6 (LH: 0.2, I: 100, NT: 195) 69.19 ± 2.76 77.18 ± 1.67 7.64 ± 2.95 2.44 ± 1.85 36.30 ± 1.54 
Run 7 (LH: 0.3, I: 60, NT: 215) 77.34 ± 2.89 88.36 ± 1.47 7.07 ± 2.28 2.89 ± 2.01 37.92 ± 2.31 
Run 8 (LH: 0.3, I: 80, NT: 195) 70.87 ± 3.90 81.37 ± 1.85 6.92 ± 1.12 2.50 ± 1.45 37.19 ± 1.41 
Run 9 (LH: 0.3, I: 100, NT: 205) 78.11 ± 2.29 88.29 ± 2.17 7.82 ± 2.56 2.67 ± 2.20 45.19 ± 2.07 

* Where LH is the layer height, I is the infill percentage, and NT is the nozzle temperature. 

 
Figure 13. Comparison of flexural strength for vPLA, rPLA, and vPLA:PC-PLA (50:50) blended 
filament specimens (where LH is the layer height, I is the infill percentage, and NT is the nozzle 
temperature). 

3.5. Impact Behaviour 

The results of the Charpy impact tests are depicted in Figure 14. The results indicated that the 
impact strength of the vPLA:PC-PLA (50:50) blended specimens was influenced by the layer height 
and infill percentage. The lowest impact strength, measuring 3.69 kJ/m2, was observed in run 1 (LH: 
0.1 mm, I: 60%, NT: 195 °C) when the samples were printed with a low layer height and infill. In 
contrast, the highest impact strength among all the experimental runs was recorded at a value of 5.37 
kJ/m2 in experimental run 9 (LH: 0.3 mm, I: 100%, NT: 205 °C) when both the layer height and infill 
were at their maximum. This value was 40% higher than that in run 1. As examined by Syrlybayev 
et al. [83], an escalation in the infill rate leads to a reduction in the number of voids in the printed 
substance. A higher amount of material, resulting from the increased infill percentage, is capable of 
absorbing the force of impact. In addition, a larger layer height offers more resistance to the impact 
forces. This is because fewer layers are deposited at a larger layer height; therefore, fewer bonding 
lines and voids exist between the layers, which also helps to improve the impact strength [84]. 
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Figure 14. Charpy impact strength of vPLA:PC-PLA (50:50) blended 3D printed specimens (where 
LH is the layer height, I is the infill percentage, and NT is the nozzle temperature). 

A comparison of the impact strength data (Figure 15) for the vPLA:PC-PLA (50:50) blended 
specimens with those of 100% rPLA and 100% vPLA [46] showed that the vPLA:PC-PLA (50:50) 
blended specimens exhibited a 9.15% higher impact strength than the rPLA samples and 
approximately similar impact strength to the vPLA specimens when printed at a larger layer height 
and high infill (experimental runs 9). The impact test results showed that when vPLA was 
incorporated into PC-PLA, it acted as the centre of the built-in stress, resulting in an increased 
capacity for absorbing energy during the impact test and enhancing the impact strength [85]. In 
addition, owing to the increase in infill density, the interlayer adhesion between two consecutive 
layers increases, which improves the impact strength [86,87]. In contrast, the blended specimens 
performed poorly compared to rPLA when printed using a smaller layer height and lower 
temperature, as in experimental runs 1 and 2. The tensile test results also demonstrated low impact 
strength for the smaller layer height specimens printed at low-temperature (Figure 11). These defects 
originated from the poor interfacial bonding between vPLA and PC-PLA at lower nozzle temperature 
and layer height, which might have reduced the impact strength [84,85]. In addition, a lower layer 
height results in a higher number of bonding lines between the layers, which leads to a higher 
probability of void formation. This phenomenon contributes to the premature failure of the specimen, 
resulting in a lower impact strength [85,86]. Moreover, a lower nozzle temperature can potentially 
result in the formation of interlayer gaps, facilitating inadequate adhesion between layers during the 
printing process. Consequently, when the specimens are subjected to load during impact testing, 
these interlayer gaps can propagate further cracking, ultimately resulting in material failure [86].  
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Figure 15. Comparison of the impact strengths of vPLA, rPLA, and vPLA:PC-PLA (50:50) blended 
filament specimens (where LH is the layer height, I is the infill percentage, and NT is the nozzle 
temperature). 

3.6. Fractography Analysis 

To examine the deformation and fracture behaviour of the vPLA:PC-PLA (50:50) blended 
specimens during mechanical testing, the fracture interface was studied. The micrographs of the 
specimens were examined using a microscope after performing the tensile tests. One specimen that 
best represented the failure mode was selected for each batch of 5 specimens. The micrographs 
presented in Figures 16(a-e) depict the cross-sectional images of the blended parts with the selected 
printing parameter settings. 

As shown in Figure 16a, during experimental run 1, the layer height, infill, and nozzle 
temperature were low (LH: 0.1 mm, I: 60%, NT: 195 °C). As a result, the specimen exhibited noticeable 
gaps and void areas, which were attributed to filament pull-out. This phenomenon indicates poor 
layer bonding and ultimately leads to a decrease in strength owing to the separation of the filaments 
from the material [53]. The cavities in experimental run 1 were also apparent because of the low infill 
density [88]. Therefore, with an increase in the layer height, infill density, and nozzle temperature, 
the gaps and voids inside the specimen decreased, as shown in Figures 16b, c, d, and e. This reduction 
can be attributed to the increased infill density, which led to a dense structure with a low level of 
porosity. Nevertheless, the reduction of gaps and improvement of layer bonding in a specimen 
cannot be achieved solely by increasing the infill density. For instance, when the specimen was 
printed at a high temperature of 215 °C and a high infill of 100% (experimental run 3), it exhibited a 
minimum or absence of voids (Figure 16b); however, it had a lower tensile strength owing to the low 
layer height (0.1 mm). This was caused by the higher inner layer porosity of the specimen, which 
negatively affected its mechanical properties [53,89]. In contrast, an increase in layer height, as 
observed in experimental runs 7 and 9 (Figures 16d and e), resulted in a noticeable reduction in 
porosity and improved layer bonding, which led to a significant increase in strength. 

The nozzle temperature also played a significant role in determining the strength of the 
specimens. With an increase in nozzle temperature from 195 °C to 215 °C, the size of voids in the 
fractured specimens decreased. For example, in experimental run 7, as illustrated in Figure 16d, it 
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was evident that despite the low infill percentage (60%), the specimens exhibited higher strength 
compared with the other experimental runs because of the larger layer height (0.3 mm) and nozzle 
temperature (215 °C). The reason for this phenomenon is the increase in the nozzle temperature, 
which leads to a decrease in the melt viscosity and an improvement in the wettability of the polymers. 
Consequently, the printed layers remained in a molten state for a longer duration, facilitating 
increased coalescence within the printed layers [42]. As a consequence, there was a notable 
enhancement in the adhesion between the printed layers, and a reduction in voids was observed, 
which improved the strength [88]. In contrast, in experimental run 9, even though there was an 
increase in interlayer adhesion and a decrease in voids owing to the high infill (100%) and larger layer 
height (0.3 mm) (Figure 16e), the mechanical strength was lower than that in run 7 because of the 
lower nozzle temperature (205 °C). In addition, the image of experimental run 6, as depicted in Figure 
16c, reveals that although the layer height was increased to 0.2 mm and the infill percentage was set 
at 100%, the strength of the material was still affected by the low nozzle temperature (195 °C). This 
delamination was caused by the presence of air gaps and weak interlayer adhesion due to the low 
printing temperature [42,90]. This finding is supported by the mechanical test results (tensile, 
flexural, impact, and hardness tests) discussed earlier. 

Overall, an improvement in the layer bonding and reduction in voids were observed for the 
vPLA:PC-PLA (50:50) blended specimens when the fractured surface was compared with that of 
recycled PLA, as described by Hasan et al. [46]. This development was attributed to the fact that PC-
PLA and vPLA are miscible blends, as both are semicrystalline polymers. Furthermore, both 
polymers (vPLA and PC-PLA) had identical crystallisation phases, leading to strong interphase 
adhesion. In addition, more coalescence was observed between the printed layers, indicating 
promising adhesion strength at the blend interphase [34,35]. 

 

 

 
(a) Optical microscopy image for experimental run 1 
(LH: 0.1 mm, I: 60%, NT: 195 °C) 

 (b) Optical microscopy image for 
experimental run 3 (LH: 0.1 mm, I: 
100%, NT: 215 °C) 

 

 

 

(c) Optical microscopy image for experimental run 6 
(LH: 0.2 mm, I: 100%, NT: 195 °C) 

 (d) Optical microscopy image for 
experimental run 7 (LH: 0.3 mm, I: 
60%, NT: 215 °C) 
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(e) Optical microscopy image for experimental run 9 
(LH: 0.3 mm, I: 100%, NT: 205 °C) 

  

Figure 16. Micrographs of the fractured vPLA:PC-PLA (50:50) blended printed tensile specimens for 
(a) run 1, (b) run 3, (c) run 6, (d) run 7, and (e) run 9. 

3.7. Optimisation of Process Parameters 

In this investigation, signal-to-noise (S/N) ratio diagrams were employed to assess the outcomes 
of the experimental results. The interpretation of the S/N ratio diagram was based on the "larger the 
better" criterion for mechanical properties (tensile strength, flexural strength, impact strength, and 
hardness), while "smaller the better" criterion was applied for surface roughness properties. 
Specifically, mechanical properties were analysed using the "larger the better" criterion since the 
objective of this research is to maximise mechanical properties. The peak point observed in the S/N 
ratio diagram signifies the optimal conditions. 

Figures 17(a-h) illustrate the main effects plots of the S/N ratios for the tensile properties. This 
graph indicates that the S/N ratio is correlated with the layer height, as high S/N ratios were obtained 
with a larger layer height. The second most significant factor derived from the plot is nozzle 
temperature. In contrast, the infill had a minimal effect on the tensile properties compared to the layer 
height and infill density. This is because the larger layer height and nozzle temperature increased the 
interlayer adhesion and melt viscosity, which facilitated the bonding of the blend material, ultimately 
increasing its tensile strength [91]. From the main effects plots, it is evident that the optimal printing 
parameters for tensile strength are 0.3 mm layer height, 100% infill, and 215 °C nozzle temperature. 

The flexural properties (Figure 18) exhibited a similar trend for the printing parameter to that of 
the tensile properties, which also confirmed the impact of the larger layer height (0.3 mm), infill 
(100%), and nozzle temperature (215 °C) on the flexural properties. This outcome aligns with the 
findings of Hasan et al. [46], who reported the same trend regarding the optimum printing 
parameters for 100% virgin PLA and 100% recycled PLA. 

   
(a) (b) (c) 
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(d) (e) (f) 

  

 

(g) (h)  

Figure 17. Main effects plots illustrating S/N ratios for the tensile properties of blended specimens:  
(a) yield strength, (b) ultimate tensile strength (UTS), (c) strain at UTS, (d) fracture strength, (e) strain 
at fracture, (f) elastic modulus, (g) work until UTS, and (h) work until fracture. 

  
 

(a) (b) (c) 

  

 

(d) (e)  

Figure 18. Main effects plots illustrating S/N ratios for the flexural properties of blended specimens: 
(a) yield strength, (b) flexural strength, (c) flexural strain, (d) elastic modulus, and (e) work until 
flexural strength. 

The impact strength is mainly dependent on the properties of the material used to resist shock. 
Therefore, upon analysing the main effects plots of the S/N ratios (Figure 19a), it was observed that 
compared to the other printing parameters, infill density exhibited a significant influence on impact 
strength. A higher S/N ratio was observed with larger layer height, high infill, and high nozzle 
temperature. Consequently, the optimal printing parameters for achieving the maximum impact 
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strength were determined to be a layer height of 0.3 mm, an infill density of 100%, and a nozzle 
temperature of 215 °C. 

The hardness properties of the blended samples also demonstrated the optimum printing 
parameters to be 0.3 mm layer height, 100% infill, and nozzle temperature of 215 °C (Figure 19b). 
Therefore, with an increase in the infill density, there is a corresponding increase in the penetration 
of layers into each other, leading to an improved interlayer strength [92]. Consequently, the impact 
and hardness properties improved at a high infill density (100%). 

  
(a) (b) 

Figure 19. Main effect plots of S/N ratios for (a) impact strength and (b) hardness of blended 
specimens. 

The S/N ratio main effects plots of the input process parameter levels for the arithmetic mean 
roughness (Ra) and root mean square roughness (Rq) are shown in Figures 20a and b, respectively. It 
can be observed from the main effects plots that the layer height is the most critical and influential 
parameter in determining the outcome of surface roughness. This is followed by the nozzle 
temperature and infill in terms of importance. The optimum printing parameters levels for "smaller 
the better" for achieving lower surface roughness were 0.1 mm layer height, 60% infill and 205 °C 
nozzle temperature. 

 

 

 
(a)  (b) 

Figure 20. Main effects plot of S/N ratios for surface roughness of blended specimen (a) Ra, (b) Rq. 

Analysis of Variance (ANOVA) Assessment 

The main objective of ANOVA is to apply a statistical method to evaluate the impact of 
individual printing parameters on the material properties. Roy [93] offers a comprehensive 
explanation of the ANOVA technique. For each quality parameter, the effect of each factor was 
determined by using a 95% confidence interval. The ANOVA results for tensile strength, flexural 
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strength, impact strength, hardness, and surface roughness are presented in Table 5. A p-value below 
0.05 indicates that the variable is considered significant in relation to the response. 

In this study, the layer height was found to be the most significant factor influencing the tensile 
strength, flexural strength, and surface roughness, accounting for approximately 75% of the variation. 
Conversely, the infill density and nozzle temperature were found to be insignificant because their 
associated p-values were greater than 0.05. Notably, the infill had a significant influence on the 
impact strength and Shore D hardness. These findings are consistent with the conclusions reached by 
Hasan et al. [46], Atakok et al. [39] and Teharia et al. [94]. They also observed the influence of the 
layer height on the tensile, flexural, and surface roughness properties, as well as the impact of the 
infill on the impact strength and Shore D hardness. 

Table 5. ANOVA responses of various properties examined in this study. 

Response Source D
F 

Seq 
SS 

Adj 
SS 

Adj 
MS 

F-
Value 

P-
Value 

% 
contributio

n 
Tensile 
strength 

LH 2 22.75 22.75 11.37 40.87 0.024 83.24 

 Infill 2 1.78 1.78 0.89 3.21 0.238 6.54 
 NT 2 2.23 2.23 1.12 4.01 0.199 8.18 

 Residual 
error 2 0.55 0.55 0.28   2.04 

 Total 8 27.31     100.00 
Flexural 
strength 

LH 2 15.87 15.87 7.93 66.19 0.015 79.89 

 Infill 2 1.12 1.12 0.56 4.68 0.176 5.65 
 NT 2 2.63 2.63 1.31 10.98 0.083 13.25 

 Residual 
error 2 0.24 0.24 0.11   1.21 

 Total 8 19.87     100.00 
Impact 

strength 
LH 2 

2.13 2.13 1.07 15.89 0.059 
34.28 

 Infill 2 2.45 2.45 1.22 18.26 0.052 39.19 
 NT 2 1.52 1.52 0.76 11.33 0.081 24.38 

 Residual 
error 

2 
0.13 0.13 0.07     

2.15 

 Total 8 6.24         100.00 
Shore D 
hardness 

LH 2 
0.09 0.09 0.04 12.7 0.073 

46.29 

 Infill 2 0.08 0.08 0.04 11.44 0.08 41.69 
 NT 2 0.02 0.02 0.01 2.3 0.303 8.37 

 Residual 
error 

2 
0.01 0.01 0.00   

3.64 

 Total 8 0.19       100.00 
Surface 

roughnes
s 

LH 2 41.56 41.56 20.78 97.84 0.01 68.47 

 Infill 2 1.26 1.26 0.63 2.97 0.252 2.08 
 NT 2 17.45 17.45 8.73 41.08 0.024 28.75 

 Residual 
error 

2 0.42 0.42 0.21   0.70 

 Total 8 60.70     100.00 
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where LH is the layer height, I is the infill percentage, and NT is the nozzle temperature. 

3.8. Confirmation Test 

Based on the S/N ratio main effect plots and ANOVA, the optimum printing parameters were 
determined for the mechanical properties and surface roughness. A summary of the optimal printing 
parameters is presented in Table 6. 

Table 6. Summary of optimum printing parameters for vPLA:PC-PLA (50:50) blended specimens. 

Factors 

Tensile 
Strength 

Flexural 
Strength 

Impact 
Strength 

Shore D 
hardness 

Surface 
Roughness 

Lev
el 

Descrip
tion 

Lev
el 

Descrip
tion 

Lev
el 

Descrip
tion 

Lev
el 

Descrip
tion 

Lev
el 

Descrip
tion 

Layer 
Height 
(mm) 

3 0.3 3 0.3 3 0.3 3 0.3 1 0.1 

Infill (%) 3 100 3 100 3 100 3 100 1 60 
Nozzle 

Tempera
ture (℃) 

3 215 3 215 2 205 3 215 2 205 

After determining the optimum printing parameters from the Taguchi method, the final step in 
the process involved was the confirmation experiments to validate the optimum printing parameters. 
Therefore, a confirmation experiment was conducted using the optimal printing parameters listed in 
Table 6. The confirmation test results for the vPLA:PC-PLA (50:50) blended specimens demonstrated 
an increase in strength compared with that of recycled PLA. In particular, the tensile strength, flexural 
strength, and impact strength were 51.81 MPa, 94.44 MPa, and 5.54 kJ/m2, respectively, representing 
a 12.71%, 5.08%, and 3.17% increase in strength. Additionally, the Shore D hardness increased by 
1.59% to 80.78, and the surface roughness decreased by 1.32% to 2.25 μm. These findings illustrate 
that the specimens fabricated using the optimal printing parameters exhibited superior strength 
compared to those produced using L9 OA. Therefore, the S/N ratio of the confirmation test was 
compared with that of the theoretical prediction of the S/N ratio under the optimal conditions 
obtained using Equation (1). The confirmation test results for the tensile strengths were 1.14 dB higher 
than the sum of the predicted S/N ratios (Table 7). The other mechanical properties, namely, flexural 
strength, impact strength and shore D hardness, were 0.76 dB, 0.35 dB and 0.09 dB, respectively, 
higher than that of the predicted S/N values. This result shows that the confirmation test using the 
optimal printing parameters produces better outcomes than the predicted conditions. 

Finally, the confidence intervals (C.I.s) for both the confirmed and predicted results were 
calculated using Equations (2-4) to verify the validity of the optimal printing parameters. A 
considerable overlap was noted between the C.I.s of the confirmation tests and the predicted results 
for the mechanical properties and surface roughness of the vPLA:PC-PLA (50:50) blended specimens, 
as shown in Table 7. The results indicated a significant improvement in both quality characteristics, 
and the optimum printing parameters were acceptable for use in the optimum manufacturing of 
blended filament 3D printed specimens. 

Table 7. Confirmation test summary based on optimum factors. 

Output Response 
Prediction Confirmation 

𝑺𝑺/𝑵𝑵𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑 𝑪𝑪. 𝑰𝑰𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑 𝑺𝑺/𝑵𝑵𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄 𝑪𝑪. 𝑰𝑰𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄 
Tensile Strength 34.67 ± 2.58 35.81 ± 1.52 
Flexural Strength 39.58 ± 4.19 40.34 ± 2.51 
Impact Strength 14.62 ± 0.16 14.97 ± 0.15 

Shore D Hardness 38.14 ± 0.70 38.23 ± 1.05 
Surface Roughness − 14.94 ± 1.07 − 5.90 ± 1.32 
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4. Comparison between 100% PC-PLA and vPLA:PC-PLA (50:50) Blended Specimens 

To assess the tensile properties of 100% PC-PLA, five dog-bone samples were prepared using 
the optimal printing parameters and subsequently subjected to testing. The resulting tensile strength 
of the 100% PC-PLA was then compared with that of vPLA:PC-PLA (50:50) blended specimens 
produced under the same printing conditions. The tensile strength of 100% PC-PLA was 32.86 MPa, 
which was 35% and 28% lower than those of the vPLA:PC-PLA (50:50) blended specimens and 100% 
recycled PLA, respectively (Figure 21b). The potential cause of the reduction in the tensile strength 
of 100% PC-PLA could be the presence of moisture during the extrusion process [95]. In addition, the 
variance in the feeding of PC-PLA flakes in the extrusion process would have induced porosity, 
which would have contributed to the reduced strength. Moreover, the molecular weight of 100% PC-
PLA may decrease because of the recycling process, which breaks the bonds of the original materials 
and reduces their tensile strength [44]. In addition, the stress-strain curve of the blended filament-
printed specimens exhibited a brittle nature, with a lower strain at fracture than that of the vPLA:PC-
PLA (50:50) blended specimens and 100% recycled PLA (Figure 21a). During mechanical recycling, 
plastics are exposed to high temperatures and shear forces, which increases their crystallinity, 
ultimately leading to a reduction in the strain at break of 100% PC-PLA [91,96]. However, this result 
demonstrates the potential of using 100% post-consumer PLA (PC-PLA) as a feedstock material for 
3D printing.  

  
(a) (b) 

Figure 21. (a) Stress-strain diagram of 100% PC-PLA 3D printed tensile sample, and (b) comparison 
of UTS for vPLA, rPLA, vPLA:PC-PLA (50:50) blended specimens, and 100% PC-PLA tensile samples. 

5. Conclusions and Future Work 

This study explored the processing and characterisation of 3D printed vPLA/PC-PLA blended 
samples. Sustainable 3D printer feedstock filaments of 1.7 ± 0.05 mm diameter were made using a 
vPLA:PC-PLA (50:50) blend. Utilising the Taguchi OA, the samples were subjected to a 3D printing 
process with three distinct parameters: layer height, infill, and nozzle temperature. These parameters 
were optimised to generate the desired outcome. The physical and mechanical properties of the 
printed specimens were evaluated and investigated thoroughly. According to the results of this 
study, the addition of vPLA in PC-PLA to fabricate blended filament significantly enhanced the 
mechanical properties. Compared to 100% recycled PLA, the tensile strength, flexural strength, 
impact, and hardness of the blended samples showed an improvement of 18.40%, 8%, 9.15%, and 5%, 
respectively. Fractography analysis revealed that the blended samples had better layer and inter-
layer adhesion, contributing to the increase in mechanical properties. The driving agents for this 
improvement were increased layer height and nozzle temperature. Experimental run 7 (LH: 0.3 mm, 
I: 60%, and NT: 215 °C) demonstrated high tensile and flexural properties. This suggests that a large 
layer height and nozzle temperature can lead to increased strength, even with a low infill percentage. 
On the other hand, experimental run 9 (LH: 0.3 mm, I: 100%, and NT: 205 °C) showed that a high 
infill percentage can improve impact and hardness properties. Optimisation of the printing 
parameters showed that for a large layer height (0.3 mm), high infill (100%), and high nozzle 
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temperature (215 °C), the S/N ratio was high. The ANOVA table reveals that the layer height had the 
most significant influence on the mechanical properties of the three printing parameters. The 
experimental results of the 3D printed specimens using optimal printing parameters showed a high 
tensile strength of 51.81 MPa, which demonstrates the potential of using blended filaments in 3D 
printing. Future research should concentrate on blending various percentages of vPLA and PC-PLA. 
Future research could also include value-added product development using blended filaments for 
industrial applications and testing of upcycled rPLA based products. The estimation of the fatigue 
life and service life of PC-PLA could also be included in future research that would provide valuable 
insights into its formulation durability, longevity, and sustainability. Also, it is crucial to consider the 
sustainability of PC-PLA for various applications. A comprehensive life-cycle assessment (LCA) of 
PC-PLA could provide valuable information on the environmental impacts of this material. Research 
in this area can lead to the development of more sustainable and environmentally friendly 
manufacturing materials. 
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