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1.0 INTRODUCTION 
 

3D printing has transformed packaging manufacturing, enabling the creation of unique and 
customized designs for jars, bottles, and caps. This additive manufacturing (AM) technique 
enhances brand image and improves the customer experience [1-2]. This technology has 
facilitated the development of environmentally friendly polymers, and the growing demand for 
sustainable and durable cosmetic packaging. Traditional packaging often contains greasy 
chemicals that are difficult to remove and hinder recycling [3]. 3D printing offers packaging and 
containers to be produced in tailor-made shapes, sizes, and textures that were previously 
impractical using conventional methods, besides enabling the creation of lightweight, eco- friendly 
materials and reducing environmental impact [4-6]. 

 
The demand for 3D printing in cosmetic packaging has surged due to its versatile 

applications in the modern era. However, achieving good surface quality and a high-quality end 
product requires precise control over the 3D printing process parameters. Current research 
lacked a systematic methodology for optimizing the 3D printing process and exploiting the unique 
features of PLA material specifically for cosmetic packaging. This gap hindered the identification 
of critical process parameters and their optimal values necessary to attain desired aesthetic 
qualities in packaging, such as structural integrity and surface finish. 

 

In 3D printing, a multitude of process parameters dictate the complexities of the printing 
procedure. These include infill density, infill pattern, printing speed, build orientation, raster angle, 
raster gap, raster size, raster width, layer thickness, nozzle size, filament size, and more. These 
parameters greatly impact the precision, efficiency, and properties of the final additive 
manufacturing products [7]. Careful selection and optimization of these 3D printing process 
parameters are crucial for achieving high-quality, accurate, and efficient 3D printed components 
[8]. 
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Plastic filaments used in 3D printing have negatively impacted the environment. The 
production of waste from unsuccessful prints or rejected support structures has led to a waste 
management challenge. The increased use of thermoplastic prints due to additive technology 
advancements has exacerbated the issue. A possible solution lies in utilizing filaments derived 
from plastic recycling. However, in the case of cosmetic packaging, reusing packaging materials 
is uncommon. Cinelli et al. [3] highlighted the difficulty of chemical and mechanical recycling due 
to challenges in collecting post-use packaging and contamination caused by residues from 
cosmetic products that are hard to remove by washing. Wang et al. [9] conducted research 
investigating the effects of fused deposition modeling (FDM)-3D printing parameters of nozzle 
temperature, platform temperature, printing speed, and layer thickness on the mechanical 
properties and microstructure of carbon fiber (CF) and glass fiber (GF) reinforced heat-resistant 
polyetheretherketone (PEEK). The study identified the failure reasons of each printed samples 
for varying printing parameter settings. 

 

Hikmat et al. [10] analyzed tensile strength by varying build orientation, raster orientation, 
nozzle diameter, infill density, shell number, and extruder speed. Saeed et al. [11] investigated 
the mechanical properties of continuous carbon fiber-reinforced polyamide polymer composite 
samples using compression and flexural testing by varying the fiber volume contents by applying 
pressure, temperature and holding the samples for 60 minutes in the platen press. According to 
the study, there was a significant relationship between the mechanical and microstructure 
characteristics of the 3D-printed polymer composites. Hamat et al. [12] employed the Taguchi 
method of L25 orthogonal array (OA) to investigate the effect of extrusion parameters on the 
tensile strength quality of 3D printed filament. The research findings revealed that the optimal 
extrusion temperature and speed for achieving the highest tensile strength with a good filament 
size of PLA-3D850 were approximately 175℃ and 4 rpm, respectively. 

 

Several observations have been conducted for surface roughness and porosity on 3D 
printing process parameters. Buj-Corral et al. [13] focused on porosity and pore size analysis, 
using nozzle diameter and infill percentage meanwhile Alsoufi et al. [14] studied surface 
roughness by considering nozzle diameter and layer height. Buj-Corral et al. [13] analyzed the 
effect of nozzle diameter and infill on porosity and pore size of FDM printed specimens with a 
rectilinear grid pattern where the study showed that the higher infill, the lower porosity, and pore 
size. Higher nozzle diameter suggests larger pores with comparable porosity. Alsoufi et al. [14] 
experimentally studied how surface roughness performance of printed parts manufactured by 
desktop FDM 3D printers with PLA+ is influenced by measuring direction. The findings 
demonstrated that the component quality finish, build time and final part cost are significantly 
influenced by the nozzle diameter and layer height. Ranjan et al. [15] investigated the dimensional 
accuracy and surface roughness of ABS polymer-based 3D printed nuts and bolts. The findings 
concluded that surface roughness and dimensional analysis have been optimized by stating that 
ABS-based nuts and bolts are easily made by 3D printing technology. 

 

Therefore, this research aimed to investigate the effect of infill density, infill patterns and 
printing speed used in 3D printing for producing a prototype of cosmetic packaging on surface 
roughness and water absorption. To reduce the waste of printing materials when producing 
cosmetic packaging, the Taguchi method was utilized during the experiment to minimize the 
number of experiments required. 

 
 

2.0 METHODOLOGY 
 

The cosmetic packaging design was selected based on an existing product with 
dimensions of 42 mm in width and 156.8 mm in overall length as shown in Figure 1. The design 
was reconstructed using Autodesk Fusion 360, a computer software program. 
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Figure 1. Lower body part (a) projected view and (b) drawn in Autodesk Fusion 360 

 
 

Following the completion of the modeling process within the CAD tool, the model prototype 
needed to be saved and converted into the stereolithography (STL) file format. This format 
enables accurate reading by the printing software. Ultimaker Cura, a slicer software specifically 
designed for this purpose, was chosen to convert the model into a series of layers and generate 
a G-code file. This file contains precise instructions tailored to a specific type of 3D printer, 
facilitating the printing process. 

 

Polylactic acid (PLA) was utilized in this study as the filament for the 3D printing machine 
(3D Espresso). G-code instructions were utilized by the 3D printer to construct the model by 
sequentially depositing layers of melted PLA filament according to the specified cross-sectional 
layout. Prior to commencing the printing process, it was essential to define and configure 
parameters such as infill density, infill pattern, and printing speed. 3D Espresso used the fused 
deposition modeling (FDM) technology as the process to print prototype F where the PLA filament 
was extruded layer by layer onto the build platform. Design analysis was performed using the 
Taguchi method in the Minitab Statistical Software. A total of nine experiments were designed 
according to standard Taguchi’s L9 OA, which has nine rows, corresponding to the number of 
tests, with three factors at three levels (33) as shown in Table 1. 

 
  Table 1. The experimental layout of Taguchi L9 orthogonal array  

Set A B C 

1 3 cross 30 

2 3 triangle 50 

3 3 tri-hexagon 100 

4 5 cross 50 

5 5 triangle 100 

6 5 tri-hexagon 30 

7 10 cross 100 

8 10 triangle 30 

9 10 tri-hexagon 50 
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Infill density, infill pattern, and printing speed were selected as the 3D printing parameters 
to analyze the effects on surface roughness and water absorption. The first column in Table 1 
was assigned to infill density (A), the second to infill pattern (B) and the third to printing speed 
(C). The settings of A include 3% (level 1), 5% (level 2) and 10% (level 3) of infill density. The 
second factor examined was the infill pattern (B) shown in Figure 2, with options of the cross (level 
1), triangle (level 2) and tri-hexagon (level 3). Lastly, the third factor explored was the printing 
speed (C), with levels of 30 mm/s (level 1), 50 mm/s (level 2) and 100 mm/s (level 3). 

 

Figure 2. Different infill pattern (a) cross, (b) triangle, (c) tri-hexagon 

 
The surface roughness experiment was conducted using the SJ410 MITUTOYO, with 

measurements performed according to the ISO 1997 standard. To determine the water 
absorption percentage, ASTM D570 (water uptake) was used by immersing the specimen in water 
for a specified duration. However, a modification was made to the standard water absorption test 
procedure: instead of fully submerging the prototype in water, water was placed inside the 3D 
printed prototypes, allowing for 24 24-hour immersion period. To ensure the 3D printed prototypes 
were free from any pre-existing moisture, the prototypes were subjected to 24 24-hour heating 
process at 30oC in a specimen dryer shown before the immersion. The water absorption was 
calculated using the given Equation (1), 

 
Water Absorption (%) = 

  (𝑤𝑒𝑡 𝑤𝑒𝑤𝑤𝑔ℎ𝑡−𝑑𝑟𝑦 𝑤𝑒𝑤𝑤𝑔ℎ𝑡)     X 100% 
𝑑𝑟𝑦 𝑤𝑒𝑤𝑤𝑔ℎ𝑡 

 
 

where wet weight is the weight of the specimen after immersion (final weight) and dry weight is 
the weight of the specimen after drying (initial weight). 

 
 

3.0 RESULTS AND DISCUSSION 
 

Table 2 shows the experimental results of average surface roughness, Ra and water 
absorption. In this experiment, smaller values of average surface roughness and water absorption 
amounts were desirable. Set 8 with 10% infill density, triangle infill pattern and 30 mm/s printing 
speed demonstrated the best surface roughness, with an average roughness value of 9.203 μm. 
Set 2 with 3% infill density, triangle infill pattern and 5 0 mm/s speed show the lowest water 
absorption value of 2.15%. The category the-lower-the-better was used to calculate the S/N ratio 
for both quality characteristics surface roughness and water absorption, according to Equation 
(2). 
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Table 2: Experimental results for surface roughness and water absorption 

Set Surface roughness, 
Ra 

Water absorption 

 (µm) (%) 

1 9.582 2.70 

2 10.116 2.15 

3 9.705 2.77 

4 9.515 2.28 

5 9.802 3.38 

6 10.089 2.67 

7 9.775 2.50 

8 9.203 2.41 

9 9.770 2.19 

 
 

Table 3. Optimum condition by utilizing S/N ratio for surface roughness 

Level Infill Density 
(%) 

Infill Pattern Printing 
speed 
(mm/s) 

1 -19.82 -19.67 -19.66 

2 -19.82 -19.74 -19.82 

3 -19.63 -19.87 -19.79 

Delta, Δ 0.20 0.21 0.16 

Rank 2 1 3 

 

The analysis of the average surface roughness results leads to the details in Table 3 and 
Figure 3 which is used to determine the optimal set of parameters from this experimental design. 
Delta represents the difference between the highest and lowest S/N ratio values for each 
parameter. A larger delta indicates a more significant impact on the outcome of surface 
roughness. Infill pattern (Δ = 0.21) appears to have the greatest influence on surface roughness, 
followed by infill density (Δ = 0.20) and printing speed (Δ = 0.16). The main effect plots in Figure 3 
also show the infill pattern has the most significant influence on surface roughness, surpassing the 
impact of both infill density and printing speed. The main effect plots confirm that the optimal 
condition identified aligns consistently with the information provided in Table 3. The control factor 
of infill pattern (B) at level 3 (tri-hexagon) provided the best result. The optimal value for the S/N 
ratio of 'smaller the better' was obtained through the combination of an infill density of 5%, a tri- 
hexagon infill pattern and a printing speed of 50 mm/s. These parameters yielded the most 
desirable minimum surface roughness. 
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Figure 3. Main effects plot for surface roughness 

 
Table 4: Optimum Condition by Uilizing S/N Ratio for Water Absorption 

Level Infill Density Infill Pattern Printing speed 
 (%)  (mm/s) 

1 -8.045 -7.918 -8.269 

2 -8.756 -8.289 -6.872 

3 -7.469 -8.063 -9.129 

Delta, Δ 1.286 0.371 2.257 

Rank 2 3 1 

 

Figure 4. Main effects plot for water absorption 

 
 

The delta (Δ) values in Table 4 represent the change in water absorption observed when 
switching between different levels of each factor. Printing speed exhibited the greatest influence 
on reducing water absorption in the 3D printed parts. This is evident from its corresponding delta 
value (Δ = 2.257), which is the highest value in Table 4. Since lower water absorption is generally 
associated with lower porosity in materials, it can be inferred that the printing speed factor 
significantly contributes to reducing porosity. Consequently, using a higher printing speed during 
fabrication likely results in denser parts with diminished porosity, potentially enhancing the 
characteristics of cosmetic packaging by improving factors like barrier properties or product shelf 
life. The optimized combination of levels for the three control factors from the analysis of water 
absorption shown in Figure 4 was 5% of infill density, triangle infill pattern and 100 mm/s of 
printing speed. 
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4.0      CONCLUSION 
 

In conclusion, the Taguchi optimization method was effectively utilized to determine the 
optimal 3D printing parameters for PLA cosmetic packaging. By analyzing surface roughness and 
water absorption, infill density and infill pattern as critical factors for achieving a smooth surface 
and low porosity, respectively. This study provides valuable insights for the cosmetic packaging 
industry, enabling the production of high-quality, functional PLA packaging with desirable 
aesthetics and minimal product absorption. 
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