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ABSTRACT 

The use of bioabsorbable materials in medical applications has gained significant relevance 

in recent years, especially in maxillofacial surgery. The core advantage of bioabsorbable 

materials is their ability to replace traditional metallic implants, thereby eliminating the need 

for subsequent secondary surgical interventions.This study aimed to evaluate the in vitro 

degradation of maxillofacial samples and implants made with polylactic acid (PLA). The 

samples were fabricated using 3D printing technology with two distinct layer thicknesses: 

0.05 mm and 0.2 mm.The samples were aged in a phosphate-buffered saline (PBS) solution 

at a physiological pH of 7.4. The aging periods were set at 0, 10, and 20 weeks, in strict 

accordance with the guidelines of the ASTM F1635 standard. The degradation process was 

characterized using various techniques, including contact angle measurements, analysis of 

surface roughness, Vickers hardness testing, and optical microscopy.The results clearly 

showed that samples with a smaller layer thickness (0.05 mm) exhibited more pronounced 

degradation. Specifically, these samples presented a lower contact angle, higher surface 

roughness, and lower Vickers hardness than the samples with a 0.2 mm thickness.This work 

contributes to the development of 3D-printed resorbable devices for maxillofacial 

applications. It highlights the influence of the 3D print design on the degradation kinetics of 

PLA and validates its potential as a functional and promising alternative to currently used 

metallic implants. 

Keywords: Polylactic acid; 3D printing; in vitro degradation; biodegradable samples and 

implants 

1 Introduction 

Advanced bone reconstruction techniques are routinely employed in maxillofacial 

surgery. Treatment success depends not only on the surgical technique and the surgeon's 

skill but also critically on the quality of the implanted biomaterial (1). Traditionally, 

osteosynthesis in this specialty has relied mainly on permanent metallic implants, primarily 

made of titanium or stainless steel alloys ((2),(3)). These inert materials offer 

biocompatibility and adequate mechanical strength, ensuring necessary stability during bone 

healing. However, their permanence can lead to long-term complications, including 

palpability, interference with imaging tests (MRI or CT scans), potential corrosion, and 
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fibrous encapsulation (4). Consequently, a second surgical procedure is often required for 

their removal after their function has been fulfilled (5). 

The pursuit of alternative materials that eliminate the need for secondary surgery and 

facilitate a more physiological tissue regeneration has driven research toward resorbable 

biomaterials (6). A resorbable material is designed to degrade gradually within the human 

body, releasing non-toxic products that are eventually eliminated via natural metabolic 

pathways (7). These materials provide temporary mechanical support while the damaged 

tissue regenerates, progressively transferring the load to the healing bone and disappearing 

once their function is complete. Among the biodegradable polymers investigated for 

biomedical applications, Polylactic Acid (PLA) has emerged as one of the most promising 

candidates (8). PLA is a sustainable aliphatic polyester of renewable origin (9). Its 

biocompatibility is well-documented, and its degradation products (lactic acid) are natural 

human metabolites, minimizing inflammatory responses (10). PLA degradation primarily 

occurs through hydrolysis of its ester bonds in an aqueous environment, leading to a 

progressive loss of molecular weight and mechanical properties (11). 

The fabrication of personalized medical devices has been revolutionized by 3D 

printing (Additive Manufacturing) technologies. These techniques allow for the creation of 

complex, patient-specific structures, enhancing surgical precision and optimizing outcomes 

. Among various techniques, Fused Deposition Modeling (FDM) is widely used due to its 

cost-effectiveness and material versatility, including PLA (14). FDM involves extruding 

molten thermoplastic filament, depositing it layer by layer (14). 

The application of 3D printing in resorbable implants, such as those made of PLA, 

presents challenges concerning the influence of printing parameters on the material’s final 

properties and its in vivo degradation behavior (15). Among the critical processing 

parameters (16), layer height is particularly relevant as it directly affects the internal 

microstructure, density, and interlayer bonding (17). 

• A smaller layer height (e.g., 0.05 mm) requires more layers, which may improve 

surface finish and mechanical performance but introduce a higher number of 

interfaces that could potentially influence long-term degradation kinetics ((18), (11)). 

• Conversely, an increased layer thickness (e.g., 0.2 mm) reduces the total number of 

deposited layers, which may affect the number of interfacial regions and 

subsequently influence properties like hardness, wettability, and hydrolytic 

degradation ((17), (11)). 

Understanding this complex relationship between layer thickness variation, material 

properties, and long-term behavior in a degradable environment is critical for optimizing 

additive manufacturing parameters and designing implants with controlled degradation 

profiles (18). The hydrolytic degradation process of PLA is evaluated using standardized 

protocols, such as the ASTM F1635 standard, which provides a reproducible basis for 

simulating in vitro degradation under controlled conditions (ASTM F1635-11 International, 

2011). 

The present study addresses the imperative need to thoroughly understand how layer 

thickness variation during 3D printing affects the in vitro degradation response of PLA. For 

this purpose, samples and maxillofacial implants were fabricated with two layer thicknesses: 

0.05 mm and 0.2 mm. The samples were subjected to accelerated aging by immersion in 

phosphate-buffered saline (PBS) solution at 37°C for 0, 10, and 20 weeks. Various 

characterization techniques, including contact angle, surface roughness (optical 

profilometry), Vickers hardness, and optical microscopy, were employed to evaluate the 

evolution of sample properties over time. The objective of this work is to establish clear 
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relationships between the printing layer thickness and the evolution of PLA properties during 

in vitro degradation, analyzing the viability of 3D-printed PLA in designing temporary 

fixation devices for maxillofacial surgery. 

2 Materials and methods 

2.1 Specimen printing: Rectangular samples (S) and implants (I) (Figure 1) were fabricated 

using commercially available PLA filament (PLA 3Di, Printalot®, Ø=1.75 mm). Fabrication 

was performed using a desktop 3D printer (MEX). To produce the samples, a printing speed 

of 25 mm/s, complete filling, an extrusion nozzle temperature of 205°C, a build platform 

temperature of 50°C, an extrusion nozzle diameter of 0.5 mm, and biaxial filling with a scan 

angle of ±45° were used. Sample series were printed with layer thicknesses equal to 0.05 

mm and 0.2 mm. Specimens were obtained in a single build cycle and fabricated in a 

horizontal position to ensure their precision. The dimensions of the specimens were 

measured with a digital caliper (resolution: 0.01 mm). 

 

Figure 1. Schematic designs of PLA samples. On the left, the sample (dimensions: 37 mm long x 7 mm wide x 

2 mm thick). On the right, the maxillofacial implant with perforations (main dimensions: 30 mm 

between hole centers, 3.5 mm radius of curvature, 2 mm thickness). 

2.2 In Vitro Degradation Test: Samples were subjected to an accelerated in vitro 

degradation process in accordance with ASTM F1635, which establishes the protocol for 

evaluating polymer degradation in aqueous solutions. Each group of samples (layer 

thicknesses of 0.05 and 0.2 mm, including samples and implants) was placed in flasks 

containing phosphate-buffered saline (PBS) solution at pH 7.4 and maintained at 37°C in an 

incubator. Immersion times were 0 (control), 10, and 20 weeks. At the end of each period, 

samples were removed, washed with distilled water, air-dried at room temperature, and 

stored under controlled conditions until analysis. 

2.3 Contact Angle Measurement: The static contact angle with distilled water was 

measured on both surfaces (top and bottom) of the samples using a Goniometer First Ten 

Angstrom – Model FTA100. Approximately 1 µL droplets were applied, and five 

measurements were taken per sample to obtain average values. A decrease in contact angle 

indicates an increase in surface hydrophilicity, related to the chemical degradation of PLA. 

2.4 Surface Roughness Analysis: The surface roughness of both sample surfaces was 

evaluated using optical profilometry with a Zygo NewView 7100 system. The average 

roughness (Ra), root mean square roughness (Rq), Peak Density, Valley Density, and PV 

(Peak-to-Valley) parameters were obtained at multiple points on each surface. Changes in 

roughness reflect physical and morphological alterations due to degradation. 

2.5 Vickers Hardness Test: Vickers hardness was measured exclusively on the bottom 

surface of the samples using a Shimadzu HMV-G21DT durometer with an HV0.05 force 
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(490.3 mN) applied for 15 seconds. Five indentations were made per sample to obtain 

representative values. Variation in hardness reflects changes in the structural integrity and 

mechanical resistance of the material during aging. 

2.6 Optical Microscopy: To observe morphological changes, a ZEIS A1 optical microscope 

was used. Observations were made using 10X magnification, resulting in representative 

digital micrographs for each experimental condition. Images were processed and analyzed 

using ImageJ software (version 1.53). Thresholding and area measurement tools were used 

to quantify the average size and percentage of degraded area in each sample. This evaluation 

allowed for comparison of degradation progression as a function of immersion time, sample 

type (plate or implant), and layer thickness used in printing (0.05 mm and 0.2 mm). 

3 Results 

In this study, both surfaces of the PLA samples and implants were distinguished for 

analysis. The bottom surface refers to the surface that remained in direct contact with the 

printer bed during the fabrication process. In contrast, the top surface corresponds to the 

surface formed by the layer-by-layer deposition process inherent to 3D printing. These 

definitions were established to clearly differentiate the two surface conditions evaluated in 

the subsequent tests. 

3.1. Evolution of Contact Angle: Figures 2 and 3 show the contact angle for the samples. 

The wettability variation of samples with thicknesses of 0.05 and 0.2 mm was similar. The 

wettability tests showed that the contact angle decreased with increasing degradation time 

(0, 10, and 20 weeks). 

 

Figure 2. Evolution of contact angle on the top surface of PLA samples and implants with different layer 

thicknesses (0.05 mm and 0.2 mm) throughout the in vitro degradation time. 

 

Figure 3. Evolution of contact angle on the bottom surface of PLA samples and implants with different layer 

thicknesses (0.05 mm and 0.2 mm) throughout the in vitro degradation time. 
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On the top surface (Figure 2), the contact angle significantly decreased over time in 

both layer thicknesses. The lowest contact angle (22.11°) was observed in the 0.2 mm layer 

samples after 20 weeks of degradation. On the bottom surface (Figure 3), the behavior was 

similar, but with slightly lower initial values. In all cases, contact angles decreased 

progressively with increasing degradation time, indicating an increase in hydrophilicity. 

These results confirm that in vitro degradation enhances the affinity of PLA samples for 

water due to the exposure of polar functional groups on the surface, as previously described 

in the literature ((17),(11)). Samples with thinner layers (0.05 mm) tended to maintain 

comparatively higher contact angles. This trend may be attributed to differences in the initial 

microstructure and surface compaction of thinner layers, which can slow down the early 

stages of surface degradation (16). 

3.2. Evolution of Surface Roughness: The surface roughness parameters (Ra, Rq), Peak 

Density, Valley Density, and PV parameter on the top surface of the implants changed over 

time during degradation (Figures 4 and 5). 

 

 

 

 Figure 4. Evolution of surface roughness parameters (Ra, Rq, Peak Density, Valley Density, PV) on the top 

surface of PLA implants with different layer thicknesses (0.05 mm and 0.2 mm) throughout the degradation 

time. 

 

In general, the implant with a 0.05 mm layer height exhibited a notable increase in 

valley and peak density (Figure 4), which was associated with a greater proliferation of 

surface microdefects, indicating accelerated degradation compared to the 0.2 mm layer 

implant. 
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Figure 5. Evolution of surface roughness parameters (Ra, Rq, Peak Density, Valley Density, PV) on the 

bottom surface of PLA implants with different layer thicknesses (0.05 mm and 0.2 mm) throughout the 

degradation time. 

The bottom surface (Figure 5) exhibits a lower Ra value than samples with a 0.2 mm 

thickness. Samples with a 0.05 mm thickness showed higher Rq and Peak Density than those 

with a 0.2 mm thickness. This result showed complex alterations in topography due to 

degradation. Analysis of the surface topography demonstrated that layer thickness critically 

influences PLA degradation kinetics over time. 

• Average Roughness (Ra): consistently decreased for both layers, with the 0.05 mm 

layer showing a drastic initial drop, indicative of rapid surface smoothing and erosion 

of initial microstructures. 

• Root Mean Square Roughness (Rq): The 0.05 mm layer showed a slight increase 

in Rq despite the Ra drop. This disparity suggests a complex degradation process 

involving general surface erosion (Ra decrease) concurrent with the formation of 

new, sharp irregularities (peaks and valleys), leading to fragmentation. 

• Peak Density: increased significantly faster for the 0.2 mm layer, indicating 

degradation primarily driven by fragmentation of existing structures. 

• Valley Density: showed a notably more pronounced growth in the 0.05 mm layer, 

confirming more intense and localized material loss (pitting). 

• Peak-to-Valley Roughness (PV): decreased for both, confirming a general 

flattening and collapse of surface topography, which was more severe in the 0.05 mm 

layer. 

Surface degradation is also manifested through changes in roughness parameters. 

Compared to implants, samples showed less alteration in their surface properties during 

the evaluated period. 
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Figure 7. Evolution of surface roughness parameters (Ra, Rq, Peak Density, Valley Density, PV) on 

the top surface of PLA samples with different layer thicknesses (0.05 mm and 0.2 mm) throughout 

the degradation time. 

 

 

Figure 8. Evolution of surface roughness parameters (Ra, Rq, Peak Density, Valley Density, PV) on the 

bottom surface of PLA samples with different layer thicknesses (0.05 mm and 0.2 mm) throughout the 

degradation time. 

• Average Roughness (Ra): generally decreased across all surfaces, indicating overall 

smoothing. The 0.05 mm layer on the bottom surface showed a more aggressive 

initial erosion (rapid Ra drop). 

•  Root Mean Square Roughness (Rq): increased in all samples, confirming a 

complex degradation process where general smoothing (Ra decrease) is concurrent 

with the formation of new, sharp irregularities (micro-fissures and fragmentation). 
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• Valley Density: This measure of pitting showed the fastest growth in the 0.05 mm 

layer on the bottom surface, indicating more intense and localized corrosion points 

there. Conversely, the 0.2 mm layer showed the most dramatic increase on the top 

surface. 

• Peak Density: Consistently increased, supporting the mechanism of fragmentation 

of existing surface structures into smaller, more numerous features. 

• Peak-to-Valley Roughness (PV): decreased in all conditions, confirming a general 

flattening or collapse of the surface topography due to the erosion of peaks and 

infilling of valleys. 

3.3. Evolution of the Vickers Hardness Test: The Vickers hardness of the bottom samples 

progressively decreased with immersion time in PBS for all groups, indicating a gradual 

reduction in the material's resistance to localized deformation. This decrease is consistent 

with the hydrolytic degradation of PLA, which affects its structural integrity over time. (20) 

 

Figure 10. Evolution of Vickers hardness on the bottom surface of PLA samples and implants, and 

percentage change with different layer thicknesses (0.05 mm and 0.2 mm) throughout the in vitro 

degradation time. 

Figure 10 shows that the Vickers hardness decreases as the degradation time increases. 

The 0.05 mm implants showed higher hardness variation than the 0.2 mm implants. These 

results suggest that the quicker degradation may occur despite their higher initial hardness. 

This trend was less marked in the samples, indicating that sample geometry influences the 

degradation of hardness. 

3.4. Optical Microscopy (Zeiss)  

3.4.1. Top Surface Analysis: Figure 11 shows significant morphological changes on the 

top surface. 
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Figure 11. Morphological parameters quantified by ImageJ (Element Count, Total Area, Average Area Size, 

Percentage of Degraded Area, Perimeter, Solidity, Aspect Ratio) on the top surface of PLA samples 

throughout the degradation time. 

Implants showed a more pronounced decrease in average size and percentage of area, 

as well as a greater reduction in solidity (Figure 11). Solidity is defined as the ratio between 

the area of an object and the area of its convex hull, reflecting how compact or fragmented 

a structure is; lower values indicate greater fragmentation (21). These results suggest that 

implants degrade faster compared to the samples. Regarding layer thickness, samples with a 

0.05 mm layer exhibited a greater loss in average size and area than those with a 0.2 mm 

layer. Thinner layers degrade more rapidly, likely due to higher surface-to-volume ratios, 

which increase hydrolytic exposure (21). This trend is consistent with previous findings that 

relate microstructural differences and surface compaction to degradation behavior and 

wettability ((11), (7)).. The number of elements (count) and perimeter increased more in 
0.05 mm layer samples (Figure 11), supporting the idea of greater surface fragmentation in 
these samples. 

3.4.2. Bottom Surface Analysis: On the bottom surface, behavior similar to that of the top 

surface was observed, though with slightly less severe degradation. 
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Figure 13. Morphological parameters quantified by ImageJ (Element Count, Total Area, Average Area Size, 

Percentage of Degraded Area, Perimeter, Solidity, Aspect Ratio) on the bottom surface of PLA samples 

throughout the degradation time. 

The 0.05 mm layer implants showed faster degradation on the bottom surface 

compared to the 0.2 mm ones (Figure 13). The significant reduction in average size and area 

for the thinner layer implants indicates that the material is breaking down into smaller 

fragments over time, reflecting progressive hydrolytic degradation. The increase in 

perimeter for the 0.05 mm implants (Figure 13) reflects greater surface fragmentation and 

the development of roughness, suggesting that the surface becomes more irregular as 

degradation progresses. Furthermore, the decrease in solidity and aspect ratio in the thinner 

layers indicates that the structures are becoming less compact and more irregular, with loss 

of uniformity and elongation, which is consistent with advanced surface degradation (21). 

These surface parameters collectively provide a quantitative assessment of the 

morphological changes induced by degradation, allowing a better understanding of how 

layer thickness affects the surface integrity of 3D-printed PLA implants. 

4 Discussion of Results  

The present study rigorously investigated the in vitro degradation kinetics of 3D-

printed PLA for maxillofacial applications, demonstrating the critical influence of layer 

thickness (0.05 mm vs. 0.2 mm) and device geometry on this process. The results 

consistently highlight the hydrolytic nature of PLA degradation, characterized by a 

progressive loss of mechanical integrity and increased hydrophilicity over time, which aligns 

with established literature ((8), (22)). 

A central finding was the paradox between initial material properties and long-term 

degradation rate. At time zero (T0), the 0.05 mm layer samples exhibited superior initial 

characteristics, namely higher Vickers hardness and greater contact angle, suggesting a 

denser and more hydrophobic surface (22). However, the degradation data revealed a 

significantly more pronounced rate of property loss in these thinner layers. The Vickers 

hardness decreased more rapidly, and the contact angle reduction was more drastic. This 

indicates that the 0.05 mm structures lost mechanical integrity and hydrophobicity more 

quickly, experiencing accelerated surface hydrolysis compared to the 0.2 mm layers (23). 
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This accelerated degradation is explained by the internal microstructure generated 

during 3D printing. Although finer layers produce a smooth, dense surface at T0, they 

inherently create a greater number of interfaces between layers ((17), (26)). These numerous 

interfaces act as preferential weak points where water can penetrate, initiating and 

propagating hydrolysis more efficiently. This faster degradation mechanism was 

quantitatively confirmed by the roughness analysis: the 0.05 mm layer showed a rapid initial 

drop in Ra (smoothing) and a substantially faster increase in Valley Density on the bottom 

surface, confirming intense localized material loss and pitting. Conversely, the 0.2 mm 

layer's degradation was characterized by a more controlled rate, likely due to the reduced 

number of internal interfaces, and exhibited degradation dominated by fragmentation (higher 

Peak Density increase) ((11), (22)). 

Furthermore, geometry proved to be an important factor, as the implants experienced 

more pronounced surface fragmentation compared to the simple plate samples, emphasizing 

the compounding effect of complex morphology and higher surface area ((13), (24)). The 

overall decrease in Vickers hardness and the morphological changes observed under optical 

microscopy (e.g., increased perimeter and element count, indicating fragmentation) provide 

direct evidence of the structural failure ((7), (22), (26)). 

These results have significant clinical implications. They establish a clear trade-off: 

the 0.05 mm layer provides superior initial strength, but its susceptibility to hydrolysis at the 

layer interfaces leads to accelerated degradation kinetics. The 0.2 mm layer offers a more 

controlled and slower degradation profile. Optimizing layer thickness is therefore a powerful 

tool for designing customized PLA devices with degradation timelines precisely tailored to 

the clinical requirements for temporary maxillofacial fixation ((6), (23)). 

5 Conclusions 

1. Degradation Mechanism: PLA degradation is characterized by a decrease in Vickers 

hardness and contact angle (increased hydrophilicity), along with alterations in surface 

roughness and morphology. 

2. Layer Thickness Influence: Layer thickness is a critical factor influencing both initial 

properties and degradation kinetics. 

• 0.05 mm Layer: Exhibited greater initial hardness and hydrophobicity but showed 

faster degradation and greater surface fragmentation over time. This is attributed to 

the higher number of layer interfaces acting as critical points for hydrolysis 

propagation, accelerating structural deterioration. 

• 0.2 mm Layer: Showed a more controlled degradation rate. 

3. Geometry Influence: The complex geometry of implants may lead to more pronounced 

surface degradation compared to simple samples. 

4. Design Optimization: Modulating layer thickness emerges as a promising strategy to 

tailor the PLA device's resorption profile, allowing optimization of the balance between 

initial mechanical properties and controlled degradation kinetics for specific 

maxillofacial clinical applications. 

 

Acknowledgments 

 

The authors acknowledge the support of the MOVE La América Program. This study was 

financed in part by the Brazilian Agency Coordenação de Aperfeiçoamento de Pessoal de 



 

Biomateriais: Desenvolvimento e Aplicações. Editores: Carlos N. Elias, Bruno M. de Souza, Nathalia R. O. H. Pereira, 1. Editora Even3 
Publicações, Recife. 2025   ISBN                                                                                                                    

 
 

Nível Superior (CAPES) – Finance Code 001, for the financial support that made this 

research possible. 
 

References 

 

1. Bharadwaj A. An Overview on Biomaterials and Its Applications in Medical Science. 

IOP Conf Ser Mater Sci Eng. 2021 Apr 1;1116(1):1–10.  

2. Mcgue CM, Mañón VA, Viet CT. Advances in Tissue Engineering and Implications 

for Oral and Maxillofacial Reconstruction. 2021 Nov. p. 685-694 

3. Gareb B, van Bakelen NB, Dijkstra PU, Vissink A, Bos RRM, van Minnen B. Efficacy 

and morbidity of biodegradable versus titanium osteosyntheses in orthognathic 

surgery: A systematic review with meta-analysis and trial sequential analysis. Vol. 

129, European Journal of Oral Sciences. John Wiley and Sons Inc; 2021. p. 1–29.  

4. Sunil BR, Kranthi Kiran AS, Ramakrishna S. Surface functionalized titanium with 

enhanced bioactivity and antimicrobial properties through surface engineering 

strategies for bone implant applications. Vol. 23, Current Opinion in Biomedical 

Engineering. Elsevier B.V.; 2022. p. 1–7.  

5. Gareb B, Van Bakelen NB, Vissink A, Bos RRM, Van Minnen B. Titanium or 

Biodegradable Osteosynthesis in Maxillofacial Surgery? In Vitro and In Vivo 

Performances. Vol. 14, Polymers. MDPI; 2022. p. 1–34.  

6. Gunatillake PA, Adhikari R, Gadegaard N. Biodegradable synthetic polymers for 

tissue engineering. Vol. 5, European Cells and Materials. AO Research Institute 

Davos; 2003. p. 1–16.  

7. Middleton JC, Tipton AJ. Synthetic biodegradable polymers as orthopedic devices. 

2000 Dec;21:2335–46.  

8. Garlotta D. A Literature Review of Poly(Lactic Acid). Vol. 9, Journal of Polymers and 

the Environment. 2001 Apr. p. 1-22 

9. Khouri NG, Bahú JO, Blanco-Llamero C, Severino P, Concha VOC, Souto EB. 

Polylactic acid (PLA): Properties, synthesis, and biomedical applications – A review 

of the literature. Vol. 1309, Journal of Molecular Structure. Elsevier B.V.; 2024. p. 1–

16.  

10. Drumright RE, Gruber PR, Henton DE. Polylactic Acid Technology. 2000 Dec. p. 1-

6 

11. Gy T, Ikada Y. erties and morphologies of L-lactide): 1. Annealing condition ts on 

properties and morphologie L-lactide). Vol. 36. 1995 Mar. p. 2709-2716 

12. C.Lee Ventola M. Medical Applications for 3D Printing: Current and Projected Uses. 

2014 Nov. p. 704-711 

13. Bose S, Vahabzadeh S, Bandyopadhyay A. Bone tissue engineering using 3D printing. 

Vol. 16, Materials Today. 2013. p. 496–504.  

14. Zadpoor AA, Malda J. Additive Manufacturing of Biomaterials, Tissues, and Organs. 

Vol. 45, Annals of Biomedical Engineering. Springer New York LLC; 2016. p. 1–11.  

15. Hasan Risad R, Rajib Hossain K, Hasnain Ahmed M, Basher A, Rashid S, Mahfuz 

Ahmed Shishir M. FDM printing process and its Biomedical Application. Chem Res 

Tech. 2024 Aug;1:138–49.  

16. Shergill K, Chen Y, Bull S. An investigation into the layer thickness effect on the 

mechanical properties of additively manufactured polymers: PLA and ABS. 

International Journal of Advanced Manufacturing Technology. 2023 Jun 1;126(7–

8):3651–65.  

17. Carneiro OS, Silva AF, Gomes R. Fused deposition modeling with polypropylene. 

Mater Des. 2015 Oct 15;83:768–76.  



 

Biomateriais: Desenvolvimento e Aplicações. Editores: Carlos N. Elias, Bruno M. de Souza, Nathalia R. O. H. Pereira, 1. Editora Even3 
Publicações, Recife. 2025   ISBN                                                                                                                    

 
 

18. Chia HN, Wu BM. Recent advances in 3D printing of biomaterials. J Biol Eng. 2015 

Mar 1;9(1):1–14.  

19. ASTM International. Standard Test Method for In Vitro Degradation Testing of 

Hydrolytically Degradable Polymer Resins and Fabricated Forms. ASTM F1635-11, 

March 2011, 7 pages.  

20. Aworinde AK, Adeosun SO, Oyawale FA, Emagbetere E, Ishola FA, Olatunji O, et al. 

Comprehensive data on the mechanical properties and biodegradation profile of 

polylactide composites developed for hard tissue repairs. Data Brief. 2020 Oct 1;32:1–

9.  

21. Haeri M, Haeri M. ImageJ Plugin for Analysis of Porous Scaffolds used in Tissue 

Engineering. J Open Res Softw. 2015 Jan 28;3:1–4.  

22. Farah S, Anderson DG, Langer R. Physical and mechanical properties of PLA, and 

their functions in widespread applications — A comprehensive review. Vol. 107, 

Advanced Drug Delivery Reviews. Elsevier B.V.; 2016. p. 367–92.  

23. Saefudin S, Raharjo S, Afif IY, Syarifudin, Purnomo, Rusydi MO, et al. A Review of 

Factors Affecting the Mechanical Performance of PLA in FDM 3D Printing. Vol. 7, 

Advance Sustainable Science, Engineering and Technology. University of PGRI 

Semarang; 2025. p. 1–18.  

24. Tsuji H. Hydrolytic degradation. In: Poly(lactic acid): Synthesis, Structures, 

Properties, Processing, Applications, and End of Life. Wiley Blackwell; 2022. p. 467–

516.  

25. Chen H, Shi Q, Shui H, Wang P, Chen Q, Li Z. Degradation of 3D-Printed Porous 

Polylactic Acid Scaffolds Under Mechanical Stimulus. Front Bioeng Biotechnol. 2021 

Oct 26;9:1–9.  

26. Lenshin AS, Frolova VE, Kannykin S V., Domashevskaya EP. Microstructural and 

Hydrophilic Properties of Polylactide Polymer Samples with Various 3D Printing 

Patterns. Polymers (Basel). 2024 May 1;16(9):1–13.  

  

 

 

 

 

 


