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Abstract 

  The objective of this work was to evaluate and compare the durability of 3D print-
ing polylactic acid and the changes in mechanical and fracture behaviors due to 
sweat and water absorption.Beam were printed in edge direction with different an-
gle (0°,45°,90°) and 60% of density. Beams were immersed in water and sweat for 
15 days. The FFF specimens’ behavior are investigated via mechanical testing (flex-
ural test), as well as through optical analyses before and after aging. 
  A direct relationship between sweat and water absorption and reduction in flexural 
properties was observed for the PLA specimens, with the flexural modulus decreas-
ing after 15 days of immersion. The most significant reductions were observed for 
specimens printed with 45° and in water environmental aging. The best choice of 
the raster angle for the splint arm manufacturing is 0°. 
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1. INTRODUCTION 

The FFF (Filament Fused Fabrication), is among the well-known 3D printing 
technology that was used in different field especially the biomedical application, 
enabling the creation of complex geometries with specific properties [1-2]. Many 
service factors could influence the mechanical properties of 3D printed parts de-
pending on the structural performance. 

Splint arm in Polylactic acid (PLA), where recently manufactured by FFF tech-
nology [3-4]. Polylactic Acid (PLA), derived from renewable resources, is a widely 
used biocompatible material in biomedical applications. Its mechanical properties 
and affordability make it a popular choice compared to other materials. PLA also 
offers advantages like hydro massage compatibility, invisibility in x-rays, and recy-
clability for filament production [5]. 

One limitation of 3D printed polymeric orthesis like PLA splint arm is degradation 
with sweat and humidity as they can diffuse through the pores and layers of the final 
component. PLA, being hydrophobic, can degrade under hydrolytic conditions 
caused by the diffusion of water molecules and subsequent ester bond breakage. 
Several studies have investigated the effects of printing parameters, such as layer 
thickness and orientation, on water absorption rates and mechanical properties of 
PLA [6]. The printed PLA leads to higher water absorption of PLA than other in-
dustrial processes. The main absorption of the Printed PLA in different water solu-
tions happened during the first three or four days [7]. Additionally, the properties 
degradation after water absorption are influenced by the building orientation and 
raster angle [6]. 

Until now, there is currently no research compared the effect of sweat and water 
on the degradation and also on the mechanical properties of 3D printed parts. In this 
study, we focused on studying a bending specimens printed in the on-edge direction, 
varying the raster angle with 60% infill density. We examined the mechanical prop-
erties in relation to the raster angle and the environmental conditions (distilled water 
or sweat). The findings provide valuable insights into the effects of sweat and hu-
midity interaction on mechanical performance and fracture behavior of PLA print-
ing arm splints 

2. MATERIALS AND METHODS 

2.1. Fabrication of arm splint 
In the first time, arm splint for this study were fabricated via FFF 3D printing (see 

figure 1). We decided to position the splint vertically on the build plate, which re-
quired the use of supports. We utilized a layer thickness of 0.4 mm. 

2.2. Materials 
Specimens for this study were fabricated (FFF) 3D printing with dimensions 85 × 

10 × 4 mm3. Polylactic acid (PLA) specimens were printed using Ender 5 Pro 3D 
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printer and Nipovas PLA filament (Diameter: 1.75 mm). All the specimens were 
printed in an “on edge” construction orientation with an infill density of 60%. Other 
process parameters were fixed level such as layer thickness (0.4 mm), fill pattern 
(rectilinear) and temperature (220°C). All controlled printing parameters are col-
lected in Table 1. 

2.3. Sweat and water absorption study 
Sweat and water absorption analysis were performed on the bending PLA sam-

ples. Each specimen was fully immersed in artificial sweat [2] or distilled water at 
21 °C. The pH of the sweat solution is 5,5. Before degradation, the initial weight 
(Mi) of 3D-printed PLA specimens were measured using an analytical balance (AS-
R2-plus (RADWAG)) with precision of ±0.0001 g. Periodically, with times ranging 
from 1 to 15 days, the specimens were removed, carefully dried with a paper towel, 
and their mass recorded 

The mass percent change is then calculated using Equation 1: 

𝑴% =    
𝑴𝒕 − 𝑴𝒊

𝑴𝒊
× 𝟏𝟎𝟎                                                                                    (𝟏) 

Where: 
- M : the percentage of sweat or water absorption. 

- Mt : mass of specimen (grams) after time t. 

- Mi : initial mass (grams) of specimen. 

2.4. Flexural testing 
The PLA specimens for three point bend flexural tests were prepared according 

to NF T51-120 at room temperature. The maximum load capacity of the equipment 
is 5 KN. The following processing conditions were considered. 

- Varing the raster orientation angle through edge (0°, 45° and 90°). 

- Environmental conditions (distilled water (pH 7) or sweat (pH 5.5)). 

A schematic of the flexure specimen is shown in figure 2. After immersion, the 
specimens were weighed and tested at a displacement rate of 5 mm/min with a sup-
port span of 65 mm. Virgin specimens were also tested. Five tests were carried for 
each processing condition and an average value is reported. 

2.5. Microstructural study 
To better understand the effects of aging environment on failure modes of speci-

mens, microscopic inspection was performed utilizing a BRESSER digital micro-
scope with a magnification cell (20x80x350). All microstructural features are car-
ried out after flexural tests. 
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3. MAIN RESULTS 

Following the conducted tests, results of the analyses of the selected properties of 
samples prior to degradation were obtained. In addition, results of the impact of 
aging pH solution on the selected mechanical and structural properties of PLA were 
recorded. 

The mechanical response of the non-aged specimens was evaluated by means of 
bending tests (see Figure 4). These tests showed that the variation in the raster ori-
entation angle has a significant effect on the mechanical properties. The specimens 
printed at an angle of 45° show better mechanical resistance (Fmax: 89 ± 19,03 N) 
and a higher modulus (2137,9 ± 105,26 MPa). For this case, the filaments behave 
as solid barriers that prevent and slow the propagation of cracks and therefore lead 
to higher resistance. Microscopic analysis confirmed these results. Indeed, the ob-
servation of the fracture surfaces show that in the case of specimens printed at an 
angle of 45, the geometry of the contour as well as the diameter of the filaments and 
the distance between the filaments do not changed. Failures occurred along the di-
rection of the raster when it was at a 45° angle. Figure 7 showed that fractures ini-
tiated at different layers between the rasters due to shear forces and then propagated 
through the layer interface. 

In the 0° raster angle, greater displacements were observed (9.1 mm). Other re-
search found that 00° raster angle samples lead to increased ductility in tensile tests 
[9] as filaments support the loads in the longitudinal direction. Microscopic analysis 
showed that fractures occurred in the transverse direction of the filaments within 
each layer. There are pores and voids between the strands of each layer, leading to 
trans-raster failure [10]. 

The mechanical properties are expected to be the weakest at 90° raster angle as 
the forces tend to separate the strands in each layer and between layers. The maxi-
mum forces and modulus of PLA-90° are respectively 45,4 ± 3,4 N and 1709,42 ± 
42.89 MPa. The microscopic analyses displays an inter-raster fusion failure (figure 
8). 

To summarize, there were two main failure modes for the tested samples: (1) In-
ter-raster fusion failure, in the case of PLA-45° and PLA-90° (2) Trans-raster fail-
ure, in the case of PLA-00° [11]. The samples with 45° raster angle sustained the 
highest flexural properties. The main question here was whether the behavior of 
these samples remains the same after aging. 

Printed specimens were subjected to water and sweat absorption to asess the me-
chanical properties in real application. The study of the effect of ageing by artificial 
sweat and distilled water showed that after 15 days the specimens did not show the 
same rate of absorption. Figure 3 shows that for a fixed raster angle there is an 
increase of absorption in the case of distilled water solution. This result is validated 
by the microscopic observations (figure 7). In fact, hydrolitic water effect enhances 
the interface between printed layers more than the case of sweat. 

Higher absorption is observed in the PLA-90°. Elsewhere, 45° raster angle exhib-
ited lower water or sweat absorption. This could be explained by the fact that the 
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type and distribution of the porosity change with raster angle or by the orientation 
of inter-layer that protected the printed part. 

The mechanical response of aged specimens in the case of 45°angle prove signif-
icantly degradation in the mechanical strength even if it presents the lowest absorp-
tion. We noted a decrease in strength and rigidity (figure 4 and 5). The flexural 
properties are more affected in the case of distilled water aging solution (E= 1548,32 
± 308,39 MPa in sweat solution and    E= 1037,2 ± 304,74 MPa in water solution). 
The observation of the first surface of contact with the distilled water in this case 
shows that water aging has a significant effect on the acceleration of the damage 
phenomena. Figure 7 reflects large porosities between construction plans. This leads 
that the inter-layers adhesion became weak by ageing the PLA specimens for 15 
days. 

However, the specimens printed at an angle of 90° had a greater absorption rate 
of sweat and distilled water (figure 3), showed lower decrease in stiffness and 
strength (figure 4 and 5). A similar mechanical results are observed in the PLA-00° 
samples. These results are in agreement with those of microscopic observation. Fig-
ures 6 and 8 shows the similar fracture morphology of surface fracture. Just a plas-
ticization zone due to water absorption are observed. 

This study permits the best choice of the parameters for the splint arm manufac-
turing. For a infill density of 60%, the best raster angle is 0°. 

4. CONCLUSION 

This study compares the effects of sweat and water absorption on the durability 
of commonly used 3D printing polylactic acid in orthotics applications. 3D printed 
specimens were prepared and changes in their morphological and mechanical be-
havior were evaluated. The investigation into these properties revealed the impact 
of the raster angle and the nature of aging solution. The most significant reductions 
were observed for specimens printed with 45° and in water environmental aging. 
Plasticization and eventual more porosities due to water absorption resulted in sig-
nificant losses in mechanical properties. 
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Table 1. Controlled printing parameters 

Parameter  
Infill density (%) 60 
Feed rate (mm/s) 60 
Extruder temperature (°C) 220 
Bed temperature (°C) 60 
Number of shells 1 
Build orientation On-edge 
Fill pattern Rectilinear 
Raster angle (°) 
Layer height (mm) 
Top/bottom 

0, 45 and 90 
0,3 
none 

 

 

 

 

 

Figure 1. 3D printing of arm splint. 
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Figure 2. Flexural test of 3D printed specimens with different raster angle. 

 

 

 

Figure 3. Sweat and water absorption results for immersed specimens 
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Figure 4. Representative flexural force versus flexural displacement plots for: (a) PLA-00°, (b) : 
PLA-45° and (c) : PLA-90°. 

a) 

c) 

b) 
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Figure 5. Flexural modulus before and after exposure to artificial sweat and distilled water. 
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Figure 6. Microscopic inspection of air gaps between rasters and layers in the case of PLA-00° 
specimens (a) before aging, (b) in distilled water and (c) in artificial sweat. 
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Figure 7. Microscopic inspection of air gaps between rasters and layers in the case of PLA-45° 
specimens (a) before aging, (b) in distilled water and (c) in artificial sweat. 
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Figure 8. Microscopic inspection of air gaps between rasters and layers in the case of PLA-90° 
specimens (a) before aging, (b) in distilled water and (c) in artificial sweat. 

 

a) 
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