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Thermal Conditioning of Moisture-Aged FFF Polymer Filaments for

Recovering Print Quality, Morphology, and Mechanical Performance

Abstract

Hygroscopic filaments such as PLA+, PETG and ABS are sensitive to moisture of the polymer
feedstock when extruded by fused filament fabrication (FFF). Outdoor storage causes moisture
uptake, extrusion instability, layer defects and mechanical degradation of printed items. The
drying-based recovery of moisture aged filaments is less well studied than filament storage or
material modification. The material-specific heat conditioning was verified on the recovery of
the PLA+, PETG, and ABS filaments stored outside. A temperature-time controlled filament
dryer was designed and verified using embedded temperature monitoring, infrared
thermography and transient thermal modeling. The recovery response was evaluated by SEM
observation of the fracture surface, macroscopic surface comparison, gravimetric moisture,
tensile and flexural load—displacement behaviors, and multivariate statistical analysis. Over
time, the open storage led to increases in moisture and the degradation of mechanical
performance. In contrast regulated drying improved print quality and load bearing capacity.
The optimum drying temperature and time for PLA+ was 55 °C for 5 h, PETG was 65 °C for
5 h, and ABS was 75 °C for 5 h. Thermal validation showed constant and uniform heating of
sensors, simulated temperature fields and infrared images. MANOVA results indicate
significant effects of the drying stage and filament type on the mechanical responses (Wilks'
Lambda: 0.292 and 0.345, p < 0.001). PCA also showed material grouping after drying,
supporting a polymer specific recovery process. Thermal conditioning to improve reliability of

moisture-aged FFF polymer filament is feasible and reproducible.

Keywords: Fused filament fabrication; Filament drying; Moisture absorption; Polymer

filaments; Mechanical recovery; Thermal conditioning

1. Introduction

In recent years, innovations in additive manufacturing, particularly fused filament
fabrication (FFF), have transformed perspectives on products, design, and prototyping.
Through 3D printing, FFF offers an economical, feasible, and versatile solution for creating
complex, customizable, high-precision objects from fromrmoplastic polymers [1] [2].

Basically, FFF works by building a physical object from a digital model through gradual



material deposition, layer by layer [3]. The multi-layered construction of 3D printed products
from digital models enables greater design freedom and better material efficiency [4], resulting
in less material waste compared to traditional formative and subtractive manufacturing [5],
such as computer numerical control (CNC) [6]. Additionally, it offers low-cost fabrication with
less energy [7], making it reliable for industrial applications. Due to the advantages outlined
above, rapid development in additive manufacturing has occurred. It covers a wide range of
applications, including aviation and space, automotive, electronics, biomedical, and so on[8].
During additive manufacturing, thermoplastic filaments are melted and extruded through a
nozzle; the molten material is deposited onto a heated build plate, where it cools rapidly and
solidifies. This process is repeated until the top layer is complete, and the product is finished.

It has been observed that common thermoplastic filaments are polylactic acid (PLA),
polyethylene terephthalate glycol (PETG), and acrylonitrile butadiene styrene (ABS). PLA is
a biodegradable material produced from natural resources that has the proper mechanical and
chemical properties with minimal greenhouse gas (GHG) emissions [9]. In contrast to PLA
derived from bio-sources, ABS is an engineering plastic that has butadiene groups evenly
distributed in an acrylonitrile-styrene matrix [10], while PETG, derived from synthetic PET
and glycol, exhibits strong chemical resistance and considerable impact strength [11].
Compared to ABS and PETG, PLA's tensile strength is higher, and it is easier to work with
[12], making it stiffer than other pure filaments [13] and ideal for moldable applications. In
addition, ABS material has higher stiffness than PETG [14]. Thus, these materials offer higher
tensile strength and toughness; however, these properties are lower than those of PLA. It is
suitable for applications that require a balance between impact and heat resistance. By contrast,
PETG provides better elongation at break than PLA and ABS [15], making it suitable for
applications that require strength, flexibility, and ease of printing.

These materials are considered hygroscopic, capable of absorbing moisture from the air
[16] [17], making them sensitive to changes in humidity. Research by Huang et al. [18]
highlighted that many users, particularly in educational settings and the handicraft industry,
still rely on open storage, the simplest method for storing filaments. This reliance results in
ongoing moisture issues that affect print consistency. When moisture diffuses into the
filament’s amorphous zones, it behaves like a plasticizer, loosening molecular entanglements
and weakening intermolecular bonds [19]. These phenomena cause polymer degradation [20],
alter polymer chain bonds, and affect material performance, often resulting in poor printing
quality [20]. Moreover, moisture in the filaments can induce swelling, as reported by Lendvai

et al. [22], who observed a 5% increase in filament diameter, potentially leading to clogging.



Therefore, filament storage is essential to maintain quality and prevent moisture exposure. In
addition to storage, filament is typically dried before melting in industrial settings to prevent
degradation. In contrast, many 3D printer users skip this step. Hence, the quality of printed
parts ultimately depends on ambient conditions that can vary with multiple factors, including
geographic location. Furthermore, Andreozzi et al. [21] reported that filaments with lower
moisture content generally produce printed parts with improved structural integrity, with a 15%
increase in tensile strength and an 11.5% increase in flexural strength.

Moisture absorption can be due to the filament's porosity or its hygroscopic properties [22].
Therefore, various approaches are used to reduce the water content in filaments, including the
development of storage techniques and material modification. According to the storage
techniques, many researchers focus on developing beads or desiccant systems to absorb
moisture content from 3D printing filaments. Lertsarawut et al. [23] developed a novel water-
absorbing superpolymer (SAP) bead that could exhibit rapid water absorption, reaching
equilibrium within hours, while an experimental evaluation on a green desiccant system using
PW-PLA to overcome conventional air dehumidification systems was conducted by Comino
et al. [24], resulting in the highest adsorption capacity of up to 12.7%. Meanwhile, Rafat et al.
[25 reported a study of a coated desiccant that can absorb 1.12 g of water/g desiccant and
increase the absorption cycle by up to 52%.

On the other hand, material development also accounts for a large share of research.
Stowinski et al. [26] modified PETG with carbon fibers, thereby increasing the elastic modulus
and improving resistance to moisture absorption. On the other hand, Vicente et al. [27] applied
a protective coating by painting, resulting in a significant decrease in water absorption of up to
38%. Moreover, Filgueira et al. [28] examined the effect of enzymatic modification on
filaments to improve interfacial adhesion and prevent water absorption.

Based on the literature review above, it can be concluded that most existing research
focuses on the development of filament storage systems and material modification. However,
our observations indicate that research on processing 3D-printing filaments to reduce water
absorption through drying techniques remains limited. Moreover, in real-world settings, most
current studies do not evaluate drying techniques for their direct impact on print quality
indicators. This discrepancy highlights the need for empirical studies to identify ideal drying
techniques. To overcome these limitations, this article presents a new approach to assessing
the influence of drying techniques on filament properties, using a modified filament dryer to
measure the moisture content removed. To identify novelty and research gaps, we examined

previous studies, one of which was conducted by Limpadapun and Sukmanee [29] who



reported that this method can reduce the moisture concentration on PLA filament to 0.75 —
1.87% by weight for different times between 1 — 6 hours and temperatures of 40, 50, and 60
°C.

On the other hand, Hamid et al. [30] also performed a predrying treatment on PLA
filaments. They reported that the undried specimens in SEM images exhibited more voids and
evidence of incomplete diffusion, with moisture causing wider gaps between layers. By
contrast, the predried specimens had fewer voids, improved diffusion, and better overall layer
formation than the undried specimens. The literature suggests that the drying approach is a
promising alternative to storage development and material modification.

Therefore, the drying process on various types of filaments for five hours at temperatures
of 55, 65, and 75 °C, including PLA+, PETG, and ABS that have been left in open storage
conditions for several weeks (4 weeks), is adapted as the main novelty, as well as building a
modified filament dryer with an intelligent controller as an additional novelty. The device is
equipped with a heating element and a humidity-control system to dry and store filaments
simultaneously. Through a comprehensive evaluation, this study aims to: 1) measure the
performance of the modified filament dryer, 2) determine the effect of open storage on the
filament properties, 3) compare the properties of the filament before and after drying, and 4)
provide an optimal drying strategy that can improve the reliability and quality of the filaments
used thereafter. Furthermore, we deepened our analysis of the dried results of open-storage
filaments by comparing the mechanical properties, surface appearance, and thermal contours
through numerical simulations to determine the behavior of filaments during the drying process
between newly used filaments and filaments that have been used for an extended period of
time, thus making this research gap unique. In parallel, we expanded the manuscript with
additional evidence, including SEM micrographs and time-series drying-temperature profiles
for each specimen.

With a deep understanding of the critical parameters governing the filament recovery
process, engineers and designers can make informed decisions regarding the reuse of their
filament. The application of optimization techniques to reduce moisture content during the
drying process enables industry adoption to restore filament performance and, in everyday use,
results in fewer print-and-reprint failures, more consistent tensile and impact properties across
the spool, and shorter printer setup times through repeatable pre-press conditioning steps. This
approach can be readily implemented in manufacturing and service with several benefits,
including reduced scrap and material costs, stabilization of component strength so that the final

part behaves predictably, and support for circularity programs that reclaim partially used or



water-exposed spools. As a result, integrating drying with FFF ensures that reused filament

produces reliable, high-quality parts suitable for a wide range of applications.

2. Materials and Methods
2.1. Research Procedure

To provide a clearer insight into this research, Figure 1 visualizes the research workflow.
We developed a bench-scale filament-drying system through an iterative process that included
3D conceptual design, fabrication of a physical prototype, and electronic inspection for safety
and functional integrity. Prototypes that failed inspection were revised until compliance was
achieved. In parallel, polymer filaments were prepared and characterized in the form of
specimens in accordance with accepted American Society for Testing and Materials ASTM
standards and were suitable for establishing mechanical test results. To simulate degradation
during use, the used filament rolls were stored in open air for 4 weeks and then re-characterized
to assess the effects of water absorption on mechanical performance. Furthermore, the filament
dryer was applied to the exposed filaments, after which the material was re-characterized with
the same test matrix to ensure direct comparability: mechanical and thermal analyses, surface
assessment, and statistical evaluation of replicate measurements. This design allows direct
quantitative comparisons among fresh, moisture-exposed, and dried conditions, with sufficient

replication for statistical analysis.
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Figure 1. Research workflow

2.2. Design of Filament Dryer

The design of filament dryers is a crucial component of 3D printing filament preparation.
This dryer is designed to reduce the filament's moisture content, ensuring optimal print quality
and preventing issues such as bubbles, tangles, and warping. The following is a 3D model of
the filament dryer and its components, created using Computer-Aided Design (CAD). The
CAD process was performed in SolidWorks at a 1:1 scale. In general, the design of a filament
dryer is similar to that of a typical oven, as shown in Figure 2 and Table 1. Filament dryer

design focuses on creating an efficient system for removing moisture from 3D printing



filaments, which is essential for achieving optimal print quality. The process begins with

defining the drying objectives for various filament types, such as PLA, PETG, and ABS.

Explode View

Figure 2. 3D design of filament dryer

Table 1. The bill is part of a filament dryer

Annotation Number Part Name

1 Cover
2 Box
3 Glass Door
4 Heat Element
5 Shelf Support
6 Controller Omron ESCC
7 Programable Timer CN101A
8 Relay Omron MY?2
9 Heat Mode Selector

10 Indicator Lamp

11 Omron MY2-P6DY PT100

Through comprehensive research and analysis, existing drying technologies were
examined, along with the hygroscopic properties of the target material. However, the existing
design required several modifications. The modification process involved replacing the heating
system and adding control components to support the operation of the filament dryer. The
modifications were intended to make the heating temperature and duration more flexible and
applicable to a range of drying requirements across all filament types. Therefore, the filament
dryer in this study offers multiple modes tailored to the appropriate filament type, automatically

adjusting heating time and temperature without requiring extensive settings.



2.3. Procedure of Drying Process

The drying method used in this study was evaporation. This method was chosen because
the filament is a solid substance that should not be contaminated with other substances. The
filaments, exposed to air for 4 weeks, were dried in a filament dryer for 5 hours at 55°C, 65°C,
and 75°C. After drying at specified temperatures and under temperature variations, the
filaments were reprinted using a 3D printer to form a mechanical test specimen (see Figure 3).
The drying process is important for determining the effect of each variation on the specimen's
properties by comparing the specimen results before drying (with water content) and after

drying (without water content).

2.4. Specimen Preparation

All specimens (18 specimens) in each week were fabricated by fused-filament fabrication
(FFF) using a BIQU Bl-series 3D printer to ensure repeatable, tool-controlled geometry and
thermomechanical history across specimens. Selected filaments, including PLA+, PETG, and
ABS with 1.75 mm diameter, were printed at a nominal height of 0.20 mm as shown in Table
2. Each test filament used is from a commercial product, namely eSUN or SUNLU. To create
solid specimens, the temperature of each material was set at different points, 215 °C (PLA+),
250 °C (PETG), and 230 °C (ABS), paired with heated bed set points of 60 °C, 80 °C, and 100

°C, respectively, to enhance adhesion between layers while minimizing warpage.

Table 2. 3D printer parameters

Material

Parameters PLA + PETG ABS Unit
Nozzle Diameter 0.4 04 04 mm
Filament Diameter 1.75 1.75 1.75 mm
Layer Height 0.2 0.2 0.2 mm
Fill Pattern Concentric Concentric Concentric -
Infill Density 50 50 50 %
Print Speed 70 50 50 mm/s
Nozzle Temperature 215 250 230 °C
Bed Temperature 60 80 100 °C
Layer Thickness 0.2 0.2 0.2 mm
Wall Thickness 1.2 1.2 1.2 mm

Before printing each specimen, the printer was leveled, the extrusion flow was verified
using a single-wall calibration, and the G-Code was kept constant regardless of the set

temperature to isolate material effects from processing variability. Immediately before printing,



the first 100 mm of filament was purged to remove any material that had resided in the melt
zone during heating. We also standardized key print parameters to improve comparability and
quality, including a 0.4 mm nozzle, a 0.2 mm layer thickness, and print speeds of 70, 50, and
25 mm/s for PLA+, PETG, and ABS, respectively. As shown in Figure 3, specimens were
fabricated on the concentric contour to stabilize the gauge section edges at 50% infill density.
Rismalia et al. [31] studied the effect of the tensile properties of 3D-printing filaments on
different infill patterns. They found that the concentric pattern exhibited the highest tensile

properties, thereby being the optimal setting with respect to the printing parameters.

Filament

Printer Head

Filament Spool

Concentric Pattern

Nozzle
Specimen Z

Printer Bed y A/T\~X

Figure 3. 3D printing schematic process

Furthermore, the component is printed in the XY plane with the long axis parallel to X. At
this stage, the polymer filament is melted using a heated nozzle and carefully spread layer by
layer to form the component. Afterward, the printed specimen is left on the bed for 30 minutes

to reach room temperature and solidify, then stored in an airtight bag until testing.

2.5. Mechanical Testing Specimens
After specimen preparation, mechanical testing will proceed for both specimens, whether

or not they have been dried. This is intended to ensure that the filament dryer can significantly



restore the filament's mechanical properties. The design of this test specimen was created in
SolidWorks. Tests were carried out on two types of each specimen, including 1) tensile testing
and 2) flexural testing. In accordance with ASTM (American Society for Testing and Materials)
standards, each test uses a different specimen geometry: ASTM D638 for tensile testing [32]
and ASTM D790 for flexural testing [33]. Specimens from each test type were checked three
times to obtain a reliable estimate of the standard deviation. Figure 4 presents an overview of

the tensile test specimen and the flexural test, in mm units, with a thickness of 3.2 mm.

=19.00 =
H— 12.70
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Figure 4. Testing specimen geometries in mm unit; a) tensile test, b) flexural test

Mechanical testing specimens were printed in three materials, PLA+, PETG, and ABS, on
a BIQU B1 3D printer using parameter sets tuned to minimize warpage and maximize strength
(see Table 2). After printing, three-point tensile and flexural properties were measured on a
servo-hydraulic MTS testing system to capture the displacement profile against load, modulus,
yield and ultimate strength, and strain/stress at break, with a suitable load cell at a force of
25/250 N-m, a load measurement accuracy of +0.5%, and a stroke accuracy (crosshead speed)
of £0.1%. Dog-bone and rectangular flexural specimens were aligned with the loading axis,
gripped to avoid slippage or crushing, and tested under displacement control. Furthermore,
force—displacement data were recorded at high acquisition rates to compute the stress—strain
curve. In addition, test speeds, span-to-depth ratios, and gauge lengths followed standard
laboratory practice for polymer FFF parts, and at least three replicates per material-parameter
set were evaluated to ensure statistical reliability. To provide clear details for replication, Table

3 presents the input parameters for the mechanical tensile and flexural tests.

Table 3. Input parameters in mechanical testing for tensile and flexural tests

Value )
P t ; t
arameters Tensile Flexure Uni




Test Rate 0.2 0.1 mm/s

Span - 51 mm
Strain End Point - 10,000 mm/mm
Grip Separation 25 - mm
Data Acquisition Rate 8 10 Hz
Adjusted Gage Length 57 - mm
Specimen Width 13 12.7 mm
Specimen Thickness 3.2 3.2 mm

2.6. Optical Measurement through Scanning Electron Microscope

To examine the microstructural features governing water-absorption failure, the fracture
surfaces were immediately examined with a JEOL JSM-IT210 Scanning Electron Microscope
(SEM) after mechanical testing. Each fracture section was sectioned to expose a cross-section
of the measuring region. Because the substrate is polymeric and susceptible to surface charging,
specimens were coated with Pd to a thickness of 2 nm [34] on a 32 mm holder with a carbon
tape cover, then loaded into the SEM. Imaging was performed at an accelerating voltage of 18
kV and a working distance of 9.4 mm in high-vacuum mode. Furthermore, detector selection
(secondary electrons vs. backscattered electrons) was adjusted to emphasize topographic
(ligament pull-out, river marks, voids) or compositional contrast (fillers, porosity edges).
Global surveys were acquired at 100x to capture the overall fracture morphology and crack
path. At the same time, higher-detail fields at 20000x were collected to address layer-to-layer
fusion lines, inter-bead necks, and micro-void coalescence that control the integrity of the FFF
part.

Before imaging, the microscope was calibrated using a certified pitch standard, and scale
bars were embedded in all images and verified at the start of each session (see Table 4). For
each material, at least five magnifications were imaged per specimen, and three specimens
(PLA+, PETG, and ABS) per condition were evaluated. Image analysis included threshold-
based segmentation and manual annotation to quantify interlayer bond widths and pore-size
distributions. Moreover, beam current and dwell time were minimized to limit thermal damage.
If localized charging was observed, the chamber pressure was switched to variable-pressure
mode (30-60 Pa) and/or the stage was tilted by 5-10° to improve the signal without blurring
the metrology. This SEM-based optical workflow provides reproducible, quantitative
descriptors of fracture microstructure that are directly comparable across print parameters and
drying conditions.

Table 4. Scanning Electron Microscope (SEM) calibration input

Parameters Value Unit




Accelerating voltage 18 kV

Scan time 40 S
Imaging size 1280 x 960 pixel
Working distance 9.4 mm
Dwell time 25600 ns
Surface magnification 100 — 20,000 -

2.7. Determination of Filament Water Content

Water adsorption on filaments can occur via contact with ambient air. Free air has a water
content of 0.1- [35]. This suggests the possibility of water adsorption within the filament
structure. Bhagia et al. [36] explained that water-moisture precipitation can occur when the
filament reacts with water, breaks the chain, and reduces its mechanical properties. In addition,
diffusion is an important process for absorbing water from the free air into the filaments [37].
The diffusion process shows the ability of water molecules to penetrate the material [38]. An

illustration of the process is shown in Figure 5.
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Figure 5. Schematic illustration of the hygroscopic process

To provide a clear theory of water diffusion, Adhikary et al. [39] determined the material
diffusion coefficient (D), which can be formulated through equation (1).

b=m (41-?1.;1,1)2 M




Where b is the thickness of the composite (m); 8 is the initial slope of a plot of M (t) versus
t'/2; and M,, is the maximum weight gained (%). Thus, thermodynamic solubility (S) can be

determined to generate the permeability (PM) presented in equations (2) and (3).

mW
S = 2
e (2)
PM = D.S (3)

m,, is the mass of adsorbed water in the equilibrium state and m,,, is the initial mass of the
material sheet.

In this study, the filaments were left in the open air for 1-4 weeks. For open-storage
conditioning, spools are placed uncovered on a ventilated shelf under ambient laboratory
conditions (22-25 °C, natural airflow, no direct fans) to avoid localized drying (see Figure 6).
The coils are kept away from rain and water splashes and protected from direct sunlight and
heat sources to prevent thermal softening. Exposure to dust is minimized by elevating them
and wiping the surface weekly. We record weather events and avoid handling, except for
inspection, to ensure consistent, real-world moisture absorption representative of typical

workshop storage conditions.

Figure 6. Filaments under an open storage condition

To quantify the water content trapped in the filaments, the filaments' weight was measured.
The specimens used were PLA+, PETG, and ABS-based materials, which were formed into
test specimens. This was intended to make the calculations in the test more consistent, thereby

facilitating and improving the absorption and evaporation of moisture, as shown in Figure 7.



Figure 7. Test specimens for water absorption measurement

Guo et al. [40] also explained that moisture content can be determined using the following
equation (4).

W, — W,
Moisture content (%) = (WTd) x 100 4
d

Where W, represents the weight of the wet specimen (gr), and W, represents the weight
of the dry specimen (gr). Moisture content, expressed as a percentage, was measured for each

of the three specimens.

2.8. Thermal Analysis and Heat Mapping

We measured heating dynamics by recording the rise in ambient temperature within the
dryer's interior using embedded sensors positioned near the filament spools, shielded from
direct radiation. In parallel, a FLIR infrared camera was used to map surface temperatures in
predetermined regions for each filament type at scheduled points throughout the heating cycle.
These IR images produced a spatially resolved heat field, allowing us to track how surface
temperatures evolved relative to the dryer's ambient conditions.

After acquisition, the embedded sensor temperature and FLIR-derived temperature were
synchronized over time and processed to generate a temperature-time curve. For each material,
we plotted the minimum, maximum, and average surface. Therefore, a comparative plot of

materials allows assessment of differences in thermal response.



To evaluate the model's fidelity, we performed transient thermal simulations in ANSY'S
using the ambient temperature history and the thermal profiles of each material from previous
characterization as boundary conditions and calibration parameters in the simulation input. The
simulated surface temperatures, shown as heat contours, were then compared with FLIR
measurements at the corresponding timestamps. Eventually, we visualized side-by-side heat
maps from the simulations and from the FLIR thermal camera to qualitatively assess spatial

patterns and confirm the inferred heat-transfer mechanism.

2.9. Statistical Analysis Method
2.9.1. Specimen Size and Variance

The total specimen size (n = 108) used for both specimen weight and mechanical property
analyses was derived from measurements collected over four consecutive weeks. These
comprised pre-drying weeks 1-4, followed by a post-drying week, with specimens evaluated
under three temperature treatments: 55 °C, 65 °C, and 75 °C. In each week, we collected n =
18 for weight and mechanical measurement, arising from three materials, including PLA+,
PETG, and ABS. Within every material, specimens A — C were reserved for three-point flexural
tests and specimens D — F for tensile strength tests (see Figure 8), yielding six observations per
material in each week. For each specimen, we recorded its weight together with a complete set
of mechanical properties (peak load, peak stress, stress at break, stress at yield, strain at break,
and modulus). However, for the statistical analysis, only peak load, peak stress, and modulus
were included because these variables had the fewest missing values. When separated by
filament type, the mean specimen weights were 4.959 g (SD = 1.228) for PLA+, 6.647 g (SD
= 1.495) for PETG, and 5.139 g (SD = 1.737) for ABS. For the retained mechanical properties,
PLA+, PETG, and ABS showed mean peak loads of 619.144 N (SD = 555.776), 714.287 N
(SD = 639.409), and 585.101 N (SD = 481.039), respectively; mean peak stresses of 43.528
MPa (SD = 18.924), 49.303 MPa (SD = 22.406), and 47.017 MPa (SD = 24.494); and mean
moduli of 52.883 MPa (SD = 60.213), 52.584 MPa (SD = 58.503), and 49.874 MPa (SD =
51.801).



Figure 8. Printed specimens for mechanical testing, T = tensile, and B = bending (flexure)

A two-sided 95% confidence interval (o= 0.05) was adopted, using Z = 1.96. The standard
error and margin of error were computed for each variable, and the minimum sample size was

( >

as described in [41]. With ME specified as 5% of the mean, the required sample sizes were 94

for weight peak load, peak stress, and modulus.

2.9.2. Exploratory Data Analysis

Exploratory Data Analysis (EDA) is employed in this research as an essential process because
it uses statistical and visualization techniques to explore datasets, reveal patterns, test
hypotheses, and verify assumptions [42]. Basically, EDA helps in understanding the data
structure before proceeding to hypothesis analysis. To assess the robustness and internal
consistency of the experiment, we employed four complementary visualization approaches,
including material-specific correlation heatmaps, specimen—material distribution plots, week-

to-week trend charts, and per-metric boxplots by material. Together, these graphics offer a



multi-angle quality check on the data, supporting transparent evaluation of measurement

reliability and experimental control without presupposing inferential outcomes.

2.9.3. Hypothesis Testing Framework

To assess between-material differences, we adopted a global-hypothesis framework rather than
isolated pairwise tests, because simple pairwise t-tests are not appropriate when comparing
three groups (PLA+, PETG, ABS) on each parameter and can inflate Type-I error. We first
applied a one-way ANOVA with balanced groups, n =24 for weight per material, respectively,
as the primary test of Hy: uPLA+ = uPETG = pABS. Assumptions were checked a priori:
Levene's test strongly rejected homogeneity of variances, and Shapiro—Wilk's test indicated
non-normality. However, ANOVA was robust under these conditions of deviation with equal
cell sizes, so we proceeded while also planning non-parametric confirmation. For validation,
we ran the Kruskal-Wallis test, which also rejected the null with reasonableness standards
including H = 14.96 and p < 0.001, confirming that at least one material was different. Post-
hoc multiple comparisons were intended via Dunn's test, however, since such implementation
was not available in our environment, we used the pairwise Mann—Whitney test with
Bonferroni adjustment. This analysis pattern, including ANOVA, assumption checks, and non-
parametric cross-checks with adjusted post-hoc, will provide converging evidence to reject Hy

Moreover, support material-level differences while controlling for family-wise error.

2.9.3.1. One-Way ANOVA and Assumption Diagnostics
The one-way ANOVA procedure operates under a parametric framework, in which each

observation follows the model shown in Equation (6).

YVij=n+1+ & (6)

where Y;; represents the j-th observation within filament group i, u represents the grand
mean, T; represents the fixed material effect, and ¢;; represents residual error with
parameter 62. Balanced group structure stabilized the estimate of o2 through symmetric
sampling across groups. Diagnostic procedures evaluated the validity of model assumptions
through formal tests of variance homogeneity and distributional form. The Levene statistic
revealed strong evidence of diverging group variances, indicating that ¢ does not remain
constant across materials. The Shapiro—Wilk statistic revealed deviations from normal error

distribution, indicating that &;; lacks ideal Gaussian behavior. Equal group sizes reduce the F-



statistic's sensitivity to such deviations, allowing continued use of the ANOVA model while
acknowledging the necessity of confirmatory procedures. The resulting ANOVA outputs
provided initial evidence for non-zero 7; values, indicating parameter-level divergence among

the filament groups.

2.9.3.2. Non-Parametric Validation

The Kruskal-Wallis procedure offered a distribution-free alternative for testing the equality of
location parameters across groups. The corresponding null hypothesis states that the
distributional medians Mpy a ., Mprrg, Maps remain equal across materials. The test statistic,
based on rank-sum differences, decisively rejected this equality, yielding parameter-level
confirmation of the ANOVA findings under minimal distributional assumptions. Post-hoc
evaluation employed the Mann—Whitney procedure with Bonferroni-adjusted significance
thresholds. The adjustment introduced strict control over the family-wise error rate, preserving
the validity of parameter inference across multiple contrasts. The overall structure of this
validation layer produced inferential convergence between parametric mean-based testing and
nonparametric median-based testing, thereby enhancing the credibility of all detected group

differences.

2.9.3.3. Multivariate Analysis of Variance (MANOVA) with Blocking Factor
The MANOVA framework expanded the analysis to a multivariate response vector provided
in Equation (7).

Y = [Weight, PeakLoad, PeakStress, Modulus] (7)

with each component treated as a correlated parameter set influenced by filament type, drying

stage, and specimen identity. The multivariate linear model took the form of Equation (8).

Yijk =u+a;+ B +vyi+ € (8)

where u denotes the vector of grand means, @; denotes the filament effect vector, §; denotes
the temporal effect vector, y) denotes the specimen blocking vector, and €;j; denotes the
multivariate error vector with covariance matrix X. The Wilks’ A statistics revealed substantial
differences across the parameter vectors a; and ;, with an interaction effect that indicated
divergent temporal trajectories among filaments. The blocking variable produced extreme

significance, indicating that the parameters y;, captured a large portion of inherent specimen



variability, a property frequently observed in additive manufacturing environments. The
MANOVA structure provided a comprehensive parameter-level assessment of the mechanical
system, with results reflecting the joint behavior of multiple correlated outputs rather than

isolated univariate responses.

3. Results and Discussion
3.1. Modification of Filament Dryer

The filament dryer design incorporates heater control elements to improve the performance
of the 3D-printing filament-drying process. The control elements consist of an Omron MY2-
P6DY PT100 as the temperature sensor, an Omron ESCC as the main controller, and an Omron
CNIO1A as the programmable timer. Both control elements are integrated into the filament
dryer to ensure that drying conditions comply with environmental and filament standards. This
is important to note because, when using a conventional oven, the drying temperature cannot
be automatically adjusted to the standard temperature, and the available drying time is very
limited (maximum 1 hour). By adding a control element, the temperature and time parameters
can be adjusted in accordance with industry standards (approximately 55-85°C over 3—6 hours)
to improve filament properties. The results of the development and modification of the filament
dryer by adding electronic components are shown in Figures 9 and 10. To ensure that the

components function properly, tests were conducted at several points as follows.

Figure 9. Modified filament dryer
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Figure 10. Filament dryer modification results: a) outside view and b) inside view

3.2. Moisture Uptake During Open Storage

The unsealed filaments were immediately printed into mechanical test specimens. Each
specimen was weighed to determine its initial mass before being stored under open-air conditions.
To simulate degradation during use, the filament spools were stored for four weeks. Each week,
moisture content is determined by weighing the specimen and calculating the difference between

its current weight and the previous week's weight. The trend is evident in Figure 11 and Table 5.

a)

4.0 F5.225

F 5.200

o
o

r5.175

Sample Weight (g)
w
o
o
s
o
(=1
Sample Weight (g)

v
H
N
v

Lo
B

F5.100

329 I 5.075

Week



—e— PLA
{ —e— PETG
ABS

(=3
~—

O - -
o o ¥} =
®

o

wn
o

] c

ample Weight (g)

Sample Weight (g)

o
»

-ﬁfll?m

5.2+

5.04

4.8

Week
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Table 5. Open storage moisture content measurement

Current Weight Moisture Content (%)
PLA+ PETG ABS PLA+ PETG ABS

Storage Periods

Flexure
Week 1 3.16 5.07 3.79 0.00 0.00 0.00
Week 2 3.77 5.11 427 19.30 0.79 12.66
Week 3 3.91 5.19 435 23.73 237 14.78
Week 4 4.09 5.24 4.63 29.43 3.35 22.16
Tensile
Week 1 4.88 7.9 5.98 0.00 0.00 0.00
Week 2 5.98 8.01 6.72 22.54 1.39 12.37
Week 3 6.15 8.07 6.83 26.02 2.15 14.21
Week 4 6.5 8.19 733 33.20 3.67 22.58

Based on Table 5, the filaments had water content after being left in the open air for four weeks.
Under open storage conditions, the filament's water content consistently increased (see Figure 15).
This increase occurred in weeks 1, 2, 3, and 4, where PLA+ showed the highest moisture uptake,
with a sharp rise in water content from week 1 to week 4 for both flexural and tensile specimens,
indicating that this material is the most sensitive to ambient humidity due to its hygroscopic
properties [45]. ABS also absorbed a noticeable amount of moisture, but its values remained lower
than PLA+ [46], placing it in an intermediate position. By contrast, PETG exhibited the lowest
water absorption throughout the storage period, with only a slight increase in moisture content over
time, confirming that PETG is the least affected by open-air storage and even slight fluctuation in

ambient temperature among the three filaments [47].



Based on the gravimetric analysis, the results for testing new filaments for up to four weeks
are consistent with Mitch Walleser's theory, as reported by Aniskevich et al. [48], which explains
that filaments exhibit hygroscopic properties that increase specimen weight due to moisture

absorption from highly saturated ambient air.

3.3. Mechanical Degradation After Moisture Aging

The 3D printing filaments, left in open air for 1 —4 weeks, were then further processed through
mechanical testing, including flexural and tensile tests, to determine the effect of air-water
absorption on their mechanical strength. Mechanical testing was performed three times per test
(two tests) for each material (three materials), yielding 18 specimens, with testing conducted once

per week. Furthermore, Figures 12 and 13 present the results of mechanical testing of 3D-printing
filaments after four weeks of open storage.

BN PLA+ Load —@— PLA+ Stress W PETG Load —®— PETGStress WM ABSLoad —@— ABS Stress

Flexure Tensile

1600 1
100 4

1400 4

80 4
12004

1000 4

o
S

800

Peak Load (N)
Peak Load (N)

Peak Stress (MPa)

]

600

400 A
204

2001

0+ 0+

Week 1 Week 2 Week 3 Week 4

Figure 12. Trend of mechanical properties (peak load and peak stress) in both flexural test

and tensile test, where bars and lines indicate peak load and peak stress, respectively

Based on Figure 12, the longer the 3D printing filament is stored in open air, the greater the
moisture it traps, which progressively degrades its mechanical integrity, reducing the peak load and
peak stress over the 4-week open-air storage period. As water diffuses into the material, it acts as a
plasticizer within the polymer matrix and at filament interfaces, weakening intermolecular
interactions and reducing effective load transfer across the printed layers [49]. This degradation is
most pronounced in PLA+ and, to a lesser extent, ABS, which exhibit the steepest reductions in
both peak load and peak stress, consistent with their higher measured moisture uptake [50]. In
contrast, PETG retains a greater fraction of its initial mechanical performance and shows the

smallest decline in peak load and stress, in line with its lower water absorption, indicating a



comparatively higher resistance of its microstructure to environmental exposure due to its high
degree of crystallinity [51].

To further clarify the filament's capabilities under applied loads, Figure 12 shows the load-
displacement curves for the three materials in the first and fourth weeks of open storage, as shown
in Figure 13. In the flexural test, the week-1 curves show that ABS attains the highest peak load
and the most significant displacement at failure, closely followed by PLA+. In contrast, PETG
reaches a lower peak load and fails at a smaller displacement, with a sharp post-peak drop that
reflects more brittle flexural behavior and lower energy absorption [52] [53]. After four weeks, all
three materials exhibit reduced peak loads and much shorter displacements, and the curves

terminate more abruptly, indicating a clear loss of flexural strength and ductility.
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Figure 13. Load and displacement curves on each specimen in open storage for the first and

fourth weeks before drying treatment

On the other hand, tensile loading in week-1 PLA+ yields the highest load and exhibits the
most significant displacement before fracture. This behavior was confirmed by D'Andrea et al. [54],
who explained that PLA+ had the highest mechanical properties at 0° orientation, followed by ABS
and PETG. By week 4, the curves for all filaments shift downward and end at smaller
displacements, confirming that prolonged open-air storage to ambient humidity reduces both
tensile strength and elongation at break [55]. Overall, these curves indicate that the filaments
performed well in both flexural and tensile tests. However, their load-bearing capacity and ductility

decreased significantly after four weeks of exposure.

3.4. Optimization Results Based on Filament Drying Process
To mitigate the decrease in filament strength after four weeks of open storage, a drying

process is required to remove water and restore mechanical properties, thereby increasing the



material's strength. Until the drying process was carried out at the temperature variations tested
for five hours, the three filaments were printed again using a 3D printer to form a model whose
mechanical properties would be re-tested to determine the comparison between the fourth week
open-storage filaments and the filaments that had been dried using the modified filament dryer
discussed previously. These results are further summarized in Table 6.

Table 6. Peak stress (MPa) comparison of specimens before and after drying

Filaments Before Drying (Week 4) Treatment Duration After Drying
Flexure Tensile  Temperature Flexure Tensile
55 68.3 33.95
PLA+ 34.95 20.929 65 5 hours 68.6 28.8
75 65.05 29.9
55 80.5 40.9
PETG 36.52 22.44 65 5 hours 96.9 40.55
75 75.9 40.8
55 61.45 22.4
ABS 42.04 21.677 65 5 hours 7295  27.95
75 81.25  29.05

Table 6 shows that drying the filaments for five hours markedly increased both flexural
and tensile stresses across all materials. For each filament, the mechanical values after drying
were consistently higher than those before drying, with each filament achieving its best
condition. Stress (flexural and tensile) was highest at 55 °C, 65 °C, and 75 °C for PLA+, PETG,
and ABS, respectively. 3DTrcek Industry confirmed the results [56], which emphasized that
PLA+ reaches its optimum drying at 55 °C and that drying above 60 °C should be avoided due
to its relatively low glass transition temperature (Tg) [57]. Moreover, Siraya Tech confirmed
that the recommended drying temperature for PETG is 65 °C8], consistent with its slightly
higher Tg and greater thermal stability compared to PLA+ [59]. In addition, Anycubic clarified
that the optimal drying temperature for ABS filament is 75 °C [60], which aligns with ABS's
higher Tg and its ability to withstand more aggressive thermal treatment without distortion
[61]. Collectively, these external recommendations align well with the experimental results,
supporting the conclusion that each filament type requires a distinct, material-specific drying
temperature to maximize mechanical performance while avoiding thermal degradation.

After drying, PETG exhibits the highest absolute values of flexural and tensile strength
[62]. Meanwhile, ABS generally maintains the next-highest flexural strength but the lowest
tensile strength, as noted by Dundar et al., who reported that the compressive strength of ABS
is approximately 20% higher than its tensile strength [63]. Moreover, PLA+ lies between them

in both loading modes. The effect of temperature is pronounced for both flexural and tensile



properties [65], with substantial recovery already achieved at 55 °C, and further increasing the
temperature to 65 °C yields additional gains, particularly for PETG and ABS, indicating that
55 °C is sufficient to remove most of the moisture from the filaments. However, to optimize
conditions for each filament, an appropriate temperature is still required to achieve the highest
mechanical properties (see Table 6).

As additional results, we further visualize the beneficial effects of filament drying after 4
weeks of open storage using load-displacement and stress-strain curves (see Figure 14).
Overall, the dried specimens show a substantial recovery in mechanical performance, with
higher initial slopes, increased peak loads, and larger areas under the curves. This recovery is
evident in all three materials, reversing the plasticizing effect of absorbed water and partially

healing interfacial defects.
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Figure 14. Mechanical curves on each specimen test, before and after drying treatment

The mechanical trends are consistent with the microstructural features observed in SEM
analysis of the specimens (see Figure 15). In the fourth week, non-dried samples, the fracture

surfaces reveal pronounced interlayer gaps, microvoids, and crack propagation along the bead



boundaries, confirming that moisture ingress promotes interfacial decohesion and weakens
load transfer. By contrast, the first-week specimens exhibit relatively smooth surfaces with
well-fused filaments, in line with their higher peak load and displacement. After the drying
treatment, the specimens show a marked reduction in open voids and crack density, with tighter
interlayer contact and a more cohesive fracture path, indicating recovery of interfacial bonding.
This microstructural healing is consistent with the restored load-displacement response,
demonstrating that thermal drying mitigates moisture-induced damage and re-establishes the

structural integrity of the printed filaments.

PLA+

Figure 15. SEM visualization of filaments under certain conditions; a) first week, b) fourth

week undried, ¢) dried at the best temperature
Overall, these results demonstrate that an appropriate thermal drying protocol can
effectively restore, and in some cases closely approach, the original mechanical properties of
FFF filaments following prolonged exposure to ambient humidity. Thus, a suitable combination

of temperature and duration is required to maintain the material's strength. This is supported



by research by Andreozzi et al. [66], who found that dried filaments increase the material's

strength relative to undried filaments.

3.5. Comparison of Surface Appearance

The trends in mechanical performance and SEM observations are further clarified by the
macroscopic surface appearance of the printed parts (see Figure 16). Specimens printed directly
from humid filament exhibit rough, matt surfaces with visible stringing, blobbing, and irregular
bead contours, particularly in overhanging regions. These defects are consistent with moisture-
induced foaming during extrusion [64], in which entrapped water rapidly vaporizes at the hot
end, generating bubbles that disrupt melt flow and reduce dimensional fidelity. The resulting
porosity and unstable filament deposition are consistent with the increased interlayer voids and
crack propagation observed in the fourth-week SEM images, as well as with the reduced peak

load and stiffness measured in both flexural and tensile tests.

Dried Sample Undried Sample

Figure 16. Macroscopic appearance of dried and undried filaments on printed objects

By contrast, prints produced from filaments subjected to the drying protocol exhibited
significantly smoother, more homogeneous surfaces due to improved polymer-matrix bonding
[65]. The improved surface quality indicates a more stable extrusion flow from the 3D printer,
supporting the microstructural evidence of reduced void content and improved interfacial
bonding after drying. This visual recovery of surface quality paralleled the mechanical recovery
observed in the load-displacement curves and SEM analysis, confirming that removing

absorbed moisture not only restored the overall mechanical properties but also improved the



aesthetic and dimensional quality of the FFF parts, thereby supporting improved 3D printing

performance.

3.6. Thermal Evidence and Numerical Transient Simulation

The transient simulation begins by measuring the filament-drying temperature profile over
time. This experimentally obtained profile is crucial because it captures the time-dependent
boundary conditions for the drying process. This data was then imported into ANSY'S transient
thermal simulation to model heat transfer, yielding temperature contour plots for each filament
type. The ultimate validation step involves a direct comparison of the simulated temperature
contours with the actual heat profiles and contours captured by a thermal camera at the

corresponding temperature points, yielding an absolute difference of 9.63% (see Figure 17).
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filament every minute

Figure 17 shows the heating profiles of the three filaments compared with the filament
dryer’s internal sensor during drying at 75 °C. All curves begin near room temperature (30-32
°C) and increase steadily with time. Generally, the dryer sensor consistently records a
significant increase in temperature, indicating that the air inside the dryer heats up faster than
the filament cores. PLA+ shows the highest heating rate, reaching about 70 — 75 °C by 9 — 10
minutes, while PETG and ABS follow closely behind, which warms slightly more slowly and
remains a few degrees cooler than PLA+ throughout most of the cycle, suggesting that PETG
and ABS have higher glass transition (Tg) temperature and other thermal properties than PLA+



[66]. By the end of the 12 minutes, all three materials converge toward the target temperature,
indicating a brief thermal lag between the dryer environment and the actual filament
temperature.

Building on the transient thermal profile derived from the filament dryer data in Figure 17
and implemented as a time-dependent boundary condition in ANSYS, the simulation was
extended to predict the temperature distribution within the actual specimen geometry (a
dogbone for tensile testing) for each material and drying temperature (see Figure 18). Note that

this configuration has the same effect as the flexural test specimen.

Figure 18. Simulated thermal contour of specimen temperatures; PLA+ at temperature of a)
55 °C, b) 65 °C, ¢) 75 °C; PETG at temperature of d) 55 °C, e) 65 °C, f) 75 °C; and ABS at
temperature of g) 55 °C, h) 65 °C, 1) 75 °C

In all cases, the temperature field along the gauge section is relatively uniform, confirming
that the specimens rapidly approach the imposed ambient temperature profile, with only small
gradients localized near the clamped end and the thicker transition region. By applying the
same heating history to PLA+, PETG, and ABS at 55, 65, and 75 °C, the average specimen
temperature rises accordingly, and the residual cold zones diminish, revealing how rapidly and
effectively heat penetrates the filament during drying. Minor differences among materials are
visible, with PLA+ and ABS showing slightly steeper thermal gradients than PETG. Overall,
the numerical results verify that the applied drying conditions are sufficient to raise the entire
specimen to the target temperature, providing a basis for linking filament drying conditions to
the thermal simulation of the samples.

To validate the accuracy of the transient thermal model and the predicted temperature

contours in Figure 18, the numerical results were subsequently compared with the experimental



thermal distributions at their peak temperatures, as measured with a FLIR infrared camera (see
Figure 19). By matching the characteristic peak-temperature patterns between finite-element
(FE) contours and thermal camera images at target set points, the method can assess how well

the simulation captures the system's actual heating behavior.

W

Figure 19. Thermal distribution of filaments in experimental imaging; PLA+ at temperature
of a) 55 °C, b) 65 °C, c) 75 °C; PETG at temperature of d) 55 °C, e) 65 °C, ) 75 °C; and
ABS at temperature of g) 55 °C, h) 65 °C, 1) 75 °C

Taken together, Figures 17—19 demonstrate that the heating process and the thermal models
are highly accurate and mutually consistent. The time—temperature curves in Figure 21 show
only a slight lag relative to the dryer's internal sensor, whereas the simulated temperature
contours in Figure 22 predict nearly uniform temperature fields along the flexural specimens
for PLA+, PETG, and ABS at 55, 65, and 75 °C, with only slight end-to-end gradients. The
infrared images closely match these predictions in Figure 23, where the measured surface
temperatures of the filament spool cluster tightly cluster around the target values and exhibit
similar spatial distributions. The close agreement between sensor readings, numerical

simulations, and experimental thermal images confirms the accuracy of the thermal model and



the reliability of the filament dryer in reaching and maintaining the prescribed drying

temperatures.

3.7. Multivariate Interpretation of Recovery Behavior
3.7.1. Descriptive Statistics

As mentioned in the methods section, the statistical analysis is divided into weight
measurements and mechanical properties. For the specimen size, the initial power calculation
indicated that a minimum of 94 samples were required to achieve a 95% confidence level with
a maximum allowable error of 5%, respectively. Therefore, 108 (weight and mechanical
properties) specimens were prepared and measured to exceed this requirement. As summarized
in Table 7, the weight measurements produced a mean of 4.959 g with a standard deviation of
1.228, reflecting moderate variability in specimen mass. Mechanical properties (peak load
(PL), peak stress (PS), and modulus (M)) had mean values of 619.144 N, 43.528 MPa, and
52.883 MPa, with corresponding standard deviations of 555.776, 18.924, and 60.213. The
greater dispersion of these mechanical parameters relative to weight is consistent with
expectations for polymeric materials, as mechanical responses are inherently more sensitive to
filament-specific microstructural characteristics and stress—strain behavior.

Table 7. Specimen size for pre-statistical analysis

Filament Variable Mean (X) SD (s) SEM 95% CI (0. = 0.05)
PLA+ Weight (g) 4.959 1.228 0.1182 [4.728, 5.190]
Peak Load (N) 619.144 555.776 53.443 [514.399, 723.889]
Peak Stress
(MPa) 43.528 18.924 1.822 [39.957, 47.099]
Modulus (MPa) 52.883 60.213 5.797 [41.523, 64.243]
PETG Weight (g) 6.647 1.495 0.1438 [6.365, 6.929]
Peak Load (N) 714.287 639.409 61.514 [593.721, 834.853]
Peak Stress
(MPa) 49.303 22.406 2.155 [45.082, 53.524]
Modulus (MPa) 52.584 58.503 5.629 [41.551, 63.617]
ABS Weight (g) 5.139 1.737 0.1672 [4.811, 5.467]
Peak Load (N) 585.101 481.039 46.277 [494.397, 675.805]
Peak Stress
(MPa) 47.017 24.494 2.358 [42.396, 51.638]
Modulus (MPa) 49.874 51.801 4.985 [40.103, 59.645]

The 95% confidence intervals reported in Table 7 demonstrate that the estimated
population means for each filament fall within well-bounded ranges across all measured
variables. For weight, the intervals span 4.73-5.19 g for PLA+, 6.37-6.93 g for PETG, and
4.81-5.47 g for ABS, indicating precise and consistent mass measurements within each

material category. Moreover, a relatively narrow range for the population mean (x) commonly



described as high precision, which indicates that the collected data is reliable and specific [54].
Similarly, the confidence intervals for mechanical properties (peak load, peak stress, and
modulus) capture the expected material-specific variability while remaining sufficiently
narrow to support reliable inference. These bounded intervals, together with the relatively small
measurement standard errors (SEM), reflect high measurement precision and confirm the
dataset's stability. Collectively, these metrics affirm that the chosen specimen size (n = 108 per
filament) provides statistically robust estimates of both weight and mechanical responses,

ensuring that subsequent analyses are well supported by adequate statistical power.
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Figure 20. Mechanical Properties by Filament Type

To analyze dataset characteristics and investigate hidden patterns and relationships, the
Exploratory Data Analysis (EDA) is performed as a bridge before uncovering the data for
subsequent modeling and hypothesis testing [55]. The EDA stage serves to interrogate the
structure of the measurements, assess variability within and across filaments, and evaluate
whether the data conform to expected mechanical behaviors. As part of this process, Figure 24
provides a visual summary of the distributional characteristics of elastic modulus, peak load,
peak stress, and specimen weight for PLA+, PETG, and ABS. The combination of boxplots

and overlaid raw observations allows simultaneous inspection of central tendency, dispersion,



and outlier behavior, thereby facilitating a more nuanced understanding of material-level
differences.

The graphical patterns observed in Figure 20 reinforce the numerical trends presented in
Table 7. ABS consistently exhibits higher stiffness and reduced variability in elastic modulus,
reflecting its characteristic rigidity and stable mechanical response. PETG exhibits a broader
range of peak load and stress values, consistent with its ductile nature and greater sensitivity to
local structural irregularities, whereas PLA+ shows lower medians and wider spreads,
indicating a stronger dependence on processing conditions. The specimen weight distributions
further differentiate the materials, with PETG forming a clearly higher mass cluster and PLA+
and ABS occupying overlapping but more compact ranges. These visual distinctions confirm
that each filament possesses a distinct mechanical signature, supporting the premise that

filament type is a primary source of variation in the dataset.

3.7.2. Multivariate Analysis

Building directly on the descriptive and exploratory findings, a multivariate inferential
analysis was conducted to formally evaluate whether weight and mechanical properties vary
collectively as a function of drying stage (Time), filament type, and specimen identity. While
univariate summaries and boxplots provide valuable preliminary insight, they cannot fully
capture the interdependence among weight, peak load, peak stress, and modulus, variables that
are inherently correlated due to shared material and structural determinants. As such, a
Multivariate Analysis of Variance (MANOVA) was employed to test simultaneous differences
across these response variables while accounting for the repeated-measures structure by

including specimen as a blocking factor. The full MANOVA output is provided in Table 8.

Table 8. MANOVA Results for Combined Mechanical Responses

df Wilks p-value
Time 6 0.292 <.000***
Filament 2 0.345 <.000%**
Specimen 23 0.005 <.000%***
Time: Filament 12 0.335 0.015*
Residuals 62

Note: Signif. codes: 0 **** 0.001 “***0.01 *0.05 . 0.1" 1

The MANOVA results identify four statistically meaningful effects. First, the drying stage
exhibits a substantial multivariate impact (Wilks' A =0.29185, F =3.6521, p=1.939 x 107 (<
.000)), indicating that the transition from Pre-drying conditions to various Post-drying

temperatures produces coordinated shifts across all measured responses. This confirms that



drying acts as a multidimensional transformation rather than affecting weight or mechanical
behavior independently.

Second, filament type significantly differentiates the combined response vector (Wilks' A
=0.34569, F = 10.3371, p = 6.999 x 10" (< .000)). This finding is consistent with patterns
noted earlier in the EDA; however, the multivariate test demonstrates that material distinctions
extend well beyond individual metrics and encompass the complete mechanical profile. These
systematic differences reflect fundamental variations in polymer chemistry, morphology, and
thermal stability.

Third, the block effect for specimen identity is highly significant (Wilks' A =0.00597, F =
6.7895,p< 2.2 x 107'* (<.000)), highlighting considerable baseline variability among
specimens. This variability aligns with the specimen-resolved distribution patterns shown in
Figure 21 and supports explicitly modeling specimen ID. Incorporating this factor prevents
confounding between intrinsic specimen variation and treatment effects.

Finally, the interaction between drying stage and filament is statistically significant (Wilks'
A =0.33476, F =1.5696, p =0.01577). This demonstrates that each filament follows a distinct
mechanical evolution as drying progresses. PLA+ shows a gradual increase in stiffness, PETG
displays an early rise followed by stabilization, and ABS exhibits a nonlinear trajectory
influenced by relaxation and embrittlement. This interaction underscores the necessity of
multivariate modeling, as such material-specific temporal paths cannot be fully captured

through independent univariate analyses.
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Figure 21. Multivariate Mechanical Analysis of 3D-Printed Filament

To visualize these multivariate relationships, PCA was applied (see Figure 22). The score
plot shows clear separation between filaments, with PC1 (79% variance) dominated by
stiffness-related variables and PC2 (13% variance) associated with weight. PLA+ forms a
compact cluster, indicating consistent mechanical responses; PETG shows broader variation,
reflecting differences in weight and strain-related behavior; and ABS occupies a distinct high-
stiffness region. The PCA score plot (PC1 vs. PC2) demonstrates clear separation among
filament types, indicating that their overall mechanical behavior differs systematically when
all mechanical properties are considered simultaneously. PC1, which captures the largest share
of total variance, is strongly associated with stiffness-related variables such as Peak Load, Peak
Stress, and Elastic Modulus, whereas PC2 reflects contributions from mass- and failure-related
properties, particularly Specimen Weight and Strain at Break. This separation implies that even
when individual metrics show partial overlap, the combined mechanical signature of each
filament is distinct.

PLA+ forms a relatively compact cluster in PCA space, suggesting more homogeneous
mechanical performance across drying stages. PETG shows greater spread along PC2,
indicating greater variability in strain-related behaviors and mass distribution across
specimens. ABS forms the most distinct cluster, separating primarily along PC1. This is
consistent with ABS's inherently different failure mechanics and stiffness compared with PLA+

and PETG, reflecting its lower modulus and other responses to thermal histories. The clustering



pattern also suggests that ABS is more sensitive to changes in its internal microstructure during
the drying process, whereas PLA+ exhibits more stable behavior.

The correlation heatmap highlights strong internal coherence among most strength-related
variables. Peak Load, Peak Stress, and Elastic Modulus exhibit strong positive correlations,
indicating that stiffer specimens tend to withstand higher loads. Conversely, Strain at Break
shows inverse correlations with stiffness parameters, suggesting that stiffer materials tend to
exhibit lower ductility. Specimen Weight displays only modest correlations with strength
metrics, implying that dimensional or density variations do not directly predict mechanical
performance in these materials.

The temporal trend in Elastic Modulus across drying conditions further clarifies how each
filament responds to moisture reduction and thermal exposure. PLA+ exhibits a moderate
increase in modulus from post-dry conditions to pre-drying week 2, suggesting that controlled
moisture reduction improves stiffness by stabilizing internal polymer chains. PETG shows a
sharper rise and subsequent stabilization, indicating a drying-induced stiffening effect that
peaks earlier in the sequence. ABS presents a comparatively nonlinear pattern, with modulus
increasing substantially in pre-drying week 2 before decreasing slightly thereafter. This
behavior aligns with ABS's known sensitivity to microstructural relaxation processes, in which
drying initially increases stiffness but prolonged exposure may cause internal stress
redistribution or mild embrittlement.

Collectively, these results indicate that both filament type and drying condition
(time) exert significant multivariate effects on mechanical performance. The MANOVA results
support this, showing highly substantial effects for Filament, Time (drying stage), and their
interaction. The significant Time % Filament interaction reveals that each material's mechanical
trajectory over time is unique. PLA+ and PETG tend to stiffen during drying, whereas ABS
exhibits more complex behavior, influenced by both stiffening and relaxation mechanisms. The
strong significance of the Specimen factor further confirms the presence of intrinsic variability
across printed units, underscoring the importance of treating specimen identity as a blocking
variable in multivariate models.

Overall, these combined analyses demonstrate that the mechanical properties of 3D-
printed polymers cannot be fully understood using a single metric. Instead, multivariate
techniques such as PCA and MANOVA reveal deeper structural patterns, capture the interplay
among stiffness, strength, ductility, and mass, and clarify how environmental conditioning

differentially shapes the mechanical profiles of PLA+, PETG, and ABS. These insights have



direct implications for optimizing filament selection, print parameters, and drying protocols in

engineering applications requiring predictable material behavior.

PCA Biplot — Mechanical Properties by Filament Type
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Figure 22. PCA Biplot

The PCA biplot reveals distinct multivariate mechanical behavior among the three filament
types (PLA+, PETG, and ABS). Principal Component 1 (PC1), which accounts for 78.9% of
the variance, is strongly associated with Peak Stress (PS), Elastic Modulus (M), and Peak Load
(PL), indicating that this component primarily reflects overall stiffness and load-bearing
capacity. Materials positioned further to the right along PCI1 therefore, exhibit higher
mechanical strength. Principal Component 2 (PC2), accounting for 13.5% of the variance, is
primarily influenced by Specimen Weight, suggesting that mass-related differences contribute
to secondary variation across specimens. The orientation and length of the variable arrows
show that PS and M are the dominant contributors to group separation. At the same time,
Weight contributes orthogonally, reflecting an independent source of variability.

The group ellipses highlight clear clustering patterns. PETG specimens occupy a region
characterized by higher PC2 values, indicating relatively greater variation in weight and stress-
related features. ABS forms a broader ellipse, stretching across the PC1 axis, consistent with
its more variable modulus and stress responses. In contrast, PLA+ clusters more tightly,
reflecting greater mechanical consistency across drying conditions. The relative separation of

the ellipses demonstrates that each filament has a distinct multivariate signature, with minimal



overlap among groups. Additionally, the PS and M vectors pointing to the right indicate that
ABS and PETG tend to exhibit higher combined stiffness and stress tolerance than PLA+,
whereas PLA+ appears more centrally located, with moderate values of these properties.
Moreover, the PCA biplot shows that the mechanical behavior of the 3D-printed polymers
emerges from the combined influence of stiffness, load-bearing capacity, and mass
characteristics, and that these interacting dimensions clearly distinguish the filament types
within the multivariate response space. This, in turn, corroborates the MANOVA findings,
underscoring filament type as a statistically significant determinant of the specimens' integrated

mechanical performance.

3.8. Industrial Implications and Adoptions

Building on the strong agreement between our experimental results and manufacturer-
recommended drying temperatures, the present findings have both theoretical and practical
implications for the industrial adoption of FFF filaments. Theoretically, the work clarifies the
coupled effects of moisture uptake, storage time, and material-specific drying temperature on
the mechanical response of PLA+, PETG, and ABS, providing quantitative relationships
between water content, peak stress, and displacement behavior that can feed into predictive
models, design rules, and future standards for filament conditioning. In practice, the identified
optimal curing conditions (55 °C for PLA+, 65 °C for PETG, and 75 °C for ABS) for five hours
were adapted into a simple, low-cost protocol that can be implemented in existing printing
facilities and production lines to recover and stabilize mechanical properties after exposure to
ambient temperatures.

While these findings already offer clear, actionable guidance for industrial drying and
handling of FFF filaments, we also highlight important avenues for future research. A key
limitation of the present work is the simple gravimetric approach used to estimate moisture
content during the 4-week open-storage period, where water uptake was inferred solely from
bulk mass change. This method cannot resolve spatial moisture gradients within the filament,
1s sensitive to minor weighing errors and surface contamination, and does not capture real-time
sorption—desorption kinetics under fluctuating ambient conditions. In future studies, we will
employ more advanced characterization tools, such as dynamic vapor sorption (DVS), to
monitor continuous mass change under controlled temperature and humidity, as demonstrated
by Zou et al. [67], and complement this with Karl Fischer titration for accurate absolute water-

content calibration. Such instrumentation would provide higher-resolution data, enabling more



rigorous coupled moisture—mechanical models and further refining the practical drying and
storage protocols.

Beyond these methodological limitations, another consideration is that this work does not
fully represent the range of competing perspectives within the broader FFF community and the
literature. Our discussion focuses on studies and manufacturer guidelines that support the
importance of drying and identify optimal temperatures for PLA+, PETG, and ABS. In
contrast, this study did not compare alternative conditioning strategies, such as in-line filament
dryers, closed desiccant dry boxes, or direct printing from dry storage. However, some
practitioners consider these to be superior to batch drying. Therefore, future work should
systematically combine and test these contrasting approaches and perspectives from both
academic studies and industrial practice to provide a more balanced assessment of the
importance of filament drying and of strategies that account for cost, complexity, and
mechanical performance.

By applying an optimized drying process to reduce filament moisture, manufacturers can
restore the performance of previously exposed spools while retaining several important
advantages. Lower moisture levels reduce print defects and failed jobs, which, in turn,
minimize scrap and unnecessary reprints. At the same time, controlled pre-drying stabilizes
tensile and flexural properties along the spool, resulting in more predictable and reliable
mechanical behavior. Because the drying protocol can be standardized as a repeatable pre-
process step, printer setup becomes faster and less dependent on operator trial-and-error.
Crucially, the ability to recover moisture-exposed spools also supports circularity programs,
enabling reclaimed filaments to be reused rather than discarded, thereby improving cost

efficiency and environmental impact.

4. Conclusions

The existing oven was modified by embedding control elements, enabling precise
temperature regulation and drying time control. With this upgraded control, the drying cycle
can be set to industry-relevant conditions, effectively removing moisture from 3D-printing
filaments and improving their mechanical performance. Tests at different temperatures showed
that filaments left exposed for four weeks could be restored and, in many cases, exceed their
original strength after drying. In practice, the optimal drying conditions, 55 °C for PLA+, 65
°C for PETG, and 75 °C for ABS for five hours, form a simple, low-cost protocol that can be
readily implemented in existing printing facilities. Under these conditions, peak flexural stress

for PLA+, PETG, and ABS increased from 34.95, 36.52, and 42.04 MPa to 68.3, 96.9, and



81.25 MPa, respectively. In contrast, tensile peak stress rose from 20.92, 22.44, and 21.67 MPa
to 33.95, 40.55, and 29.05 MPa, confirming substantial recovery of material properties. This
improvement was supported by analyses of load-displacement curves, SEM imaging of fracture
surfaces, and macroscopic surface comparisons before and after drying, which collectively
indicate improved 3D printing performance. In addition, the close agreement between
temperature sensor readings, numerical simulations, and thermal imaging validates the
accuracy of the thermal model and the reliability of the filament dryer in reaching and
maintaining the prescribed drying temperatures. Multivariate analyses (MANOVA and PCA)
verified that the optimized drying conditions produced statistically significant improvements
across all mechanical responses (Wilksfigment = 0.345, Pritament < -000, Wilksime =
0.292, ptime < 000, WilksS;nteraction = 0.335, Dinteraction = -015). PCA further
demonstrated clear group separation, with PC1 explaining 79% of the variance and dominated
by stiffness-related variables; PETG showed the greatest post-drying shift, indicating the best
multivariate recovery. At the same time, all filaments exhibited statistically robust

enhancement in overall mechanical performance.
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