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Abstract: Dynamic mechanical analysis is widely used to characterize viscoelastic materials, yet the physical origin of the measured phase
shift remains only partially understood for structurally extended specimens. Its standard interpretation typically assumes a single, effective
phase shift between applied stress and strain. In this work, we investigate the temperature-dependent viscoelastic response of medical-
grade acrylonitrile butadiene styrene (ABS) fabricated by fused filament fabrication and injection molding, combining DMA measurements,
fractographic analysis, and analytical modeling. Rectangular beam specimens were subjected to three-point bending DMA over a tempera-
ture range spanning the glass transition region. The storage modulus, loss modulus, and phase shift were determined as functions of tem-
perature and compared between manufacturing routes. While both materials exhibit nearly identical glass transition temperatures, the 3D-
printed samples exhibit a modest reduction in storage modulus, reflecting microstructural heterogeneity introduced by the layer-wise fabri-
cation process. Fractographic observations reveal characteristic interlayer features and microvoids that correlate with the observed mechan-
ical response. To interpret the temperature-dependent phase shift, we develop a theoretical model of a damped vibrating beam in which
each eigenmode contributes with its own phase shift. By introducing a temperature-dependent effective damping coefficient, the model’s
mode-averaged phase shift reproduces the experimental DMA data with high accuracy. By linking DMA phase measurements to the mode
dynamics of the tested structure, the proposed framework establishes DMA as a structure-sensitive dynamical probe and is applicable to a
broad class of polymer, composite, and additively manufactured materials.

Key words: dynamic mechanical analysis, viscoelasticity, acrylonitrile butadiene styrene, fused deposition modeling, damped vibrating beam
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1. INTRODUCTION

Additive manufacturing (AM), commonly referred to as three-
dimensional (3D) printing, has evolved into a mature fabrication
technology enabling the production of geometrically complex and
application-specific components, including the biomedical sector.
By fabricating layer-resolved objects and using digital methods as
an advanced tool, AM enables the creation of highly complex, pa-
tient-specific geometries that are difficult or impossible to produce
with conventional subtractive methods. The most widely used tech-
niques, such as fused deposition modeling (FDM), stereolithogra-
phy (SLA), and selective laser sintering (SLS), allow for the pro-
cessing of a diverse range of polymers, ceramics, and composites,
offering versatility in both design and materials selection [1, 2, 3, 4].
Over the last decade, progress in hardware precision, bio-compat-
ible materials, and regulatory frameworks has accelerated the
adoption of 3D printing in clinical and research environments [5, 6,
7]. In medical practice, 3D printing is used to produce anatomical
models, surgical guides, prosthetics, and patient-specific implants
derived from imaging data, such as CT or MRI scans. Numerous

studies have demonstrated its value in improving surgical accuracy,
reducing operation times, and enhancing preoperative planning
and medical training [8, 9, 10]. Beyond preoperative applications,
an additional benefit of AM is its growing role in regenerative med-
icine, controlled fabrication of drug delivery systems, and tissue
scaffolds [11, 12]. The integration of 3D printing into these men-
tioned activities supports the broader trend toward personalized
and precise medicine, where treatment strategies are tailored to the
anatomical and physiological requirements of individual patients [3,
13].

The success of 3D printing in medical contexts, however, relies
heavily on the appropriate selection of materials that satisfy strin-
gent biomedical standards. Polymers and composites used for bio-
medical applications [14, 15, 16, 17, 18], must comply with biocom-
patibility and purity requirements, such as those specified in I1SO
10993 and U.S. Pharmacopeia Class VI. In addition to adequate
mechanical and processing properties, the materials must exhibit
chemical stability and the absence of cytotoxic or inflammatory
components [19, 20]. As a result, significant research effort has
been devoted to developing and certifying medical-grade materials
engineered explicitly for contact with biological tissues. These
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materials provide the foundation for the next generation of additive
manufacturing in healthcare—where mechanical integrity, repro-
ducibility, and biocompatibility converge within clinically viable de-
signs [4, 6, 21, 22].

Common medical-grade thermoplastics include high-perfor-
mance materials such as Acrylonitrile Butadiene Styrene (ABS), a
thermoplastic polymer with excellent properties suitable for the
healthcare industry. Namely, ABS Medical has recently gained at-
tention as a cost-effective option for surgical guides, positioning
jigs, and short-term patient-contact components [3, 23]. Compared
with standard ABS, the medical-grade formulations are produced
with stricter control of residual monomers and additives, and man-
ufacturers provide certificates of analysis confirming compliance
with ISO 10993-5 and USP Class VI testing. These materials are
sterilizable by ethylene oxide or low temperature plasma and retain
the printability and mechanical strength characteristic of ABS [11].

Although not suitable for permanent implantation, ABS Medical
is widely used in short-term surgical and preoperative applications
due to its mechanical robustness and documented biocompatibility.
Further investigation of their mechanical behavior under additive-
manufacturing conditions is therefore essential to support reliable
clinical implementation [6, 24, 25]. Compared to standard ABS,
ABS Medical offers a balanced combi-nation of printability, tough-
ness, and regulatory compliance, which makes it suitable for pa-
tient-specific medical devices and surgical guides [3].

Recent studies have investigated how infill density, raster ori-
entation, and extrusion temperature affect the tensile and flexural
performance of ABS-based materials [26, 27, 28, 29]. The anisot-
ropy inherent to fused deposition modeling (FDM) is particularly rel-
evant for surgical tools, where directional strength and dimensional
accuracy are critical. Moreover, while the certified base polymer en-
sures cytocompatibility, the mechanical response of the printed
structure may differ from that of the bulk due to thermal gradients
and residual stresses. Understanding these deviations is crucial to
defining the safe design window for medical applications. There-
fore, systematic evaluation of mechanical properties—tensile
strength, modulus, and interlayer adhesion—under representative
processing conditions is needed to establish guidelines for clinical-
grade additive manufacturing with ABS Medical filaments [26, 28,
29, 30, 31, 32, 33, 34, 35].

Despite the growing body of work on the mechanical perfor-
mance of additively manufactured polymers, significantly less at-
tention has been devoted to their dynamic mechanical response, in
particular to the physical interpretation of phase lag measured in
dynamic loading conditions.

While our study focuses on ABS materials, our research pro-
gram involves several aspects and stages. We aim to produce a
comprehensive study of the problem, encompassing experimental,
mechanical, and optical aspects, as well as theoretical modeling
and numerical analysis. We begin our discussion by 3D printing
dogbone-shaped specimens using ABS medical-grade filament.
Then, using a Dynamic Mechanical Analyzer (DMA) [36], we ex-
plore the mechanical dynamical properties of the specimen. Dy-
namic mechanical analysis provides access to the storage modu-
lus, loss modulus, and phase shift between applied stress and re-
sulting strain, which are commonly interpreted within a lumped vis-
coelastic framework. Despite its widespread use, the physical inter-
pretation of the phase shift measured in dynamic mechanical anal-
ysis remains largely phenomenological. In standard DMA practice,
the phase lag between stress and strain is treated as a single ma-
terial parameter, implicitly assuming a uniform deformation mode
and neglecting the role of structural dynamics.
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To gain a deeper understanding of the structure and mechani-
cal properties, we proceed to fractographic analysis. It is well-
known that the mechanical properties of a 3D-printed part are not
uniform in all directions. Mechanical properties strongly depend on
the direction in which the part is printed and the direction of the
applied force. Using reflected-light optical microscopy, we will ob-
tain high-resolution images of crack initiation and propagation. Our
aim is to observe a correlation between fracture patterns and mac-
roscopic mechanical behavior. This microstructural insight is es-
sential for linking observed macroscopic mechanical response with
underlying structural heterogeneity induced by the additive manu-
facturing process. Moreover, we construct a simple mathematical
model and demonstrate that it precisely fits the measurement data.
The primary experimental interest lies in the temperature-depend-
ent phase shift observed across experiments conducted at different
temperatures. Via the temperature-dependent phase shift, we ex-
tract information about the Loss modulus and Storage modulus,
i.e., the two components of the complex modulus, the dynamic
equivalent of Young’s modulus for viscoelastic materials.

The central objective of this work is therefore to establish a
physically consistent interpretation of the DMA phase shift in beam-
like polymer specimens by explicitly accounting for their modal dy-
namics. By combining experimental measurements with theoretical
modeling, we demonstrate that the phase shift should be under-
stood as an emergent, structure-dependent quantity arising from
the superposition of multiple vibrational modes.

2. EXPERIMENTAL PART

2.1. Material and methods

The experimental workflow comprised specimen fabrication,
mechanical characterization, and microstructural analysis (see Fig.
1). Two fabrication methods were employed: fused filament fabri-
cation (FDM) and injection molding, enabling a direct comparison
between additively manufactured and bulk materials. This dual fab-
rication approach enables identification of the influence of FDM-in-
duced structural heterogeneities, such as interlayer interfaces and
porosity, on the mechanical response.

SAMPLE MECHANICALTESTING FRACTOGRAPHICAL

PREPARATION TENSILE TESTING ANALYSIS

INJECTION FRACTURED SPECIMEN

AFTER TENSILE TEST

i "*Q » 5

Dogbone-shaped  Universal | testing
tensile i MICROSCOPIC

specimens INSTRON 5967 OBSERVATION

.
DYNAMIC MECHANICAL ANALYSIS @

— Y
shaped TA Instruments KEYENCE VHX-X1 digital
Bambu Lab X1C specimens Q800 DMA microscope

3D PRINTING

Fig. 1. Overall workflow of experimental part

ABS Medical filament was used as the model material due to
its well-established mechanical properties and relevance to bio-
medical applications [23]. Specimens fabricated via FDM exhibited
controlled geometry and internal structure, enabling experimental
validation of the theoretical model. The study combines Dynamic
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Mechanical Analysis (DMA), tensile testing, and fractographic in-
spection to characterize the mechanical response of the material
under different loading conditions (Fig. 1). The complementary ten-
sile and fractographic analyses were included to distinguish the in-
fluence of processing-induced structural heterogeneity from that of
the intrinsic polymer properties when interpreting the DMA re-
sponse. The experimental findings are further interpreted using a
theoretical model of the observed behavior.

We note that the DMA technique allows for a comprehensive
assessment of viscoelastic properties, such as storage modulus E’,
loss modulus E”, and the phase shift 6,4, under controlled tem-
perature and frequency conditions, providing insight into tempera-
ture-dependent viscoelastic behavior.

Opma = arctan (i—’,’) (1)

The results of the experiments obtained via preparing the sam-
ples and producing DMA measurements, we compare with the pre-
dictions of the rigorous mathematical model discussed below.

2.1.1. Sample preparation via 3D printing

Specimens were designed using Autodesk Inventor, with two
geometries tailored for dynamic mechanical analysis (DMA) and
tensile testing. The geometries of the printed samples were as fol-
lows:

— DMA_sample: Rectangular bars measuring 60 mm x 10 mm x
3 mm (length x width x thickness), printed flat in the XY orien-
tation to align the primary loading direction with the print layers
and minimize interlayer effects during three-point bending DMA
tests (detailed geometry shown in Fig. 2a).

— TT_sample: Dogbone-shaped tensile specimens (Type 1BA
per ISO 527-2) with a total length of 150 mm, a 10 mm-wide
gauge section, and enlarged gripping ends (detailed geometry
shown in Fig. 2b). These were printed horizontally in the XY
plane to ensure tensile loading along the filament deposition
direction.

3,00 I

Fig. 2. Dimensions of the samples used in the experiments: (a) samples
used for DMA, (b) samples used for mechanical testing

The samples were prepared via FDM using a Bambu Lab X1C
3D printer equipped with a 0.4 mm hardened steel nozzle. A medi-
cal-grade ABS filament (ABS Medical, 1.75 mm diameter, natural
color, Spectrum Filaments) was used, selected for its well-defined
properties and suitability for 3D printing. Both sample types were
processed under identical optimized parameters to achieve dense,
void-free specimens with consistent layer bonding and minimal an-
isotropy.

Before printing, the filaments were dried at 80°C for 4 hours in
a forced-air laboratory oven to remove any moisture absorbed on
the surface. Key printing settings are summarized in Table 1.

acta mechanica et automatica, vol. 20 no.3 (2026)

Tab. 1. Parameters of printed samples

Parameter Value
Nozzle temperature 255°C
Bed temperature 100 °C
Infill density 100%
Infill pattern Rectilinear
Printing speed 100 mm/s
Nozzle size 0.4 mm
Nozzle type stainless steel
Layer height 0.20 mm
Layer width 0.42 mm
Active cooling fan 15%
Shell 2
Chamber environment enclosed, passively heated

Atotal of 10 DMA_samples and 10 TT_samples were produced
in a single build to minimize batch-to-batch variability. All printing
and post-processing were conducted in a controlled laboratory en-
vironment maintained at 23 + 1°C and 50 + 3% relative humidity.
Following printing, samples were removed from the build plate after
a 30-minute cooldown period to prevent thermal distortion. Each
specimen was visually inspected and measured using a digital cal-
iper (accuracy £0.01 mm) to confirm dimensional compliance.

2.1.2. Sample preparation via injection molding

Injection-molded specimens were used as reference material.
The samples were manufactured using a Battenfeld 350 PLUS in-
jection molding machine (WITTMANN BATTENFELD GmbH, Ger-
many) with a screw diameter of D = 25 mm and a length-to-di-
ameter ratio (L /D) of 17. The processing parameters were as fol-
lows: heating zone temperatures of 245°C, 250°C, and 250°C,
mold temperature of 60°C, injection pressure of 425 bar, holding
pressure of 425 bar, holding time of 5 s, and cooling time of 15 s.

2.1.3. DMA measurements

The viscoelastic properties of the DMA_sample specimens
were characterized using a TA Instruments Q800 dynamic mechan-
ical analyzer operating in three-point bending mode (Fig. 3). The
test configuration consisted of a support span L = 50 mm.

lF(t)

Fig. 3. Schematic representation of the DMA three-point bending
configuration, where L — support span (50 mm); F — applied
oscillatory force; u — mid-span vertical displacement (oscillatory
deflection)

Rectangular DMA_sample specimens (geometry defined in
section 2.1.1 and shown in Fig. 2a) were tested in accordance with
ASTM D4065. The specimen width (b) and thickness (h) were
measured individually prior to testing and used for modulus calcu-
ations.

Prior to measurement, specimens were equilibrated at 25°C for
5 min. A temperature sweep was conducted from 25°C to 140°C at
a constant heating rate of 3°C min-1. Oscillatory deformation was
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applied at a fixed frequency of 1 Hz with a displacement amplitude
of 15 um.

The heating rate and excitation frequency were adopted in ac-
cordance with established DMA protocols for thermoplastic poly-
mers and FDM-printed ABS-based materials reported in the litera-
ture, where similar conditions (2-5 °C/min and 1-3 Hz) are com-
monly used under ASTM D4065-compliant setups [28, 37]. These
conditions ensure a balance between thermal equilibration and
measurement resolution, reducing thermal lag effects while pre-
serving reliable detection of the glass transition. The selected am-
plitude was verified to be within the linear viscoelastic region by a
preliminary amplitude sweep performed at 23°C.

While the present study is limited to a single excitation fre-
quency (1 Hz), this choice ensures direct comparability with stand-
ard DMA bending-mode protocols and isolates temperature-de-
pendent effects relevant to the proposed model. A systematic fre-
quency sweep and its influence on model parameters are identified
as future work to further evaluate the frequency dependence of the
proposed theoretical framework.

Key output parameters, such as storage modulus (E'), loss
modulus (E"'), and damping factor (tan8 = E" / E') were rec-
orded as functions of temperature. The glass transition temperature
(T,) was determined from the peak of the tan & curve, with addi-
tional confirmation from the onset of the storage modulus decrease
and the peak of the loss modulus curve. A minimum of n = 10
specimens were tested to ensure statistical reliability. All measure-
ments were conducted under controlled laboratory air atmosphere.

2.1.4. Tensile testing

Tensile strength was studied according to ISO 527-1:1998
standard using Instron 5967 testing machine. Elongation speed
was 0,5 mm/min for the elastic region after that the tension
speed was increased to 5 mm/min. Samples in the form of pad-
dles were used (TT_sample). Based on the tension test the tensile
yield strength, Young’s modulus, strain at yield stress and strain at
break were determined. The results are presented as arithmetic
means from five tests for both injection-molded and 3D-printed
sample.

2.1.5. Fractographic analysis

One representative specimen that had fractured during me-
chanical testing was selected for fractographic analysis. Its fracture
surface was examined using a KEYENCE VHX-X1 digital micro-
scope in reflected light mode. Images were acquired at magnifica-
tions of 20x, 100x, and 200x without applying any conductive coat-
ing. High-resolution imaging allowed documentation of the fracture
surface, including crack initiation and propagation features, layer
interfaces, and filament deposition paths in the FDM-printed ABS
Medical specimen. The analysis was primarily qualitative, enabling
visual assessment of characteristic defects and the microstructural
architecture of the printed material.

2.2. Results of the experimental part
2.2.1. Mechanical properties
As a terpolymer, ABS consists of varying proportions of acrylo-

nitrile, butadiene, and styrene. Due to the different chemical struc-
tures and compositions of the individual monomers, they are
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responsible for the different properties of ABS. Acrylonitrile im-
proves the chemical resistance and thermal stability. Butadiene,
provides the material with flexibility and impact resistance, whereas
styrene, is responsible for the dimensional stability and rigidity of
the material. As a result, in terms of mechanical properties and
sample response to sinusoidally varying stress in DMA analysis,
two phases of ABS can be distinguished: the rigid phase, which is
formed by styrene-acrylonitrile segments responsible for, among
other things, glass transition temperature and modulus, and the bu-
tadiene phase responsible for impact strength and vibration damp-
ing. Based on the measurements, the relationships between E', E"
and tan § as a function of temperature and glass transition tem-
perature were obtained (Fig. 4), which were described and com-
pared between the tested ABS samples — obtained by injection
molding and 3D printing. The obtained glass transition tempera-
tures of printed and injection-molded samples are within the range
of literature data and, notably, are very similar to each other, with a
difference of £0.5°C [28, 37]. According to the literature data, the
storage modulus decreases with temperature, and when the tem-
perature reaches approx. 103°C, it drops sharply, indicating an in-
crease in the mobility of ABS rigid segments and a loss of material
elasticity, regardless of the material [38]. However, a lower E” value
was observed for printed ABS, which may indicate a more hetero-
geneous structure caused by the presence of voids, anisotropy, lay-
ered structure, and sliding at the layer-to-layer interface. The differ-
ences recorded are minor, E" and tan & which also resulted in sim-
ilar glass transition temperatures for max E" and tan &, which are
approx. 1°C lower for the printed material. A similar trend was ob-
served for the E" modulus, especially in the glass transition region.
Greater energy storage capacity (E") resulted in the ability to dissi-
pate a greater absolute amount of energy in solid materials. How-
ever, the ability to suppress energy is the same, as indicated by the
overlap of the tan & curves. Therefore, it can be concluded that
both samples are chemically and molecularly equivalent, and the
same SAN exhibits a glass transition. In turn, the influence of print-
ing-induced microstructure on the glass transition temperature is
negligible, while structural dynamics govern the measured phase
shift.

The results of tensile testing, expressed as arithmetic means
from five measurements for injection-moulded and 3D-printed ABS
samples, are summarized in Table 2. Representative tensile
stress—strain curves are shown in Figure 5. Statistical significance
of the differences between the two manufacturing methods was as-
sessed using Welch's t-test, and the corresponding p-values are
reported in Table 2. The obtained results indicate statistically sig-
nificant differences in all evaluated mechanical properties (p <
0.001).

The presented curves indicate a non-linear tensile behavior of
the printed and injection-molded samples and are characteristic of
elastic-plastic materials, in accordance with the literature data [24,
26, 39]. Both ABS_IM and ABS_3D exhibit elastic deformation lim-
its and yield points. Nevertheless, the changes are more pro-
nounced for injection-molded sample. After the yield point is
reached, there is a sharp decrease in stress and a plateau in the
stress-strain relationship. Whereas for a ABS_3D sample, after the
maximum tensile stress is reached, there is a slight continuous de-
crease in its value up to the moment of sample breakage. This be-
havior is directly related to the heterogeneous and layered structure
of the printed sample, as revealed during the morphological analy-
sis. The presence of interlayer interfaces and internal voids reduces
the effective load-bearing cross-sectional area, promoting earlier
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stress localization and premature failure. Due to its heterogeneous
structure, the sample is more flexible, as evidenced by its lower
Young's modulus, which also confirms the results obtained during
DMA analysis.
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As a result, the nature of the fracture is more ductile. Whereas for
the injection-molded sample, after reaching a clear plateau, a slight
increase in tensile stress is observed, reflecting minor strain hard-
ening due to polymer chain orientation. The final phase behavior is
similar to brittle fracture, although the overall sample still undergoes
significant plastic deformation.
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Fig. 4. Storage modulus (E', black lines), loss modulus (E", blue lines), and tan & (red lines) obtained by DMA measurements for a sample from injection

molding (solid lines) and 3D printing (dashed lines)

Tab. 2. Mechanical properties of ABS sample

Injection_
Sample symbol ABS 3D_ABS p-value
Tensile yield
strength [MPa] 422419 296£34 <0.001
Young modulus 18207414.9 13084401 5 <0001
[MPa]

Strain at tensile
yield [%] 2.8+0.1 2.240.1 <0.001
Strain at break [%)] 37.316.2 9.242.0 <0.001

45

Tensile stress, MPa

Tensile stress, MPa

Strain, %

Fig. 5. Tensile stress vs. Strain of ABS sample made using 3D printing
(ABS_3D) and injection molding (ABS_IM)

The presented curves indicate a non-linear tensile behavior of
the printed and injection-molded samples and are characteristic of
elastic-plastic materials, in accordance with the literature data [24,
26, 39]. Both ABS_IM and ABS_3D exhibit elastic deformation lim-
its and yield points. Nevertheless, the changes are more pro-
nounced for injection-molded sample. After the yield point is
reached, there is a sharp decrease in stress and a plateau in the
stress-strain relationship. Whereas for a ABS_3D sample, after the
maximum tensile stress is reached, there is a slight continuous de-
crease in its value up to the moment of sample breakage. This be-
havior is directly related to the heterogeneous and layered structure
of the printed sample, as revealed during the morphological analy-
sis. The presence of interlayer interfaces and internal voids reduces
the effective load-bearing cross-sectional area, promoting earlier
stress localization and premature failure. Due to its heterogeneous
structure, the sample is more flexible, as evidenced by its lower
Young's modulus, which also confirms the results obtained during
DMA analysis. As a result, the nature of the fracture is more ductile.
Whereas for the injection-molded sample, after reaching a clear
plateau, a slight increase in tensile stress is observed, reflecting
minor strain hardening due to polymer chain orientation. The final
phase behavior is similar to brittle fracture, although the overall
sample still undergoes significant plastic deformation.

2.2.2. Morphology of fracture surfaces of a polymer sample

We observed a clear correlation between fracture patterns and
macroscopic mechanical behavior for both FDM printed and injec-
tion-molded ABS samples. The crack location and propagation on
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the side surface are shown for the FDM-printed sample in Figure
6a and for the injection-molded sample in Figure 6¢, with cross-
sectional views in Figures 6b and d, respectively.

Fig. 6. Fracture characterization of ABS medical filament: (a) FDM-printed
sample - side view at 20x magnification, indicating crack location;
(b) FDM-printed sample - cross-sectional view at 100x
magnification, showing crack propagation and material morphology;
(c) Injection-molded sample — side view at 20x magnification,
indicating crack location; (d) Injection-molded sample — cross-
sectional view at 100x magnification, showing crack propagation
and material morphology

In four out of five FDM-printed specimens, crack initiation oc-
curred at the geometric transition between the narrow section of the
sample and the grip region, corresponding to the location shown in
Figure 6a. However, in one specimen, the cracking occurred in the
middle of the narrow section. Crack propagation was irregular, ex-
hibiting characteristic deflections aligned with the 3D printing paths,
which were oriented at approximately 45° to the tensile axis. This
orientation-dependent fracture behavior reflects the anisotropic na-
ture of FDM-printed materials and is consistent with previous find-
ings demonstrating that raster angle and interlayer bonding signifi-
cantly affect tensile performance and crack development in ABS
structures [40, 41].

In contrast, the injection-molded specimen showed a more line-
ar and symmetric crack path, initiating primarily at regions of local
stress concentration, without evidence of directionally biased de-
flection (Fig. 6c).

The overall fracture surface of the FDM-printed samples (Fig.
6b) reveals regular semicircular outlines corresponding to individual
filament deposition paths characteristic of FDM technology, while
the overall fracture surface exhibits a heterogeneous structure with
clearly defined layer boundaries. In the central region, areas with
heterogeneous texture and variable tonal contrast indicate differ-
ences in cohesion between adjacent paths. This structure suggests
the presence of local microvoids and incomplete fusion, which may
reduce load-bearing capacity in directions perpendicular to the ex-
trusion axis.

Higher-magnification fractographic features show peripheral
layer morphology, microvoids, and zones of stable and final crack
propagation (Figure 7a—c). The stable propagation region is char-
acterized by relatively smooth topography and subtle beach marks,
whereas the final fracture zone exhibits rough, fibrous morphology
indicative of ductile failure. The fracture behaviour of the FDM-
printed ABS medical filament observed in this study is consistent
with the general mechanisms reported in the literature for ABS ma-
terials. As described by Lach et al. (2001) [42], fracture surfaces
can be divided into zones of stable and unstable crack growth, with
smooth regions corresponding to gradual propagation and rough,
fibrous areas reflecting final overload. In the present printed sam-
ples, however, these classical zones are strongly influenced by the
layered FDM structure, including semicircular filament perimeters,

516

DOI: 10.65731/ama/2026-0051

inter-layer voids, and local delamination, which serve as primary
sites for crack initiation and anisotropic propagation. These obser-
vations are further supported by Boga (2021) [41], who demon-
strated that fracture paths and surface morphology in 3D-printed
ABS strongly depend on deposition pattern, layer orientation, and

local microstructural heterogeneities.
. “} 1w
4 - _J &ll pree _Jl

Fig. 7. Microphotographs of fracture surface of FDM-printed sample at
200x magnification: (a) Peripheral and layer morphology showing
semicircular perimeters, triangular layer imprints, and microvoids
indicative of potential crack initiation sites; (b) Stable crack
propagation region with smooth topography and gentle beach marks
along inter-layer boundaries; (c) Final overload fracture region,
exhibiting chaotic, fibrous structures and crushed filament paths,
indicative of ductile rupture beyond the material’s ultimate strength

»

To complement the qualitative fractographic observations, a
preliminary quantitative image analysis was performed using Im-
ageJ on the triangular inter-raster voids visible in the peripheral
layer region (Fig. 7a). A representative region of interest was ex-
tracted and processed by threshold-based segmentation, as illus-
trated in Fig. 8a—b. Within this region, six measurable inter-raster
voids were identified, exhibiting a mean area of 1761.5+ 611.3
um?2 (range: 765-2300 um2 ; Table 3). These voids originate from
the geometric packing of adjacent filament rasters during the FDM
deposition process and therefore represent process-inherent po-
rosity rather than damage-induced microvoids formed during ten-
sile loading. The presence of such process-inherent voids is quali-
tatively consistent with the significantly lower tensile yield strength,
Young's modulus, and strain at break observed for the FDM-printed
specimens compared with the injection-moulded counterparts (Ta-
ble 2, all p < 0.001), suggesting that they may promote local stress
concentration and facilitate crack initiation. Since the quantitative
analysis was limited to a single representative field of view, these
observations should be regarded as preliminary and indicative ra-
ther than statistically representative.

2 3 4 2 5 | 6
€t € € ¢« +«
Fig. 8. Quantitative segmentation of triangular inter-raster voids in the
FDM-printed sample: (a) cropped region of interest from Fig. 7a
prior to segmentation; (b) corresponding binary mask after

threshold-based segmentation in ImageJ, with detected voids
outlined
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Tab. 3. Quantitative analysis of triangular inter-raster voids identified via
ImageJ segmentation (single representative field of view, FDM-
printed sample)

Void No. Area (um?)

1 1316

2 1803

3 2275

4 2300

5 2110

6 765
Mean = SD 1761.5611.3

Injection-molded samples, in contrast, exhibit smoother, more
homogeneous surfaces (Fig. 6d and Fig. 9a-c), with uniformly dis-
tributed microvoids characteristic of ductile ABS fracture. Stable
crack propagation regions display isotropic morphology, while the
final overload zones show fibrous features. The higher structural
uniformity observed in injection-molded specimens is consistent
with previously reported improvements in mechanical performance
of injection-molded ABS compared to FDM-printed counterparts
[40]. Czyzewski et al. (2024) [43] further emphasized that injection
molding promotes higher density and improved interfacial cohe-
sion, which directly translate into greater Young's modulus and
strength compared to additively manufactured counterparts.

T...—
il

Fig. 9. Microphotographs of fracture surface of injection-molded ABS
sample at 200x magnification: (a) Crack initiation region with
relatively smooth morphology; (b) Stable crack propagation region
showing a semicircular depression and local propagation
markings indicative of crack front progression; (c) Final overload
region characterized by rough, irregular surface morphology and
evidence of ductile tearing

The similarity in glass transition temperature suggests that the
observed differences in mechanical performance are primarily as-
sociated with processing-induced microstructural heterogeneity ra-
ther than chemical or molecular variations between the samples.
Overall, the fracture behavior of FDM-printed ABS is governed by
layer morphology, interfacial cohesion, internal porosity, and print-
ing-induced anisotropy, whereas injection-molded ABS exhibits
fracture characteristics dominated by isotropic material properties
and inherent structural uniformity. The present observations there-
fore align with classical ABS fracture theory [42] and with modern
comparative studies highlighting the decisive role of processing-in-
duced microstructure in determining crack initiation and propaga-
tion mechanisms [40, 41, 43].

G E ) = 25 52, 22 sin(n,x) sin(n,) sin(B,t) (6)

n2B,

3. THEORETICAL MODEL

4LF, o sin(n x)
u(x, t) = maTE’Z Yin=o (Znin:); fon+1y(0) (7)

In conventional DMA analysis, the specimen is treated as a
lumped viscoelastic element, and the measured phase shift is di-
rectly associated with the ratio of loss and storage moduli.

acta mechanica et automatica, vol. 20 no.3 (2026)

However, for beam-like specimens, the deformation field is inher-
ently non-uniform and can be decomposed into a hierarchy of vi-
brational eigenmodes. Each mode responds to harmonic excitation
with its own phase shift, governed by its natural frequency and
damping. The model reveals a fundamental limitation of the stand-
ard DMA formalism when applied to extended structures: the ex-
perimentally measured phase shift does not correspond to a single
material parameter, but to a weighted average over structurally de-
fined dynamical modes.

Here we show that the DMA phase shift of beam-like polymer
specimens cannot, in general, be attributed to a single relaxation
process. Instead, it emerges as a collective response of multiple
vibrational eigenmodes, each characterized by its own phase shift
and participation weight. Namely, we prove that each oscillation
mode has its own phase shift. While the participation rates of the
different modes differ, their contribution decreases with increasing
mode number. Nevertheless, the phase shift averaged over the
modes fits well with the experimental results. For the theoretical
modeling of the process, we exploit a partial differential equation,
the Euler-Lagrange equation derived for the following action:

S =17 Jy LIt u(x,0), 8u(x, 1), dulx, )] dxdt

a oL 02 oL oL oD
at (aut(x,t)) T ox? (0uxx(x,t)) + au(xt)  dur(xt) @)
Here L[t, u(x, t), d,u(x, t)] is the Lagrange function

2
L[t ux, 1), 8.ux, )] == -m (au;f't)) -

2 2
~EJ (a ;‘;’Z"t)) + Fu(x, t) 3)
where

a? = EJ/(pA), E is the Young's modulus of the material, A is the
cross-sectional area of the beam, J = bh3/12 the second mo-
ment of area of the beam cross-section, the beam length [, breadth
b,and thickness h. The external driving term we choose in the form
F(t) = F, sin(wt) with driving amplitude F, and frequency w,
m is the mass of the beam per unit length, and the dissipation func-

. o\ 2 .
tion reads D = my (E) . In the case of a uniform beam, the
equation takes a D = my at simpler form [44]:

0%u(x,t) 2 0%u(xt) du(xt) _ 1
ot2 ox* + Zy a mF(x' t) (4)

In what follows, the temperature-dependent effective damping
constant y(T) is a free parameter of the theory that we tune to fit
the experimental data. To solve Eq.(4) we adopt the supported
boundary conditions u(0,t) = u(L,t) = 0, and 9, u(x,t) =
0 for x = 0, L. The general solution of Eq.(4) can be presented in
the form:

uCe,t) = (2y +2) fy u(E 0)G(x, & )dg +

Jy 0:u(E 0)G(x, & )dE + 2 [ [ G (x,&,t —
T) sin(wt) dédt (5)

The explicit form of the Green function depends on the bound-
ary conditions. For the supported boundary conditions where n,, =
nm/L. Taking into account Eq.(5), Eq.(6) we present the solution
in the form

4LF, o sin(n x)
u(x,t) = manoz Y=o (Zni-n;; fone1,y(0) (7)
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Here u(x, t) = X5loUans1 (%, ¢, 82041) )
fn.v(t) = n(:gn [(9721 — w?) sin(wt) — 2yw cos(wt) + Upns1 (6,8, 82n 1) = 1:1;?2 %ICHWLV(Q (10)
oot (Zyw cos (B.0) + o(w? +§Zz_ﬂ%) sin (ﬁnt))] @ oy Here 6,,,41 is the phase shift of the 2n + 1th mode defined
with the following introduced notation: y = y(T) is the damping tan(8zn41) = ng:/:iwz (1)

constant, D,, = (Q2 — w?)? + 4y2w?.
Taking into account Egs. (7), (8) we present the solution in the
form

a)

05 S 0
— 0,02

05 S 0.04 05 el 0.04

05 T~ e 004
' 002

0
t 0 X

Fig. 10. Three-dimensional plots of the beam deflection w,, (x, t) for a vibrating beam of length L in successive eigenmodes: (a)n = 1,(b) n = 3, (c)
n=>5dn=7(n =9, (fn = 11. Axes: position x along the beam (0 < x < L), time t over one full period of the corresponding
mode (0 < t < T), and transverse deflection u,, (x, t). Each subplot illustrates the temporal evolution of the beam shape for the respective mode
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Fig. 11. Three-dimensional plot of the total beam deflection u(x, t) =
¥ o Usn+1(x, t), obtained by superposing all six eigenmodes
shown in Fig. 10. Axes: position x along the beam 0 < x < L,
time t over one full period of the fundamentalmode 0 < t < T,
and transverse deflection u(x, t). The plot illustrates the complex
temporal evolution of the beam shape resulting from the linear
combination of the first six modes.

40 60 80 100 120 140

Fig. 12. Temperature dependence of 85,4, Where blue dots represent
experimental data fitted by the Gaussian function and the red line
is obtained via the solution of Eq.(7).

We considered the supported boundary conditions because it
precisely matches our DMA setup and experiment. On the other
hand, our theoretical approach is not limited for particular boundary
conditions. different alternative boundary conditions can be imple-
mented depending on the experimental interest. We note that the
amplitudes of individual u,, (x, t) decrease with increasing mode
number n. Due to the symmetric loading, only odd modes are ex-
cited (see Eq. (9)). Therefore, the solution of the partial differential
equation (9) qualitatively follows the first mode u(x,t) =
u, (x, t), while the contribution of the third mode 15 (x, t) is on the
order of 1%, (see Fig.10 and Fig. 11).

In the experiment, the phase shift is measured in the middle of
the beam x = L/2, at a particular moment of time t = t,,,. There-
fore, the averaged phase shift governed by Eqgs. (9)-(11) reads:

acta mechanica et automatica, vol. 20 no.3 (2026)

o 2y(T)
(8) = Eitzo Pans arctan (722 (12)
where
Pyper = _Um+1(L/2tm) (13)

I uzn+1(L/2,tm)

quantifies the participation rate of the nth mode. The total dissi-
pated energy during the one period of oscillation T = 21t/ w reads:

16TwFEY(T)
2 2 2\2  4v2 2 (14)
mLlen+1[(an+1“’° ) +4v2 (Do ]

Eq = Xn=o

In the experiment, DMA evaluates the phase shift using the
simpler arguments: Considering the driving force:

FPMA(t) = FPM4 sin(wt) (15)
and response
uPMA(t) = udM4 sin(wt — 8ppa) (16)

DMA calculates the phase shift 8,4 Vvia the time delay be-
tween peaks of driving stress FPM4(t) and strain:uPMA(t)

SDMA = wAt (17)

which can be also defined as equation (1). To compare experi-
mental and theoretical results, we numerically solve the equation:

8DMA = (5) (18)

and fit temperature dependence of damping constant y(T).
The results of the experimental measurements and theoretical
modeling presented in Fig.12 confirm the quantitative.

4. DISCUSSION
4.1. Structure-dependent interpretation of DMA phase shift

The present results indicate that the phase shift measured in
dynamic mechanical analysis of beam-like specimens should be in-
terpreted as an emergent, structure-dependent quantity rather than
as a direct proxy for a single intrinsic material relaxation process.
While conventional DMA implicitly assumes uniform deformation
and a lumped-viscoelastic response, extended specimens sub-
jected to bending necessarily exhibit non-uniform displacement
fields that can be decomposed into a hierarchy of vibrational
eigenmodes. Each of these modes responds to harmonic excitation
with a characteristic phase shift determined by its natural frequency
and damping, and the experimentally observed phase lag reflects
a weighted superposition of their contributions. The theoretical
model developed in this work quantitatively supports this interpre-
tation, demonstrating that the measured phase shift can be accu-
rately reproduced by considering modal superposition with a tem-
perature-dependent damping coefficient. From this perspective, the
temperature dependence of the DMA phase shift encodes not only
changes in intrinsic viscoelastic dissipation but also the modal
structure of the tested geometry.

Although medical-grade ABS was employed here as a repre-
sentative polymer system with well-defined processing routes, the
proposed framework is applicable to a broad class of polymeric and
composite materials, particularly those produced by additive man-
ufacturing or possessing internal architectural heterogeneity. This
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is especially relevant for FDM-fabricated structures, where anisot-
ropy, interlayer bonding, and internal porosity modify both stiffness
and damping characteristics, thereby influencing modal participa-
tion and the resulting phase response. The results, therefore, sug-
gest that DMA, when applied to structured specimens, can be
viewed as a structure-sensitive dynamical probe, and that caution
is required when interpreting phase-shift data solely in terms of ma-
terial rheology without accounting for structural dynamics. From a
practical standpoint, this implies that comparisons of DMA data
across different specimen geometries or fabrication routes should
be performed with care, as differences in phase shift may reflect
not only material properties but also structural and modal effects.

4.2. Applicability to other boundary conditions and loading
configurations

The experimental validation presented in this work is limited to
the simply supported beam under three-point bending because this
configuration corresponds to the capabilities of the employed DMA
setup and represents a standard testing configuration in dynamic
mechanical analysis [36]. Nevertheless, the proposed modal super-
position framework is not inherently restricted to this particular
boundary condition. The proposed framework is based on the de-
composition of the structural response into vibration eigenmodes,
and its extension to other beam configurations, such as cantilever
or clamped-clamped systems, primarily requires incorporation of
the corresponding mode shapes and natural frequencies into the
modal expansion. As discussed by Yamada et al. [45], modal for-
mulations can be generalized to a broad range of boundary condi-
tions, although increasingly complex support conditions may re-
quire dedicated analytical treatments or numerical determination of
the eigenmodes.

Extension to loading configurations other than three-point
bending would require reformulation of the corresponding displace-
ment fields and modal participation while preserving the underlying
modal superposition principle. Experimental verification of such
configurations is beyond the scope of the present study because
the available DMA instrumentation is limited to standard three-point
bending tests. Future experimental validation involving alternative
boundary conditions and loading configurations will be important for
assessing the generality and predictive capability of the proposed
framework.

4.3. Methodological outlook

This study is based on a traditional analytical modal superposi-
tion framework, which provides a mechanistically transparent de-
scription of the observed dynamic mechanical response. However,
its applicability becomes limited for complex geometries, nonlinear
material behavior, multiphysics coupling, and process parameter
optimization. Future work could therefore combine the present
physics-based formulation with data-driven and physics-informed
approaches to enhance model generalizability while preserving
physical interpretability.

Conceptually, the proposed modal formulation could serve as
a physics-based prior within a hybrid machinelearning framework.
Instead of predicting DMA responses solely from data, neural net-
works could be trained to identify unknown temperature-dependent
material parameters or modal participation factors while
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maintaining the modal superposition constraints derived from the
present model. Such an approach would extend the applicability of
the model to complex geometries and heterogeneous polymer sys-
tems where explicit analytical solutions become impractical.

In particular, the CF-DeepONet framework proposed by Zheng
et al. [46] demonstrates the capability of deep operator networks to
learn nonlinear mappings between functional inputs and output
fields using a trunk-branch architecture. In the context of DMA
analysis, a similar operator-learning strategy could approximate the
relationship between temperature evolution, excitation frequency,
specimen geometry, and the corresponding storage modulus and
phase shift, while being constrained by the analytical modal formu-
lation developed in the present work.

Similarly, the T-phPINN framework proposed by Zheng et al.
[47] illustrates how physics-informed neural networks incorporate
governing physical relationships into the learning process to im-
prove predictions of complex thermophysical fields. This approach
is particularly relevant for thermomechanically coupled DMA, where
heat generation from viscoelastic dissipation may introduce local
temperature gradients affecting the measured phase response. In
the present framework, the analytical modal formulation could
serve as a physics-based prior during network training, enabling the
inference of unknown temperature-dependent material parameters
from experimental DMA data while preserving physical interpreta-
bility and extending applicability to complex geometries and heter-
ogeneous polymer systems where explicit analytical solutions be-
come impractical.

Finally, surrogate-based optimization frameworks combining
PINNs, deep active learning, and reinforcement learning provide
efficient strategies for exploring high dimensional design spaces
[48]. In future work, these methods may be applied to optimize both
processing and testing parameters in additively manufactured pol-
ymers, including layer height, printing orientation, annealing condi-
tions, as well as DMA testing conditions such as frequency and
heating rate, thereby reducing experimental effort while maintaining
predictive accuracy. Such approaches should be viewed as com-
plementary to, rather than replacements for, the present physics-
based framework, whose analytical transparency remains essential
for interpreting the physical origin of the measured phase shift.

4.4. Limitations

A limitation of the present study is the use of a single excitation
frequency (1 Hz) in the DMA measurements. While this choice en-
sures consistency with standard ASTM D4065-based testing proto-
cols and allows direct comparison with existing literature on ther-
moplastic polymers and additively manufactured ABS, it does not
capture the full frequency dependent viscoelastic response. Con-
sequently, the proposed theoretical model is validated under a
fixed-frequency condition, and its applicability across a broader fre-
quency range is a subject of future studies.

In addition, the analysis is based on a single specimen geome-
try and a three-point bending configuration, which implies that the
observed phase-shift behavior is inherently linked to the modal
structure of the tested beam. Extension of the model to different
geometries and loading configurations is therefore necessary to as-
sess its generality. Moreover, the study focuses on a single material
system (medical-grade ABS), and further work is required to eval-
uate whether the proposed modal interpretation of DMA phase shift
remains valid for other thermoplastics and additively manufactured
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polymers.

Furthermore, the quantitative fractographic void analysis pre-
sented here was limited to a single representative field of view of
the FDM-printed specimen, owing to the limited field of view of the
available optical micrographs. Future work employing scanning
electron microscopy (SEM) or X-ray micro-computed tomography
(uCT) would enable multi-section, three-dimensional quantification
of void content and distribution across both sample groups, provid-
ing a more statistically robust basis for correlating porosity with me-
chanical performance.

4.5. Future work

Future work will directly address the limitations identified in the
present study by extending the analysis to frequency-dependent
DMA measurements, alternative specimen geometries, and addi-
tional polymer systems beyond medical-grade ABS. In particular,
experimental investigations will be performed over a range of exci-
tation frequencies to validate the proposed modal superposition
framework beyond the single-frequency case considered here.
Since the theoretical formulation given by Eq. (12) is valid for an
arbitrary excitation frequency w, the measured phase shifts ob-
tained at different frequencies will be directly compared with the
corresponding theoretical predictions. This comparison will enable
assessment of the ability of the proposed modal framework to re-
produce not only the temperature dependence of the phase shift,
but also its frequency dependence over a broader dynamic range.

Future studies will also investigate alternative specimen geom-
etries and loading configurations to further assess the generality of
the proposed structure-dependent phase-shift formulation, as well
as additional polymer systems beyond medical-grade ABS to clar-
ify the extent to which the observed behavior is universal across
additively manufactured thermoplastics. Finally, as discussed in
the methodological outlook, data-driven and physics-informed ap-
proaches may provide a valuable complementary framework for
surrogate modeling and optimization of thermo-mechanical re-
sponses in structured polymer systems.

5. CONCLUSIONS

The main contribution of this study is the demonstration that the
DMA phase shift in beam-like polymer specimens should not be
interpreted as a direct measure of a single intrinsic material relaxa-
tion process, but rather as an emergent structural quantity gov-
emed by the collective dynamics of multiple vibrational
eigenmodes.

Beyond the specific case of medical-grade ABS, the present
results demonstrate that the experimentally observed phase shift
arises from a weighted superposition of multiple vibrational modes
associated with the geometry of the tested specimen. This insight
challenges the conventional lumped-parameter interpretation of
DMA data and highlights the importance of structural dynamics in
viscoelastic characterization.

The temperature-dependent viscoelastic behavior of medical-
grade ABS was successfully captured using a combined experi-
mental and theoretical approach. Dynamic mechanical analysis re-
vealed that ABS samples produced by fused filament fabrication
and injection molding exhibit nearly identical glass transition tem-
peratures, indicating a comparable molecular structure of the poly-
mer matrix. Nevertheless, 3D-printed specimens exhibit a reduced
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storage modulus over the investigated temperature range, at-
tributed to printing-induced microstructural features, such as inter-
layer interfaces and local microvoids. Qualitative fractographic
analysis supports this interpretation by revealing anisotropic crack
propagation paths aligned with the filament deposition pattern.

Beyond experimental characterization, a theoretical model de-
scribing a damped vibrating beam was developed to interpret the
DMA phase shift. Unlike the standard DMA formalism, the model
demonstrates that each vibrational eigenmode possesses an indi-
vidual phase shift, and that the experimentally measured phase lag
corresponds to a weighted average over participating modes. By
introducing a temperature-dependent effective damping coefficient,
the model quantitatively reproduces the measured phase shift
across the glass transition region. This agreement confirms that the
observed temperature-dependent damping behavior can be con-
sistently explained within a modal framework.

The results highlight the importance of structural dynamics in
DMA measurements on beam-like polymer specimens, particularly
those produced by additive manufacturing. The proposed approach
provides a physically transparent link between macroscopic DMA
observables and underlying vibrational mechanisms, offering a
useful extension of conventional viscoelastic analysis for polymer
structures with complex internal architecture.

Future studies will focus on extending the experimental valida-
tion to multiple excitation frequencies, alternative structural config-
urations, and additional polymer systems, thereby further as-
sessing the generality of the proposed modal framework.
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