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Abstract

The recent availability of a wide range of additively manufactured materials has facili-
tated the translation from prototype-limited to application-ready 3D printed components. As
such, additively manufactured materials deployed in dynamic environments require exten-
sive characterization to elucidate and optimize performance. This research evaluates the dy-
namic response of fused filament fabrication and vat photopolymerization printed polymers
as a function of temperature. Dynamic mechanical analysis is used to extract the viscoelastic
properties of several generations of samples exhibiting a range of thermomechanical behav-
ior, highlighting the stiffness and damping characteristics. A modified stiffness—temperature
model supports the experimental characterization and provides additional insight concerning
the molecular motion occurring over each thermal transition. The insights from the analysis
were collated into a case study that leverages their dynamic characteristics in a multimaterial
application. The outcomes from this research assimilate a framework that defines the tem-
perature operating range and broadens the design envelope for these additive manufacturing
materials.

Keywords Thermomechanical properties - Fused filament fabrication - Vat
photopolymerization - Dynamic mechanical analysis - Stiffness—temperature model

1 Introduction

The emergence of additive manufacturing methods for polymer-based, load-bearing prod-
ucts introduced an influx of printable polymers with a broad range of mechanical proper-
ties. Fused filament fabrication (FFF, also called material extrusion, MEX) and vat pho-
topolymerization (VPP) are ubiquitous within current 3D printing technologies due to read-
ily available and versatile polymers. In the former, thermoplastic filaments are heated to a
specific temperature to allow the polymer to flow onto the print plate in strategic patterns
based on the capabilities of the hardware and the geometry of the printed component. On
the other hand, additive manufacturing using VPP hinges on photocurable resins that sponta-
neously cure in a vat upon exposure to ultraviolet light for a short duration, where the limited
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light penetration depth and the relatively rapid set time play a favorable role in accelerating
this printing method. While additive manufacturing has attracted assiduous research over
the past decade, the focus on the time-dependent properties of printed polymers has been
limited. Hence, the primary motivation leading to this research resides in the viscoelastic
process—property nexus of additively manufactured polymers using the ubiquitous FFF and
VPP processes.

The ubiquity of polymers in additive manufacturing stems from their legacy in net-shape
or near-net-shape processing, owing to flexible forms (solid or liquid), relatively low pro-
cessing temperature (advantageous in FFF), and desirable mechanical properties (Tan et al.
2020; Ligon et al. 2017). The latter include high specific strength-to-weight and stiffness-to-
weight attributes necessary for consumer goods and high dampening properties required for
impact mitigation in sports goods (Prashar et al. 2023; Namvar et al. 2023; Nugraha et al.
2023; Song et al. 2024). However, polymers are more susceptible to loading and environ-
mental conditions than other classes of materials (e.g., metals and ceramics) (Randhawa and
Patel 2021; Youssef 2021; Wineman and Rajagopal 2000). For example, the processability
of photocurable polymers in the vat photopolymerization 3D printing process is eclipsed
by the limited utility in indoor applications since the resin and the realized product exhibit
high affinity to extended ultraviolet radiation (Yousif et al. 2023). In other words, deploying
photocured polymers in outdoor applications might result in an accelerated reduction in per-
formance, including physical appearance and mechanical properties, due to photo-induced
degradation such as photodegradation and photo-oxidation (Yousif et al. 2023; Feng et al.
2023; Riechert et al. 2023). It is well established that extended sun exposure is detrimen-
tal to the structural and mechanical behavior of polymers, exemplified by chain sessions
of environmentally induced crazing, respectively (Andrady et al. 1998, 2023; Naveen et al.
2023). Anastasio et al. vigorously investigated the interrelationship between processing con-
ditions (light intensity and exposure duration) and the mechanical properties of ultraviolet-
cured methacrylate resin (a common base monomer in many commercially available print-
able resins) (Anastasio et al. 2019). They reported a monotonic relationship between glass-
transition temperature, curing time, and exposure intensity. Furthermore, Anastasio and
coworkers revealed that the yield stress directly depended on the curing time and indirectly
related to the light intensity. While the study of Anastasio et al. focused on the processing
conditions, it amplified the concerns about the interdependence of the long-term behavior
on the loading and environmental conditions. Kim et al. ascertained similar results while
examining the mechanical behavior of ultraviolet-cured polyester-acrylate resins, reporting
the effect of the photo-initiator type and the weight ratio on the tensile strength (Kim and
Seo 2004). The properties of polymers, irrespective of the manufacturing process, are time-
dependent, giving rise to their viscoelastic behavior (Youssef 2021). The latter transpires
as a reduction in the stress as a function of time at constant strain (i.e., stress relaxation
behavior) or decreasing strain when the load is fixed for an extended duration (i.e., creep
response) (Youssef 2021). Such time-dependent properties require an alternative charac-
terization mindset to delineate the process—property interrelationship in the context of the
susceptibility of polymers to extended loading durations. Hence, the primary objective of
this research is to explore the viscoelastic properties of FFF and VPP printed materials with
a broad spectrum of mechanical properties, ranging from compliant to stiff, as discussed in
the forthcoming sections.

While the scientific community recognizes that FFF printing is at the forefront of several
technological innovations, there has been a notable lag in characterizing the dynamic prop-
erties of FFF-produced materials. Interest in the FFF process peaked upon the expiration
of the original patent by Stratsys®, allowing hobbyists and practitioners access to readily
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available equipment, software, and materials (Yadav et al. 2023; Kumar et al. 2023). The
recent keen effort has resulted in the infiltration of this agile technology into several ap-
plication domains, including consumer goods, replacement parts in aging and old aircraft,
robotics, and sports gear, to name a few prominent examples (Yadav et al. 2023; Ramya and
Vanapalli 2016). Nonetheless, only quasistatic testing of these materials has been broadly
reported in the literature as a function of printing parameters, including printing orienta-
tion, speed, enclosure temperature, and layer height (Bakhtiari et al. 2023; Pachauri et al.
2023; Yankin et al. 2023; Sola et al. 2023). Arguably, the focus on quasistatic character-
ization paradigms is justified to elucidate the general properties of FFF printed parts and
components, instilling confidence in the overall mechanical performance, accelerating the
development of end-use products, and shifting away from prototyping (Yadav et al. 2023;
Brans 2013). Recently, Cuan-Urquizo and colleagues collated a topical review of the me-
chanical properties of FFF printed materials and structures, compiling the ongoing exper-
imental, computational, and theoretical approaches reported in the open literature (Cuan-
Urquizo et al. 2019). In the review by Cuan-Urquizo et al., they emphasized the structure—
property relationship and the mechanical characterization of FFF structures and materials
(Cuan-Urquizo et al. 2019), summarizing the tensile and compressive performance of ABS
(acrylonitrile butadiene styrene) (Uddin et al. 2017; Ahn et al. 2002; Rodriguez et al. 2001;
Huynh et al. 2020; Youssef et al. 2021; Sood et al. 2012; Onwubolu and Rayegani 2014),
Ultem 9085 (polyetherimide) (Zaldivar et al. 2017), PLA (polylactic acid) (Wittbrodt and
Pearce 2015; Laureto and Pearce 2018), PEEK (polyether ether ketone) (Deng et al. 2018;
Gomez-Garcia et al. 2023), and polycarbonate (Shojib Hossain et al. 2013; Reich et al. 2019;
Shojib Hossain et al. 2014; Vidakis et al. 2022). Notably, the flexural, fracture, fatigue, and
cyclic loading performances of various FFF printed materials have also attracted significant
research attention (Adibeig et al. 2023; Svetlana et al. 2021; Patterson et al. 2021). Collec-
tively, these research studies point to the drastic effect of the FFF printing process on the
quasistatic mechanical properties, specifically as a function of the printing orientation due
to the layer-to-layer interactions. It is imperative to elucidate the dynamic properties of FFF
printed materials, as is the case herein.

The vat photopolymerization additive manufacturing process is the oldest approach used
in 3D printing fabrication, using a broad range of resins, and new ones that are easily amend-
able to tune the mechanical properties are continuously introduced. Generally, a thin layer
of photocurable resin is exposed to ultraviolet light to cure, upon which a new layer is
introduced, and the process is repeated in a layer-by-layer fashion. The facility of the VPP
printing process stems from the readily available photocurable resins and agility in preparing
composite resin by adding reinforcing particles or fibers (Malley et al. 2021; Lantean et al.
2022; Wang et al. 2022). Such tunability culminates in research centered around characteri-
zation and modeling the mechanical behavior of photocurable, 3D printed resin, accounting
for the viscoelastic and hyperelastic responses intrinsic to this class of materials (Xiang et al.
2020). Since VPP printing is done at room temperature, the mechanical properties transcend
their FFF counterparts due to the absence of thermal layer adhesion challenges. Dizon et
al. collated a recent review summarizing the mechanical properties of VPP-manufactured
samples (Dizon et al. 2018; Chantarapanich et al. 2013; Dulieu-Barton and Fulton 2000;
Hague et al. 2004). Naik et al. also investigated the process-induced anisotropy at quasistatic
loading conditions, arguing the need for dynamic characterization (Naik and Kiran 2018).
Brighenti et al. elucidated the tensile and cyclic properties of photopolymerized polymers
as a function of ultraviolet exposure and layer thickness at isothermal testing conditions
(Brighenti et al. 2023). Finally, Kuenstler et al. explored the dynamic properties of VPP-
printed recyclable thermoset films, leveraging dynamic covalent bonds to facilitate confor-
mational rearrangement and plasticity for recyclability and self-healing (Kuenstler et al.

@ Springer



Mechanics of Time-Dependent Materials

2023). Hence, there needs to be more understanding of the dynamic properties of 3D print-
able materials, irrespective of the printing process, as a function of temperature, i.e., the
leading motivation of this research.

The novelty of this research stems from filling the knowledge gap about the dynamic
properties of several common printable polymers using fused filament fabrication and vat
photopolymerization with a broad spectrum of mechanical responses. The FFF materials in-
clude thermoplastic polyurethane (TPU), acrylonitrile butadiene styrene (ABS), and carbon-
reinforced nylon filaments (CFN), while the VPP resins are flexible rubber-like and stiff
ABS-like resins. Upon printing and conditioning, the samples were characterized using the
dynamic mechanical analyzer in a dual-cantilever configuration as a function of tempera-
ture at a single frequency. The results ascertain the importance of dynamic characterization
in fully deciphering the behavior of the 3D printed materials in realistic loading conditions.
These results unlock the potential of additively manufactured products using the FFF and
VPP processes while accelerating the bench-to-market development cycle.

2 Materials and methods

To holistically account for the variance in material properties between the many polymers
employed in current FFF and VPP additive manufacturing printing strategies, representative
materials that embody elastomeric and brittle material responses were chosen from options
available for each approach. Three FFF filaments were selected, including thermoplastic
polyurethane, acrylonitrile butadiene styrene, and chopped carbon fiber-reinforced nylon.
Thermoplastic polyurethane (TPU, red Fiberflex 40D, Fiberology) filament exhibits highly
elastic, rubber-like properties, leading to a range of applications such as prosthetics and
orthotics, sporting equipment, plumbing, and medical equipment (Senna 2019; Sirindan
2022; Desai et al. 2023). Acrylonitrile butadiene styrene (ABS, generic filament) is a re-
silient thermoplastic polymer, ubiquitous in conventional and advanced manufacturing of
computer monitors, Lego® bricks, keyboard caps, and home appliances (Anandhan et al.
2003; Sabatini et al. 2023; Gurjar et al. 2018). The final filament material is a composite of
chopped carbon fiber and nylon matrix (CFN, black CF-NYLON G3, CARBONX), exhibit-
ing desirable physical and mechanical properties suitable for industrial applications (Alarifi
2022).

The geometries of all FFF samples were configured for printing using Ultimaker Cura
5.2.1 (an open-source slicing software) with a 0.12 mm layer height, three perimeter layers,
and 100% diagonal infill within the flat face, as shown in Fig. 1. The figure also shows the
dimensions of the rectangle samples, 60 mm long x 12.5 mm wide x 1.6 mm thick, used for
dynamic testing, as discussed next. All samples were printed individually at the center of the
print plate to avoid inter-batch variations. To prevent samples from lifting off while printing,
a brim of ten layers width was used for build plate adhesion. The printing brim is not part of
the final samples used in dynamic testing and was discarded after the samples were removed
from the print plate. TPU samples were fabricated on a Creality CR-10 printer with a nozzle
temperature of 240 °C and a bed temperature of 60 °C without controlling the printing
environment given the open printing enclosure (i.e., printing at ambient conditions). The
ABS samples were printed on a Funmat HT printer at 245 °C nozzle temperature and 110
°C bed temperature in a 70 °C heated environment to compensate for the material tendency
to shrink and to minimize warping and lifting off the build plate during printing. Finally, the
CFN samples were also printed on the Funmat HT printer at a nozzle temperature of 270 °C,

@ Springer



Mechanics of Time-Dependent Materials

Brim
(10 layers width)

Walls
(3 layers width)

Infill
(alternating diagonally)

Fig. 1 Sample design and slicing strategy for samples printed via FFF 3D printing process

Table 1 FFF printing temperatures for TPU, ABS, and CEN filaments

Material Printer Nozzle Temp Bed Temp Enclosure Temp
O 0 O

TPU Creality CR-10 240 60 27 (ambient)

ABS Funmat HT 245 110 70

CFN 270 80 70

bed temperature of 80 °C, and an enclosure temperature of 70 °C. Table 1 summarizes the
printing temperatures and equipment used in preparing the samples used in this research.

The VPP samples were fabricated using a Prusa SL1S speed-masked stereolithography
printer and post-processed using a Prusa CW 1S curing and washing machine. The photocur-
able resins included black flexible rubber-like resin (F69, Resione) and clear blue ABS-like
resin (ABS-Like Photopolymer Resin, ELEGOQ). The F69 resin samples were printed us-
ing an initial bottom exposure of 60 s for the initial three layers, whereas subsequent layers
were printed with a normal exposure time of 15 s and a nominal layer thickness of 50 um.
Three samples were printed concurrently on their flat face in a vertical orientation with re-
spect to the build plate. After printing, the samples were washed twice in the CW1S using
water and isopropyl alcohol, where each washing cycle lasted for 3 min. The samples were
then dried under a convective air supply at 35 °C for 4 min on each side. Finally, the F69
samples were ultraviolet cured in the CW1S for an additional 4 min on each side. The ad-
ditive manufacturing of the ABS-like resin samples faithfully followed the same procedure
with two modifications. The layer exposure time was reduced to 8 s, and the drying and
curing times were shortened to 3 min.

The FFF and VPP samples were mechanically characterized using a dynamic mechani-
cal analyzer (DMA, Q800, TA Instruments Inc.) to investigate the mechanical response of
additively manufactured polymers as a function of temperature. The samples were tested
in the dual-cantilever clamp configuration (Fig. 2), clamping torques listed in Table 2, and
submitted to a temperature ramp, reporting the storage and loss moduli. All samples were
conditioned in a dark ambient environment for nearly 30 days before dynamic mechanical
testing. The temperature was initially lowered to —100 °C using liquid nitrogen, and the
samples were equilibrated for 5 min to achieve isothermal conditions before the test com-
menced. Samples were then loaded sinusoidally at a frequency of 0.1 Hz as the temperature
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Fig.2 Dynamic mechanical analysis of 3D printed samples in dual-cantilever beam configuration as function
of temperature, showing the (a) setup and (b) protocol

Table2 Dynamic testing

parameters as function of 3D Material Clamping torque Amplitude
printed materials (N.m) ( um)
FFF-TPU 0.68 10

VPP-F69 resin

VPP-ABS-like resin

FFF-ABS 0.90 15
FFF-CEFN

was ramped from —100 °C to 100 °C at a rate of 3 °C/min, with a 5 min hold at 100 °C at
the end of the test cycle before cooling to ambient temperature. The loading amplitude was
adjusted based on the printed polymer to avoid premature failure during the cyclic testing
paradigm. The clamping torques and loading amplitudes used for each material are listed in
Table 2.

3 Results and discussion

This section is divided into four subsections. It reports the dynamic thermomechanical re-
sponses of FFF and VPP printed materials and synthesizes the data in the context of the
mechanics of time-dependent materials.

3.1 Dynamic thermomechanical behavior of FFF printed materials

Fig. 3 reported the storage and loss moduli of three materials printed using the FFF pro-
cess, including TPU (Fig. 3a), ABS (Fig. 3b), and carbon-reinforced nylon (Fig. 3c), as a
function of temperature ranging from —100 °C to the respective terminal point. The figures
also show the tand (= E”/E’) as a measure of the dampening behavior of these materials
(Youssef 2021). As mentioned above, the mechanical responses in Fig. 3 were collected
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Fig.3 Dynamic thermomechanical behavior of (a) TPU, (b) ABS, and (c) CEN printed samples, showing the
mean (n = 3) storage and loss moduli, and zané as a function of temperature

at a frequency of 0.1 Hz while heating the sample at 3 °C/min. The results in Fig. 3 indi-
cate three noteworthy and synergetic observations: dynamic response, operating range, and
temperature sensitivity. In general, these thermomechanical responses are typical of homo-,
co-, and terpolymers, irrespective of reinforcement. It is worth noting that thermal transi-
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tions in the forthcoming discussions are conventionally defined based on the peaks from the
tans-temperature plots.

TPU reported a cryogenic glass transition temperature, consistent with its room temper-
ature rubbery behavior, leading to a mechanically compliant response up to the terminal
testing temperature. TPU reported a single thermal transition, i.e., glass transition, congru-
ent with its molecular structure being homopolymer. The glass transition temperature (T,)
of TPU was found to be ca. —46 °C, limiting the glassy regime to cryogenic tempera-
tures. The effective modulus (E.;; = v/ E’2 + E”?) of glassy TPU at —100 °C was 2960 +
101 MPa (average of three samples), descending to 51 £ 7 MPa at room temperature (23 °C)
and plateauing thereafter at a slightly higher level (e.g., E.ry = 1174 8 MPa at 100 °C). The
latter observation (i.e., E.ry = 894 13 MPa for 23 °C < T < 100 °C) indicates that TPU ex-
hibits an extended rubbery plateau and can be integrated into applications requiring a broad
temperature operating range with high compliance, as discussed in a forthcoming section.
Since the value of the loss factor (tand) is well below unity, it indicates that the relative
degree of energy dissipation is lower than comparable materials with tand > 1; hence, TPU
might be suitable for high cushioning requirements. Here, the overall mechanical behavior
of TPU is associated with local and global chain motions such that the energy-dissipating
viscous elements have lower contributions to the dynamic properties of TPU. Notably, the
thermomechanical spectrum shown in Fig. 3a agrees with the reported melting temperature
of thermoplastic polyurethane (185-220 °C) (Stribeck et al. 2011; Frick and Rochman 2004)
and the quasistatic modulus compared to the effective modulus at room temperature (Kim
et al. 2017; Yanagihara et al. 2015). This foreseen utility is further substantiated by the peak
of tané, spreading over a broad temperature range from approximately —80 °C to 2 °C,
evidencing relatively extended cushioning efficacy within the leathery and rubbery regimes.
TPU continues to maintain the same values of the loss factor above 0 °C, showing nearly
constant rand at 0.054 £ 0.003 up to the test terminal temperature.

It is imperative to highlight the notable dip in the rané plot of TPU for the temperature
range 0 °C < T < 50 °C that transpired, by definition, from similar localized minima in
the storage and loss moduli. The sudden reduction in the resistance to deformation metrics,
i.e., moduli or tané, is generally attributed to gradual sliding and slippage of the primary
backbone as a function of temperature, owing to its linear polymer molecular structure, due
to the dominance of the thermal relaxation energy over mechanical strain energy dissipation
(Youssef 2021; Menard and Menard 2020; Lakes 2017). Remarkably, this trend coincides
with the oscillating strain response shown in the inset of Fig. 3a. The strain-temperature plot
indicates a pronounced valley, where the strain started to descend at 0 °C as a function of
temperature, reaching a local minimum at ~34 °C before assuming a reversing trend reach-
ing a plateau at ~55 °C. The reduction in the strain percentage ascertains the governance of
macromolecular motions by the input thermal energy rather than the induced strain energy
from the applied deflection amplitude.

Fig. 3b exemplifies the thermomechanical behavior of 3D printed samples using ABS,
extending from —100 °C to the test terminal temperature of 150 °C. The latter was extended
specifically for ABS to capture additional thermal transitions characteristic of this material
(Kraus et al. 1967). The loss factor of ABS (Fig. 3b) shows two thermal transitions at —74
°C and 108 °C, corresponding to butadiene and styrene blocks, respectively (Kraus et al.
1967; Camelio et al. 1998; Cotten and Schneider 1963). Notably, the glass transition of
copolymers of acrylonitrile was reported to range between 105 °C and 140 °C based on the
molecular weight and processing conditions (Cotten and Schneider 1963); hence, it might
have been slightly obscured or subsided by the thermal softening of ABS at the test terminal
temperature. The thermal transition at 108 °C is associated with the styrene monomer, which
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is expected to be at higher concentrations than other copolymers, i.e., acrylonitrile and bu-
tadiene (Kraus et al. 1967). The butadiene glass transition was found to be slightly higher
than previous reports, probed at —74 °C herein while shown to be < —85 °C in (Kraus et al.
1967), which is attributed to the block length of the butadiene chains and their respective
molecular weight within the ABS structure. The difference in T, of butadiene is further sub-
stantiated by the faint peak in the zané plot, evidencing a low concentration of this monomer
within the overall ABS macromolecule. In general, the results of glass transitions reported
for ABS abide by the forecasts of the energy, volume, and mass model (Camelio et al. 1998).
Furthermore, the storage modulus of ABS, shown in Fig. 3b, is in excellent agreement with
previous reports of the dynamic behavior of this terpolymer (Dakshinamurthy and Gupta
2018; Yin et al. 2008). For example, it is well established that the operating temperature of
ABS is extended up to ca. 80 °C, which is apodictic from the values of the storage modulus
ranging from 3603 + 992 MPa in the glass regime at —100 °C to 1.5 & 0.8 MPa at the
end of the testing range. The overshoot in the storage modulus before the glass transition
of the styrene block is ascribed to stress relief, which was induced in the samples during
the FFF 3D printing process (Menard and Menard 2020). The loss factor for ABS exem-
plifies a material with a higher relative degree of energy dissipation, indicating activation
of viscous attenuation mechanisms. Hence, ABS might be more suitable for applications
requiring higher dampening properties than TPU.

Finally, Fig. 3¢ shows the thermomechanical behavior of chopped carbon fiber reinforced
nylon, which was 3D printed using the FFF printing process. Expectedly, the storage modu-
lus, a measure of the material stiffness, is the highest of all tested samples, exceeding 5587 £+
787 MPa at the onset testing temperature range. The effect of adding chopped carbon fibers
on the mechanical behavior also transpired in the loss modulus and dampening factor as a
function of temperature, like their influence on the storage modulus. Notably, the thermo-
mechanical behavior of carbon-reinforced nylon herein trumps the results recently reported
by Alarifi (Alarifi 2022). The differences between the results shown in Fig. 3c and (Alarifi
2022) are attributed to three possible sources: (1) the ratio of the reinforcing carbon fibers
(~8% herein vs. ~11% in (Alarifi 2022)), (2) processing parameters (e.g., printing speed
and temperature), and (3) print orientation. The difference in the carbon fiber reinforcing ra-
tio and the length of the carbon fiber (414 um herein vs 119 um in (Alarifi 2022)) contributes
to the change in the material properties, as predicted by micromechanics models (Curtis
et al. 1978; Christensen and Waals 1972). In (Alarifi 2022), Alarifi explored three printing
orientations leaning towards unidirectionality, while the samples printed herein (also shown
in Fig. 1) relied on alternating bidirectional printing to enhance mechanical performance.
Otherwise, the thermomechanical performance reported in Fig. 3¢ agrees with the results
of Alarifi (Alarifi 2022). However, since the measurements done herein were over a broad
range of temperatures (—100 °C to 100 °C), the loss factor plot captures two thermal transi-
tions at —79 °C and 49 °C.

The thermal transitions of nylon have attracted assiduous research since its early stages of
development using thermal (e.g., differential scanning calorimetry) and thermomechanical
(e.g., dynamic mechanical analysis) methods (Forster 1968; Greco and Nicolais 1976; Gor-
don 1971). The manifestation of dual thermal transitions in nylons puzzled early researchers
due to the amorphous molecular structure of nylons encompassing nonpolar hydrocarbons
and amide groups with strong polarity (Gordon 1971; Boyer 1963). It is well accepted that
the glass transition of nylons is between 40 °C and 70 °C, depending on the molecular ar-
rangements and the processing conditions (Forster 1968; Greco and Nicolais 1976; Gordon
1971). The latter shifts the glass transition towards the higher bound due to interactions be-
tween the polar amide segments and the hydrogen bonding between the chains, especially
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Fig.4 Average dynamic thermomechanical response of (a) ABS-like and (b) rubber-like photocurable resins,
showing the storage and loss moduli and the loss factor (tand) as a function of temperature

after thermal annealing. Notably, thermal annealing is a byproduct of the FFF printing pro-
cess, where the filaments were heated up to 270 °C (well above melting temperature for
nylon to achieve the proper flow of the carbon fiber-reinforced polymer through the print-
ing nozzle), then cooled down rapidly upon deposition on the print plate that was heated to
only 60 °C during the printing process. Therefore, 50 °C is taken as the glass transition of
nylon, even though at lower temperatures the polymer exhibits pseudo-rubber behavior, as
reported previously in (Greco and Nicolais 1976; Gordon 1971). Based on differential ther-
mal analysis, Gordon postulated that the pseudo-rubber behavior below the glass transition
temperature is associated with hydrogen bonding between the hydrocarbon chains being un-
der dynamic equilibrium, giving rise to relative chain mobility and monotonic descent in the
storage modulus as a function of temperature (Gordon 1971). The arising of an early thermal
transition at —79 °C is then ascribed to the localized rearrangement of the hydrogen bonding
(i.e., a second-order transition that only involves changes in the heat capacity without latent
heat) (Youssef 2021; Gordon 1971).

3.2 Dynamic thermomechanical behavior of VPP printed materials

Fig. 4 plots the dynamic mechanical behavior of thermosetting ABS-like and rubber-like
3D printable, photocurable resins, including the storage modulus, the loss modulus, and
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the rand as function of temperature (—100 °C < T < 100 °C). The commercial notation
of ‘ABS-like’ and ‘rubber-like’ is based on the mechanical properties at room temperature,
where the former imitates the mechanical properties of ABS (e.g., Fig. 3b) while the latter
exhibits a relatively high loss modulus and loss factor, emulating rubbers. Indeed, the sam-
ples fabricated with the ABS-like resin reported a storage modulus of E’ = 1837+ 339 MPa,
a loss modulus of E” = 1584 12 MPa, and a loss factor of tand = 0.096+ 0.022 at room
temperature, which are comparable to the respective values for FFF printed counterparts
(Fig. 3b). However, the dampening properties of ABS-like photocurable resins are inferior
to FFF printed ABS counterparts since the loss factor is less than unity. The glass transition
temperature for the ABS-like resin is 65 °C, limiting the operating range since the samples
experienced a significant loss of stiffness after that. The storage modulus shows a monotonic
descent below the defined glass transition, indicating the sensitivity of photo-polymerized
macromolecule to a temperature that dynamically induces localized conformational mobil-
ity. The latter transpired in the loss modulus of the investigated resins, evidencing a dip
in the glass regime due to a decrease in dissipated energy as the chains align (Silver et al.
2022). These results agree with recent reports on the viscoelastic properties of printable
photocurable resins (Casado et al. 2022). Generally, the dynamic behavior of the rubber-like
resin is consistent with the mechanistic expectations of rubbers as a function of tempera-
ture, resulting in a glass transition of 32 °C and rapid descent in the storage modulus in the
denoted glassy regime. The viscoelastic response of rubber-like photocurable resin trumps
FFF-printed TPU, exemplified by an extended temperature operating range. At the outset,
it is imperative to note that while the dynamic properties of printable resins could be com-
parable to the FFF printed counterparts, the formers are plagued with their sensitivity to
ultraviolet radiation, limiting their application to internal components or indoor usages.

3.3 Preliminary mechanics of 3D printed materials

The storage moduli of all 3D printed materials, irrespective of additive manufacturing meth-
ods, are fitted into a robust stiffness—temperature model (Mahieux and Reifsnider 2001).
The motivation for exploring this phenomenological model stems from (1) the pronounced
dependence of the storage modulus of polymers on the operating temperatures, evidenc-
ing several orders of magnitude reduction between the glassy and rubber regimes (Youssef
2021; Menard and Menard 2020; Lakes 2017), and (2) the facilitation of future engineering
applications seeking robust mechanics relationships to be integrated into design analyses
(Mahieux and Reifsnider 2001; Alasfar et al. 2022; Gunter 2006). As shown previously
in Fig. 3 and Fig. 4, the storage modulus—temperature response exhibits multiple thermal
transitions induced by molecular motions stemming from primary and secondary inter- and
intramolecular bonds (Mahieux and Reifsnider 2001; Ashby and Jones 1986; Platzer 1969;
Miller 1966). Mahieux and Reifsnider postulated a series of equations (modified in Eqn.
(1)) based on simple spring—dashpot response, time—temperature equivalency in thermorhe-
ologically simple materials, the activation energies responsible for primary and secondary
molecular bonds, and the Weibull distribution of the bond rupture associated with the latter.

BT =3 - B pel-(H)") 4 . ()

i=1

The storage modulus E(T), as a function of the temperature of the investigated 3D
printed polymers, was fitted into Eqn. (1) based on the number of thermal transitions (7).
E; represents the storage modulus at the plateau region before a given thermal transition, E7
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Fig. 5 (a) Schematic demonstrative of the curve fitting schema into Mahieux and Reifsnider model and
(b) positive correlation between temperature and Weibull distribution coefficients, exemplifying effect of
temperature on the participation rate of molecular motion

is the terminal modulus prior to the mechanical or thermal flow region, and m; is the Weibull
coefficient corresponding to the statistics of bond breakage at each transition, directly related
to the degree of restriction in the molecular mobility. It is also imperative to note that the
experimental characterization intentionally avoided the melt transition since this research
emphasizes mechanical applications. Nonetheless, this approach can readily be extended to
include additional thermal transitions, e.g., melting point, in future research to further opti-
mize the additive manufacturing process or explore the utility of these polymers close to the
thermal flow behavior. Fig. 5a is a demonstrative schematic of the physical correspondence
of the fitting parameters with the experimental storage modulus as a function of tempera-
ture. Fig. 3 and Fig. 4 include the model results, showing reasonable agreement (evidenced
by near unity correlation coefficients, as listed in Table 3) between the curve fitting and the
experimental data while providing insights into the contributions of the molecular motions
based on the resulting values of m;.

Table 3 collates the curve fitting parameters, including the plateau moduli defining the
onset stiffness preceding each transition, the transition temperature, and respective Weibull
coefficients, deciphering the bond relaxation processes based on the chain participation and
bond strength and stiffness. Mahieux and Reifsnider discussed the broad range of Weibull
coefficients (m;) based on the available conformational changes as a function of temperature
(Mahieux and Reifsnider 2001). They foresaw a significant value of the Weibull coefficient
for amorphous polymers due to the lack of considerable restrictions of molecular motion
since the bond strength is bounded within a narrow distribution (Mahieux and Reifsnider
2001). Alternatively, Mahieux and Reifsnider argued that m; assumes small values when
conformational mobility is restricted by crosslinking or localized crystallinity (Mahieux
and Reifsnider 2001). These mechanistic insights transpired herein for the investigated ad-
ditively manufactured polymers based on the resolved values of the Weibull coefficients.

The resolved values of the Weibull distribution coefficients are plotted in Fig. 5b as a
function of the corresponding transition temperatures, showing a correlation between the in-
crease in temperature and the values for m;. The latter observation persisted irrespective of
the number of transitions, printing process, and type of polymer. The results corroborate the
presumptions of Mahieux and Reifsnider, where low values of m; coincided with low tem-
perature, while the opposite was also confirmed (Mahieux and Reifsnider 2001). The low
values of Weibull distribution coefficients indicate significant molecular restrictions given
the glassy state of the polymers, where the molecular motions are confined to localized
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vibrations, bending and stretching, and side group perturbations (Mahieux and Reifsnider
2001). On the other hand, liberated molecular motions are associated with higher values of
m;, evidencing a greater level of chain participation in an overall reduction in resistance to
deformation (i.e., low storage moduli) due to loosening the bond strength and stiffness at
higher temperatures, increasing the available free volume and allowing gradual and signifi-
cant chain motions. The results in Table 3 and Fig. 5b are further synthesized as a function
of printing materials to reconcile the values of the storage moduli and transition tempera-
tures with the data discussed in §3.1 and §3.2. For example, the curve fitting parameters for
FFF-CFN exemplify higher stiffness in the glassy regime substantiated by restrictive molec-
ular motions based on the relatively low value of the Weibull coefficient. However, higher
chain mobility coincides with increased values of the Weibull coefficient as the tempera-
ture increases (i.e., the value of m3 for the third transition) such that FFF-CFEN transitions
away from the glassy region and into the rubbery regime. Finally, the terminal modulus of
FFF-CFN is relatively higher than all other tested materials due to the reinforcement of the
stiff, short carbon fibers. Similar conclusions are evidenced for the remaining printed ma-
terials, irrespective of the additive manufacturing process, giving rise to the mechanics of
these polymers as a function of temperature and their corresponding molecular structures
(discussed in §3.1 and §3.2).

At the outset, a note is warranted about the effect of the additive manufacturing process
on the resulting mechanical properties, i.e., process—property interrelationship as a func-
tion of FFF and VPP, given the overarching focus of this research. While these 3D printing
processes hinge on the same premise of layer-by-layer manufacturing, the performance of
FFF-produced samples and parts hinges on the quality of the bonding lines between hori-
zontally (i.e., within the same layer) and vertically (i.e., along the thickness direction) ad-
jacent roads. The bonding quality depends on the processing parameters, including printing
bed temperature, deposition speed, environment temperature, and part dimensions, which
promote proper fusion of the polymer chains along the bond lines. On the other hand, the
mechanical performance of VPP-fabricated samples depends on the viscosity of the resin
during printing (affects reflow of the resin between layers and formation of bubbles and
voids), the weight ratio of the photo-initiators, and the extent of post-processing steps. Fu-
ture research by this group will focus on benchmarking the dynamic properties of 3D printed
and conventionally fabricated samples.

3.4 Case study

The performance of walking and running shoes relies on the materials and structures of the
soles, which comprise the insole in contact with the foot, providing cushioning and con-
formability, the midsole to mitigate the ground reaction force, and the outsole to reduce
abrasion and increase traction (Uddin et al. 2020; Zahir Uddin et al. 2024). Fig. 6a is an
illustration of the anatomy of the shoe soles, showing the in-, mid-, and outsole layers. Re-
cently, 3D printing was used to mass produce walking and running shoes by prominent shoe
manufacturers, seeking customization and tailor-ability by designing the different sole lay-
ers with unique structures and materials (Zolfagharian et al. 2021; Chhikara et al. 2023;
Schwaar 2023). Selecting a specific structure depends on the manufacturing process, in-
cluding resolution, speed, cost, and repeatability, which is a focus of a different research
direction. However, matching materials for a sole layer can be demonstrated herein by con-
sidering the 3D printable polymers discussed above. In such consideration, walking and
running shoes can be deployed in a wide range of temperatures, ranging from 0 °C (winter
conditions), 23 °C (spring conditions), and 50 °C (hot summer conditions). The stiffness re-
quirements hinge on the weight of the subject since body reaction force is a function of body
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Fig.6 (a) Schematic of the shoe sole structure, showing insole, midsole, and outsole, and (b) summary of the
mechanical properties of investigated 3D printed materials within the temperature range foreseen in shoeing
applications (at 0 °C, 23 °C, and 50 °C)

weight and moving speed (Zolfagharian et al. 2021). Hence, the storage moduli and loss fac-
tors for the additively manufactured polymers at three temperatures (0 °C, 23 °C, and 50 °C)
assist in matching materials with loading and operating conditions. Fig. 6b summarizes the
storage moduli and loss factors at the above-mentioned temperatures, evidencing a broad
range of mechanical properties suitable for the design of walking and running shoes. The
requirements of mechanical compliance with a relatively higher loss factor, i.e., rubber-like
polymer, indicate VPP-F69 resins can be suitable for the additive manufacturing of outsoles.
It is imperative to note that additional measurements of the wear resistance of VPP-F69 as a
function of temperature and terrain are necessary further to substantiate the suitability of this
material for outsoles. On the other hand, FFF-printable thermoplastic polyurethane, balanc-
ing between mechanical compliance and dampening (i.e., better cushioning), can be more
suitable for insoles, leveraging these desirable mechanics and agility of the FFF 3D printing
process. Finally, the midsole requires significant stiffness to provide rebounding and energy
absorption, pointing to either FFF-CFN or VPP-ABS-like resin based on the level of struc-
tural tailoring, where the former might be conducive for simplified geometries, while the
latter is suitable for higher degrees of customization, e.g., lattice or mathematically gen-
erated structures. Future research will emphasize the construction of multilayer soles and
submitting these 3D printed structures to simulated and deployment conditions to ascertain
the utility of additive manufacturing of these polymers in developing custom orthotics.

4 Conclusion

This research characterized the dynamic properties of additively manufactured polymers as a
function of temperature, using materials with a broad range of thermomechanical behaviors.
Three FFF-printable polymers (TPU, ABS, and chopped carbon fiber-reinforced nylon) and
two photocurable polymers (ABS-like and flexible resins) were dynamically tested under a
sinusoidal loading over a constant temperature ramp in a dual-cantilever configuration. Me-
chanical properties, including storage and loss moduli and the loss factor, were quantified
as a function of temperature to ascertain the temperature sensitivity of each polymer. These
dynamic properties yielded insight into the temperature ranges through which the polymers
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exhibited structural stability and maximum damping behavior, delineating the operating en-
velope. A modified stiffness—temperature model provided additional mechanical insight into
this behavior, correlating each thermal transition to the chain mobility at a molecular level.
The fitted parameters for the model used in the research also provide additional context for
the experimentally observed thermal transitions in each 3D printed polymer. Finally, the
utility of the research was demonstrated by leveraging the temperature-governed dynamic
properties in the design of 3D printed shoe sole layers deployed in a prescribed range of
temperature environments, highlighting the application-driven motivation for characterizing
the thermomechanical behavior of additive manufacturing materials.
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