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Reprocessable and Mechanically Tailored Soft Architectures
Through 3D Printing of Elastomeric Block Copolymers

Alice S. Fergerson, Benjamin H. Gorse, Shawn M. Maguire, Emily C. Ostermann,
and Emily C. Davidson*

Thermoplastic elastomers (TPEs) are nanostructured, melt-processable,
elastomeric block copolymers. When TPEs that form cylindrical or lamellar
nanostructures are macroscopically oriented, their material properties can
exhibit several orders of magnitude of anisotropy. Here it is demonstrated
that the flows applied during the 3D printing of a cylinder-forming TPE
enable hierarchical control over material nanostructure and function. It is
demonstrated that 3D printing allows for control over the extent of
nanostructural and mechanical anisotropy and that thermal annealing of
3D printed structures leads to highly anisotropic properties (up to
85 × anisotropic tensile modulus). This approach is leveraged to print
functional soft 3D architectures with tunable local and macroscopic
mechanical responses. Further, these printed TPEs intrinsically achieve
melt-reprocessability over multiple cycles, reprogrammability, and robust
self-healing via a brief period of thermal annealing, enabling facile fabrication
of highly tunable, robust, and recyclable soft architectures.

1. Introduction

Biological systems frequently achieve remarkable anisotropic
structural and functional properties by leveraging self-assembled
hierarchically ordered structures. Examples of this include in-
credible toughness in nacre via a staggered arrangement of in-
dividually brittle plates, remarkable flexural rigidity in bamboo
achieved via controlled orientation and arrangement of cellulose
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fibrils and voids, and vivid structural color
in species such as the Morpho butterfly.[1,2]

However, few synthetic materials and man-
ufacturing processes are capable of lever-
aging these hierarchical design principles,
and even fewer do so with soft materi-
als. While many synthetic materials exhibit
exquisitely tailored self-assembly (includ-
ing colloidal materials, block copolymers,
and liquid crystalline materials), bridging
their local self-assembly to large-length
scales requires directed self-assembly in
3D.[3–5] Extrusion-based 3D printing is
uniquely capable of acting as a form of
directed self-assembly toward manufactur-
ing tailorable 3D architected materials by
controlling local structural alignment and
anisotropy along arbitrary print paths.[6–13]

This filament-scale structural control en-
ables 3D printed architectures to exhibit
truly hierarchical structural control, achiev-
ing tunable multiscale material properties.

Tailored architectures of mechanically anisotropic soft mate-
rials are capable of localizing strain upon deformation. Thus,
they are of particular interest for applications ranging from iso-
lating sensitive electronics within dynamic structures,[14,15] to tai-
loring cushioning for prosthetics, helmets, and footwear,[16–18] to
achieving desirable mechanics in soft robotics applications.[19–22]

Anisotropic soft inks developed to date for material extrusion
are generally composed of a viscoelastic thermoset or cross–
linkable elastomer matrix with an anisotropic flow- or external
field-orientable filler as the source of anisotropy.[23–25] In con-
trast, nanostructured polymers such as block copolymers (BCPs)
and liquid crystal elastomers (LCEs) inherently possess chemi-
cally tunable structural and functional anisotropy derived from
a single material.[10,11,26–28] While programmed LCEs can ex-
hibit soft tunable mechanics,[8,28] even the simplest LCEs are ex-
pensive (∼$2.50/gram) and require complex processing: print-
ing of small (typically <20 mL) batches in syringe style extrud-
ers followed by UV-induced cross–linking of extruded layers.
In contrast, thermoplastic elastomers (TPEs) are an affordable
(∼$0.01/gram at a<50 kg scale, and less if purchased at truly bulk
scales) commercially produced class of elastomeric materials
comprised of ABA (glassy-rubbery-glassy) triblock copolymers
which are intrinsically recyclable via melt reprocessing owing to
the lack of chemical cross–linking. As block copolymers, these
materials’ microphases separate into ordered nanostructures
as a result of the incompatibility between chemically distinct
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Figure 1. 3D printing-induced alignment of TPE triblock copolymers. a) Schematic of heated volumetric extruder with key processing temperatures.
b) Schematics of polystyrene-b-poly(ethylene-co-butylene)-b-polystyrene (SEBS) chain architecture andmicro-phase separated cylindrical nanostructure.
c) Evolution of SEBS macro- and nano-scale structure throughout 3DP and thermal annealing. d) Dog-bone samples with programmed parallel and
perpendicular nanostructure alignment, as well as an isotropically oriented control sample, with representative stress–strain curves. e) Programmed
localized tensile response to strain in a 3D printed architecture via the organization of directionally soft and stiff regions in series.

blocks.[29–32] The most ubiquitous of these commercial materials
are triblock copolymers with glassy polystyrene (PS) end blocks
and either rubbery polyisoprene (PI), polyethylene/propylene
(PEP), polybutadiene (PB), or polyethylene/butylene (PEB) mid-
blocks. At temperatures sufficiently above the PS glass transition
temperature (Tg) these materials can be melt-processed; below
the PS Tg they behave as soft elastic solids. The nanostructure
geometry (e.g., body-centered cubic (BCC) spheres, hexagonally
close-packed (HCP) cylinders, lamellae, etc.) is determined by the
relative volume fractions of each block, molecular weight, and
Flory-Huggins interaction parameter between blocks.[29–32] The
primary accessible geometries of interest for their anisotropic
material properties are lamellae and HCP cylinders, which can
exhibit up to two orders of magnitude anisotropy in mechanical
properties when sufficiently oriented.[33]

For applications of interest for programmable soft architec-
tures, manufactured objects require at minimum millimeter-
scale thickness with complex spatial programming. While
many studies have demonstrated surface-directed[34,35] and flow-
induced alignment[36–41] in thermoplastic elastomers and the
resulting anisotropic properties in macroscopically oriented
samples,[42–51] existing approaches lack the ability to induce in-
tricate, locally controllable alignment in macroscopic, 3D archi-
tectures with tunable geometries. Shear flow (both oscillatory and
steady)[36,52–57] as well as extensional flow[38,39] can be employed
to control TPE alignment. These principles have been leveraged
by processing techniques including roll-casting from solution[40]

that can induce unidirectional orientation in TPE films, as well as
fabrication of unidirectionally-oriented bulk geometries through
slow melt extrusion[37] or compressive “squeezing flow”.[39] In
contrast to these geometrically limited techniques, high oper-
ating temperature direct ink writing (HOT-DIW),[26,58] a form
of material extrusion additive manufacturing,[59] is a straight-
forward, rapid, and scalable manufacturing technique with the

ability to apply controlled shear and extensional processing flows
along a programmable print path.
In this work, we leverage HOT-DIW to induce filament-scale

alignment of TPE nanostructures in a commercially available
cylinder forming styrenic triblock copolymer (Figure 1a,b). We
examine the role of shear and extensional flows present dur-
ing 3DP on the resulting structural and mechanical anisotropy
in 3DP TPEs, as well as the key role that post-printing thermal
annealing plays in improving anisotropy in these 3DP samples
(Figure 1c). We demonstrate that this material exhibits near-ideal
behavior forHOT-DIW, as the nanostructured TPE ink processed
at these conditions intrinsically enables the formation of high
aspect ratio structures, spanning structures, and unsupported
overhangs. Through careful choice of print conditions followed
by brief post-printing thermal annealing, we demonstrate high
degrees of structural and mechanical anisotropy to both tensile
and flexural deformations (Figure 1d). Additionally, we demon-
strate that custom 3D printing paths allow for designer macro-
scopic mechanical behavior by leveraging the local programma-
bility of BCP nanostructure alignment (Figure 1e). Finally, we
note that the intrinsic melt-reprocessability and reprogramma-
bility of these materials lead to the ability to recycle, reprogram,
and self-heal damaged 3D-printed TPE objects without complex
processing procedures.

2. Results and Discussion

2.1. Processing Flows in 3DP Nozzle Induce Significant
Anisotropy

First, we probe the effect of forces due to flow within the noz-
zle (Figure 2a) on the resulting TPE nanostructure alignment. To
quantify the effects of flow within the nozzle, we calculate the
Rabinowitz corrected shear rate which describes the flow of a
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Figure 2. Impacts of printing rate on structural and mechanical anisotropy measured in individual filaments upon 3DP and subsequent thermal anneal-
ing. a) Schematic of the varied flow quantity: coupled shear (blue) and extensional (red) flow within 3DP nozzle. b) Mechanical anisotropy via E∥ and
c) structural anisotropy via <P2> as a function of 𝛾̇max (at a fixed DR = 1) and post-printing thermal annealing. The dotted gray line indicates a transi-
tion between distinct regimes, representing the onset of significant trapped stresses that relax upon thermal annealing. d) Full-width at half-maximum
(FWHM) extracted from small-angle x-ray scattering (SAXS), indicating a transition in behavior upon thermal annealing at the critical printing rate.

shear-thinning fluid through a cylindrical capillary (Equation 1)
as a measure of themaximum shear rate experienced bymaterial
inside the nozzle.[59,60]

𝛾̇max =
3n + 1
4n

4Q

𝜋R3
nozzle

(1)

This quantity depends on the volumetric flow rate Q, noz-
zle exit radius Rnozzle, and a power law shear-thinning exponent
n, which we obtained as 0.81 from fitting to rheological data
(Figure S1, Supporting Informationf). Translational print speeds
and corresponding volumetric extrusion rates corresponding to
the range of shear rates probed in this study are detailed in Figure
S2, Supporting Information. While Equation 1 is only rigorous
in the case of fully developed flow within the cylindrical capillary,
the calculated 𝛾̇max remains a helpful (but not strictly quantita-
tive) quantity to parameterize the flow. Here, 𝛾̇max is primarily
controlled by varying both Q and Rnozzle. Although we quantify
the effects of the flow within the nozzle using a measure of the
shear rate, it is critical to note that the extrudate experiences a
complex flow profile with a significant extensional component
within the nozzle, particularly along the centerline in the con-
verging region. Thus, as the volumetric flow rate increases, the
magnitude of shear and extensional flow rates within the nozzle
increase in tandem. As such, 𝛾̇max should be taken as a proxy for
the coupled shear and extensional flows within the nozzle, since
both components of the flow will be strongly impacted by bothQ
and Rnozzle.
In order to quantify the effects of these 3DP processing flows,

we use two primary techniques to quantify the structural and
mechanical anisotropy that results from 3DP of single TPE fil-
aments. First, 2D small-angle X-ray scattering collected with the
X-ray beam perpendicular to the filament axis probes the extent
of alignment of cylindrical nanostructures along the filament
axis. From these data, we extract an orientational order param-
eter <P2> as a convenient measure of the overall extent of unidi-
rectional alignment of the TPE nanostructures within 3D printed
filaments, calculated from the angular (𝜒) distribution of scatter-
ing intensity (Equation 2).

⟨P2⟩ =
3
⟨
cos2𝜒

⟩
− 1

2
(2)

This orientational order parameter has an embedded assump-
tion that the object possesses cylindrical symmetry;[61,62] here,

this assumption is reasonable due to the uniaxial symmetry of the
flow profile within the nozzle. Note that <P2> is calculated from
the primary SAXS peak, which corresponds to lateral cylinder-
cylinder correlations.
Secondly, tensile testing probes the extent of both nanostruc-

ture alignment and glassy PS domain continuity within printed
filaments. To quantify mechanical anisotropy isolated from print
path effects, we report the small-strain modulus of single printed
filaments measured along the print direction, E∥. Tensile test-
ing performed on sheets of printed material yield perpendicu-
lar small-strain moduli (E⊥) over a narrow range between 1.2-
2.2 MPa with no systematic dependence on printing conditions
or thermal annealing history (Figure S3, Supporting Informa-
tion). Therefore, while the single filament geometry is not con-
ducive to tensile measurements perpendicular to the print path
(and thus we do not report E⊥/ E∥ directly for single filaments),
our data supports that E∥ is an appropriate proxy for the mechan-
ical anisotropy of a sample. It is critical to emphasize that the
modulus of an oriented sample strained parallel to the alignment
axis is dependent on both PS domain alignment and long-range
PS domain continuity. In contrast, an oriented sample strained
perpendicular to the alignment axis initially deforms via distor-
tion of the PS cylinder lattice, a mechanism that has been dis-
cussed in detail in foundational TPE alignment studies and via
in-situ scattering,[33,43,63,64] and is not intrinsically sensitive to PS
domain continuity or defect density. Beyond a certain limit, X-ray
scattering is not informative concerning PS domain continuity or
defect density.[65] While the FWHM from X-ray scattering can be
informative regarding domain size in the cylinder-cylinder cor-
relation direction, the measurement provides no information re-
garding domain size along the cylinder axis; it is this latter size
that dominates the tensile mechanics of our materials in the par-
allel configuration. As such, X-ray scattering and small-strain ten-
sile testing probe distinct and complementary aspects of aligned
3D printed samples.
With these characterization methods, we find that samples

printed with increasing 𝛾̇max exhibit a decrease in measures of
both structural (Figure 2b) andmechanical (Figure 2c) anisotropy
upon 3D printing. Alone these results may suggest a decrease
in the extent of alignment induced by such printing conditions.
However, we find that for all samples printed at or above a criti-
cal shear rate 𝛾̇c ≈1 s−1, thermal annealing at 150 °C for 10 min
after 3D printing results in a significant increase in measures
of both structural and mechanical anisotropy. Annealed samples
display<P2> and E∥ ranging between 0.75–0.92 and 50–100MPa
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Figure 3. Schematics and TEM images of SEBS nanostructures evolution upon 3D printing and thermal annealing at two printing conditions.
a) Schematic of nanostructure evolution upon thermal annealing in samples printed below 𝛾̇c, exhibiting minimal relaxation of trapped stresses upon
thermal annealing. TEM images of samples printed at 𝛾̇max = 0.09 s−1 upon 3D printing (b) and after thermal annealing (c). d) Schematic of nanos-
tructure evolution upon thermal annealing in samples printed above 𝛾̇c, exhibiting significant relaxation of trapped stresses upon thermal annealing.
TEM images of samples printed at 𝛾̇max = 90 s−1 upon 3D printing (e) and (f) after thermal annealing. The approximate print direction is denoted by
an arrow in each image. Side-on views of PS domain geometry and continuity (left) and end-on views of PS cylinder cross-sections (right) are included.

respectively. The nature of this increase in anisotropy is intrigu-
ing since thermal annealing does not itself provide a driving
force to induce alignment. As such, the increase in anisotropy
observed upon annealing must result from structural rearrange-
ments and/or relaxations of trapped stresses in an aligned but
defect-heavy nanostructure (Figure 3d). This is supported by
transmission electron microscopy (TEM) imaging of high 𝛾̇max
samples before and after thermal annealing (Figure 3e,f). Before
annealing we observe a clear lack of long-range domain conti-
nuity and nanostructure ordering, whereas after thermal anneal-
ing we observe a high degree of long-range PS domain conti-
nuity and a highly regular ordered nanostructure. This is ad-
ditionally supported by the decrease in the FWHM of the pri-
mary SAXS peak of high 𝛾̇max samples upon thermal annealing
(Figure 2d).
We observe a deviation from the previously discussed behav-

ior in the lowest range of shear rates probed in this study. Sam-
ples printed below 𝛾̇c exhibit no significant change in either
structural or mechanical anisotropy upon annealing, and SAXS
analysis reveals decreases in domain spacing but no significant
change to the FWHM upon thermal annealing (Figure S4d,j,
Supporting Information). These features in the SAXS patterns
indicate that thermally annealing these samples leads to a re-
laxation of a deformed but well-ordered nanostructure. This is
in contrast with samples printed well above the 𝛾̇c transition,
which exhibit no change in domain spacing upon thermal an-
nealing. Samples printed below this transition also exhibit a sig-
nificantly lower degree of mechanical anisotropy after annealing
(E∥ = 25.5 MPa), compared to samples printed above 𝛾̇c (E∥ >

50 MPa). This drastic difference in E∥ despite effectively iden-
tical <P2> indicates that the nanostructure is similarly aligned
along the print path, but even after thermal annealing lacks the
long-range PS domain continuity required to display similarly
increased moduli (Figure 3a). TEM imaging of these samples

both before and after thermal annealing confirms the presence
of well-defined hexagonal ordering of PS cylinders both before
and after annealing, with minimal observable changes upon an-
nealing (Figure 3b,c). Unfortunately, our current characterization
approaches appear incapable of directly probing the critical PS
cylinder length which is necessary to achieve outstanding tensile
moduli.
The presence of this transition in anisotropy and response

to thermal annealing suggests the presence of a critical shear
rate and/or extensional strain rate associated with this 𝛾̇c thresh-
old, above which a critical chain and/or nanostructure relaxation
is unable to occur on the timescale of 3D printing. Based on
the structural and mechanical anisotropy observed in printed
and annealed samples, this relaxation upon thermal anneal-
ing must lead to a greater degree of long-range PS cylinder
continuity and therefore a reduction in the number of me-
chanically ineffective defects in samples printed above this 𝛾̇c
threshold.

2.2. Post-Extrusion Extensional Flow Maximizes Anisotropy

Next, we investigate the impacts of nearly isolated extensional
flow by filament drawing during deposition. By translating the
nozzle at a velocity greater than the averagematerial velocity thro,
we obtain “highly drawn“ filaments with cross-sectional areas
smaller than that of the nozzle. We quantify the magnitude of
this extensional flow via the ratio of nozzle translation and aver-
age material velocities, or of the cross-sectional areas of the noz-
zle, Anozzle, and the deposited filament, Afilament (Equation 3).

[66–68]

Experimentally, this is achieved by extruding at a fixed volu-
metric flow rate and increasing the translational velocity from
v0, which produces a filament equal in diameter to the nozzle,
to vnozzle, which produces a filament smaller in diameter than
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Figure 4. Impacts of extension via draw ratio on structural and mechanical anisotropy measured in individual filaments upon 3DP and subsequent
thermal annealing. a) Schematic of the varied flow quantity: isolated extensional (yellow) flow upon deposition onto a substrate. b)Mechanical anisotropy
via E∥ and c) structural anisotropy via <P2> as a function of DR (at a fixed 𝛾̇max = 90 s−1) and post-printing thermal annealing. d) FWHM extracted from
SAXS, indicating a larger magnitude of nanostructure rearrangement upon thermal annealing at higher draw ratio conditions.

the nozzle, a process which is commonly referred to as under
extrusion.

DR =
Anozzle

Afilament
=

vnozzle
v0

at fixed Q (3)

This form of applied extension imparts nearly uniform ex-
tensional flow across the entire deposited filament, and vary-
ing the draw ratio adjusts the effective strain rate and net ex-
tensional strain experienced by the entire filament prior to de-
position. This is in contrast with other sources of extensional
flow in 3DP where the extension is highly localized, such as
the extensional flow within the nozzle centerline, or the ex-
tensional flow associated with the 90° turn during material ex-
trusion printing which is concentrated in the lower region of
a deposited filament.[69] We do not explore these latter exten-
sional effects in this work: the former extensional flow can-
not be uniquely decoupled from the shear flow within the noz-
zle without tuning nozzle geometry while examining the latter
would require controlling the tilt angle of the nozzle relative
to the substrate, which is outside the scope of this work. We
further note that direct ink write (DIW) 3D printing methods,
such as our technique, typically deposit near-cylindrical roads
which results in a distinct flow history from most commercial
fused-filament fabrication (FFF) printingmethods which deposit
thin and wide roads, leading to additional shearing of the ma-
terial along the print path. Here we do not attempt to directly
apply FFF print path conditions in our process, though the ef-
fects of the distinct flow history may be of interest for future
study.
We find that applying this nearly pure extensional flow

(Figure 4a) by increasing the draw ratio provides the most effec-
tive means of achieving a high degree of mechanical anisotropy
in 3D-printed TPEs. Samples printed with DR > 1 (with a fixed
𝛾̇max = 90 s−1, chosen to facilitate rapid sample fabrication) dis-
play little effect of DR on anisotropy immediately upon printing,
but recovers very high values of structural (Figure 4c) and me-
chanical (Figure 4b) anisotropy upon thermal annealing, with
<P2> ≈ 0.90 and E∥ > 100 MPa. Similar to the un-drawn sam-
ples printed at this 𝛾̇max, these high DR samples also display a
significant decrease in FWHM of the primary scattering peak ob-
served via SAXS (Figure 4d). Similar trends in <P2> and FWHM
with respect to DR are observed for a series printed at a mod-
erate 𝛾̇max (2.7 s

−1) which is only slightly above the 𝛾̇c threshold
(Figure S4f, Supporting Information). To date we have not char-

acterized the effects of extension below the 𝛾̇c threshold due to the
impractically long timescales required to print structures at these
conditions.
There are several potential causes for the increase in alignment

upon annealing observed in samples printed at high draw ratios
(DR > 1). The increased structural and mechanical anisotropy
observed in annealed high DR samples may be attributable to
the fact that the extensional forces applied to the material via
“drawing” are distributed across the entire cross-sectional area
of the filament. This is in contrast with the extensional flow in-
side the nozzle, which is expected to be spatially varied and con-
centrated along the centerline of the nozzle. It is possible that
extensional flow is the dominant factor in inducing a high de-
gree of structural and mechanical anisotropy across all samples
in this work,[38,39] and the increased anisotropy observed in high
DR samples is reflective of the higher proportion of extension
in the material flow history. Another notable difference between
the in-nozzle and post-extrusion extensional flows is the tem-
perature at which the extensional flow occurs. Extension occur-
ring within the 3DP nozzle is occurring at or near the measured
nozzle temperature of 160 °C which is well above the PS block
Tg (Figure S5, Supporting Information), while the extension ap-
plied by drawing is occurring as the material is rapidly cooling
down upon exposure to a near-Tg substrate and the surround-
ing ambient air. The limited PS chain mobility associated with
the proximity to the glass transition during this extensional flow
may account for a greater magnitude of unrelaxed stresses be-
ing trapped in the extrudate upon 3D printing, resulting in a
more significant nanostructural rearrangement toward a higher
population of long-range continuous PS cylinders upon thermal
annealing.
The increased mechanical anisotropy induced by annealing

highly drawn filaments is accompanied by additional nanos-
tructural changes upon annealing. SAXS analysis of the DR se-
ries at both high (90 s−1) and moderate (2.7 s−1) 𝛾̇max reveals
trends similar to those observed in high 𝛾̇max samples without
drawing: the primary scattering peak does not shift upon an-
nealing while the FWHM decreases, corresponding to a transi-
tion from an aligned but highly defect-heavy nanostructure to a
well-oriented nanostructure comprised of high aspect ratio PS
cylinders(Figure S4h,i,k,l, Supporting Information).We note that
all highly drawn samples exhibit a slight decrease in the post-
annealing domain spacing compared to the un-drawn (DR = 1)
samples (Figure S4h,i, Supporting Information), which is consis-
tent with findings previously reported for how cylindrical SEBS
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nanostructures relax after being exposed to uniaxial extension in
the melt state.[38,70,71]

2.3. 3D printing of Styrenic BCPs Enables the Facile Fabrication
of Complex Architectures

In order to effectively leverage these anisotropic properties in
printed architectures, we must ensure that the material is com-
patible with printing well-defined, controlled structures. In or-
der for a material to be 3D printable using extrusion-based tech-
niques, it must meet several rheological criteria.[59] These crite-
ria include shear-thinning behavior to facilitate flow within the
nozzle, while a higher effective viscosity and/or the presence of
sufficient yield stress allows for the material to effectively solidify
upon deposition to preserve the intended structure and physically
support additional layers without deforming. When 3DP inks do
not possess a true yield stress they are poorly suited to gener-
ating spanning structures, unsupported overhangs, or support-
ing many layers without sagging. Melt-extrusion of TPEs, specif-
ically onto a near-Tg substrate, meets these rheological require-
ments very well due to the shear-thinning behavior observed in
the melt state (Figure S1, Supporting Information) as well as
the presence of a true yield stress (Figure S6, Supporting Infor-
mation) resulting from the microphase separated nanostructure
geometry.[38,60,72,73] These rheological features are characteristic
of materials that are well-suited to melt-extrusion 3D printing.
We demonstrate that these rheological properties result

in highly successful performance in HOT-DIW 3D printing
through the material’s ability to achieve several representative
“challenging” DIW structures. In a classic log-pile structure
(Figure 5a), we observe minimal sagging of spanning structures,
indicating that these 3DP SEBS filaments can effectively span
gaps of 10x the filament diameter.We fabricate a high aspect ratio
vase (Figure 5b) to demonstrate the ability to print many (60+)
layers without any significant sagging and to demonstrate the
material’s ability to accommodate printing moderate overhangs
of unsupported material. Additionally, we demonstrate our abil-
ity to easily incorporate functional additivematerials into the 3DP
ink, such as perdeuterated contorted hexabenzocoronene (d24-
cHBC), an organic molecule that exhibits long-lived (>20s) red
phosphorescence upon relaxation followingUV-excitation.[74] We
fabricate flower shapes from the yellow-colored 0.5 wt.% d24-
cHBC in the SEBS composite and show that the emission prop-
erties are maintained in the 3DP composite (Figure 5c). We also
demonstrate high print path fidelity through multiple layers in
more complex geometric print paths including sharp turns via
the fabrication of a well-resolved multi-layer text object reading
“Princeton” (Figure 5d).
Additionally, the presence of a yield stress in these triblock

thermoplastic elastomers in the melt uniquely facilitates thermal
annealing to both improve interface quality (Figure S7, Support-
ing Information) and increasemechanical anisotropy without de-
formation or loss of resolution in the 3D printed structure. Tradi-
tional 3D printed structures frequently suffer from poor interfa-
cial mechanics due to the incompatibility of traditional thermo-
plastics such as ABS and PLA with such a post-printing thermal
annealing step. Without such a processing step to allow for ade-
quate polymer chain diffusion and formation of entanglements

Figure 5. 3DP SEBS structures achieve a high degree of print path fi-
delity and can achieve desirable structural characteristics. a) 3DP log-pile
structure demonstrating the ability to produce spanning structures with-
out sagging. b) 3DP vases demonstrate the ability to produce high aspect
ratio structures without lower layers collapsing, as well as moderate un-
supported overhangs. c) 3DP SEBS/d24-cHBC composite flowers inside
3DP SEBS vase, demonstrating incorporation of functional additives. Here
the yellow-colored small molecule is excited by UV-excitation and exhibits
long-lived (>20 sec) red emission after UV exposure stops. d) 3DP “Prince-
ton” text displaying high print path fidelitymaintained over 5 layers, includ-
ing in difficult print path scenarios such as U-turns and right angles.

across filament interfaces, there are few simple methods to im-
prove the mechanics of traditional 3D printed parts.[75] The abil-
ity to thermally anneal these TPEs above Tg to improve the inter-
facial properties of 3D printed architectures without any loss of
programmed structure or function is a distinct advantage of this
class of materials.

2.4. Programmable Anisotropy Enables Tailored Mechanical
Functionality

Next, we demonstrate that our ability to control material prop-
erties along a print path enables the fabrication of soft architec-
tures tailored to exhibit controlled mechanical functionality such
as controlled localization of tensile and flexural deformation. We
fabricate several representative mechanically functional architec-
tures using fixed 𝛾̇max = 90 s−1 and DR = 1.67 printing condition.
Here we use a single printing condition because it is straight-
forward to encode when manually designing print paths, though
the printing condition can additionally be varied throughout an
architecture to provide an additional level of tunability beyond
solely customizing the print path.
First, we demonstrate that tensile strain isolation and tunable

strain distribution within a printed object can be programmed by
organizing stiff and soft segments of a strip in series (Figure 6a),

Adv. Funct. Mater. 2024, 34, 2411812 2411812 (6 of 12) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 6. Tailored macroscopic mechanical functionality in 3DP TPEs via controlled print paths. a) Tensile strain isolation obtained in a three-segment
strip by organizing directionally soft and stiff components in series. b) Further controlled strain localization in a five-segment strip by organizing soft
and stiff components in series and in parallel. c) Predicted stress–strain curves for each of the “segments” of the sample in (b), defined by the ratio
of material composed of parallel and perpendicular print paths. The dotted grey line is a “tie line” at representative stress: its intersections with each
stress–strain curve indicate that segment’s expected local strain. d) Localization of strain to each segment within the architecture in (b). Solid lines
represent model predictions and circles represent experimental data obtained via image analysis during deformation. e) Overall stress–strain curves
for the architectures in (a) and (b), along with model predictions. f) Flexural anisotropy achieved in 3DP TPEs demonstrated via the varying degree of
bending under loading of 100 g weight as a function of print path (left) and the flexural strain isolation behavior achieved using the architecture in (a).

or a combination of stiff and soft segments both in series and in
parallel (Figure 6b).When strain is applied along the intended de-
formation direction, the engineering stress is uniform across the
length of these architectures, but strain concentrates in the softer
segments due to the lower effective modulus. For a sample with
segments of varied stiffness organized in series as in Figure 6a,
the stiffer segment retains the original dimensions (straining
less than 2%) until the soft segments reach ≈225% strain. At
this point, the engineering stress reaches the yield stress of the
parallel-oriented stiff segment,1.15 MPa (Figure S8, Supporting
Information), and more significant deformation of the stiff seg-
ment is induced (Video S1, Supporting Information). A sample
with stiff and soft segments organized both in series and in par-
allel as in Figure 6b results in an architecture with graded me-

chanical properties. Segments containing larger proportions of
stiff filament orientations have a higher value of their effective
yield stress and effective modulus, leading to staged yielding and
tunable distribution of strain localization (Video S2, Supporting
Information).
Further, we can model the predicted mechanical performance

and strain isolation functionality of such architectures composed
of stiffer and softer components organized in series and parallel
as discussed. The predicted stress–strain curves of each segment
within the architecture in Figure 6b (stiff and soft components in
parallel) are calculated via a linear combination of the parallel and
perpendicular stress–strain curves since deformation in parallel
requires constant strain across all components (Figure 6c). With
the predicted stress–strain properties of these segments which

Adv. Funct. Mater. 2024, 34, 2411812 2411812 (7 of 12) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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are then oriented in series within the architecture in Figure 6b,
we can further predict the localization of strain throughout the
architecture. Deformation in series is subject to a constant stress
restriction and as such, a horizontal constant stress tie-line as
is shown in Figure 6c intersects with the stress–strain curves for
each segment at the expected value of local strain within that seg-
ment. By extracting these intersection points across a range of
stresses, we obtain the distinct deformation trajectories of these
mechanically graded segments as a function of the total strain ap-
plied to the sample (Figure 6d). The experimental data extracted
from image analysis during the deformation of the architecture
in Figure 6b follow the expected strain localization trajectories in
Figure 6d quite well. Some deviation is observed, particularly in
the softer segments, whichwe expectmay be a result of print path
effects such as corners which are likely to have a slight stiffening
effect and are not accounted for in thismodel, as the input stress–
strain curves to this model were obtained using samples with-
out edge effects. Further characterization of such print path ef-
fects may be of interest for future study if quantitative predictive
modeling of the resulting strain localization properties is desired,
but is outside the scope of this work. This model additionally en-
ables approximate prediction of the overall stress–strain curve of
these tunable soft architectures (Figure 6e). We expect that the
slight under-prediction of the stress during deformation is a re-
sult of previously discussed print-path effects such as corners,
slight defects at overlapping regions between stiff and soft print
paths, as well as additional stress concentration at interfaces be-
tweenmechanically distinct segments. During straining, a highly
deformed segment will have a large decrease in cross–sectional
area while being attached to a segment with either no or minimal
change to cross-sectional area, leading to an interfacial region of
stress concentration, non-uniform deformation, or sample bow-
ing at these interfaces, as can be seen in Figure 6a,b and may
account for deviations in overall stress–strain behavior from the
model predictions.
In addition to programmable behavior in response to tensile

strain, these architectures also exhibit highly anisotropic flexural
behavior (Figure 6f). Bending moduli of 2.48 ± 0.11 and 1.07 ±
0.09 MPa were measured via single-cantilever dynamic mechan-
ical analysis (DMA) measurements for samples fabricated with
the print direction along and perpendicular to the long axis of
the test specimen, respectively. This flexural anisotropy can be
leveraged to localize bending in these types of soft architectures
(Figure 6f). While 3DP samples display some of this mechani-
cal anisotropy before thermal annealing, the extent of tensile and
flexural strain isolation is greatly enhanced by thermal anneal-
ing (Figure S9, Supporting Information) and is, therefore, a crit-
ically important processing step in fabricating these functional
soft architectures. Ultimately, we envision that these strain isola-
tion capabilities can be leveraged for applications such as housing
delicate components and electronics in strain-isolated regions of
wearable devices.

2.5. TPEs are Inherently Recyclable and Reprocessable Materials

Finally, we demonstrate the ability to maintain the programmed
mechanical function for multiple cycles, even after straining
beyond the point of softening due to PS cylinder breakup.

Figure 7. Recyclability and reprocessability of TPEs in 3DP. a) Recover-
ability of mechanical anisotropy via thermal annealing after samples have
been strained beyond yielding. b) Self-healing behavior of TPEs, achieved
via thermal annealing. c) Reprocessability of TPEs for 3D printing.

As previously discussed, the stiffness of an oriented styrenic
TPE is governed by both PS domain alignment and long-range
continuity.[33,43,76] As such, an appropriately oriented samplemay
exhibit a high small strain modulus (E∥ > Eiso = 3.2 MPa) in the
direction of alignment before yielding on the first strain cycle, but
will exhibit a low small strain modulus (approx. = Eiso) on all sub-
sequent straining cycles. However, straining to a point between
yielding (ɛ ≈2%) and fracture (ɛ ≈1000%) results in the breakup
of PS cylinders without permanent disruption of the alignment
of the PS domain segments after the strain is released.[43,48] Ther-
mal annealing of these yielded 3D printed samples allows suffi-
cient mobility of PS chains to weld the interfaces between broken
PS domains to recover long-range domain continuity and the as-
sociated first-cycle mechanical properties. This recovery of prop-
erties has been previously demonstrated in bulk-oriented TPE
samples,[43] and allows us to easily recover the programmed me-
chanical function after cylinder breakup due to straining in our
3D-printed soft architectures. We observe no significant differ-
ence between the modulus of an annealed sample and of a sam-
ple that has been “damaged” via straining beyond yielding and
then “recovered” by thermal annealing at the same thermal con-
ditions described previously (Figure 7a).
Additionally, 3D-printed TPEs that have been broken or cut

can self-heal upon a brief thermal anneal. TPEs have previously
been demonstrated as a source of self-healing behavior in soft
robots.[77] Here we demonstrate that when our 3D-printed TPEs
are cut and self-healed via a brief thermal annealing step (10min.
at 150 °C), the initially programmed mechanical anisotropy is
maintained in the healed object (Figure 7b). This thermal an-
nealing provides sufficient mobility for PS cylinders to regain do-
main connectivity across the cut interface, ultimately recovering
the long-range PS domain continuity required for improved stiff-
ness along the programmed direction of alignment.
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A further intrinsic advantage of these thermoplastic elas-
tomers for 3D printing is the inherent melt reprocessability and
recyclability. Traditional elastomers are chemically cross–linked,
and therefore are not recyclable. Significant effort in recent
years has gone into developing chemically recyclable elastomer
networks[78–80] and resins for 3D printing applications.[81,82] How-
ever, these methods are frequently expensive, synthetically chal-
lenging, and/or exhibit considerable degradation of properties
upon recycling. In contrast, thermoplastic elastomers offermulti-
cycle melt reprocessability (Figure 6c) and reprogrammability
without loss of achievable anisotropy (Figure S10, Supporting
Information), as well as the previously discussed self-healing
behavior.[77] We have not observed significant degradation of
achievable functional anisotropy resulting from reprocessing
these TPEs, suggestingminimal processing-induced degradation
via chain scission or oxidation occurs, which we confirm via gel
permeation chromatography (GPC) analysis (Figure S10, Sup-
porting Information). We acknowledge that this particular SEBS
composition has a relatively low molecular weight and a fully hy-
drogenated rubbery block, and note that highermolecular weight
and non-hydrogenated chemistries may be prone to some degra-
dation upon processing. However, the lack of degradation in this
SEBS species is promising regarding leveraging this class of ma-
terials in 3D printing. Ultimately these reprocessability and self-
healing benefits are inherent to nanostructured thermoplastic
elastomers without any additional chemical functionalization or
complex processing steps, making these materials prime candi-
dates for many scalable applications of interest.

3. Conclusions

In this work, we have demonstrated the ability to controllably in-
duce structural and mechanical anisotropy in commercial ther-
moplastic elastomers by varying easily controllable 3D print-
ing parameters. We have identified 3D printing conditions in
which significant structural rearrangement and an increase in
anisotropicmaterial properties occur upon post-printing thermal
annealing. Additionally, we have shown that the application of
isolated extensional forces by drawing the material upon deposi-
tion provides the most effective and consistent control over ma-
terial anisotropy in this system. We have demonstrated effective
fabrication of complex geometries with high print path fidelity,
and have achieved tailorable mechanical properties in custom
soft architectures through tailored print paths. Ultimately this
work introduces a straightforward and highly scalable fabrication
technique leveraging commercially available TPEs as intrinsically
anisotropic nanostructured materials which are inherently recy-
clable and reprogrammable. We anticipate that this approach will
enable the fabrication of highly tunable soft architectures that are
compatible with custom human-interfacing devices such as con-
sumer electronics or wearable biomedical devices and are funda-
mentally compatible with awide range of functional block copoly-
mers, enabling a broad range of potential applications.

4. Experimental Section
SEBS Characterization: The triblock copolymer, Kraton MD1648, was

provided by Kraton in the form of dense pellets and was used as received.
Gel permeation chromatography was run on a PSS SDV analytical 1000

Å column with a THF flow rate of 0.3 mL mi−1n, using a refractive index
detector. GPC analysis providedMn = 43.6 kg mol−1 and Ð = 1.02 with re-
spect to PS standards (Figure S11, Supporting Information). The styrene
content was determined to be 19.4 wt.% according to 1H-NMR analysis.
NMR was performed in a 500 MHz Bruker spectrometer with a 10 s re-
laxation delay (Figure S12, Supporting Information). Differential scanning
calorimetry, run from −80 to 150 °C at 2 °C min−1 on a TA-DSC2500 indi-
cated glass transition temperatures of −45 °C and ≈62 °C for PEB and PS
blocks respectively (Figure S5, Supporting Information). Small-angle X-ray
scattering of a sample slowly cooled from above TODT indicates that the
equilibrium nanostructure takes the form of a hexagonal lattice of cylin-
ders with an equilibrium domain spacing of 20 nm between {10} planes
(d10 = 20 nm) as received (Figure S13, Supporting Information), and re-
mains hexagonal at all processing conditions used in this work (Figures
S14 and 15, Supporting Information). Globally isotropic control samples
of ≈0.5 mm thickness for mechanical analysis and for rheological studies
were prepared by cooling SEBS from above TODT using a Carver hot press.
Rheological characterization was performed on an Anton Paar MCR 302e
using a 25 mm parallel plate configuration with a gap height of 0.385 mm.
A steady shear-rate sweep from 0.01–100 s−1 yielded a shear thinning ex-
ponent n = 0.81 (Figure S1, Supporting Information). Oscillatory strain
amplitude sweeps from 0.1–10% at a fixed frequency 𝜔 = 0.03 rad s−1

allowed for characterization of the yield-stress behavior at the extrusion
temperature (Figure S6, Supporting Information).

3D Printing: 3D printing was carried out using a custom heated vol-
umetric extruder. A 50 mL capacity stainless steel reservoir with a 20 mm
inner diameter wasmounted in a custommachined aluminum block fitted
with two 300 W (91 W in−2) heating cartridges (McMaster). Temperature
control was achieved using a PID controller (Inkbird 106VH) and a k-type
M3 screw thermocouple (uxcell) fitted adjacent to the nozzle (Figure S16,
Supporting Information). The nozzle temperature was set to 160 °C to
facilitate the extrusion of a smooth filament and avoid melt-flow insta-
bilities at targeted extrusion rates (Figure S17, Supporting Information).
The nozzle temperature was allowed to stabilize to within 1 °C for at least
15 min before use. Temperature fluctuations during printing were min-
imal (<1 °C). Volumetric extrusion was controlled by activating a NEMA
17 stepper motor (StepperOnline) to drive a lead-screw-mounted custom-
machined stainless-steel plunger fitted with a rigid Teflon O-ring (McMas-
ter) through the reservoir. Custom M6 threaded Arque style nozzles (Tec-
dia) with 250 and 700 μm inner diameters were fitted to the end of the
reservoir for extrusion.

The extruder assembly was mounted to a set of controlled motion axes
(Aerotech). Communications with the stepper motor and all motion axes
were controlled through the instrument software (Aerotech A3200). Sam-
ples were 3D printed onto 1 mm × 25 mm × 75 mm microscope slides
(VWR) or⅛″ borosilicate glass substrates (McMaster) as dictated by over-
all sample dimensions. Glass printing substrates were secured on a lev-
eled low-profile hot plate (Wenesco) set to 90 °C. The actual substrate
temperature was 85 °C, as verified by IR thermometer and k-type thermo-
couple readings. This substrate temperature was chosen as the minimum
temperature required which allows sufficient sample adhesion during and
following turns (Figure S18, Supporting Information).

Select low shear rate samples requiring extremely long (>6 h) print
times were fabricated using a HYREL Engine SR equipped with a TAM
head and HTK-270 high temperature, high torque compatible reservoir.
The reservoir was fitted with the previously described custom Tecdia noz-
zles for extrusion and had a capacity of ≈2 mL. Reservoir and print bed
temperatures were calibrated such that the nozzle and substrate temper-
atures were within 2 °C of the previously described 3D printer assembly.
G-code commands run on this instrument were writtenmanually such that
all translational speeds and material extrusion rates were identical to pa-
rameters used on the Aerotech system.

For the red-light emitting SEBS/d24-cHBC 3D printed flowers, SEBS pel-
lets were melt-compounded with 0.5 wt.% perdeuterated contorted hex-
abenzocoronene powder (synthesized by M.R. Ivancevic).[74] This was
done by melt-pressing the two components between Teflon sheets at
150 °C, manually compressing the resulting sheet into a ball, and melt-
pressing again a total of 8 times to ensure homogeneity. The mixture was
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3D printed using 𝛾̇max= 27 s−1 andDR = 1 as printing conditions, addition-
ally using poly(vinyl-alcohol) (Sigma Aldritch coated glass slides as sub-
strates to improve adhesion. 3D printing was performed using the HYREL
reservoir custom-mounted on the Aerotech axes and controlled similarly
to the fully custom extruder.

Sample Preparation: 3D printing nozzle velocities and volumetric ex-
trusion rates were varied from 0.0075–18 mm s−1 and 0.00289–2.89
mm3 s−1 in order to achieve the desired draw ratio (DR) and max-
imum shear rate 𝛾̇max (Equation 1,3). Generalized print path param-
eters were determined as a function of theoretical filament diameter
(Dfil, theo) assuming deposition of a perfectly cylindrical filament. Layer

heights were calculated using H =
√
𝜋∕4 ∗ Dfil, theo, determined ex-

perimentally in order to achieve excellent substrate adhesion. Interfila-
ment separation distances (IF) were determined experimentally using
IF = 1.075*Dfil,theo. If this spacing between filaments was too large, poor-
interfilament adhesion results in premature delamination during handling
and/or straining. In contrast, if the spacing was too small, the unidirec-
tional nanostructural alignment was disrupted, resulting in a significant
deviation from the intended programmed material properties (Figures
S19–S21, Supporting Information). By defining these key print parame-
ters as functions of the programmed filament diameter, they were gener-
alizable and consistent across the range of nozzle sizes and draw ratios
accessed in this study.

3D printed samples were annealed on a hot plate set to 150 °C for
10 min (Figure S22, Supporting Information) with a constant flow of N2 to
prevent oxidative degradation. During annealing, samples were arranged
on⅛″ glass sheets coated with a thin layer of silicone oil (Beantown chem-
ical) to prevent the samples from adhering to the glass. Multi-layered sam-
ples were annealed in a 150 °C oven for 1 h and did not exhibit detrimental
shape distortion. Annealing time and temperature conditions were cho-
sen in order to allow for the relaxation of trapped stresses and associated
nanostructure rearrangement without significant loss of programmed ge-
ometry. For the SEBS studied, 150 °C was chosen as this temperature al-
lowed for a rapid equilibration of material properties and nanostructure
rearrangement (Figure S22, Supporting Information), without leading to
measurable sample deformation, owing to the yield stress in the melt
state. When expanding this process to a wider range of TPEs, specifically
those of higher MW in which dynamics will be significantly hindered, ther-
mal annealing conditions should be selected in which the material both
maintains a sufficient yield stress and therefore will not exhibit significant
deformation or flow and undergoes nanostructural relaxations and rear-
rangements to reach a plateau in properties on an acceptable timescale.

Structural Characterization: Small angle X-ray scattering was per-
formed under vacuum at the 12-ID beamline at Brookhaven National Lab-
oratory using a micro-focused (2 μm × 25 μm) 14.5 keV X-ray beam us-
ing 0.5 s collection times. Line profile scans were performed across in-
dividual printed filaments in a “top-down” orientation with a scan spac-
ing of 5 μm. For the analysis presented in this work, all scans collected
for each sample were summed to produce a single scattering pattern
representing the average sample properties. Data processing was per-
formed using custom Python scripts and the SMI beamline package. Back-
ground subtraction was performed to account for instrumental and envi-
ronmental background. Orientational order parameters <P2> were cal-
culated for each sample using the azimuthal scattering intensity profile
for the primary scattering peak (0.025–0.04 Å−1) (Figure S23, Supporting
Information).[61,62,83] All values extracted from SAXS analyses represent
the average and standard deviation taken from 3 replicate samples. Addi-
tional SAXS experiments included in the SI were performed on a Xeuss 3.0
with a Dectris Euger 2R 1M detector using a 1750 mm sample to detector
distance and a Cu K𝛼 (1.54 Å−1) source using the high-resolution collima-
tion setting and line-eraser mode. Azimuthal and radial intensity profiles
were extracted using the XSACT software and were analyzed further using
the same scripts as above.

Transmission Electron Microscopy: To prepare samples for TEM char-
acterization, the 3DP filaments of interest were first sputter coated with
a thin (≈10 nm) iridium layer to improve visibility during embedding and
microtoming. Next, the samples were embedded in the desired orientation
in a rigid fixative (EpoxiCure 2 Resin & Hardener) for mechanical support

during slicing. After the epoxy was fully cured (24+ hrs), block faces were
shaped using double-edged razors to expose the desired area of the fil-
ament, followed by collections of 40 nm (side-on orientation) or 80 nm
(end-on orientation) cross-sections via cryo-ultramicrotomy (Leica Ultra-
cut UCTUltramicrotome) at a sample temperature of−65 °Cwith a−60 °C
diamond knife temperature (Figure S24, Supporting Information). The cut
specimens were dry-lifted and transferred to TEM grids (300 mesh, with
an amorphous carbon layer). To provide electron contrast during imag-
ing, preferential ruthenium tetroxide (RuO4) staining of polystyrene do-
mains was performed using a custom-made poly(methyl methacrylate) va-
por chamber following previously published procedures.[84] Vapor-phase
ruthenium tetroxide was generated from an aqueous solution by combin-
ing 10 mL DI water, 15 mg ruthenium dioxide, and 250 mg sodium meta-
periodate. Vapor was allowed to accumulate within the chamber for ≈5
min prior to sample addition. Based on a time series ranging from 5–60
min, 15 min of exposure was found to provide optimal staining condi-
tions and was used for all imaging. Upon removal of the TEM samples,
the generator bath was quenched by adding 400 mg of sodium bisulfite.
TEM imaging of the stained cryo-ultramicrotomed cross-sections was per-
formedwith a Talos L120CG2 Transmission ElectronMicroscope operated
at 120 kV. An isotropic SEBS control sample was prepared and imaged sim-
ilarly to validate sample preparation procedures (Figure S25, Supporting
Information).

Mechanical Characterization: Tensile testing was performed on an In-
stron 5965 equipped with a 500 N load cell. Single filament samples
for mechanical analysis were mounted in epoxy pucks with cyanoacry-
late adhesive. Single filament sample gauge lengths varied between 20
– 40 mm. Measurements performed on single-layer 3D printed sheets
and isotropic controls were tested using an ASTM 1708 standard dog-
bone geometry (17.5 mm × 5 mm gauge dimensions). During all ten-
sile testing, the strain was applied at 100% min−1 to a maximum strain
of 100%. Reported small strain modulus values were extracted from the
small strain (0–2%) region (Figure S26, Supporting Information) and rep-
resent averages and standard deviations over 3–5 replicates. Dynamicme-
chanical analysis was performed on a Perkin Elmer DMA-8000 using the
single-cantilever geometry at room temperature with an oscillation fre-
quency of 1 s−1, using 3D printed samples of appropriate dimensions
(≈3.5 mm × 5.5 mm × 15 mm).

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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