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Abstract

Embedding shape memory alloy (SMA) wires within 3D-printed polymers enables 4D print-

ing; however, achieving strong interfacial adhesion is challenging without complex surface treat-
ments. This study investigates a simple post-print annealing strategy to enhance the adhesion
between SMA wires and 3D-printed PLA matrices. SMA wires were embedded in fused deposition
modelling-printed PLA cylinders. A full factorial design of experiments was conducted, varying
annealing temperatures (90 °C, 110 °C, 130 °C) and time (30, 60, 90 min). Adhesion was quanti-
fied via pull-out tests measuring interfacial shear strength (ISS). Volumetric changes and degree of
crystallinity by differential scanning calorimetry were assessed. Tensile tests evaluated the effects
of annealing on PLA properties. Results demonstrated that annealing temperature is the dominant
control parameter, while annealing time had a negligible main effect. Optimal conditions (130 °C,
60 min) resulted in a threefold increase in ISS (0.8 MPa vs 0.3 MPa control). This enhancement is
driven by the synergy of volumetric shrinkage (1.2%—1.3%), which creates circumferential com-
pression on the wire, and increased Young’s Modulus (from 2.13 to 2.42 GPa), which amplifies

the mechanical grip. Although crystallinity increased substantially (from 14% to 39%—52%), this
alone does not explain the ISS improvement, indicating crystallinity is a necessary enabler but not
the direct driver. Notably, the maximum pull-out force exceeded the wire’s martensitic detwinning
threshold; the resulting radial contraction likely triggered detachment, suggesting the true inter-
facial strength exceeds the measured values. Prolonged annealing (130 °C, 90 min) reduced per-
formance, indicating an optimal window where beneficial crystallisation balances against polymer
relaxation. SEM analysis confirmed purely adhesive failure with no polymer residue. This non-
invasive, easily implementable method preserves the integrity of SMA wire while enabling the fab-
rication of more robust 4D-printed SMA-polymer actuators and composites.

1. Introduction

Shape memory alloys (SMAs) such as NiTi undergo reversible solid-state phase transformations between
the martensite and austenite phases, enabling the shape memory effect, where deformed material recov-
ers its original shape upon heating, and pseudoelasticity with recoverable deformation of up to 8%
or more [1]. Pseudoelasticity arises when the alloy is fully austenitic: loading induces a stress-driven
austenite-to-martensite transformation, and unloading drives the reverse transformation, enabling large
recoverable strains.

Traditional SMA manufacturing is limited to simple geometries [2, 3]. Additive manufacturing (AM)
overcomes this by enabling complex customised structures [1, 4]. The synergy between AM’s flexibil-
ity and SMAs’ unique properties made their combined use an example of 4D printing. In this context,
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the fourth dimension refers to time, highlighting the ability of a 3D-printed structure incorporating
smart materials can be programmed to change its shape or function [5] after fabrication in response
to external stimuli [6]. Furthermore, integrating SMAs into polymer matrices during 3D printing can
enhance the overall mechanical characteristics of the resulting composite structure [7]. The most com-
mon SMAs in AM are NiTi and Cu- or Fe-based alloys. NiTi remains the standard due to its superior
shape memory strain and actuation stress [3], while Cu- and Fe-based alloys are chosen for their low
cost and ease of fabrication despite limited stability [8, 9].

Several AM techniques have been successfully employed to process/integrate NiTi SMAs. The three
primary AM strategies for SMA processing/integration are: (i) directly printing structures using SMA
feedstock, (ii) dispersing SMA feedstock within a binder, and (iii) embedding prefabricated SMA ele-
ments into a matrix printed using a different material.

(i) Direct printing allows intricate, customised geometries with embedded functionalities. Technologies
depend on the SMA feedstock form: powder or wires. Powder-based techniques (LPBF/SLM) offer
significant design flexibility for complex SMA structures such as biomedical implants or actuators
[3, 6] and are the most widely investigated method [10, 11]. LPBF provides high resolution and
accuracy [1, 3], producing high-density (>99%) components with superior mechanical properties
[4, 10, 12], expanding the design space of NiTi-based smart structures for demanding sectors (e.g.
aerospace [13]), where functional stability and reliability are critical. However, properties are highly
sensitive to process parameters, requiring optimisation and post-processing; costs are high [14, 15].
Notably, powder-based AM techniques allow the creation of NiTi-graded composition materials
with tailored stiffness or transformation temperatures [10, 15, 16]. Wire-based techniques reduce
material costs and contamination risks [11, 17, 18]. For instance, Wire Arc AM enables high
deposition rates for large structures [3, 4] but has lower accuracy and higher residual stress issues
[3, 11, 18, 19]. Wire Laser DED is more precise, producing dense (>99%) parts, though properties
remain sensitive to parameters [18].

(ii) Powder-binder sintering (binder jetting [20], powder-filament extrusion [21]) mitigates nickel
evaporation and residual stresses, reducing costs, but achieving high density remains challenging
due to process complexity.

(iii) Embedding involves incorporating prefabricated SMA elements into a matrix material during the
AM, combining reliable conventionally-produced SMA with AM’s design flexibility for the matrix
[22-24], enabling applications in textiles [25] and implantable devices [26]. Material extrusion is a
cost-effective method that utilises common polymers (PLA, ABS, TPU) and is well-suited for
actuators and shape-changing components [1, 23, 25], whereas material jetting offers
high-resolution multi-material designs with integrated soft and rigid segments [22, 27]. SMAs are
embedded either directly (pausing print to insert pre-strained wire into channels [1, 22, 25, 27]) or
indirectly (inserting wire post-printing [28]). Direct embedding typically uses manual placement,
though automated systems have been explored [23, 29].

Notably, the present work focuses not on proposing a new embedding strategy, but on evaluating
a simple approach to enhance adhesion at the SMA—polymer interface for any embedding approach:
the technique is a post-processing step compatible with both direct and indirect embedding methods
described above.

Nevertheless, a critical challenge of the embedment is achieving good adhesion between the SMA
element and the surrounding matrix [18, 22, 25]. Effective bonding is crucial for functionality and
durability [24, 29] and different techniques have been tested to improve adhesion, such as surface treat-
ments (etching, oxidation, nitriding, coating) [29], geometric factors (multiple/larger wires) [24], or
adding an interlayer [30]. Surface treatments increase interfacial shear strength (ISS) via roughness.
Instead, geometric factors increase the total bonded area. Interlayers accommodate strain, allowing
for a full-phase transformation [30]. However, these methods often involve hazardous chemicals that
can potentially weaken the wire or create stress concentrations, compromising the wire’s fatigue life.
Additionally, modifications to the SMA wire alter its properties, and direct embedding methods expose
the SMA to nozzle heat, risking the degradation of its shape-memory properties [22]. This motivates the
search for non-invasive solutions that preserve the wire’s integrity.

This study introduces and investigates a novel technique for enhancing the ISS of embedded SMA
wires within 3D-printed polymer matrices. The focus is on semi-crystalline polymers like specific grades
of Polylactic acid (PLA). The proposed process involves using AM, specifically fused deposition model-
ling (FDM), to fabricate the polymer matrix, selecting printing parameters to keep the polymer largely
amorphous, embedding the SMA wire into channels after printing, and applying a controlled annealing
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Figure 1. Example of microstructural control of PLA through printing parameters. Upper cube part: 190 °C nozzle, 100% cool-
ing fan, lower crystallinity (translucent). Lower cube part: 210 °C nozzle, 0% cooling fan, higher crystallinity (opaque/whitened)
for contrast.

cycle. The process alters the polymer microstructure, moving from a predominantly amorphous state to
a semi-crystalline structure with more ordered macromolecules, causing volumetric shrinkage (figure 1).
This method avoids complex SMA surface pre-treatments. Its success depends on controlling the thermal
history, limiting in-print PLA crystallisation, and effectively inducing it via annealing. The process is
tested for different temperatures and times. The efficacy of embedding SMA is assessed by pull-out tests
to measure the adhesion strength of the wire to the matrix. Differential scanning calorimetry (DSC) ana-
lysis was performed to evaluate the PLA degree of crystallinity.

2. Materials and methods

2.1. Materials

The SMA wire (SAES Getter), has a composition of Ni 55.5% =+ 0.5% wt. (per ASTM F2063) C 0.05
max, H 0.005 max, O 0.05 max, Fe 0.05 max, Ti balanced) has a diameter of 0.5 mm and an austen-
ite starting temperature (As) of 95 °C £ 5 °C (manufacturer specification at 99.7% confidence level).
Three SMA wires with a free length of 200 mm were characterised through tensile tests performed in
displacement control at 8 mm min~!, equivalent to the strain rate of the free wire in pull-out tests. The
embedding parts were printed using a thermoplastic polymer, i.e. the white filament PLA PRO1 (BASF
Ultrafuse). The properties are reported in table 1.

2.2. Methods

Printing was conducted using a Prusa i3 MK3S machine equipped with a 0.2 mm diameter standard
nozzle. The software Ultimaker Cura has been used for slicing. Achieving the right balance between high
fan action and low printing temperatures was crucial for maximising the printing of amorphous mater-
ial and thus ensuring optimal adhesion. This approach allows the polymer to return to the solid state
with minimal crystalline phase extent. The parameters were adjusted to avoid overfilling, underfilling
and other defects until the optimal result was achieved with an extrusion temperature of 200 °C and a
fan speed of 100%. The main parameters used for the printing are listed in table 2.

The printed specimens were cylinders with a nominal diameter of 10 mm, a height of 25 mm, and
a central hole with the same diameter as the SMA wire. Additionally, some slicing parameters were
optimised for this geometry. The outer-before-inner method was selected to print the outer walls first
and then the inner walls sequentially: this ensured that the outermost layers did not generate pressure
on the inner hole after printing, changing its size. The maximum deviation parameter, related to the
resolution with which the hole’s circumference was sliced, has been decreased to the lowest possible
value (0.05) to obtain the best approximation of the circumference. To improve the print quality of the
internal hole, the speed of that specific portion of the print was reduced. Typical settings for small fea-
tures were applied to circumferences with an internal diameter of less than 2 mm to reduce the print
speed by 50% automatically. Figure 2(a) shows the resulting sliced geometry. After the printing, diameter
measurements were taken for each sample at three different positions, and the height (H) was measured
afterwards, as described in figure 2(b). A 0.5 mm diameter steel wire was then passed through the hole
to remove any printing residue on the inner surface, followed by the insertion of a 70 mm long SMA
wire into each specimen.

Part of the specimens (four for each time-temperature combination) were then annealed in an oven.
The annealing promotes the polymer’s crystallinity (which may cause more pronounced macromolecu-
lar mobility hindrance), increasing hardness, stiffness, strength, and thermal resistance, though it may
decrease ductility [31-35]. In this study, the polymer’s ability to undergo post-printing crystallisation
and the associated volumetric shrinkage was used to create compressive pressure on the embedded wire,
‘gripping’ it and increasing the pull-out force. The phenomenon of increased PLA crystallinity with
thermal annealing is well-documented, with reported increases ranging from 10% to 24% [36], up to
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Table 1. Thermal properties of white PLA PRO1 from the datasheet.

Property Value Standards
Glass transition temperature (Ty) 63 °C 1SO 11 3572
Melting temperature 170 °C-180 °C 1SO 11 357-3
Melt volume rate (210 °C, 2.16 kg) 18.2 cm®/10 min 1SO 1133

Table 2. Main printing parameters of the cylindrical PLA specimens.

Layer Line Infill Printing Bed Speed Cooling
height (mm) width (mm) Pattern (-) temp.(°C) temp.(°C) (mms™ ) fan (%)
0.1 0.255 Concent. 200 30 40 100
TOP
t—
{
BOTTOM
Figure 2. (a) Result of the slicing; (b) measuring method; (c) pull-out testing of the specimens.

increments of 55% [32] and 61.5% [33]. Annealing temperatures commonly investigated are [31, 33, 35]:
60 °C and 80 °C for standard PLA, 80 °C and 130 °C for specialised PLA, such as PLA PRO (used in
this study) or PLA+. These are modified versions designed to overcome some of the inherent weaknesses
of standard PLA, particularly its brittleness. Annealing is typically performed above the glass trans-

ition temperature (Tg) of PLA and below its melting temperature (Ty,) [31] to obtain increased mac-
romolecular chains’ mobility and rearrangement into a crystal phase without the melting of the already
present crystalline fraction, which would lead to the loss of the object’s pre-imparted shape. In particu-
lar, annealing may consistently increase the degree of crystallinity when performed above the cold crys-
tallisation temperature (Tc.). At the same time, it may have a limited effect at temperatures within T,
and T, [37].

To define the starting annealing temperature (>T.), both the PLA spool wire and the 3D printed
control specimens (not annealed) were analysed by DSC. The DSC samples were extracted from the
central region of the specimens (at mid-height, near the central hole) and analysed on a Perkin Elmer
Pyris 6, heating the polymer from 20 °C to 220 °C at 10 °C min~'. The degree of crystallinity, X., was
calculated as in [38] using the enthalpy of melting for a 100% crystalline PLA polymer, which was taken
as 93.7 ] g_l, based on literature values [39]. For instance, figure 3 reports the DSC thermogram of the
control sample. The ‘as-printed” material has a Ty of 62 °C and a melting peak at 174 °C, with some
thermal events starting near 150 °C. The cold crystallisation starts close above the T, near 70 °C-75 °C,
with a peak at 89 °C (under the imparted heating rate). The resulting degree of crystallinity is 14%. The
starting filament exhibits nearly the same thermal behaviour as the control sample, with a slightly higher
crystallinity of 16%.

Thus, the chosen printing parameters effectively minimised crystallinity. Recommended annealing
times can also vary, ranging from minutes to hours, with 15-60 min being a common recommenda-
tion. For instance, Kartal and Kaptan used 30, 60 and 90 min [40]. Given the PLA’s thermal behaviour,
the three different temperatures and three different annealing times reported in table 3 were chosen to
achieve a full factorial design of experiment (DOE). The X, of 3D-printed annealed specimens was also
determined using the method described for control specimens.

Three specimens were prepared for each DOE point and annealed in an oven. Notably, once the
annealing temperature was reached, 30 min were waited to ensure uniform temperature throughout the
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Figure 3. DSC thermograms of the 3D printed control sample.
Table 3. Full DOE parameters for the annealing process.
Variables Level 1 Level 2 Level 3
Annealing temperature (°C) 90 110 130
Annealing time (min) 30 60 90

oven before inserting the sample. After the annealing, the specimens were left to cool in the oven until
reaching a temperature lower than Ty. They were then measured again to evaluate the geometrical vari-
ation of volume.

Subsequently, the annealed specimens were subjected to a pull-out test in displacement control at a
1 mm min~! speed, and the corresponding force was measured. Three control specimens without treat-
ment were also measured and tested by pull-out using the same procedure. The free length of the wire
(between the specimen and the grip) was 25 mm. All the tests were conducted with an Instron electro-
mechanical universal testing machine 5966 equipped with a 10 kN load cell. Using the fixed bottom con-
straint, a custom setup for holding the specimen has been fabricated and used for the pull-out tests, as
shown in figure 2(c).

Finally, PLA specimens for tensile test (ISO 527 type 1A) were 3D printed with the same print-
ing parameters as the cylinders. Some of these specimens were annealed at different temperatures for
60 min, since, as observed from the results of the previous tests, the time was less influential. Tensile
tests, according to ISO 527 type 1A, were performed for a total of five repetitions for each series. The
speed of testing was set to 5 mm min~'. The Young’s Modulus was measured as the chord modulus
between 0.05% and 0.25% strain per ISO 527-1:2019, and the tensile strength was recorded as the max-
imum stress reached.

The morphological characterisation of wires was carried out using scanning electron microscopy
(Phenom ProX, ThermoFisher Scientific).

3. Results

The stress—strain curves of the tensile tests of the SMA wires are reported in figure 4. The knee repres-
ents the start of the detwinning of martensite (defined as the intersection of tangent lines fitted to the
initial linear elastic region and the plateau region), which happened at 49.2 £ 0.5 MPa, corresponding
to a detwinning force (Fp) of 9.7 & 0.1 N. The Young’s modulus was 16.3 £ 0.3 GPa, and the tensile
strength was 1403 & 28 MPa with a deformation of 10.3% =+ 0.3%.

Representative force-displacement curves of the pull-out tests, selected from the replicates of each
experimental condition, are reported in figure 5. In addition, the tensile test results of the SMA wire,
with displacement scaled for a 25 mm long wire corresponding to the free length of the pull-out wires,
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Figure 4. Tensile test of three SMA wires of 0.5 mm diameter.
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Figure 5. Representative force-displacement curves of the pull-out test for each DOE experimental point.

are reported for comparison. Figure 5 shows that all the specimens annealed at 90 °C failed by detach-
ment at a force lower than that of the control specimen. The force recorded for the control specimens’
pull-out is not null because, after printing, passing the stainless steel wire eliminated smaller defects.
Still a minimal force was required to insert the SMA wire. For the specimens annealed at 110 °C, the
pull-out force increased and was around doubled with respect to the control specimens. The specimens
annealed at 130 °C exhibit the highest pull-out force, surpassing even the detwinning force, with a peak
of 12 N, three times greater than that of the control specimen, for 60 min of annealing. The plateau
observed in the samples annealed at 130 °C is likely caused by the detwinning of the martensite in the
free portion of the wire.

Figure 6(a) reports the effect of the different annealing temperatures and times on the ISS, and
figure 6(b) shows the impact on the volume variation of the 3D-printed objects. By looking at the res-
ults in figure 6, it can be observed that the annealing parameters have a relevant influence. To statist-
ically corroborate these trends, a bilinear regression analysis was performed to evaluate the impact of
annealing temperature and time on the ISS and the volume variation. The results indicate that ISS is
strongly influenced by the temperature (p-value <10~ '°), whereas the annealing time showed no statist-
ically significant effect (p-value 0.9) within the ranges tested. Regarding geometric changes, the overall
volume reduction observable in figure 6(b) was due to a decrease in diameter (around 1%—2%) despite
an increased height (2%—3%) after annealing. This difference between diameter and height changes is
caused mainly by the printing direction, as observed with other specimens (see supplementary). Further
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Figure 7. DSC thermograms for all annealing temperatures (@90 min) and control (as-printed).

regression analysis investigated the relationship between these geometric changes and the resulting ISS. It
was observed that the ISS is significantly correlated with the overall volume variation (p-value <10™%).
Regressing temperature and time against volume variation confirmed that temperature is the primary
driver of volume change, while time has minimal influence.

In general, higher volume reduction (i.e. greater volumetric shrinkage of the PLA) is associated with
higher ISS values, although samples with similar shrinkage can still exhibit different ISS, indicating that
shrinkage is not the only controlling parameter. In particular, the best ISS is achieved by annealing the
samples at 130 °C regardless of the treatment time: the ISS is at least doubled with respect to the control
sample, with a 1.2%-1.3% volume reduction. Annealing at 90 °C, even though it is done at a temper-
ature higher than the T, of PLA (near 60 °C), leads to the worst results, even worse than the ISS per-
formance of the untreated control sample (about one-third). In this case, the volume reduction is lim-
ited (maximum 0.6%). The annealing at 110 °C can enhance the ISS by nearly 4+-50%, with a volume
reduction in the 0.6%—1.1% range.

Figure 7 compares the DSC thermograms of the annealed samples at the three different temperat-
ures with that of the control sample. For instance, the series annealed for 90 min is displayed (30 and
60 min thermograms are similar to this). At first look, it appears evident that the annealing process in
all cases strongly favours the conversion of relevant portions of amorphous PLA into a crystalline phase,
as suggested by the absence of any exothermic event ascribable to the cold crystallisation promoted by
the heating during DSC analysis.
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Figure 8. Bar chart of (a) the crystallinity and (b) the glass transition temperature of samples.

The absence of this peak confirms that the material has reached a thermally stable state and
exhausted its crystallisation potential under the applied annealing conditions. However, this does not
imply a fully crystalline structure; as shown by the melting enthalpy calculations below, the absolute
degree of crystallinity stabilises in the 40%—-50% range, indicating that a significant fraction of the poly-
mer matrix remains amorphous.

Figure 8(a) summarises the degree of crystallinity (X.) of the 3D-printed samples. Each combina-
tion of temperature and time strongly favours the development of the crystal phase, which is at least
near to 40%, well above the 14% of the as-printed sample. It is worth noticing that the achieved X is
not dramatically influenced by the applied annealing conditions (in all cases, X, is between 39% and
52%), even though the different boost in X can be ascribable to the annealing temperature (at 90 °C
X = 39%-42%, at 110 °C X, = 45%-47%, at 130 °C X, = 48%-52%). The analysis of the T, reveals a
slight increase to 63 °C-65 °C with respect to the T, of the control sample at 62 °C. In most cases, the
T is centred at 63 °C—64 °C. The annealed samples at 90 °C show a maximum T of 67 °C for 60 min
of treatment; while prolonging the annealing to 90 min, the T lowers to 65 °C. All the Tgs possessed by
the samples annealed at 90 °C and 130 °C are similar, and are placed in the mentioned range of 63 °C—
64 °C.

The tensile tests performed on the PLA specimens revealed significant changes in mechanical prop-
erties after annealing. In figure 9, a representative curve is reported out of five for each series of tensile
tests, namely the control and the annealed specimens at different temperatures. In table 4, the main
results are reported: the Young’s Modulus as the chord between 0.05% and 0.25% strain, the Tensile
Strength as the maximum stress reached, and the corresponding strain in percentage. A key observa-
tion is the near-linear increase in stiffness with rising annealing temperature, from 2.13 GPa for the con-
trol to 2.42 GPa for samples annealed at 130 °C. As the annealing temperature rose, tensile strength and
maximum deformation at peak stress decreased. Specifically, tensile strength reduced from a maximum
of 52.7 MPa to a minimum of 41.7 MPa, while deformation decreased from 3.5 % to 2 %.

SEM analysis of wires after pull-out tests was carried out to investigate a possible contribution of
‘cohesive’ failure of PLA matrix to the improved ISS in annealed samples at 110 °C and 130 °C. For
comparison, free wire and wires extracted from samples annealed at 90 °C were also investigated. The
surfaces of all annealed samples are similar and without significant differences with respect to the surface
of the free wire (figure 10). The surfaces of wires after the pull-out test appear free of fragments of the
PLA matrix, suggesting that the ISS enhancement is not ascribable to some matrix delamination, which
is tough enough to avoid such a phenomenon.
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Figure 9. Tensile test results for PLA specimens, with and without annealing.

Table 4. Results of the tensile tests of the PLA specimens: control and annealed for 60’ at 90 °C, 110 °C, 130 °C.

Control 90 °C 110 °C 130 °C

Young’s modulus (GPa) 2.13+0.01 2.24+0.03 235+£0.02 2.42+4+0.02
Tensile strength (MPa) 52.7 + 0.4 51.6 +2.5 46.2+1.9 41.7+1.1
Def. @ max stress (%) 3494+0.06 2.88+024 232+0.15 1.9740.07

Control wire Annealed at 90 °C Annealed at 110 °C Annealed at 130 °C

Figure 10. SEM micrographs of wire surfaces after pull-out test from samples annealed at 90 °C, 110 °C and 130 °C for 60 min,
and of the free wire.

4. Discussion

Statistical analysis confirmed that annealing temperature is the primary driving factor for ISS enhance-
ment (p < 107'%), while annealing time had no significant effect (p = 0.9). This temperature domin-
ance contrasts with classical polymer annealing kinetics, where both factors typically contribute. The
explanation lies in kinetic saturation: the 30-90 min window saturates crystallisation relatively quickly at
each temperature (as evidenced by DSC plateau in crystallinity). Once thermal activation energy exceeds
the cold crystallisation temperature threshold, extending treatment beyond 30 min provides dimin-
ishing returns on crystallinity, making temperature the effective control variable for tuning adhesion
performance.
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From the thermal analysis, it appears evident that the enhancement in ISS cannot be solely attrib-
uted to X, nor to the slight enhancement in T,. Regarding crystallinity, annealing increases X. from
14% (as-printed) to 39%-52% (annealed), but the magnitude of this increase does not correlate propor-
tionally with the improvement in adhesion (ISS varied significantly 0.2-0.8 MPa). Identical crystallinity
ranges yielded different ISS values, depending on the temperature history, e.g. specimens annealed at
110 °C and 130 °C for 90 min exhibited nearly identical crystallinity (~45%-47%) but significantly dif-
ferent ISS values (0.5 MPa vs 0.7 MPa, respectively). Regarding T, the slight increase (62 °C to 63 °C—
65 °C) reflects hindered macromolecular mobility in the amorphous phase due to crystalline constraints.
This stiffening effect is most pronounced at lower annealing temperatures (90 °C), where chain rigid-
ity dominates. At higher temperatures and times (110 °C-130 °C), the amorphous fraction rearranges
into a more relaxed, thermodynamically stable state, causing the T, to stabilise in the 63 °C-64 °C
range. Crucially, this modest thermal shift (1 °C-3 °C) cannot explain the dramatic improvement in ISS.
This decoupling indicates crystallinity is a necessary enabler, triggering shrinkage and modulus increase,
but not the direct driver of adhesion enhancement. The actual mechanism must depend on additional
factors related to thermal history.

Volume reduction correlates strongly with ISS (p < 10™%), yet this relationship is not one of simple
causation. For instance, annealing for 90 min at 110 °C and 130 °C leads to almost the same volume
reduction (1.1%—1.2%), but the ISS is significantly different (0.5 vs 0.7 MPa, respectively). Another
example: annealing at 90 °C for 90 min and at 110 °C for 30 min, which, again, experienced the same
volume reduction (0.6%), had an effect on the ISS completely different (—65% and +50% with respect
to the control sample). This correlation is mediated by annealing temperature: the same volumetric
shrinkage achieved at different temperatures produces different ISS values. The reason lies in concurrent
changes in elastic modulus. Thus, volume reduction is a necessary but insufficient variable; temperature-
dependent modulus changes provide the additional mechanism controlling adhesion strength.

The ISS improvement results from two synergistic mechanical mechanisms that are controlled by the
thermal history. The first mechanism involves circumferential compression from shrinkage. Annealing-
induced crystallisation causes volumetric shrinkage up to 1.2%-1.3% at 130 °C. Since the SMA wire is
already embedded, this shrinkage creates circumferential compression stress, a mechanical gripping effect
that increases interfacial normal stress and thus frictional adhesion. The second mechanism involves stiff-
ness amplification due to modulus increase: higher polymer crystallinity can generally be associated with
higher stiffness and fragility [40]. Annealing increased Young’s modulus of PLA nearly linearly with tem-
perature, from 2.13 to 2.42 GPa at 130 °C, representing a 13.6% increase. Higher modulus means the
matrix material is stiffer and exerts greater circumferential stress for the same geometric shrinkage. The
combined effect is that the matrix becomes simultaneously more constrictive due to shrinkage and more
rigid due to stiffness, creating a synergistic amplification of mechanical grip. Temperature determines
the magnitude of both mechanisms through its control of crystallisation kinetics and polymer relaxation.
The improved adhesion is thus ascribed not to the quantity of crystal phase formed, but to the thermal
history that governs the matrix’s final volumetric and elastic properties simultaneously.

A notable time-dependent trend emerges from the experimental data: ISS rises from 30 min to a
maximum value for 60 min of treatment, then reduces again for 90 min at 130 °C. This non-monotonic
behaviour reveals a fundamental competition between beneficial and detrimental processes occur-
ring during extended thermal exposure. The decrease observed at the longest annealing time suggests
that prolonged exposure might enhance polymer relaxation, potentially counteracting the benefits of
increased crystallinity [33], partially reversing the compressive stress that provides mechanical grip.

At 130 °C, both crystallisation and relaxation accelerate, creating a narrow optimal window (60 min).
Lower temperatures (110 °C) show more balanced competing kinetics with broader time tolerance.

SEM analysis shows pulled-out wire surfaces are clean (no PLA residue), indicating purely adhes-
ive failure at the interface: the wire separates without matrix damage, confirming failure occurs at the
interface (friction limit) rather than within the matrix. Crucially, the force-displacement curves for
the optimal samples (130 °C, 60 min) exhibit a distinct plateau at approximately 12 N, which notably
exceeds the martensitic detwinning force of the wire (9.7 N) measured in tensile tests. This observation
supports a hypothesis that the ISS was high enough to trigger the detwinning of the free SMA wire first,
and of the embedded wire then. Thus, the most probable reason for the delamination is the progress of
this detwinning process into the embedded section of the wire. As detailed in [30], the high longitudinal
strain associated with detwinning induces a significant radial contraction (Poisson effect) in the wire.
Consequently, the recorded pull-out force corresponds to the onset of embedded-wire detwinning rather
than the intrinsic shear strength of the interface.

The observed stiffening effect of annealing on PLA is consistent with findings reported in the lit-
erature. For example, Kartal and Kaptan [40] reported a substantial 78% increase in the modulus of
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elasticity for PLA samples annealed at 85 °C for 90 min (from 1.9 GPa to 3.3 GPa). Similarly, Luna et al

[33] reported an increase in the elastic modulus of PLA, peaking at 90 °C (from 1.37 GPa to 1.46 GPa).

Simmons et al [32] observed a substantial increase in flexural modulus, peaking at 120 °C (from 2.2 GPa
to 2.6 GPa).

While existing strategies, such as surface treatments [29], geometric modifications [24], or interlayers
[30], can enhance adhesion, they often introduce severe trade-offs, ranging from wire weakening to
increased processing complexity. Similarly, direct in-print embedding exposes SMA wires to high nozzle
temperatures, creating a risk of altering their transformation temperatures. In contrast, the post-print
annealing approach avoids these drawbacks by utilising the intrinsic properties of the matrix to achieve
a threefold increase in ISS. This method offers a distinct advantage by decoupling matrix manufacturing
from actuator integration, which prevents thermal alteration of the SMA wire and allows for the use of
standard FDM and ovens. Moreover, unlike high—temperature post—treatments used to tailor additively
manufactured NiTi (typically hundreds of °C), our post—print treatment is applied to the polymer mat-
rix at temperatures far below those associated with NiTi precipitation/ageing—driven functional changes
[41]. This non-invasive, universally applicable process is not only scalable, allowing for the simultaneous
treatment of multiple parts without overhead, but also synergistic, as it can be combined with surface
pre-treatments or geometric modifications to maximise adhesion. Ultimately, this simple thermal post-
processing technique offers an efficient and robust alternative to invasive adhesion enhancement, thereby
securing the reliability of SMA-polymer composites for diverse 4D printing applications.

5. Conclusion

This study successfully establishes post-print annealing as a simple, effective, non-invasive strategy to
improve the adhesion of embedded SMA wires in 3D-printed polylactic acid (PLA) components. By
shifting the focus to the intrinsic thermal properties of the matrix, a robust interface was achieved
without resorting to complex treatments. Unlike direct in-print embedding, this method preserves the
SMA’s functional integrity.

A full factorial experimental design investigated the effects of annealing temperature (90 °C, 110 °C,
130 °C) and time (30, 60, 90 min). This analysis redefines the role of crystallinity: while the controlled
post-print annealing process induced a significant increase in the PLA’s degree of crystallinity (from
a baseline of ~14% to over 40%), it is concluded that this phase change is a necessary enabler rather
than the direct driver of bond strength. Instead, adhesion is governed by a synergistic mechanical mech-
anism where temperature-induced volumetric shrinkage generates circumferential clamping, and the
observed significant increase in Young’s modulus amplifies the resulting compressive mechanical grip.
Consequently, annealing temperature is identified as the dominant factor influencing ISS, confirmed by
statistical regression analysis; whereas time plays a secondary role, primarily relevant for avoiding the
polymer relaxation threshold observed when prolonged annealing at the highest temperature (130 °C,
90 min) showed a slight decrease in performance.

The identified optimal annealing parameters (130 °C for 60 min) yielded an approximate threefold
increase in pull-out force (ISS ~ 0.8 MPa) compared to untreated specimens. Most significantly, the
adhesion level was sufficient to induce martensitic detwinning in the free portion of the SMA wire, sug-
gesting true interfacial strength exceeds measured values: the recorded force represents a lower bound
limited by wire geometrical instability, not interface failure. Furthermore, SEM analysis of the pulled-out
wires showed no polymer residue, confirming the failure mode is purely adhesive at the interface, valid-
ating the mechanical gripping model.

This approach presents a simple yet powerful strategy for improving the integration of SMA actu-
ators in FDM-printed components, paving the way for more robust and reliable 4D-printed devices.
Future work could explore the role of chemical bonding at the interface, investigate the technique’s
applicability to other semi-crystalline polymers and different SMA wire diameters, assess the influence of
printing orientation and infill patterns, and evaluate the synergistic potential of combining this method
with surface pre-treatments.
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