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With the rise of advanced manufacturing technologies such as Fused Granulate Fabrication (FGF), the influence
of processing routes on the shape-memory behavior of bio-based polymers remains poorly understood. This study
investigates poly(hydroxybutyrate) (PHB)/poly(lactic acid) (PLA)/poly(butylene succinate-co-adipate) (PBSA)
biopolyester blends 3D-printed using FGF under varied programming conditions to establish structur-
e—process—property relationships relevant to 4D printing. Comparing compression-molded and printed samples
revealed how fabrication and printing-induced orientation affect morphology, mechanical properties, and the
shape memory effect (SME) response. PLA75-PBSA25 demonstrated superior mechanical performance (strength
~40.00 MPa, modulus ~1.10 GPa) and SME efficiency, achieving nearly perfect shape fixity (Rf ~ 100%) and
high recovery (R; ~90.0%). Based on combined SME and mechanical performance, the blends can be ranked as:
PLA75-PBSA25 > PHB25-PLAS0-PBSA25 > PHB33-PLA33-PBSA33 > PHB50-PLA25-PBSA25 > PHB75-PBSA25.
Programming temperature had a significant influence on SME: cold programming resulted in incomplete fixation,
hot programming caused partial loss of recovery due to plastic deformation, while warm programming (60 °C)
yielded the most balanced and repeatable performance. 3D-printed samples retained SME efficiency within
10.0% of that of compression-molded counterparts. Layers printed parallel to the deformation direction exhibited
slightly higher recovery than those printed at 90°. Cyclic testing confirmed that PLA75-PBSA25 retained stable
SME performance over 15 cycles, while other blends exhibited moderate fatigue. Overall, optimized phase
compatibility and warm-programming conditions enabled the reliable synthesis of SME, identifying PLA75-
PBSA25 as a promising material for durable 4D-printed shape memory applications.

materials enable control over shape transformations, and as a result,
expand their use in soft robotics [12,13], biomedical devices [14-16],
and adaptive structures [17-19]. Still, achieving predictable, repeatable

1. Introduction

The emergence of 4D printing, which combines additive

manufacturing and stimuli-responsive materials, has opened up new
possibilities for creating structures that can change their shape or
function when exposed to external triggers, such as heat [1,2], moisture
[3-5], electric field [6], light [7], or magnetic field [8,9]. Among the
various materials explored for 4D printing, shape memory polymers
(SMPs) stand out because of their low density, large recoverable defor-
mation, and adjustable thermal response [10,11]. Programmable
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shape-memory behavior in 3D-printed components remains challenging,
as it depends on the complex interplay among material composition,
processing parameters, and structural anisotropy [20-22].

Poly(lactic acid) (PLA) and poly(hydroxybutyrate) (PHB) are prom-
ising bio-based and biodegradable polymers with excellent biocompat-
ibility and non-toxic degradation [23]. PLA exhibits a glass transition
temperature (Tg) of 55-65 °C, enabling thermoresponsive switching at
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moderate temperatures, whereas PHB shows a broader,
system-dependent T (0-60 °C) and higher crystallinity, contributing to
structural stability and shape fixation. Nevertheless, PHB melting tem-
perature (170-180 °C) lies close to its degradation onset, resulting in a
narrow processing window, which aligns with PLA melting range of
160-180 °C [23]. PLA and PHB both exhibit relatively high stiffness,
with elastic moduli typically in the range of ~2-3 GPa for PLA and
~3-4 GPa for PHB, providing sufficient rigidity for structural support.
These polymers enable the design of smart materials and 4D-printed
systems, including shape-morphing structures, self-fitting orthopedic
devices, and stimuli-responsive components. To overcome the inherent
brittleness and limited deformability of PLA and PHB, poly(butylene
succinate-co-adipate) (PBSA) can be introduced as a flexible system
modifier to form binary blends, improve elongation at break, and
facilitate the chain mobility required for reliable shape memory
behavior and repeated actuation. PBSA aligns well with PLA and PHB,
sharing key benefits, including bio-based, biocompatible, and com-
postable properties. To further advance shape memory materials,
ternary blend combinations can be explored. PLA and PHB combination
enables dual-transition behavior, where PLA governs the switching
phase, and PHB contributes to fixation with higher crystallinity [23],
supporting the design of 3D-printed smart systems. Yang et al. studied
how molten PBSA droplets acted as nucleating agents for plasticized PLA
[24]. Mathew et al. produced a bio-based filament from a PLA matrix
containing varying amounts of poly(butylene adipate-co-terephthalate)
(PBAT), a similar soft polyester to PBSA [25]. Increasing the PBAT
concentration to 30 wt% notably improved the material's toughness and
impact resistance. Kanabenja et al. demonstrated that 3D printed spec-
imens from PHB and PLA with hydroxyapatite (HA) and poly(propylene
glycol) (PPG) used as a reinforcing agent and plasticizer, exhibited
excellent mechanical properties, which included impact strength of
1.85kJ/m2, flexural modulus of 3.20 GPa, and flexural stress of
42.50 MPa [26]. Current 3D-printed shape-memory polymers are pre-
dominantly based on flexible systems such as polyurethanes or modified
polyesters, which limit their mechanical stiffness and restrict their use in
load-bearing applications [27-29]. Therefore, developing SMP blends
that combine high-stiffness with reliable shape recovery remains a key
challenge.

The shape memory effect (SME) in thermoplastic SMPs arises from
two distinct phases: a rigid phase that defines the permanent shape and a
reversible phase responsible for temporary deformation [30]. The Tg
typically acts as the switching point, where deformation is fixed and
later recovered through the release of stored internal stresses generated
during programming [4,22,31-34]. Stress relaxation and the balance
between elastic and plastic deformation depend on programming con-
ditions such as temperature, strain, and fixation time [11,27,35]. These
parameters strongly influence the resulting shape memory performance.
Conventionally, SMPs are programmed above T; (hot programming),
where the material is deformed and then cooled to fix the temporary
shape [30,36]. The width of the glass transition region (tan & peak) also
plays an important role, as broader transitions allow for more flexible
and stable actuation, which is particularly relevant for 4D printing ap-
plications [10,37]. However, sub-T; approaches (warm and cold pro-
gramming) are gaining attention as more energy-efficient alternatives
[38-40], where cold programming occurs below T, and warm pro-
gramming near Tg. These methods reduce thermal exposure and pro-
cessing demands, minimizing irreversible structural changes and
excessive plastic deformation [33], but are often associated with slower
response due to reduced molecular mobility [39]. Therefore, selecting
an optimal programming temperature remains critical to balance energy
efficiency with reliable and repeatable shape memory performance. This
study takes a step forward in this direction by evaluating SME at
different sub-T; programming conditions to identify temperature pro-
tocols that are both practical and effective for novel biopolyester-based
SMPs.

Material extrusion 3D printing with polymer granules or pellets,
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known as Fused Granulate Fabrication (FGF), has gained increasing
attention as an alternative to traditional filament-based printing [41].
Some of the existing research articles have already shown that it works
well with thermoplastics, such as PLA [42,43], poly(ether ether ketone)
[44], poly(e-caprolactone) [45], acrylonitrile butadiene styrene [46],
along with more complex systems like polymer blends [47],
fibre-reinforced [48], and higliy loaded polymer composites [49]. FGF
skips the filament-making step entirely and uses raw or directly com-
pounded materials instead. This simplifies the entire processing chain,
reduces costs, and helps avoid additional thermal degradation that often
occurs during filament production [50,51]. In addition, FGF is much
more flexible in its material design. It is easier to experiment with
polymer blends, higher filler contents, or recycled materials, which is
not always straightforward in filament-based printing [41,52].

On top of that, these systems usually allow much higher printing
speeds and material throughput, which is why they are often considered
for large-scale or industrial applications [41,46]. Still, issues like un-
stable material feeding, less consistent extrusion, weaker interlayer
bonding, and lower dimensional accuracy can be problems compared to
conventional filament printing [41,53]. Even so, the overall potential of
FGF is quite significant, especially toward sustainable materials and
circular manufacturing. The ability to directly process recycled, blended
polymers or bio-based composites makes it a very relevant technology
going forward [41]. Continued research is therefore important, partic-
ularly in optimizing material rheology, improving process control, and
better understanding the structure-property relationships of polymer
materials processed using the FGF technique. Based on the available
literature, only one closely related study has been reported. Cersoli et al.
explored the processing of a commercial polyurethane-based shape
memory polymer using a pellet-based extrusion approach [54]. Never-
theless, this work is fundamentally different from that of Cersoli et al.,
both in the material system employed and in the underlying research
objectives.

In our previous studies, we investigated the mechanical, thermal,
structural, and rheological properties of neat polymer, polymer blends,
and 3D-printed samples [55-571, as well as the durability of 3D-printed
polymer blends [58]. Based on the previous results, we selected the most
effective formulations. The primary objective of this study is to evaluate
how the processing route (compression molding vs. FGF) influences the
shape memory performance of PHB/PLA/PBSA blends. The effects of
key programming parameters, including programming temperature,
applied strain, and fixation time, on shape fixity, recovery ratio, and
recovery stress are systematically assessed. Neat polymers (PHB, PLA,
PBSA) and compression-molded samples were used as reference (con-
trol) systems to evaluate the effect of FGF processing on morphology,
mechanical properties, and shape memory behavior. A direct compari-
son between conventional and additive processing provides insight into
the extent to which FGF can approach the reliability and durability of
established methods while minimizing system-related bias. These find-
ings contribute to understanding the processing-structure
-property-function relationships and support the development of sus-
tainable, high-stiffness shape-memory systems for emerging 4D printing
applications.

2. Materials and Methods
2.1. Materials

In this study, three different commercially available industrially
produced biopolyesters were used. Poly(butylene succinate-co-butylene
adipate) (PBSA) grade FD92PM was purchased from PTT MCC Biochem
Co., Ltd. (Bangkok, Thailand). PBSA (BioPBS™ FD92PM) is a semi-
crystalline polyester with a density of 1.24 g/cm® and an MFI of 4 g/
10min (190 °C, 2.16kg). It is bio-based, biodegradable, and DIN
CERTCO-certified (8C083). Poly(3-hydroxybutyrate) (PHB) grade
ENMAT Y3000P is a semi-crystalline bio-based thermoplastic polyester
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(1.25 g/cm3, Tm 175-180 °C) with an MFI of 8-15 g/10 min (190 °C,
2.16 kg). Poly(lactic acid) (PLA) with trademark Ingeo™ and grade
6201D produced by NatureWorks LLC is 100% bio-based. It is charac-
terized by a melting temperature of approximately 170 °C, an MFI of
15-30 g/10 min (210 °C, ASTM D1238), and a density of 1.24 g/cm?>.

2.2. Blend, sheets, and pellet preparation

Polymer granules were dried in a vacuum furnace (J.P. Selecta) at 60
°C (5-20 mbar) for 24 h before processing. The blends were prepared
using a Brabender Mixer 50EHT (Germany) with a blending temperature
of 185 °C and a rotation speed of 70 rpm. Premixed compositions
(Table 1) were used.

A Carver CH 4386 hydraulic press (USA) was used to prepare sheets
with thicknesses of 0.40 +0.02 and 2.00 4+ 0.05mm for testing pur-
poses. Compression-molded sheets in wide bar shape (samples di-
mensions length (L) x width (W) x height (H) =75mm x 10 mm
x 0.4 mm) for tensile testing, thin bar shape (L x W x H = 75mm x
5mm x 0.4mm) for shape memory and dynamic mechanical testing,
and disc (diameter (D) x H =25mm x 0.4 mm) for rheology. Sheets
with a thickness of 2.00 mm were used for granule preparation. All
samples were prepared under identical processing conditions, and their
thicknesses were set by a selected mold and controlled with the thick-
ness gauge. The mold temperature was set to 185 °C. The samples were
first preheated for 2 min without pressure, compressed for 3 min under a
30 kN load, and cooled for 5 min between steel plates (30 kg weight) to
ensure controlled cooling.

For pellet preparation, sheets were first immersed in liquid nitrogen
to facilitate embrittlement, then ground into smaller pieces using a
grinder to produce granules about 2mm in size. The preparation of
2mm sheets prior to pelletization was necessary to produce granules
with consistent geometry suitable for FGF processing. Direct pelletiza-
tion from the melt-mixed materials was not feasible due to the selected
mixing method with the Brabender Mixer 50EHT.

2.3. Fused Granulate Fabrication (FGF)

The samples were printed using the FGF technique on a Tumaker NX
Pro 3D printer. 3D-printed specimens used for testing were designed in
SolidWorks according to the ISO 527-1B standard. Dumbbell-shaped
specimens (L x W x H=75mm x 10 mm x 2mm) for tensile testing
and bar-shaped specimens (L x W x H=75mm x 5mm x 0.4 mm) for
shape-memory characterization were 3D printed with layers aligned to
the deformation direction (0°) or perpendicular to it (90°) using a
Simplify3D slicer (Fig. 1a). No brim was used during printing. In addi-
tion, sample images of the specimens produced by both 3D printing and
compression molding are shown in Figure A.1. All samples were printed
under the same conditions, which are summarized in Table 2. Printing
was carried out via continuous material deposition without intentional
pauses between layers. Also, no active cooling, such as a cooling with
fan, was used during the process.

Table 1
Abbreviations and formulations.

Sample PHB (B) (wt%) PLA (L) (Wt%) PBSA (A) (wt%)
PHB 100.0 - -

PLA - 100.0 -

PBSA - - 100.0

B75-A25 75.0 - 25.0

L75-A25 - 75.0 25.0
B33-L33-A33* 33.3 33.3 33.3
B50-L25-A25 50.0 25.0 25.0
B25-L50-A25 25.0 50.0 25.0

" values normalized to 100 wt% and rounded to one decimal place.
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2.4. Testing Methods

2.4.1. Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) was performed using a Hitachi
Tabletop Microscope TM3000 (Japan). Fractured surfaces were pre-
pared by immersing specimens in liquid nitrogen. In the next step, the
etched surface was prepared by immersing the samples in acetone for
24 h at 20 °C, followed by an additional hour at 30 °C. No coatings were
used for imaging. An acceleration voltage of 5 kV was used for image
generation.

2.4.2. Rheology

An Anton Paar Smart-Pave 102 (Graz, Austria) was used to measure
the rheology of the polymer melt. A 25 mm parallel-plate measuring
geometry with a 0.4 mm gap and a system temperature held constant at
185 °C was used. Linear viscoelastic oscillatory shear measurements
were performed at an angular frequency range of 0.1-628 rad/s and a
fixed strain amplitude of 5%.

2.4.3. Dynamic mechanical thermal analysis (DMTA)

Dynamic mechanical thermal analysis (DMTA) was performed using
a Mettler Toledo (USA) DMA/SDTA861e. A standard tension clamping
assembly was used. The testing protocol entailed a temperature range of
—60-140 °C, a heating rate of 3 °C min~!, a temperature accuracy of
0.5°C, and 5 N of applied force with an elongation of 10 pm at 1 Hz. The
T, in this study was determined from both the tan § maximum and the
loss modulus peak. The instrument's temperature accuracy is estimated
at + 0.5 °C, which defines the primary measurement uncertainty.

2.4.4. Differential scanning calorimetry (DSC)

Differential scanning calorimetry (DSC) measurements were con-
ducted on the Mettler Toledo DSC-1 (Horsham, PA, USA) analyzer. The
measurements were performed under a nitrogen atmosphere and con-
sisted of heating, cooling, and a second heating in the temperature range
of —50-200 °C. The heating and cooling rates were 10 °C/min, the
temperature accuracy was + 0.2 °C, and the sample mass was approxi-
mately 10 mg, with the precise value measured using an analytical
balance with a resolution of 0.00001 g.

2.4.5. Tensile tests

Tensile tests were performed using a Tinius Olsen model 25ST
(Horsham, PA, USA) universal testing machine equipped with a thermal
chamber at a crosshead speed of 5 mm/min and a gauge length of
40 mm. Tests were performed at 20, 40, 60, and 80 °C for compression-
molded wide bar samples and at 20 and 60 °C for 3D-printed dog-bone
samples. The tests were performed in accordance with ISO 527-3 for
sheet specimens and ISO 527-1 and ISO 527-2 for dog-bone specimens,
respectively. Prior to testing, all samples were conditioned in a thermal
chamber for 5 min to ensure temperature equilibrium. Three replicates
were tested for each compression-molded sample, and five replicates
were tested for each 3D-printed sample at each temperature. The elastic
modulus was determined from the linear region of the stress—strain
curve within a strain range of 0.2-0.5%.

2.4.6. Shape memory tests

The shape memory effect (SME) was studied using bar-shaped sam-
ples (L x W x H=75 mm x 5 mm x 0.4 mm) for all three sample types:
compression-molded and 3D-printed samples oriented at 0° and 90°
(Fig. 1a). The basic tests were conducted at a programming temperature
(Tp) of 60 °C. Additionally, the effect of temperature was studied at 40
°C and 80 °C. These temperatures were selected based on DSC and
DMTA results, which identified an effective switching temperature
range of approximately 40-80 °C around the glass transition region.
Accordingly, 40, 60, and 80 °C represent conditions below, near, and
above the transition region, respectively, corresponding to cold, warm,
and hot programming conditions. Further details are provided in Section
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Fig. 1. (a) Sample preparation, (b) schematic illustration of the U-shaped bending test, (c) schematic illustration of shape memory tests according to Method 1 and

Method 2.

Table 2
3D-printing parameters.

Parameters 0° 3D printed samples 90° 3D printed samples
Bed temperature 40 °C 40 °C

Printing temperature 185°C 185°C

Nozzle diameter 0.6 mm 0.6 mm

Extrusion speed 40 mm/min 40 mm/min

Infill type concentric rectilinear

Infill angle 0° 90°

Infill (%) 100% 100%

Chamber temperature 22°C 22°C

Layer thickness 0.2mm 0.2mm

3.4.

SME was evaluated using U-shaped deployment bending tests
(Fig. 1b). A similar "folding-deploy" shape memory testing method has
been employed in several studies [32,59-62]. This method provides a
straightforward approach to determining the bending radius of flexible
sheets around a round mold or a specified-diameter cylinder. The
endurance of bending deformation can be qualitatively analyzed based
on deployment behavior. The bending process is easy to perform
manually, without complex equipment [63]. The bending endurance of
a sheet depends on the material's thickness-to-radius ratio (Fig. 1b).

The bending strain (epeng) on the convex surface of a sheet deployed
around a cylindrical object with radius R can be calculated using the
following formula [63,64]:

I 100 &)

Ebend = R

where h is the sheet thickness and R is the bending radius of curva-
ture (radius of the cylinder). If the bending strain surpasses the material-
specific critical strain, a crack initiates on the outer surface of the curved
region.

The shape memory tests were conducted in a heat-controlled water
bath according to the following procedure: (I) the samples were heated
for 60 s at the programming temperature; (II) while still heated, the
samples were deformed into a U-shape with a load applied for a fixation
time tf = 20 s; (III) with the load still applied, the samples were rapidly
cooled in an ice-water bath for 20 s to fix the temporary shape; (IV) the
samples were then removed from the ice bath and placed at ambient
conditions (20 °C), where a photograph was taken to monitor the fixed
(temporary) shape; (V) the samples were reheated in the water bath at
Tp for 20 s to induce shape recovery; (VI) finally, the samples were
returned to ambient temperature, and a photograph was taken to
monitor the recovered shape. Tests were performed on three replicate
samples to confirm repeatability.

In this study, two methods were selected for the quantitative char-
acterization of SME in the produced blend samples (Fig. 1c). These
methods differ in the deployment radius (bending strain) and in the
approach used to calculate the shape memory ratios. In the first method
(Method 1: U-bend), the blend sheets were deployed over a glass cyl-
inder with a radius of 8 mm, resulting in epe,q = 2.5% (Eq. (1)). In the
second method (Method 2: semicircular deployment), the sheets were
bent over a glass cylinder with a radius 21.4 mm, resulting in &peng
= 0.9%.

In Method 1, the shape fixity ratio (Ry) and shape recovery ratio (R, )
were calculated based on the deployment angle, using the following
formulas [60]:

6, — 6,
R="—7%x100 2
770, — 0

0, — 6,
R, = Pg ” x 100 3

P

where 6, is the initial angle in the original shape, 6, is the pro-
grammed (maximal) angle, ¢; is the fixed angle after cooling in the
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temporary shape, and 6, is the recovered angle after reheating (Fig. 1c).
Based on the test and sample conditions in this study, 6, = 0° and 6,
= 180°. The deployment angles 6; and 6, were determined using the
arctangent (arctan) based on the legs of a right triangle constructed from
each photograph of the shaped samples.

In Method 2, Ry and R, were calculated based on the height of the
shaped samples, using the following formulas [65]:

Rf:;;‘::”zxmo ©)
R, = "2 100(5)

where hy is the initial height in the original shape, h, is the pro-
grammed (maximal) height, s is the fixed height after cooling in the
temporary shape, and h;, is the recovered height after reheating (Fig. 1c).
Based on the test and sample conditions in this study, hop =0 and h,
= 21.8 mm, calculated for 75 mm-long sheets wrapped around a cylin-
der with a radius of 21.4 mm.

The effects of thermal cycling on the shape memory performance of
the samples were evaluated over 15 repeated heating-cooling-heating
cycles at T, = 60 °C, with tf = 20 s at each step. The tests were per-
formed using Method 1 for both compression-molded and printed
samples of L75-A25, B25-L50-A25, and B33-L33-A33. The remaining
PHB-rich blends, B75-A25 and B50-L25-A25, were excluded from the
study due to their poor shape memory performance and brittleness. Ry
and R, in each cycle, j were calculated according to Egs. (6), and (7)
[66-68]:

0, — 06,1 —0;
R.:Mxlom i>1 6)
fi 0, — 0rj 1 — 0o J

H_Gr’ .
Ry == 100, j>1 %)

p

The effects of load fixation time were studied at T, = 40 °C. L75-A25
compression-molded samples were selected for this investigation
because they exhibited the most effective shape-memory performance.
Tests were conducted at various fixation times t¢ of 20 s, 1 min, 5 min,
10 min, and 30 min. The cooling time was equal to t, while the recovery
time t, was set to twice the fixation time (t, = 2 t¢) to allow sufficient
stress relaxation, which occurs more slowly at lower temperatures. For
each t;, three cycles were performed. Ry and R, were calculated using
Egs. (2)-(3) and Egs. (6)-(7), respectively, for the repeated thermal

B33-L33-A33
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cycles.
3. Results
3.1. Structural properties by SEM

The SEM micrographs (Fig. 2) provide qualitative insight into the
phase morphology of the PHB-PLA-PBSA blends as a function of
composition and processing. It should be noted that the images were
obtained after selective phase dissolution; therefore, the observed fea-
tures represent etched structures rather than the intact bulk
morphology. As a result, the analysis is limited to qualitative interpre-
tation and does not allow accurate determination of domain size or
detailed interfacial characterization.

Across all compositions, the micrographs indicate the presence of
droplet-matrix, lamellar, and partially co-continuous morphologies,
depending on blend composition and phase compatibility. The binary
B75-A25 blend exhibits a typical droplet-matrix structure, where the
PBSA phase appears as dispersed domains within the PHB matrix
(Fig. 2a). In contrast, the L75-A25 blend shows a more homogeneous
and continuous morphology with lamellar features, suggesting
improved phase interaction between PLA and PBSA (Fig. 2b). The
ternary system B33-L33-A33 displays a mixed morphology, combining
droplet-like domains with lamellar structures (Fig. 2c¢), indicating par-
tial phase continuity alongside dispersed phases. For the ternary systems
with asymmetric compositions, the PHB-rich blend (B50-L25-A25) ex-
hibits a more heterogeneous structure with irregular and coarser fea-
tures (Fig. 2d), whereas the PLA-rich blend (B25-L50-A25) appears
comparatively finer and more uniform, with smaller dispersed features
and a more pronounced co-continuous character (Fig. 2e).

A qualitative comparison between 0°- and 90°-printed samples and
compression-molded sheets indicates broadly similar morphological
features for a given composition. However, because no strictly matched
side-by-side imaging analysis was performed, subtle processing-induced
differences cannot be excluded. Therefore, the present SEM observations
suggest that compositional effects are prominent, while the influence of
processing should be interpreted with caution and regarded as qualita-
tive rather than definitive. Overall, ternary blends exhibit increased
morphological complexity compared to binary systems, reflected in
rougher and more heterogeneous etched surfaces, which is consistent
with previous reports [55,57].

B50-L25-A25

B25-L50-A25

ﬂ\""_’

Fig. 2. SEM cross-section fracture surface of the (a) B75-A25, (b) L75-A25, (c) B33-L33-A33, (d) B50-L25-A50, (e) B25-L50-A25 blends from 0° (without quotation

mark), 90° (single quotation mark), and sheets (double quotation mark) samples.
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3.2. Rheology

The rheological properties of both neat polymers and blends are
crucial for optimizing extrusion-based additive manufacturing processes
[69,70]. Furthermore, rheological behavior determines how stress is
stored and relaxed in the material, which directly affects shape memory
programming and recovery. Fig. 3a and 3 b present the storage modulus
(G") and loss modulus (G") as functions of angular frequency. Blends with
finer morphologies and smaller characteristic domain sizes, such as
L75-A25 (binary) and B33-L33-A33 (ternary), exhibit comparatively
higher storage modulus values (Fig. 2, Fig. 3a and b), consistent with
enhanced interfacial interactions and more efficient stress transfer be-
tween phases. Neat PHB and PBSA exhibit a crossover between G’ and G’
(r = 1/w), indicating a transition from viscous-dominated behavior at
low frequencies to a more elastic melt response at higher frequencies,
which reflects the presence of longer relaxation modes [71,72]. In
contrast, neat PLA and all PHB-PLA-PBSA blends show G" > G’ over the
entire experimentally accessible frequency range, indicating predomi-
nantly viscous melt behavior with a limited contribution from long
relaxation modes.

The complex viscosity function |7*| as a function of angular fre-
quency, is shown in Fig. 3c and 3 d. All blends exhibit shear-thinning
behavior, which facilitates stable extrusion through the nozzle at high
shear rates while maintaining sufficient viscosity at lower shear rates to
preserve shape fidelity after deposition. PLA-rich and ternary blends
display viscosity levels comparable to neat PLA, whereas B75-A25 ex-
hibits the lowest viscosity among the investigated compositions. As re-
ported in the literature, neat PHB degrades over time at temperatures
near or above its melting temperature, demonstrating a drop in viscosity
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at lower frequencies [73-75].
The complex viscosity functions were fitted using the Carreau-
Yasuda model [76-78]:

n-1

(1+40"T

I’ = |mo ®

where |57*| and |i7;| are the complex viscosity and zero-shear complex
viscosity magnitudes, respectively, A is the relaxation time, a is a
dimensional parameter, and n corresponds to the power-law index. A
summary of the calculated rheological parameters is presented in
Table A.1.

Of particular importance is the characteristic relaxation time A,
which spans nearly two orders of magnitude across the investigated
materials. Neat PBSA exhibits the longest relaxation time (A =~ 0.100 s),
whereas L75-A25 shows a markedly shorter relaxation time (A ~
0.002s), accompanied by pronounced shear-thinning behavior
(n = 0.25). The intermediate relaxation times observed for ternary
blends (A ~ 0.016-0.029 s) reflect a balance between viscous flow and
elastic response, which is consistent with their moderate shape-memory
performance discussed in subsequent sections.

Overall, these rheological trends demonstrate that blending PHB,
PLA, and PBSA enables tuning of melt behavior between more elastic,
relaxation-dominated systems (PBSA-rich) and highly flowable, rapidly
relaxing systems (PLA-rich), thereby optimizing the materials for fused
granule fabrication while establishing relaxation timescales favorable
for efficient shape memory programming and recovery [79,80].
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3.3. Dynamic Mechanical Thermal Analysis

DMTA was performed to evaluate the thermomechanical transitions
and viscoelastic behavior of the neat polymers and their blends. The
temperature dependence of the storage modulus E/, loss modulus E’, and
damping factor tan § is shown in Fig. 4a—c, while the corresponding T,
determined from E” and tan & peaks are summarized in Table 3. The
curves of E, E’, and tan & for the neat polymers are provided in Fig. A.2.

At sub-ambient temperatures, all materials exhibit high E' values
characteristic of the glassy state. PLA-based blends, except B33-L33-
A33, maintain elevated E values over a broader temperature range,
indicating improved structural integrity and efficient load transfer be-
tween phases. Thus, the addition of PLA to blends increased the blend's
crystallinity, helping to attain superior storage modulus values up to the
PLA's glass transition temperature. In contrast, PHB exhibits broader,
lower-temperature relaxation features, reflecting increased heteroge-
neity in segmental mobility due to constraints imposed by its semi-
crystalline morphology. As the temperature increases, the E' of all
blends gradually decreases, reflecting an increase in polymer chain
mobility. A steep decline is observed in PLA-containing blends between
52.2 and 67.6 °C, corresponding to the glass transition temperature of
PLA (Table 3). The E’ curves (Fig. 4b) show one or more peaks that
represent different molecular motions in the material attributed to the
glass transition. Neat PLA and PHB show single E’ maxima at 60.6 °C and
21.0 °C, respectively, while PBSA exhibits a transition near —23.7 °C.
Commonly, polymer blends that display combined or shifted transitions,
confirming the coexistence of different separate phases [34,81]. For
example, B75-A25 shows two distinct relaxations (—31.5 °C and 12.5
°C), consistent with PBSA- and PHB-related segmental motions. Simi-
larly, L75-A25 exhibits two peaks at —25.8 °C and 59.1 °C,
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Table 3
Glass transition determined from tan 8 and loss modulus E" peaks.

Sample Polymer tan § peak(s), Ty (°C) E" peak(s), Tg (°C)
PHB 24.7 21.0
PLA 67.2 60.6
PBSA -16.5 -23.7
B75-A25 PHB 17.9 12.5
PBSA -26.3 -31.5
L75-A25 PLA 67.6 59.1
PBSA -22.1 -25.8
B33-L33-A33 PHB 20.8 18.1
PLA 55.2 52.2
PBSA -33.7 -36.7
B50-L25-A25 PHB 24.8 18.5
PLA 59.0 56.2
PBSA -34.7 -36.7
B25-L50-A25 PHB n/d n/d
PLA 63.5 55.2
PBSA -21.4 -24.7

n/d - not detectable

corresponding to the PBSA and PLA domains, respectively. Ternary
compositions such as B33-L33-A33 and B50-L25-A25 reveal three
overlapping relaxations (—36.7 °C; 18.1-18.5 °C; 52.2-56.2 °C). The
presence of multiple transitions, rather than a single,
composition-dependent T supports previous observations in rheology,
namely the limited miscibility and phase-separated morphologies
observed in the SEM images (Fig. 2), where droplet-matrix and
co-continuous structures were evident, depending on composition.

The tan 8 curves (Fig. 4c) further confirm these findings. Neat PLA
exhibits a sharp peak at 67.2 °C, while PHB and PBSA show lower-
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temperature transitions at 24.7 °C and —16.5 °C, respectively. In the
blends, the tan & peaks shift with composition, reflecting interfacial in-
teractions and phase distribution. For example, the B25-L50-A25 blend
shows a dominant relaxation at 63.5 °C and a minor feature near —21.4
°C, indicating that PLA forms the continuous phase (Fig. 4e). The lower
damping peak in PLA-rich blends reflects reduced segmental motion and
enhanced interfacial adhesion, suggesting that amorphous chains are
more constrained by interphase regions, leading to a more elastic and
less dissipative response. This behavior aligns with the rheological and
morphological observations discussed above, confirming that the ther-
mal, viscoelastic, and structural characteristics are closely interrelated
and collectively govern the printability, phase stability, and overall
mechanical performance of the bio-based polymer blends.

The Ty is traditionally regarded as a critical design parameter for
SMP programming; however, its value can vary significantly depending
on the characterization method used. Data on the Ty values of the pro-
duced blends, determined from tan & and loss modulus peaks, are
compared in Table 3. According to tan § data, the highest T (67.6 °C)
was observed for the L75-A25 blend, while the lowest T, (55.2 °C) was
recorded for the B33-L33-A33 blend. The T, values for other blends fall
between these two values. In all cases, the T, values determined from the
loss modulus peak were found to be 2.0-9.0 °C lower than those ob-
tained from the tan & peaks. The L75-A25 blend also exhibited the
broadest glass transition region, with a AT of 67.6 °C, followed by the
B25-150-A25 blend, which showed a slightly narrower AT of 63.5 °C.
ATg was calculated as the temperature difference between the onset and
endset of the tan § peak. The onset and endset temperatures were
defined based on the inflection points on the rising and descending sides
of the tan & peak, respectively. The uncertainty associated with this
determination is estimated to be + 4.0 °C. A broad glass transition re-
gion offers greater flexibility in selecting programming temperatures for
shape memory behavior, thereby enhancing adaptability across various
applications [37].

3.4. Differential Scanning Calorimetry (DSC)

DSC was performed to compare the thermal behavior of
compression-molded and 3D-printed samples and to assess their "as-
produced" thermal properties. Fig. 5 shows the first-heating scans,
where all characteristic thermal transitions are evident, including the
melting temperature (Ty), PLA glass transition temperature (Tg), and
PLA cold crystallization temperature (T¢.). Thermal parameters extrac-
ted from the first-heating curves for both processing routes are sum-
marized in Table 4.

Both binary and ternary blends consistently exhibited melting tran-
sitions attributable to their respective constituents. The heating scans
showed prominent melting events at 169.6-175.4 °C, corresponding to

(a)

Compression-molded

(b)
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Table 4
Calorimetric properties of compression-molded and 3D printed samples of PHB,
PLA, PBSA binary and ternary blends.

Sample Polymer  Compression-molded 3D printed

Tm Ty Tee Tm (°C) Ty Tee

(9] (9] {9 (4] (9]

B75-A25 PHB 173.5 n/a n/a 174.4 n/a n/a

PBSA 86.6 n/a n/a 87.2; n/a n/a

112.9

L75-A25 PLA 171.8 60.6 91.7 170.6 60.5 86.4

PBSA 84.3 n/a n/a 114.6 n/a n/a

B33-L33- PHB 173.8 n/a n/a 173.0 n/a n/a
A33

PLA 173.8 60.6 96.7 173.0 59.5 93.6

PBSA 86.7 n/a n/a 87.2 n/a n/a

B50-L25- PHB 171.0 n/a n/a 175.3 n/a n/a
A25

PLA 171.0 59.6 93.8 175.3 58.9 94.8

PBSA 85.4 n/a n/a 87.1 n/a n/a

B25-L50- PHB 172.1 n/a n/a 169.6 n/a n/a
A25

PLA 172.1 58.6 95.4 169.6 60.2 92.0

PBSA 86.4 n/a n/a 111.9 n/a n/a

n/a — not applicable

PHB and PLA. As expected, ternary systems displayed overlap of these
melting peaks, likely due to similar macromolecular interactions of
PHAs and PLA [82].

PBSA demonstrated more complex melting behavior. Although the
manufacturer reports a PBSA melting point of approximately 84 °C [83],
the blends exhibited PBSA-related melting peaks in two distinct regions:
84.3-87.2 °C and 111.9-114.6 °C. The multiple PBSA melting peaks
indicate melting-recrystallization behavior during heating. The lower
melting temperature corresponds to the melting of the less stable crys-
tals. In contrast, the peak at a higher temperature was attributed to the
melting of more stable crystals that form during heating [84-86].

Lower PBSA Ty, values indicate restricted PBSA crystallization within
the PLA/PHB-rich matrix. Restricted chain mobility and impeded
lamellar growth lead to thinner, less perfect crystals, consistent with
Gibbs-Thomson predictions [56,87]. While blends showing an upward
shift in PBSA Ty, indicate partial enhancement of PBSA crystal devel-
opment, suggesting the formation of more stable and thicker lamellae.
The effect was more pronounced in 3D-printed samples, consistent with
slower cooling and enhanced crystal development.

Cooling curve (Fig. A.3 and corresponding data (Table A.2)) reveals
two crystallization peaks for all binary and ternary blends, except for the
L75-A25 3D printed sample. The presence of PBSA promoted crystalli-
zation of PLA, resulting in crystallinity of 13.0%. PHB exhibited a
crystallization peak in the range of approximately 111.0-119.0 °C and

3D printed
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L75/A25
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—— H50/L25/A25
—— H25/L50/A25
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Fig. 5. First-heating DSC thermograms of (a) compression-molded sheets and (b) 3D-printed samples for binary and ternary PHB-PLA-PBSA blends.
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was characterized by higher crystallinity (y) values varying between
42.6% and 60.1%. In contrast, PBSA crystallization peak shows at lower
temperatures, around 46.8-59.1 °C, with y values in the range of
approximately 16.1-22.7%.

PLA's Tg is typically observed near 60 °C [88]. In both
compression-molded and 3D-printed samples, the Ty remained consis-
tent (58.6-60.5 °C), indicating that the processing method does not
significantly alter the segmental mobility of PLA. PLA commonly ex-
hibits a T, during heating [89]. The lower T, of the 3D-printed samples
suggests enhanced heterogeneous nucleation of PLA by PHB and PBSA
domains. Additionally, both PHB and PBSA are known to accelerate PLA
crystallization, acting as nucleating agents [90,91].

3.5. Mechanical properties

The stress—strain curves of 0°-printed samples tested at 20 and 60 °C
are presented in Fig. 6, while 90°-printed samples showed comparable
deformation behavior. The temperature dependencies of the tensile
behavior of the compression-molded blends are shown in Fig. A.4. At 20
°C, all samples exhibited high stiffness (1.09-1.54 + 0.03-0.19 GPa)
and tensile strength (21.93-31.06 + 1.28-6.16 MPa), characteristic of
deformation in the glassy state. At 60 °C, all blends exhibited a pro-
nounced reduction in modulus (0.56 + 0.06 GPa to 0.12 4+ 0.02 GPa)
and strength (17.80 +1.13 MPa to 7.34 + 0.39 MPa), marking the
transition to a rubbery state with enhanced chain mobility but reduced
load-bearing capacity. B75-A25 retained the highest modulus and
strength at this temperature but remained brittle, whereas the PLA-rich
blends showed the most pronounced softening, with a significantly
increased strain at break. Differences between 0°- and 90°-printed
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samples were relatively small and did not show a consistent trend in
tensile behavior.

These mechanical trends closely correlate with the observed
morphological features (Fig. 2). Blends with finer, co-continuous mor-
phologies, particularly those with a PLA-rich composition, exhibit
enhanced ductility and greater strain at break, attributed to improved
phase continuity and stronger interfacial adhesion between the com-
ponents. In contrast, the droplet-matrix morphology of B75-A25 blend
remained brittle and showed limited elongation. The presence of irreg-
ular, large droplet domains in PHB-rich blends further indicates lower
mechanical uniformity and reduced strength. Elevated temperatures
intensified these effects, highlighting the critical role of phase hetero-
geneity and morphological complexity in determining the overall me-
chanical response. Moreover, 3D-printed blends exhibited higher
stiffness and strength (Fig. A.4). This suggests that printing-induced flow
alignment, together with partial phase redistribution and orientation,
contributes to improved load transfer and localized reinforcement along
the extrusion path [10,55,67]. Overall, the correlation between
morphology and mechanical response confirms that phase continuity
and interfacial compatibility are key factors governing the deformation
behavior of both compression-molded and 3D printed blends.

3.6. Shape memory properties

Shape fixity in SMP depends primarily on three factors [33,40,92]:
(i) the programming temperature (Tp), (ii) the programming strain (),
and (iii) the fixation time (ty), i.e., the time allowed for stress relaxation.
Based on the DMTA results and the glass transition range of the
blends, three representative programming temperatures were selected:

3D printed

[ 0°- printed (20 °C) [ O° - printed (60 °C)
[_190° - printed (20 °C) [l 90° -printed (60 °C)

(b) 5,

1.8

ABRB 1 98-R2D | 502D

5 5 5
g1s-h 752 8502 gos

B33

3D printed

360
320

]

240 ~
;\?200 R

1

I
' '

(
®
S o
N

Strain at break
o

-
o
L

(&)}
1

43 A3 p25

p25
g3 025"

5 5
p1sA®  \15-h2 925

A 50

Fig. 6. Tensile test data for 3D printed samples: (a) representative stress-strain curves for 0°-printed samples at 20 °C (solid lines) and 60 °C (dashed lines); (b) elastic

modulus; (c) strength; and (d) strain at break for 0°- and 90°-printed samples.
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40 °C (cold), 60 °C (warm), and 80 °C (hot) (Fig. 4d). These correspond
to the glassy region, the glass transition region, and the rubbery state,
respectively, which are known to strongly influence molecular mobility
and SME behavior [33,38,40].

3.6.1. Effect of programming strain

The effect of programming strain was investigated using two bending
configurations with different radii. Method 1 ("U-bend") corresponds to
a higher strain, where samples were bent over a glass cylinder with an
outer radius of 8 mm, resulting in an inner bending strain of e, = 1.88%.
Method 2 ("semicircle") applies a lower strain, where a glass cylinder
with an outer radius of 21.4 mm was used, corresponding to e, = 0.70%
(see Section 2.4.6, Fig. 1b). Representative photographs of the samples
in their temporary and recovered shapes for both methods are shown in
Fig. 7.

The calculated SME coefficients, as shape fixity (Rf) and recovery
(R,) ratios of the blends, obtained by both methods, are summarized in
Table 5. Both methods yielded comparable and repeatable results, with
Rf and R, values generally falling within the experimental scatter and
exhibiting similar trends across blends. Method 2, however, exhibited
greater variability than Method 1. Method 1 could not be applied to B75-
A25 due to sample breakage at the higher bending strain.

Overall, programming strain within the studied range did not
significantly affect Rfand R, values, except for B75-A25. For L75-A25, R¢
was consistently 100% in both methods, while R; decreased from 89.0
+ 4.5% (Method 1) to 77.5 + 14.8% (Method 2). B50-L25-A25 showed
moderate fixity (74.7 + 4.5% — 85.0 + 11.8%) but the highest recovery
values, remaining close to 90.0% in both cases. B25-L50-A25 achieved

Method 1
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excellent fixity (>98.0%) but somewhat lower recovery (84.7 + 7.1% —
85.0 + 7.0%). B33-L33-A33 demonstrated balanced performance, with
Rfof 90.5 + 2.5% - 93.3 + 6.7% and R, of 85.0 & 7.5% — 88.3 + 3.2%.
In contrast, B75-A25 in Method 2 exhibited the lowest Rf (39.5
+ 16.3%), while still maintaining a high recovery rate (88.5 + 4.9%).
Overall, 3D printing did not significantly affect the shape memory
performance of PLA-rich blends. For B50-L25-A25 and B33-L33-A33, the
printed samples exhibited slightly reduced fixity and recovery compared
to compression-molded sheets, yet still maintained reasonable shape
memory functionality. In contrast, B75-A25 displayed the weakest SME
response. R; values obtained by Method 2 were lower than those from
Method 1, despite the expectation that a lower programming strain
would favor recovery. Since the same tendency was also observed for
compression-molded samples, this discrepancy likely reflects methodo-
logical differences rather than intrinsic material properties.
Considering both fixity and recovery performance, the overall shape
memory efficiency of the blends can be ranked as: L75-A25 > B25-L50-
A25 > B33-L33-A33 > B50-L25-A25 > B75-A25. This sequence aligns
well with blend mechanical behavior (Fig. 6, Fig. A.4). The L75-A25
blend, which exhibited the highest tensile strength, also showed the
most pronounced SME response. The intermediate compositions (B25-
L50-A25, B33-L33-A33, and B50-L25-A25) demonstrated balanced
performance, emphasizing that the mechanical integrity and phase
morphology of the blends closely govern SME behavior. Blends with
more continuous or finely dispersed morphologies (Fig. 2), such as L75-
A25 and B25-150-A25, exhibited better interfacial adhesion and phase
compatibility, enabling efficient stress transfer and elastic recovery
during the SME cycle. Their co-continuous structures promote reversible

Method 2

Temporary shape Recovered shape

647 8o ) o2 i30a s e 3 g 001 2 N SERANERGIY S

Fig. 7. Representative photographs of shape memory performance of 0°-printed samples in U-bend (Method 1) and semicircle deployment (Method 2) tests, T, = 60

°C, t;=20s.
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Table 5
Fixity and recovery ratios of compression-molded and 3D printed samples, T, = 60 °C, tr = 20 s.
Sample/orientation Method 1 "U-bend" ep = 1.88%
Compression-molded 3D printed
R (%) R; (%) Ry (%)
B75-A25 0° n/a n/a n/a
90° n/a
L75-A25 0° 100.0 £ 0.0 89.0 £ 4.5 100.0 £ 0.0
90° 100.0 £ 0.0
B33-L33-A33 0° 90.5 £ 2.5 85.0 £7.5 76.5 £ 0.7
90° 835+21
B50-L25-A25 0° 74.7 £ 4.6 91.7 £ 4.0 69.5 £ 2.1
90° 73.5£0.7
B25-L50-A25 0° 98.7 £1.3 847 +7.1 83.7+15
90° 94.0 £ 2.8

Method 2 "Semicircle" ep = 0.70%

Compression-molded 3D printed
R (%) R (%) Ry (%) R (%) Ry (%)
n/a 39.5+16.3 88.5 + 4.9 54.5 +13.4 735+ 21
n/a 61.5+6.4 69.5 £ 3.5
79.5+7.8 100.0 + 0.0 77.5+14.8 100.0 + 0.0 85.5+4.9
84.5 + 6.4 100.0 + 0.0 87.5+3.5
90.3 + 0.4 93.3 £6.7 88.3 +£3.2 88.0 +2.8 845+ 21
84.3+88 95.0 +£2.8 86.0 £ 1.4
89.0 £ 1.4 85.0 +£11.8 89.8 £9.1 87.5+21 79.5 £ 0.7
89.0 +1.4 86.0 + 2.8 91.5+0.7
88.0 £ 1.0 98.3 +1.7 85.0£7.0 98.6 + 1.4 86.0 £5.7
86.5 + 0.7 100.0 £ 0.0 85.5 + 6.4

chain rearrangement, enhancing both fixation and recovery. Conversely,
blends with droplet-matrix morphologies, particularly B75-A25,
showed poor interfacial contact and localized stress accumulation,
limiting deformation reversibility and leading to early fracture during
programming [93]. These observations confirm that shape memory
functionality in PHB-PLA-PBSA systems is morphology-controlled: finer,
interconnected phases facilitate strain storage and recovery. Thus,
optimizing blend composition and phase uniformity is crucial to
achieving reliable and repeatable SME behavior in both
compression-molded and 3D-printed systems.

3.6.2. Effect of programming temperature

Temperature dependences of R¢ and R, of the blends determined by
Method 2 with t; = 20 s are presented in Fig. 8. Similar dependences
were also obtained by Method 1. Shape fixity R¢ increased with pro-
gramming temperature, showing the most substantial improvement
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between 40 °C and 60 °C, which corresponds to the onset of the glass-
rubbery transition (see Table 3). At 80 °C, nearly perfect fixation (R¢
~ 100%) with good repeatability was achieved for all blends except B75-
A25, which fractured during bending. At 40 °C, Ry was much lower,
remaining below 50.0% for most blends.

In contrast, R; showed no explicit temperature dependence and
remained relatively stable at 80.0-90.0% across all blends, though with
greater scatter than Rs. Among the systems, L75-A25 demonstrated the
best SME, combining excellent fixation (R = 100% at 60-80 °C) with
high recovery (R; =~ 85.0-90.0%), indicating robust shape programming
and reliable recovery. Despite differences in fixation ability, recovery
ratios across blends were similar, and no delayed recovery effects were
observed. The recovered shapes remained stable for several days under
ambient conditions. No further quantitative assessments were con-
ducted during the post-observation period.

Fig. 8c and d illustrate the effect of printing orientation on the shape
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Fig. 8. Fixity and recovery ratios of (a, b) compression-molded and (c, d) 0°- and 90°-printed samples at various programming temperatures.
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fixity and recovery ratios of the printed samples. Rf exhibits excellent
repeatability for both 0° and 90° printing orientations. The 90°-printed
specimens consistently achieve slightly higher R¢ values than the 0°-
printed ones; however, in both cases, the Rf values remain approxi-
mately 5.0-10.0% lower than those of the corresponding compression-
molded samples (Fig. 8a and b). In contrast, R; shows the opposite
trend, gradually decreasing with increasing programming temperature.
Orientation-related differences are minor, although 90°-printed samples
tend to exhibit marginally higher fixity and lower recovery than their 0°-
printed counterparts, likely due to anisotropic structural features and
variations in stress transfer efficiency [20,21]. The observed increase in
Rfand decrease in R, with temperature reflect the growing contribution
of irreversible plastic deformation in the rubbery state [67]. This bal-
ance highlights that high programming temperatures improve fixation
but partially compromise recovery ability.

3.6.3. Effect of SME cycles

Fig. 9a shows the evolution of the fixation Rf and recovery R; ratios
for compression-molded samples of L75-A25, B25-L50-A25, and B33-
L33-A33 as a function of the number of SME cycles. Blends B75-A25
and B50-L25-A25 were not included in the cyclic SME tests due to
their brittleness and insufficient shape memory performance. Among the
studied compositions, L75-A25 sheets exhibited the most stable perfor-
mance, maintaining an excellent fixation ratio close to 100% even after
15 cycles. In contrast, B25-L50-A25 and B33-L33-A33 sheets showed
lower fixation stability, with R¢ gradually decreasing as the number of
cycles increased. Recovery ratios R, decreased progressively for all three
blends, following a similar trend of deterioration with increasing cycle
number. This decline can be attributed to stress-relaxation phenomena
and structural failure, which, during repeated deformation and recovery
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cycles, lead to the gradual release of stored internal stresses, chain
disentanglement, and the accumulation of microdamage [30]. As a
result, the driving force for shape recovery diminishes over time [62,66,
67]. B33-L33-A33 samples failed after 7 cycles, suggesting that this
composition lacks sufficient network stability to withstand repeated
programming and recovery.

These results demonstrate that L75-A25 sheets exhibit superior
durability and cyclic stability of SME, whereas B25-L50-A25 and B33-
L33-A33 suffer from progressive fatigue-induced degradation. These
cyclic SME trends correlate well with the morphological features
observed in SEM (Fig. 2). For example, B33-L33-A33 possess coarser,
partially phase-separated structures that promote interfacial debonding
and microvoid growth during repeated loading. Such morphological
heterogeneity accelerates fatigue-induced damage and loss of SME
function [67]. Overall, these results directly link the microstructure to
the long-term performance of bio-based SMP blends.

Fig. 9b, ¢, d presents the evolution of the R¢and R; of 3D printed L75-
A25, B25-1.50-A25, and B33-L33-A33 samples during cyclic SME testing.
Printed samples demonstrated higher durability than compression-
molded sheets, maintaining their functionality after 15 cycles without
catastrophic failure. R¢ of 3D-printed samples was generally lower than
that of compression-molded sheets. In contrast, compression-molded
blends exhibited more pronounced degradation of R¢ (Fig. 9a). The R;
of 3D printed samples was consistently higher than that of the
compression-molded sheets, confirming the improved reversibility of
deformation in the printed structures. The layer-by-layer printed ar-
chitecture may facilitate stress redistribution and mitigate the accu-
mulation of localized damage that typically develops in bulk sheets [62,
66,67]. This structural heterogeneity likely enhances resistance to crack
initiation and propagation, allowing printed samples to sustain repeated
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Fig. 9. Fixity (R¢) and recovery (R,) ratios of (a) compression-molded and (b, ¢, d) 3D printed samples as functions of SME cycle number; T, = 60 °C.
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SME cycles without significant performance loss [5-7].

90°-printed samples exhibited slightly higher R¢ values than 0°-
printed samples. The anisotropic nature of the printed microstructure
can explain this behavior. In 0°-printed samples, the molten strand paths
are oriented along the thickness direction; therefore, during bending,
the deformation is accommodated more uniformly within the contin-
uous strands, which favors recovery. In contrast, in 90°-printed samples,
the molten strands are oriented across the bending direction, which
more strongly constrains deformation and thus enhances fixation.
However, this same orientation amplifies stress concentrations at
interlayer interfaces, thereby reducing the amount of recoverable elastic
energy and lowering recovery efficiency [10].

3.6.4. Effect of programming time

Fig. 10 illustrates the effect of programming time on the SME
behavior. The effect was investigated in the cold-programming regime
using a L75-A25 compression-molded blend as a representative
example, with the programming temperature set at 40 °C, corresponding
to the onset of the glass-to-rubbery transition (Table 3, Fig. 4d). At
higher programming temperatures, relaxation processes occur rapidly
and fixation is almost instantaneous, making the study of time effects
less relevant.

The R¢ increases with fixation time, reflecting the progressive stress
relaxation that allows the temporary shape to be more effectively locked
in. This trend is cumulative, as successive cycles lead to further stabili-
zation of Ry (Fig. 10 b), suggesting that prolonged relaxation promotes
more efficient molecular rearrangement during fixation. In contrast, the
R; exhibits an opposite tendency, gradually decreasing with longer
loading times and with increasing cycle number. Such opposing ten-
dencies demonstrate the viscoelastic interplay between the stabilization
of the temporary shape and the retention of recovery force [94]. How-
ever, when the programmed samples were subsequently heated above Ty
(~70°Q), all samples, regardless of fixation time, recovered to the same
R; of approximately 80.0%, consistent with the earlier tests. This dem-
onstrates that the time-dependent reduction in R, observed at 40 °C is
primarily associated with the viscoelastic response of the blends rather
than irreversible viscoplastic deformation, and that recovery capacity is
preserved as long as sufficient thermal mobility is provided [95]. The
L75-A25 blend demonstrates the ability to be effectively programmed at
relatively low or "cold" temperatures, offering clear advantages in
reduced energy input and broader application potential.

3.7. Discussion and Perspectives

Currently, SMPs are mainly being developed for their unique func-
tional performance. Their reversible deformation and diverse actuation
mechanisms enable applications in biomedical devices, soft robotics,
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and 4D printing [9]. Bio-based SMPs are an emerging direction driven
by biocompatibility [96], providing a promising platform for biomedical
applications, as well as by sustainability goals aimed at reducing reli-
ance on fossil resources and pollution [97].

Boonnao et al. [98] demonstrated that high-performance shape--
memory behavior in 4D-printed polymers can be achieved by forming
interpenetrating polymer networks via dual-curing processes. This
approach resulted in near-complete shape fixity and recovery, as well as
stable cyclic performance. However, such systems rely on relatively
complex processing routes and thermoset-based chemistries. Rahmata-
badi et al. [81] investigated the shape memory behavior of PLA/PBAT
blends processed via Fused Deposition Modeling (FDM) 3D printing.
They reported that increasing the PBAT content significantly reduces the
recovery time, with shape recovery above 90% achieved in less than 2 s
for blends containing 45 wt% PBAT. However, this improvement in re-
covery speed was accompanied by a slight decrease in the final recovery
ratio. Rahmatabadi et al. focused primarily on composition-dependent
recovery speed, the results here show that comparable or improved
SME performance can be achieved through control of processing con-
ditions, including anisotropy introduced during FGF printing and pro-
gramming temperature. Hamidi et al. [99] investigated the shape
memory behavior of PLA/thermoplastic polyurethane (TPU) blends
fabricated via FDM 3D printing and reported that increasing TPU con-
tent reduced recovery to approximately 82-84% compared to PLA’s R;
~ 97.0%. The authors showed that printing parameters significantly
influence shape recovery, with layer thickness and raster angle
contributing the most (36-40% and 35-39%, respectively). In contrast,
the shape fixity ratio (Rf ~ 95.0-99.0%) remained high and was largely
insensitive to processing conditions. Song et al. [100] showed that
compatibilization significantly improved shape fixity in PLA/ poly
(caprolactone) PCL blends, increasing R¢ from 55.0% to 93.0%, while
maintaining high recovery (R; ~ 100%). This highlights the importance
of interfacial compatibility between different polyesters. In the present
study, PBSA exhibits good compatibility with PLA, which contributes to
the high shape memory performance without the need for additional
compatibilization.

The findings suggest that simple and sustainable material systems
can provide competitive performance without relying on complex
chemistries. In addition, the present work provides a systematic exper-
imental dataset linking composition, processing route, and program-
ming conditions.

4. Conclusion
Shape memory performance of PHB/PLA/PBSA blends depends on

the combined effects of composition, processing route, and program-
ming conditions. The overall etched phase morphology was similar for
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Fig. 10. (a) Fixity (Rg) and recovery (R,) ratios of PLA75/PBSA25 compression-molded blend at various fixation times; (b) R¢ and R; in three SME cycles; T, = 40 °C.
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compression-molded and FGF-processed samples, but the printing pro-
cess introduced orientation and structural anisotropy, which influenced
the mechanical behavior and cyclic durability.

All blends exhibited non-Newtonian, shear-thinning behavior suit-
able for FGF 3D printing, with ternary systems showing improved
elasticity and melt stability compared to binary formulations. Thermal
and dynamic mechanical analysis results indicated that PLA-rich blends
maintained higher stiffness and stronger phase coupling, while PHB
contributed to broader relaxations. The tensile properties of the 3D
printed samples were comparable to those of the compression-molded
samples, suggesting that the FGF process can achieve similar mechani-
cal performance.

Among the investigated compositions, the PLA-rich blend (L75-A25)
showed the best balance between mechanical properties and shape
memory performance. L75-A25 compression-molded samples exhibited
Rf =100% and R; = 89.0%, while 3D-printed samples (0°) showed
similar fixity and higher recovery (R, = 79.5%). After 15 cycles, re-
covery decreased to = 46.0% for compression-molded samples and
~ 76.0% for 3D-printed samples, while fixity remained close to 100%.
90°-printed samples exhibited marginally higher fixity but lower re-
covery, confirming that anisotropy primarily affected mechanical load
transfer rather than intrinsic SME response. Programming temperature
is a key parameter: warm programming (60 °C) resulted in the most
consistent performance, whereas cold (40 °C) and hot (80 °C) pro-
gramming led to reduced fixity or recovery.

A strong correlation was established between stiffness, phase conti-
nuity, and shape memory efficiency. The results also suggest that shape
memory behavior in these bio-based blends can be adjusted through
processing and programming conditions without changing composition.
This is relevant for the design of sustainable 4D-printed components,
where both mechanical performance and functional response need to be
controlled.
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