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Abstract

Four dimensional printing of shape memory polymers (SMPs) holds significant promise for
addressing irregular bone defects. The incorporation of SMPs with the ability to adopt multiple
shapes greatly enhances the performance of 4D-printed scaffolds. These smart scaffolds not only
provide crucial structural support but also actively interact with cells to promote and enhance
regenerative processes. In this study, we successfully developed novel triple-SMPs with two dis-
tinct transition temperatures (T, = 34 °C and Ty, = 56 °C). By melt blending biocompatible ther-
moplastics, including polycaprolactone, thermoplastic polyurethane, and Poly (lactic-co-glycolic
acid) (PLGA), at different weight ratios, we achieved over 90% shape recovery ratios during two
sequential recovery processes. Shape memory tests revealed that the weight ratio of PLGA in the

polymer composition influenced the shape fixity and shape recovery of programmed structures at
body temperature. Subsequently, the developed SMPs were utilized for 4D direct ink writing print-
ing of smart bone scaffolds. The SMPs exhibited excellent printability, enabling successful print-
ing at 220 °C and 200 kPa, resulting in 3D-printed scaffolds with uniform and interconnected pore
distribution, ensuring structural integrity. Furthermore, the 4D-printed scaffolds demonstrated
outstanding degradability, biocompatibility, and mechanical properties comparable to human tra-

becular bone. This work presents a robust and feasible approach for 4D printing of triple-shape
memory bone scaffolds, offering a promising solution for complex irregular bone defects.

1. Introduction

In recent years, extrusion-based 3D printing tech-
niques have shown promise in biomedical applica-
tions, particularly for fabricating bone scaffolds. By
depositing biomaterials layer by layer, these tech-
niques enable the creation of complex and cus-
tomized scaffolds with improved structural integrity
and biological functionality. However, efficient bone
defect repair remains a challenge in clinical settings.
Traditional 3D printing methods produce static con-
structs that cannot adapt to irregular bone defect
boundaries. To address this, the emerging field of
4D printing offers a solution. By introducing the
dimension of time, 4D printing allows scaffolds to

© 2026 The Author(s). Published by IOP Publishing Ltd

undergo shape and functional transformations in
response to stimuli like temperature [1]. This inno-
vative approach combines 3D printing with shape
memory polymers (SMPs), creating smart scaffolds
that dynamically adapt to complex defect shapes.
Thermo-responsive shape memory scaffolds have the
remarkable capability to deform from their primary
shape to a temporarily stable shape, which can then
be recovered upon exposure to heat. This unique fea-
ture allows the scaffolds to closely match the irregu-
lar contours of the target defect anatomy, promoting
better integration with the surrounding tissue.
Among the various types of SMPs utilized in 4D
printing, biocompatible polyesters like polycaprolac-
tone (PCL), poly (lactic acid) (PLA), polyurethane
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(PU), poly (ethylene glycol) (PEG), poly (D,L-lactic
acid-co-ethylene glycol-co-D,L-lactic acid) (PELA)
and their blends have demonstrated a high poten-
tial for biomedical applications including the fab-
rication of scaffolds in bone tissue engineering [2—
9]. However, most of the previously developed SMPs
for extrusion-based 4D printing of bone scaffolds are
dual-SMPs, which can only memorize one tempo-
rary shape. Miao et al [10] utilized castor oil cou-
pled with PCL triol to create shape memory scaf-
folds through indirect FDM printing. These scaffolds
achieved a temporary shape at —18 °C and demon-
strated a remarkable shape recovery rate of 92% upon
exposure to body temperature. Similarly, Hendrikson
et al [11] employed dual-shape memory PU in their
4D printing of scaffolds. After programming, cell
seeding onto the scaffolds in their temporary shape
resulted in mechanical stimulation that led to the
directional growth of cells and nuclei within the 4D-
printed SMP cell scaffold. Their finding highlighted
the positive impact of mechanical strains on cells dur-
ing the shape transformation of shape memory scaf-
folds. Wang et al [12] utilized the direct ink writing
(DIW) platform to fabricate biodegradable PU-PEO
scaffolds for bone tissue engineering, which exhib-
ited dual shape memory properties at 37 °C water.
Senatov et al [13—15] investigated shape memory PLA
and PLA/15 wt.% hydroxyapatite (HA) composite
bone scaffolds fabricated by FDM. The PLA/15%HA
scaffold demonstrated an impressive shape recovery
rate of 98%. Additionally, PELA and PELA/HA fila-
ments were synthesized for FDM printing of porous
scaffolds, exhibiting a shape recovery rate of over
90% with only one transition temperature of Tryans =
50 °C [16]. Furthermore, Fe;04/MBG/PCL compos-
ite scaffolds with excellent magnetic heating ability
and significantly stimulated proliferation were suc-
cessfully fabricated using the DIW method [17].
However, multi-SMPs are particularly attractive
because they can memorize and recover through
more than one temporary shape, enabling a more
sophisticated and controllable deployment process
compared to conventional dual-shape memory sys-
tems. In the case of triple-SMPs, two temporary
shapes can be sequentially programmed and recov-
ered through distinct thermal transitions. This capa-
bility is especially relevant for bone tissue engi-
neering, where scaffolds often need to be delivered
through minimally invasive procedures and subse-
quently adapt to complex defect geometries. The first
recovery stage can be designed to occur at or near
physiological temperature, allowing the scaffold to
partially expand after implantation and establish inti-
mate contact with the surrounding defect bound-
aries. Such a recovery process may facilitate improved
defect filling, enhanced fixation, and reduced surgi-
cal manipulation compared with conventional static
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scaffolds [18]. In addition to improving scaffold
deployment, the second recovery stage introduces an
additional level of shape programmability that may
be exploited to provide controlled mechanical stim-
ulation to cells. Previous studies have demonstrated
that shape recovery in 4D-printed shape mem-
ory scaffolds can influence cell morphology, align-
ment, and cellular behavior by generating dynamic
mechanical cues during scaffold transformation [11].
Therefore, the sequential recovery behavior of triple-
shape memory scaffolds may offer unique opportu-
nities not only for minimally invasive implantation
and defect adaptation, but also for the development
of dynamic cell-instructive scaffolds capable of deliv-
ering staged mechanical cues during tissue regener-
ation. These unique characteristics position triple-
shape memory scaffolds as a promising class of smart
biomaterials for next-generation bone tissue engi-
neering applications.

One way to achieve thermally induced triple-
shape memory is to fabricate physically crosslinked
thermoplastic polymer blends that combine semi-
crystalline and amorphous polymers with distinct
crystallization and glass transition temperatures. The
presence of crystalline and glassy domains within
this polymer system serves as physical cross-links,
which contribute to the triple shape memory effect
(SME). Additionally, the effect is influenced by the
composition-dependent glass transition temperature
(Tg) and polymer entanglement [2, 19].

The primary objective of this research study is to
integrate DIW 4D printing technology4 with inno-
vative triple-SMPs, enabling the fabrication of ther-
moresponsive smart scaffolds capable of undergo-
ing deformation and adopting two distinct shapes.
To achieve this, a combination of biocompatible
polymers, namely PCL, thermoplastic polyurethane
(TPU), and PLGA, with separate crystallization and
glass transition temperatures, is utilized. The PCL
and TPU blend, recognized for its exceptional fix-
ity and recovery performance in shape memory
applications, is selected in a 50:50 ratio due to its
low transition temperature [20-23]. On the other
hand, the amorphous polymer PLGA, known for
its high biodegradability and tunable glass transi-
tion temperature matching the body temperature,
is incorporated to achieve the SME through poly-
mer entanglements as physical cross-link points [24].
To realize the desired triple-shape memory behav-
ior, PLGA is incorporated as the minor phase in
three different weight ratios within the PCL/TPU
blend. The physiochemical properties, morphology,
shape memory performance, and printability of the
developed SMPs are extensively evaluated, consid-
ering the impact of the DIW printing technique
on material printability. Subsequently, the smart
polymers are utilized for DIW printing of porous
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scaffolds, which are comprehensively evaluated for
morphology, structural integrity, mechanical proper-
ties, hydrolytic degradation, and cell cytocompatibil-
ity. This comprehensive evaluation aims to provide a
thorough understanding of the performance and suit-
ability of the 4D printed triple shape memory scaf-
folds for future bone tissue engineering applications.

2. Experimental procedures

2.1. Chemicals and raw materials

PCL with a density of 1.14 g cm > and poly (lactic-
co-glycolic acid), 50:50 (PLGA 50:50) with a den-
sity of 1.53 g cm > were provided by BOC Science
Co. Adipic acid-based TPU with a density of 1.21 g
cm™ purchased from redox plastics (Ellastolan).
Dulbecco’s modified eagle’s medium (DMEM), fetal
bovine serum (FBS), L-glutamine, 0.5% trypsin-
EDTA, and penicillin-streptomycin (pen-strep) were
purchased from Invitrogen/Gibco Co. A CellTiter 96®
AQueous One Solution cell proliferation assay kit was
purchased from Promega Co.

2.2. Material and sample preparation

Using a twin-screw mixture (model: HAAKE Polylab
QCQC), (50 wt.% TPU/50 wt.% PCL)/PLGA blends with
different weight ratios of PLGA 10, 20 and 30 wt.%
were prepared. The mixing screw speed, tempera-
ture and period were set at 100 rad min~!, 150 °C,
and 10 min, respectively. Blended materials were first
cut into granules and then used for characterization
and direct write printing. The sample labels and cor-
responding compositions for all polymer blends are
summarized in table 1, where C represents pure PCL,
U pure TPU, and G pure PLGA.

2.3. Printability assessment

To assess the printability of the developed UC and
UCG SMPs, a series of printability experiments
were conducted using a pneumatic extrusion-based
3D bioprinter (BIO X CELLINK, Sweden). The
printer was equipped with a thermoplastic print-
head capable of withstanding temperatures up to
250 °C. Firstly, UCG granules were transferred into
a stainless-steel cartridge, which was then inserted
into the thermoplastic printhead. The printhead,
along with the cartridge, was attached to the BIO
X print box for further processing. To evaluate
the printability, a cubic 3D CAD model measuring
20 x 20 x 1 mm? (length x width x height) was
designed using SolidWorks software. The CAD files
were then imported into the BIO X printer, where the
Heart OSTM software was used to slice the model.
The model was sliced into a grid-like 4-layer scaffold
with a 40% infill density. During the printing process,
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Table 1. Sample names and corresponding compositions for all
UCG blends.

PLGA content PCL content  TPU content
Sample names (wt.%) (wt.%) (wt.%)
uC 0 50 50
10% G 10 45 45
20% G 20 40 40
30% G 30 35 35

Table 2. Optimized DIW printing parameters

for UCG SMPs.

Parameter Value
Nozzle diameter, mm 0.41
Pressure, kPa 200
Nozzle temperature, °C 220
Print bed temperature, °C 25
Layer height, mm 0.2
Print speed, mm s ™! 10
Infill percentage, % 40
Pre- and post-flow time, ms 0

all parameters were kept at their default settings in the
Heart OSTM software, except for the extrusion tem-
perature, which varied between 200 °C and 240 °C,
and the pressure, which ranged from 190 to 300 kPa.
These variations allowed for the evaluation of differ-
ent printing conditions and their impact on the print-
ability of the UC and UCG SMPs.

2.4. Scaffold design and fabrication

For the scaffold fabrication, a cylindrical structure
with a diameter of 10 mm and a height of 5 mm
was designed using SolidWorks software. The CAD
model was then sliced using the Heart OSTM soft-
ware, resulting in a rectilinear lay-down pattern with
a 40% infill density, equivalent to 60% porosity [25].
Scaffolds were then printed using the parameters
listed in table 2.

2.5. Cytotoxicity analysis by MTS assay

Human osteoblast-like MG-63 cells were purchased
from ThermoFisher Scientific. Cell proliferation was
evaluated using an MTS assay after culturing for 1 d,
3 d, and 7 d using the CellTiter 96 AQueous One
Solution kit (Promega Life Sciences). First, UC and
UCG scaffolds were cut into disk-shaped samples
(5 mm diameter and 1 mm height). The scaffolds were
then sterilized by immersing them in 75% ethanol
for 30 min. After this, each side of the scaffold was
exposed to UV light for 1 h. To improve cell attach-
ment, the scaffolds were then incubated overnight
in DMEM solution containing 10% FBS, 2 mM L-
glutamine, and 100 U ml™! penicillin-100 pg ml™!
streptomycin. Following this, the growth media was
removed, and the scaffolds were transferred to a new



10P Publishing

Biofabrication 18 (2026) 035035

96-well plate, and MG-63 cells were cultured at a den-
sity of 5000 cells per well. Upon testing, cells were
treated with media containing 20% MTS solution and
allowed to incubate for 1 h. Then, 100 ul of spent
media were transferred into a clear 96-well plate. The
absorbance of the plates at a wavelength of 490 nm
was read and recorded using a microplate reader.
The statistical data is presented as mean + standard
deviation. The data were analyzed using the two-way
analysis of variance method. Tukey’s multiple tests
were then used to evaluate the specific differences
of the data, and these differences were considered
statistically significant at different levels: ns = not
significant, *p < 0.05, **p < 0.01, ***p < 0.001,
**%p < 0.0001.

2.6. Characterization techniques

2.6.1. X-ray diffraction (XRD) analysis
Rectangular-shaped specimens with a size of
10 mm X 10 mm X 4 mm were printed for the XRD
test, and the crystalline and amorphous phase of
developed SMPs were characterized by using a Cu
source x-ray diffractometer (Aeris Research/Malvern
Analytical, United Kingdom). The XRD experiments
were carried out at an accelerating voltage of 5 kV and
an emission current of 1000 mA with step size 0.01
(20) from 10° to 80°.

2.6.2. Differential scanning calorimetry (DSC)

The thermal properties of the developed poly-
mers were investigated using DSC (NETZSCH
DSC 204F1 Phoenix) under a nitrogen atmosphere.
Samples weighing 15 mg each were encapsulated in
an aluminum pan with a lid, and the following heat-
ing and cooling cycles were applied to each sample:
The samples were first kept at —70 °C for 5 min, then
heated up to 150 °C at a heating rate of 10 °C min~!.
After this, to allow the samples to equilibrate, they
were kept at 150 °C for 5 min. Then the samples were
cooled down to —70 °C at a cooling rate of 10 °C
min . Following this, the samples were stabilized at
—70 °C for 5 min, and then the second heating cycle
ran up to 150 °C and at the same heating rate of 10 °C
min~!. In the end, the sample was kept at 150 °C for
5 min.

2.6.3. DMA

To study the thermal dynamic properties of UCG
materials, we conducted tests in single cantilever
mode using a TA Q800 instrument (New Castle, DE)
in ‘multi-frequency strain’ mode. Rectangular test
samples measuring 40 X 8 x 1 mm?’ were prepared
and tested over a temperature range of 25 °C-100 °C,
with a heating rate of 3 °C min~! and a frequency
of 1 Hz. To maintain a consistent temperature during
heating and cooling, liquid nitrogen was used.

N Sabahi et al

2.6.4. Morphology

Scanning electron microscopy (The Hitachi 34001
SEM, Japan) was used to evaluate the microstructure
and morphology of developed UCG polymers and
DIW-printed scaffolds. SEM imaging technique was
also used to examine the morphology of adhered cells
on the UCG scaffolds. The freeze-fractured surfaces of
all samples were prepared by submerging them in liq-
uid nitrogen (LN;), followed by breaking them man-
ually prior to SEM imaging. Prior to SEM imaging
and by using a sputter coater (Quorum, Q300 model),
all samples were platinum coated with a terminate
thickness of 15 nm and 30 mA sputter current.

2.6.5. Shape memory test

To assess the SME of the developed materials, a
U-bending test was conducted. Samples measuring
50 mm in length, 8 mm in width, and 1 mm in thick-
ness were prepared. The test was carried out in six
steps as follows: (1) the samples were heated to 70 °C
and bent from approximately 180° to 90° (61oadja)
and held at 45 °C for two minutes; (2) the sample was
kept at 40 °C without any external force for five min-
utes (6,4 ); (3) the sample was bent from 90° to 135°
(OLoaas) at 45 °C and then cooled to room tempera-
ture for two minutes; (4) the sample was kept at room
temperature free of force for five minutes (6,3); (5)
the sample was heated to 37 °C for the first recovery
(0pp); (6) the sample was then heated to 70 °C for
the second recovery (64 ). Photographs were taken at
the end of each step, and the actual angles were mea-
sured. The shape fixity (R¢) and recovery (R,) ratios
were defined as follows [26, 27]:

Re(X—=7Y)= (eu\Y_ gu\X) / (gLoad\Y_ eu\X) x 100
(1)

Re (Y= X) = (Oroadjy — Op|v) / (Broad)y — Oujx) * 100
(2)

X and Y represent different states of samples (two
temporary shapes and a permanent shape).

2.6.6. Mechanical properties of UCG scaffold

The mechanical properties of the 3D printed scaffolds
were evaluated by compression test using a universal
testing system (Instron testing machine 3369 model)
equipped with a 10 kN load cell. In accordance with
ASTM D695-15 standard, printed scaffolds (n = 3 per
group) were compressed based on an 80% deforma-
tion at a constant crosshead speed of 1 mm min~!
at room temperature. Scaffold surface area was mea-
sured prior to the mechanical assessment and the
slope of the straight-line portion of the stress—strain
curve was used to calculate the compressive modulus.
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2.6.7. Hydrolytic degradation

To evaluate the hydrolytic degradation of UCG scaf-
folds, disk-shaped samples with a diameter of 5 mm
and height of 2 mm were prepared and immersed in
phosphate-buffered saline (PBS) at 37 °C for 120 d.
The PBS solution was exchanged every two days to
ensure consistent conditions, and at regular weekly
intervals, the samples were removed, washed with
deionized distilled water, and dried in a vacuum oven
at 45 °C for 48 h. The weight loss of the scaffolds
was then recorded, and the percentage of remaining
weight was calculated using the formula (5-3):

Remaining weight = W¢/W; x 100 (3)

where Wy represents the weight of the scaffold at the
time of removal, and Wj represents the initial weight
before soaking on day 0.

2.6.8. Surface wettability

The surface wettability of all scaffolds was measured
by distilled water using theta optical tensiometer
(Attension, Biolin Scientific, Finland) equipped with
an auto dispenser and a video camera. A sessile DI
water droplet was placed on the cross section of the
UCG scaffolds, and images of the droplet spreading
over 60 s were recorded. For each drop, an average of
30 frames were analyzed, and the contact angles were
calculated.

3. Results and discussions

3.1. Preparation and characterization of triple
shape memory UCG

Among all kinds of thermo-responsive SMPs, the
physically crosslinked thermoplastic polymer blends
composed of semi-crystalline and amorphous poly-
mers with separated crystallization and glass tran-
sition is an important material system exhibiting
triple shape memory properties [27, 28]. TPU/PCL
binary blend was chosen as the main matrix, In the
TPU/PCL blend system, PCL crystalline domains act
as reversible switching segments controlling the shape
memory response, while the TPU phase provides
physical net points that preserve the permanent struc-
ture and supply the elastic restoring force. Below the
melting temperature (Tp,) of PCL (~58 °C), PCL
crystallization restricts polymer chain mobility and
stabilizes the programmed temporary shape, con-
tributing to high shape fixity. Upon heating above
T'm> melting of the PCL crystalline domains increases
molecular mobility, allowing the stored elastic energy
within the network to drive shape recovery [28, 29].
The melting temperature of PCL is denoted as Thigp.
PLGA with a 50:50 ratio of lactic acid to glycolic acid,
was chosen as another component. PLGA 50:50 is a
biodegradable and biocompatible amorphous poly-
mer with a relatively low glass transition (Tg) tem-
perature close to body temperature, denoted as Tiow,
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the entanglements of polymer chains at its glass tran-
sition temperature act as physical cross-link points,
determining its permanent shape and enabling SMEs
(24,30, 31]. The predicted structure of the UCG poly-
mer material is illustrated in figure 1(a). In this struc-
ture, the skeleton of the UC polymer is fabricated by
the crosslinked and crystallizable PCL and the amor-
phous PLGA fills the interspace of the UC skeleton.
The UCG polymer system can be programmed to
achieve two distinct shapes, referred to as shape A and
shape B (figure 1(b)). Shape A is achieved by heat-
ing the sample above Thg, which softens the PCL
segment and makes it flexible, and applying a force
to reshape it. Then, while maintaining the force, the
sample is cooled above Tj,, to securely fix it into
shape A. On the other hand, shape B is achieved
when the PLGA component softens to a rubbery state
within the temperature range of Tioy < T < Thigh-
During cooling to T < Ty, the reordered poly-
mer chains in shape B are fixed, preserving the sec-
ond shape. Shape B and shape A recovery of the
UCG polymer are achieved by reheating it to temper-
atures higher than the programming temperatures.
It is worth noting that the SME of the developed
triple polymer system is tunable by varying the ratio
between PLGA and UC segment.

The thermal properties of UCG blends evaluated
by DSC, the XRD profiles, the dynamical mechani-
cal properties evaluated by DMA, and the morphol-
ogy of UCG blends evaluated by SEM are shown
in figure 2. The heating curves (figure 2(a)) showed
an endothermic peak corresponding to the melting
temperature of the crystalline phase, identified as
PCL in the UCG samples. The melting temperatures
of 10% G and 20% G samples were found to be
57 °C, while the 30% G sample exhibited a slightly
lower melting temperature of 56 °C. The samples
also showed an apparent glass transition tempera-
ture of around 34 °C, which was attributed to the
T, of PLGA polymer. Neat PLGA displayed a glass
transition temperature of 41 °C. Hence, the addi-
tion of PLGA to the UC blend resulted in a decrease
in the glass transition temperature of UCG samples
compared to neat PLGA. As previously mentioned,
PLGA is an amorphous polymer that exhibits SME
due to physical cross-linking points formed by poly-
mer entanglements. These cross-linking points allow
PLGA to retain a permanent shape. The T, serves
as the transition temperature for the SME in PLGA
blended polymers. Above the Ty, increased molecu-
lar mobility enables the polymer chains to rearrange
and retain a permanent shape [24]. Therefore, it is
expected that the developed UCG blends will exhibit
SME when heated up to their Ty which is 34 °C. It
was also observed that the UC polymer exhibited a
cold crystallization temperature (T.) of 32 °C, which
increased to 33 °C upon adding PLGA to the UC poly-
mer (figure 2(b)). These results suggest that adding
PLGA may inhibit the crystallization of PCL in the
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Figure 1. (a) Raw materials and molecular segments of the developed triple SMP, (b) schematic illustration of the experimental
process for programming and shape recovery in SMP bars, involving molecular semi-crystalline transformations. Shape memory
programming is accomplished by initially heating the sample to 70 °C (T > Th;gp ), resulting in the melting of the PCL compo-
nent and material softening with increased polymer chain mobility. Simultaneously, while maintaining the sample temperature
at 70 °C, an external load is applied to deform the material. With the applied force maintained, the sample is cooled to 45 °C
(Tiow < T < Thign)- Shape B is achieved by further deforming the sample at this temperature, which causes the reordering of the
PLGA segment, and is fixed upon cooling to 25 °C (T < Tow). Shape B and shape A recovery of the UCG polymer are achieved

by sequentially reheating the sample to temperatures higher than the programming temperatures.

UCG polymers, potentially affecting their shape A-
fixing properties.

The changes in the storage modulus were exam-
ined using DMA at a fixed frequency of 1 Hz against
temperature. As shown in figure 2(c), the two drops
observed for all UCG samples in positions of T
(25 °C40°C) <Tgprga and Tgpiga < T (55 °C~
70°C) <Tyjpcr- The first drop in the storage mod-
ulus occurred sharply around 40 °C due to the
glass transition phase associated with the presence
of PLGA polymer in the blend, and the steepness of
this drop became more pronounced with an increase
in PLGA content. The second drop in the storage
modulus, which occurred around 60 °C, is associ-
ated with melting in the crystalline PCL regions of
the UCG polymers. Furthermore, it was observed
that the storage modulus of all materials increased
over the range of 25 °C—40°C temperature region by
incorporating PLGA into the polymer blend network.
This suggests that the presence of increased PLGA in
the polymer blend network could create larger shape

B recovery stress by enhancing the storage modulus
[32]. Furthermore, as the storage modulus decreases
in two stages, the deformed strain can be expected
to be released in two steps, further confirming the
sequential recovery of developed UCG polymers.
The XRD analysis of the UCG polymers revealed
their semi-crystalline nature, confirming the pres-
ence of both crystalline and amorphous domains in
the developed triple SMPs (figure 2(d)). The anal-
ysis showed two sharp crystallization peaks at 21°
and 24°, corresponding to the (110) and (200) lattice
planes of the PCL polymer. However, upon adding
PLGA content, the intensities of the crystalline peaks
related to the (110) and (200) lattice planes decreased
and broadened compared to UC composition. The
broadening of the peaks and decreased intensities
progressively increased with higher PLGA content.
The XRD data suggests that the diffraction pattern
results of the UCG blend corresponded to the sum
of the patterns for TPU, PCL, and PLGA, indicat-
ing the presence of both crystalline and amorphous
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Figure 2. (a), (b) DSC thermographs showing the heating and cooling curves of UC and UCG SMPs, confirming the presence
of distinct melting and glass transition temperatures in the developed UCG blends, (c) storage modulus of the blends as a func-
tion of temperature, (d) XRD diffraction pattern of UC and UCG SMPs, (e) SEM images of the cryo-fractured surfaces of the
developed materials, including (e-1) UC, (e-2) 10% G, (e-3) 20% G, and (e-4) 30% G blends.

phases in the blend. Furthermore, these findings sug-
gest that the incorporation of PLGA can influence
the crystalline structure of the UCG polymers, poten-
tially impacting the fixity and recovery performance
of both shape A and shape B.

To better understand the phase behavior and mis-
cibility of the developed blends, we analyzed the mor-
phology of the cryo-fractured surfaces of all poly-
mer blends using the SEM technique. As figure 2(e)-
1 shows, the UC binary blend exhibited a smooth
fracture surface with no obvious phase boundaries,
indicating that PCL and TPU at a weight ratio of
50:50 wt.% can form a miscible and homogeneous
blend. Conversely, the droplet-matrix morphology
was detected for all UCG blends, where the spheri-
cal droplets of PLGA were dispersed in the matrix of
the UC phase and the boundary between the phases
was easily recognized [33]. The size and distribu-
tion of the dispersed PLGA phases varied with the
PLGA concentration. In the 10% G and 20% G sam-
ples, small PLGA phases were uniformly distributed,
with more spherical droplets observed in the 10% G
sample. The size of the dispersed phase increased for
the 30% G sample (figure 2(e-4)). These results are
consistent with the behavior of immiscible polymer
blends, where the minor component is dispersed in
the matrix of the major component [34]. All SEM
micrographs of UCG polymer blends demonstrated
that UC and PLGA are immiscible. However, for the

20% G blend, alower number of dispersed PLGA par-
ticles can be observed, suggesting improved blend-
ing performance and potentially resulting in better
mechanical performance.

The results obtained from the shape memory tests
are presented in figure 3 and table 3. Shape fixing (Ry)
and shape recovery (R;) ratios were calculated using
equations (1) and (2), and the data were plotted in
figure 3(c) for UC and UCG blends. It was observed
that increasing the PLGA content resulted in a higher
shape B fixity ratio, while the shape B recovery ratio at
body temperature (37 °C) gradually decreased. This
behavior can be attributed to the dual role of PLGA in
the TPU/PCL/PLGA blend system. As the PLGA con-
tent increased, additional PLGA-rich domains and
polymer chain entanglements were formed, restrict-
ing molecular mobility below the glass transition
temperature (Tg) and improving the stability of the
programmed temporary shape B. Consequently, the
shape B fixity ratio increased with increasing PLGA
content. However, the higher rigidity of PLGA and
the increased phase separation at elevated PLGA con-
centrations also restricted the mobility of the recov-
erable polymer network. This reduced the ability of
the material to release the stored elastic strain energy
required for shape recovery at body temperature,
leading to a decrease in the shape B recovery ratio.
Therefore, while higher PLGA contents enhanced
temporary shape stabilization, they simultaneously
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Figure 3. (a) Schematic illustration of bending test for shape memory effect, (b) illustration of photographs of triple shape mem-
ory effect in 30% G sample, (c-1, c-2) shape fixity and shape recovery ratios of UC and UCG samples obtained according to

Table 3. Triple-shape-memory effect data of UCG SMPs according to formulas (1) and (2).

Sample Ouja Oups Opin Opa Re (A) R¢ (B) R: (B) R: (A)
UucC 89.1° —_ —_ 0° 99.1% —_ —_ 100%
10% G 88.9° 121.2° 89.1° 0° 98.7% 70% 99.5% 100%
20% G 85.5° 128.8° 90.8° 0° 98.3% 86.8% 95.05% 100%
30% G 88.9° 132.1° 93.2° 0° 98.7% 93.7% 90.6% 100%

limited the recovery efficiency of the scaffold. The
presence of distinct crystalline and amorphous phases
within the blends, as confirmed by DSC, DMA, and
XRD analyses, supports this shape memory mecha-
nism. All UCG blends demonstrated shape recoveries
of over 90%, indicating a good shape recovery ability
[35]. Furthermore, all UC and UCG exhibited shape
A fixity ratios exceeding 98% and achieved complete
shape B recovery when subjected to a temperature of
70 °C. This exceptional behavior can be attributed
to the fact that the shape memory behavior of the
material is affected by temperature, with recovery val-
ues differing between the programming temperature
(70 °C) and the transition temperature (~57 °C). The
transition temperature is the temperature at which

the material undergoes a phase change that allows it to
recover its original shape. When the material is heated
above this temperature, it undergoes a phase transi-
tion and the stored strain is released, allowing it to
fully return to its original shape.it is important to note
that the shape recovery process is not fully completed
at the transition temperature, as the material requires
additional heating above the transition temperature
for complete stress relaxation and to fully recover its
original shape [36].

While the present study successfully demonstrates
a body-temperature-responsive triple-SME with high
shape fixity and recovery ratios, future work should
investigate cyclic shape memory performance under
repeated programming and recovery cycles to assess
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long-term durability and repeatability for biomedical
applications.

Figure 3(b) includes photographs depicting the
U-bending test conducted on the 30% G sample,
showcasing the fixing angles and recovery at shape A
and shape B.

3.2. Printability assessment

In the DIW process of thermoplastic polymers, the
extrusion efficiency and quality of the 3D printed
structure are significantly influenced by the viscos-
ity and the amount of material extruded from the
nozzle. Therefore, careful design of printing parame-
ters, particularly nozzle temperature and print pres-
sure, is crucial to ensure consistent material flow
and precise layer deposition [37]. Print pressure plays
a critical role in controlling the flow rate of the
extruded ink. When the pressure is too high, it can
cause the material to spread out too much or even
break apart, leading to a loss of structural integrity
and a decrease in fidelity. Additionally, high pres-
sure can result in clogging of the bioprinting noz-
zle. This issue can cause disruptions in the print-
ing process and adversely affect the fidelity of the
scaffold [38]. On the other hand, low print pressure
may cause under-extrusion, where the extruded ink
fails to adhere properly, resulting in weak interlayer
bonding and reduced structural integrity. Similarly,
print temperature is another important parameter
that needs to be carefully controlled [39]. The appro-
priate print temperature ensures good flow proper-
ties of the ink, allowing for a controlled and uniform
filament width. If the print temperature is set too
high, the deposited filament can become swollen and
lose its shape fidelity. Conversely, if the print tem-
perature is too low, the ink may not flow properly,
leading to insufficient material deposition and poor
layer adhesion. Therefore, it is essential to optimize
the print pressure and temperature parameters. This
ensures that the flow is high enough to extrude the
ink. However, it should not be so high that it com-
promises the fidelity of the resulting scaffold. This
optimization is crucial for achieving the desired print
quality and structural integrity. In this study, we eval-
uated the printability of newly developed materials
by designing and printing a 2-layer CAD model scaf-
fold with 40% infill. We conducted this assessment
by printing the CAD design using various temper-
atures and pressures to optimize each ink formula-
tion. Initially, we determine the starting point for
print temperature and pressure based on the man-
ual filament dispensing test [38, 40]. This method
involves extruding a filament into the air rather than
on a substrate and serves as an initial screening tech-
nique, focusing on the ink’s ability to form filaments
rather than droplets. The printing pressure and tem-
perature that successfully yield filaments passed the
initial printability assessment. Then we developed a
printability window for each material formulation by
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evaluating the filament characterization and shape
fidelity of the printed constructs. This assessment was
conducted at temperatures ranging from 200 °C to
240 °C and pressures ranging from 190 to 300 kPa
(figure 4(b)). These parameters determine the level of
dimensional accuracy achieved compared to the orig-
inal design [37, 41]. The results, including the print-
ability window, optical images of printed construct
and quantitative tests for assessing shape fidelity, are
summarized in figure 4. In figure 4(b), white printing
windows with green tick marks indicate the successful
printing of well-defined structures at various printing
pressures and temperatures. The yellow exclamation
mark in the printability window indicates the print-
ing temperature and pressure at which the structure
is partially printable. At this point, the filament forms
with available pores, but the resulting shape and size
are not as desired as seen in figure 4(c-8). Grey and
pink colors represent pressure and temperature val-
ues that were too low or too high, respectively. It was
observed that at the pressure of 200 and 225 kPa all
developed materials were able to form consistent fil-
aments with acceptable structural stability and cohe-
sion, so they were deemed printable (figure 4(c)).

At a printing temperature of 220 °C and a pres-
sure of 250 kPa, full filament merging occurred for all
developed inks, resulting in pore closure. This con-
dition is represented as pink in the printability win-
dow. We observed that the starting temperature of the
printability window increased with the percentage of
PLGA in the polymer composition. For instance, at a
printing pressure of 200 kPa, the UC blend was print-
able at a temperature of 200 °C, while compositions
containing 20% G and 30% G required a higher tem-
perature of 220 °C for printability. The same trend
was observed when printing at a pressure of 225 kPa.

As a result, the printability window became nar-
rower when using inks with higher PLGA content.
This can be attributed to the immiscible nature of
UCG blends, as shown in figure 2(e). Immiscible
blends typically exhibit poor flowability due to the
presence of dispersed domains or phase boundaries.
To address this, increasing the temperature moder-
ately is often recommended. This helps reduce the vis-
cosity of the individual polymers, allowing for eas-
ier flow and improved overall flow properties of the
blend [42]. However, it should be noted that temper-
atures above 230 °C resulted in polymer swelling and
structural failures for all developed SMPs.

Optical microscopy imaging results demonstrated
the excellent structural integrity of all developed inks
when printed at 220 °C temperature and 200 or
225 kPa printing pressures (figures 4(c-9) to 4(c-
16)). The 3D-printed constructs displayed a uniform
and interconnected pore distribution throughout
their structure, without any impurities or cracks.
However, there was a noticeable difference in the
size of struts and pores between scaffolds printed at
200 and 225 kPa. Constructs printed at 225 kPa had
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Figure 4. (a) Schematics illustrating the preparation of UCG SMPs and the fabrication of shape memory scaffolds using the DIW
process, (b) printability window calculated for the four developed SMPs: UC, 10% G, 20% G and 30% G. The optimal printing
pressure and temperature are indicated by green tick marks, while the yellow exclamation mark denotes a printable condition
with low shape fidelity. Pink indicates printing conditions where pressure and temperature were too high, and grey indicates
conditions where pressure and temperature were too low for successful printing, (c) layer stacking optical microscopy results of
UC and UCG polymers printed at a temperature of 220 °C and pressures ranging from 200 kPa to 300 kPa, (d) strut (filament)
width analysis of DIW-printed UC, 10% G, 20% G, and 30% G patterns, (e) pore size analysis of DIW-printed UC, 10% G, 20%
G, and 30% G patterns.
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Figure 5. (a) Analysis of strut size in DIW-printed UC and UCG patterns using a temperature of 220 °C and pressure of 200 kPa
at different print speeds, (b) optical microscopy results of layer stacking in UC scaffolds printed at a temperature of 220 °C and
pressure of 22 kPa with varying print speeds.

wider struts and smaller pore sizes compared to those
printed at 200 kPa (figure 4(e)). For example, for the
10% G ink, constructs printed at 225 kPa exhibited a
strut size of 694 pm and a pore size of 460 pm, while
those printed at 200 kPa had a strut size of 578 pum
and a pore size of 550 pum. Furthermore, there was
an inverse relationship between the strut size and
the PLGA content in the polymer composition. At
a printing temperature of 220 °C and a pressure of
225 kPa, the strut sizes for constructs containing 10%
G, 20% G, and 30% G were measured as 694 um,
565 pm, and 370 pm, respectively. It is crucial to
ensure that the scaffold possesses a suitable pore size
to support cell proliferation, differentiation, and tis-
sue growth. It has been recommended that scaffolds
with pore sizes exceeding 300 pm are most effective
for repairing large bone defects [43—45]. Therefore,
selecting appropriate printing parameters to achieve
these desired pore sizes is important for scaffold func-
tionality. Based on the printability assessment, it was
found that printing at a temperature of 220 °C and
either a pressure of 200 kPa or 220 kPa resulted in
achievable pore sizes ranging between 352-718 pm.
Notably, when printing at lower pressures, the pore
shape appeared more rectangular, while higher
pressures led to a curved shape due to the flow
dynamics.

The influence of printing speed on ink deposi-
tion was also assessed for all developed SMP inks.
It was observed that at a fixed printing temperature
of 220 °C and pressure of 200 kPa, the width of
the printed filament varied with different printing
speeds, as shown in figure 5(a). It was observed that
increasing the printing speed resulted in a decrease in
strut width for all compositions. Figure 5(b) presents
optical microscopy images of a 3D construct printed
at a temperature of 220 °C and pressure of 200 kPa,
using UC composition. When the print speed was
set at 5 mm s~ ! filament fusion and pore closure
were observed. Increasing the speed to 7 mm s!

resulted in filament stretching and reduced filament
width to 784 pum, accompanied by a small pore size
of 180 um. At a speed of 10 mm s™!, the filament
width was 560 pm, with a pore size of 391 pum, which
was selected as the optimized speed. However, further
increasing the speed to 15 mm s~ led to interrupted
deposition, uneven filament formation, and a loss
of consistent and uniform filament diameter. After
considering the results, the temperature of 220 °C,
printing pressure of 200 kPa, and printing speed of
10 mm s~! were selected as the optimum nozzle
temperature, extrusion pressure, and printing speed
parameters.

3.3. Scaffold fabrication and characterization

Figure 6(a) illustrates the 3D printed scaffolds with
a diameter of 10 mm and a height of 5 mm and
SEM images of their top surfaces, showcasing the
porous structures of UC, 10% G, 20% G, and 30%
G scaffolds printed with 40% infill density. The SEM
imaging results showed that all 3D printed scaffolds
exhibited a uniform and interconnected pore dis-
tribution throughout their structure. Notably, all of
the designed scaffolds were fabricated with excellent
structural integrity, without any impurities or cracks
in their structure. Furthermore, the surface character-
istics of the scaffolds appeared remarkably smooth,
with no apparent signs of phase separation or dis-
continuities. The pore sizes obtained were 391 pm,
550 pm, 674 pm, and 718 pum for scaffolds made of
UG, 10% G, 20% G, and 30% G materials, respec-
tively. As discussed earlier, the observed decrease in
pore size can be attributed to the immiscibility of the
UCG composition and the comparatively lower vis-
cosity of the PCL component in the blend. For exam-
ple, in the case of UC scaffolds, 50% of the composi-
tion consists of PCL. However, for scaffolds with 30%
G, only 35% of the composition is made up of PCL.
This difference in PCL content directly influences the
flowability and viscosity of the ink during printing.

11



I0OP Publishing

Biofabrication 18 (2026) 035035 N Sabahi et al

120 -

= 030% G (b)

Eao0 | ©020%G

= 0 10% G =

@804 oUC o

L

5 oo 0

o 60 -

i

4 40 4

2

g

5 20 4

]

(=4

0 20 40 60 80 100
Compressive strain (%)

o
<
;

oo
=
1

(c)

=
=3
L

4
<
n

[S]
=1
"

Compressive modulus (MPa)_

(=1
:

uc 10%G 20%G 30%G

(c) compressive modulus of all DIW-printed scaffolds.

Figure 6. (a) Macroscopic surface structures of the 3D-printed scaffolds of UC and UCG SMP blends, (b) stress—strain plots, and

With a higher proportion of PCL in the blend, the
ink exhibits improved flow properties, resulting in a
wider filament width and smaller pore sizes in the
printed scaffolds.

One of the fundamental requirements for scaf-
folds is to possess adequate mechanical strength to
withstand the stresses imposed on them during tissue
growth and regeneration. The mechanical properties
of scaffolds are significantly influenced by the mate-
rial composition used during printing [46]. The eval-
uation of compression properties of our 3D printed
UC and UCG scaffolds is shown in figures 6(b) and
(c). All scaffolds were subjected to a total strain of
80% and the stress—strain curves for the scaffolds
showed three stages. The first stage with linear behav-
ior was related to elastic response, followed by a non-
linear increase in stress as the material approached
the plateau regime. This behavior indicated a lack
of failure and stretching of the struts. As compres-
sion continued, the material densified and its strength
increased, as evidenced by the steepening of the
slope of the stress—strain curve [47]. Considering the
modulus of human trabecular bone, which typically
ranges between 10 and 3000 MPa [48, 49], our devel-
oped scaffolds showed promising results. We suc-
cessfully developed UC, 10% G, 20% G, and 30%
G scaffolds, which exhibited compressive moduli of
32.4 MPa, 62.5 MPa, 67.5 MPa, and 42.7 MPa, respec-
tively. The results demonstrated a significant increase
in the elastic modulus of the UCG scaffolds com-
pared to the UC scaffold. The incorporation of 10%,

20%, and 30% PLGA into the UC composition led
to remarkable improvements of 192%, 208%, and
130% in the elastic modulus, respectively. Notably,
the scaffold with 20% G exhibited the highest mod-
ulus and maximum compressive strength among all
compositions. PLGA is well-known for its excellent
stiffness and strength characteristics. When blended
with UC, PLGA contributed to the overall rigidity and
load-bearing capacity of the scaffold [33]. However,
it is important to note that exceeding a PLGA con-
tent of 20% in the scaffold composition resulted in
a significant decrease in the elastic modulus. As pre-
viously confirmed, the UC and PLGA phases do not
blend completely, resulting in phase separation. In the
case of the 30% G composition, the size of the dis-
persed phase increased. The presence of larger phase
domains can act as stress concentrators, leading to a
reduction in the overall strength and stiffness of the
material.

Figure 7 demonstrates the thermally triggered
triple-shape memory behavior of the developed
DIW-printed porous scaffold fabricated in four layers
using the 10 G formulation, through a sequential pro-
gramming and recovery cycle. The scaffold initially
exhibited its permanent flat configuration. After heat-
ing to 70 °C, mechanical deformation followed by
cooling fixed the first temporary shape (Shape A) at
45 °C, while subsequent deformation and cooling to
25 °C produced a second temporary shape (Shape B),
indicating the scaffold’s ability to store multiple pro-
grammed geometries. Upon reheating to 37 °C, the
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Figure 7. Demonstration of thermally induced triple-shape memory behavior of the DIW-printed scaffold. (1) Original flat
shape. The scaffold was heated to 70 °C, deformed, and cooled to fix shape A at 45 °C. (2) Shape A fixed at 45 °C. Further defor-
mation followed by cooling to 25 °C produced shape B, representing the second temporary shape. (3) Shape B fixed at 25 °C.
Upon reheating to 37 ©C, the scaffold recovered from shape B to shape A. (4) Shape A recovered at 37 °C. Subsequent heating to
70 °C triggered full recovery to the original permanent shape. (5) Original shape recovered at 70 °C.

scaffold recovered from shape B to shape A, demon-
strating selective activation of the intermediate recov-
ery stage, and further heating to 70 °C resulted in
complete restoration of the original geometry. This
multi-stage deformation and recovery sequence con-
firms that the developed porous scaffold possesses
programmable triple-shape memory functionality at
the structural level.

Notably, the printed scaffold maintained its struc-
tural integrity and interconnected porosity through-
out the programming cycle, indicating that the
DIW fabrication process did not compromise shape
memory performance. The observed fixation of shape
B at 25 °C can be attributed to the glassy state of
the PLGA phase below its glass transition temper-
ature (=34 °C), which restricts molecular mobility

and stabilizes the programmed configuration. Upon
heating above the T'g, increased chain mobility within
the amorphous PLGA domains enables recovery from
shape B to shape A. In contrast, the fixation of shape A
at 45 °C is associated with the presence of crystalline
PCL domains, which remain solid below their melt-
ing temperature (=56 °C-57 °C) and act as physi-
cal cross-links that preserve the intermediate config-
uration. Complete recovery of the permanent shape
at 70 °C occurs when the temperature exceeds the
melting temperature of PCL, allowing the release of
stored elastic energy and restoration of the original
geometry. These results indicate that the scaffold con-
tains distinct thermal switching domains correspond-
ing to the T, of PLGA and the T, of PCL, enabling
sequential activation of shape recovery.
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Such controlled multi-stage shape transforma-
tion is particularly advantageous for minimally inva-
sive bone defect repair, where scaffolds may be
introduced in compact temporary configurations and
subsequently recover their functional geometry in situ
to conform to irregular defect boundaries.

One potential approach for activating the pro-
grammed shapes of the developed scaffold in vivo
involves localized thermal stimulation. Notably,
the recovery from shape B to shape A occurs at
temperatures close to physiological conditions,
suggesting that partial shape recovery may be
achievable at body temperature without external
intervention. This characteristic is highly beneficial
for minimally invasive procedures, as the scaffold
could be implanted in a compact configuration and
subsequently expand toward an intermediate func-
tional shape after placement within the defect site. For
activation of the permanent shape, intraoperative hot
saline irrigation represents a clinically feasible strat-
egy. Warm saline is routinely used during surgical
procedures and can provide controlled thermal input
while simultaneously improving the surgical field. In
addition to triggering shape recovery, hot saline irri-
gation has been reported to offer hemostatic benefits
by accelerating clot formation and reducing bleeding
during and after surgery [50].

The human body can tolerate short periods of ele-
vated local temperatures, as evidenced by the clinical
use of acrylic bone cements, which can generate tem-
peratures approaching 70 °C during polymerization
[51] [52] Nevertheless, excessive thermal exposure
must be avoided, as temperatures exceeding 70 °C
may cause thermal injury and bone necrosis [53].
Taken together, these findings suggest that the devel-
oped scaffold could be deployed in a compact form,
partially recover at physiological temperature, and
achieve full restoration of its permanent geometry
through controlled thermal stimulation. This pro-
grammable multi-stage recovery behavior, combined
with preserved structural integrity and porosity, sup-
ports the potential suitability of the developed 4D-
printed scaffold for in vivo bone tissue engineering
applications.

3.4. Degradation characterization
The controllable degradation rate of scaffolds is a fun-
damental requirement in their design. Ideally, scaf-
folds should undergo resorption within the human
body once they have fulfilled their intended func-
tion. Biodegradable polymers are prone to chemical
degradation through hydrolysis or enzyme-catalyzed
hydrolysis, as they contain bonds that are prone to
hydrolysis.

PBS is a valuable buffer solution that closely repli-
cates the ion concentration, osmolarity, and pH of
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human body fluids, making it an excellent medium
for studying the degradation process of polymeric
scaffolds [54]. A simple but rather effective tech-
nique to characterize the degradation of a polymeric
matrix is the recording of mass loss during the degra-
dation period. Figure 8 illustrates the quantitative
and qualitative hydrolysis degradation results of UCG
samples immersed in 1X PBS withapH of 7.4 at 37 °C
over a period of 16 weeks. Each week, three sam-
ples were removed from each scaffold type, washed,
dried in an oven for 48 h, and their mass loss was
recorded. As depicted in figure 8(a), the UC sample
exhibited a relatively slow degradation rate over the
entire duration of the experiment, whereas the UCG
samples displayed a distinct three-stage degradation
process. During the initial three weeks, the UCG com-
positions exhibited a relatively slow degradation rate,
indicating a stable and gradual breakdown of the scaf-
folds (figure 8(b)). However, a notable shift occurred
from weeks 4-14, specifically in the samples contain-
ing the PLGA polymer, resulting in a significant accel-
eration of degradation. This accelerated degradation
was evident from the weight loss results at the 14-
week mark, where the UC sample showed minimal
weightloss (1.5%), while the 10% G, 20% G, and 30%
G samples experienced substantial weight losses of
11.6%, 21.97%, and 30.51% respectively (figure 8(a)).
In the final stage of degradation, during the last two
weeks of the experiment, the degradation continued
at a consistent rate for all UC and UCG blends, result-
ing in a slight increase in weight loss values to 1.6%,
11.94%, 22.1%, and 30.81% respectively. These find-
ings are consistent with the well-established knowl-
edge that the degradation of biodegradable polymers
such as PLGA in buffer solutions follows a three-stage
process.

Initially, there is a gradual decrease in both
mass and molecular weight attributed to the cleav-
age of covalent bonds within the polymer structure.
Subsequently, the degradation process experiences
intermittent mass loss due to autocatalysis facilitated
by carboxylic end groups, along with the significant
cleavage of backbone covalent bonds. Ultimately, the
degradation process culminates in complete weight
loss of the polymer [55, 56]. Previous studies reported
that the degradation rate of pure PLGA can be tailored
from 2 weeks to 4 months depending on the ratio
of its copolymers [57, 58]. Hence, our results suggest
that the inclusion of degradable PLGA in UCG poly-
mers does not exert a substantial impact on accelerat-
ing the degradation of UC component. Notably, only
the PLGA component exhibited complete degrada-
tion over the course of the experiment.

We also assessed the morphological changes of the
degraded samples using the SEM technique. During
the initial week of incubation, all samples appeared
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By week 14, UCG samples showed complete degradation.

Figure 8. (a), (b) Molecular weight changes of UCG films and (c) SEM images after 16 weeks of incubation in PBS 1X at 37 °C.

smooth, with the presence of small holes observed
on the 20% G and 30% G samples. After 4 weeks of
incubation, the UC sample remained smooth, while
the samples containing the PLGA component dis-
played an increase in the size and number of holes.
By week 10, blister erosion was evident in the UC
samples, and all samples showed signs of degrada-
tion, with the 30% G sample exhibiting particularly
significant changes. These differences in degradation
may be attributed to the higher proportion of PLGA
in the 30% G sample compared to the others. In the
last week of the experiment, significant morphologi-
cal breakdown was observed in the 20% G and 30% G

samples. These samples exhibited pronounced struc-
tural changes, indicating a more advanced stage of
degradation compared to the UC and 10% G samples.
The increased degradation in the 20% G and 30% G
samples further supports the role of the PLGA com-
ponent in influencing the degradation behavior of the
scaffolds.

3.5. Cell viability

In vitro cytocompatibility studies of UC and UCG
composites in 2D demonstrated cytocompatible sur-
faces independent of the PLGA content. The bio-
compatibility of all 3D printed scaffolds towards
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Figure 9. (a) Absorbance values from the MTS assay, (b) water contact angles of UC and UCG scaffolds, (c) optical microscopy
images showing cell ingrowth on (c-1) UG, (c-2) 10% G, (c-3) 20% G, and (c-4) 30% G scaffolds after 7 d of seeding. White
arrows indicate cell ingrowth and neo-tissue deposition. (d) SEM images depicting the morphology of MG-63 cells on (d-1) UC,

MG-63 cells was confirmed by the cell proliferation
assay shown in figure 8. The cytotoxicity evalua-
tion confirmed the biocompatibility of the printed
UC and UCG scaffolds (figure 9(a)). On the sev-
enth day of cell culture, no significant difference
in the proliferation rate was observed between the
cells cultured on 10% G, 20% G, and 30% G sam-
ples. Furthermore, all UCG scaffolds developed in
this work exhibited hydrophobic surfaces, irrespective
of the PLGA content (figure 9(b)). This hydropho-
bicity is attributed to the intrinsic properties of the
PCL, TPU, and PLGA polymers used in the compo-
sition, specifically due to the presence of non-polar
methyl groups. Additionally, the wettability of UC did
not change upon the addition of the PLGA compo-
nent. Figure 9(c) depicts cell growth inside the scaf-
fold pores, as indicated by the white arrows, demon-
strating high cell proliferation. Therefore, these scaf-
folds can serve as platforms for cell guidance. These
findings emphasize the significance of scaffold pore
design in facilitating cell sensing during the initial
stages of cell adhesion and proliferation. SEM images
of MG-63 cells attached and proliferated on UC,
10%G, 20%G, and 30%G scaffolds after 7 d of cell
proliferation are shown in figure 9(d). The SEM

images confirm that all scaffolds are suitable for cell
attachment and spreading. Calcium nodules are con-
sidered a characteristic feature of osteoblast differ-
entiation and serve as an indication of in vitro bone
formation.

4. Conclusion

In conclusion, this study successfully developed inno-
vative triple-SMPs using a combination of TPU, PCL,
and PLGA polymers. These polymers exhibited two
distinct transition temperatures, enabling the adop-
tion of two different shapes, and achieved over 90%
shape recovery ratios during two sequential recovery
processes. The developed polymers were utilized for
4D DIW printing of porous scaffolds with tunable
architecture, degradability, and mechanical proper-
ties. The study extensively evaluated the thermome-
chanical properties, morphology, and SME of the
developed materials. It was observed that the incor-
poration of PLGA had a significant impact on the
shape recovery and fixity ratios of shape B at body
temperature, while it had no significant impact on
the SME of shape A. Among the samples, the 10%
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PLGA content exhibited the highest shape B recov-
ery with a value of 99.5%, and the 30% PLGA con-
tent exhibited the highest shape fixity with a value of
93.7%. The developed SMPs demonstrated excellent
printability, enabling successful printing at 220 °C
and 200 kPa, resulting in 3D-printed scaffolds with
uniform and interconnected pore distribution, ensur-
ing structural integrity. However, it was observed that
TPU/PCL/PLGA exhibited an immiscible droplet-
matrix morphology, affecting the ink flowability dur-
ing printing. As a result, noticeable differences in the
size of struts and pores were observed among scaf-
folds printed using ink with different weight ratios
of PLGA. Nevertheless, the DIW process was opti-
mized to achieve scaffolds with pore sizes ranging
between 352-718 pum, suitable for bone regeneration
applications. Furthermore, the 4D-printed scaffolds
exhibited outstanding degradability, biocompatibil-
ity, and mechanical properties comparable to human
trabecular bone. It was found that the scaffold with
a 20 (wt.%) PLGA content displayed the maximum
mechanical properties, and exceeding this value had
a negative impact on the compressive modulus. In
summary, this work presents a robust and feasible
approach for the 4D printing of triple shape memory
bone scaffolds. These scaffolds offer a promising solu-
tion for addressing complex irregular bone defects,
providing unique regenerative medicine approaches
through minimally invasive surgeries.
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