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Despite the burgeoning interest in manufacturing highly complex and dynamically reconfigurable implants using
the 4D printing technique, one of the most critical challenges is to develop near-body temperature (NBT)-trig-
gered 4D printing materials in a facile and scale-up manner. The currently reported 4D printed biomaterials for

Thermom“ha_mcal . implants have inappropriate transition temperatures or are limited to demonstration production of small
Polymer-matrix composites (PMCs) . . . . . .
Extrusion amounts of materials in the laboratory. Here, 4D printed shape memory biocomposites with controllable tran-

sition temperature were developed through facile manufacturing technology, and the shape memory process of
triggering printed constructs under NBT was realized. Customized, reconfigurable, biodegradable, and
biocompatible 4D printed biomimetic intestinal stents were developed using NBT-triggered biocomposites, filling
the blank of 4D printed intestinal stents. The 4D printed biomimetic intestinal stents were designed based on
wavy biomimetic networks that can mimic the nonlinear stress-strain response of biological tissues, demon-
strating high flexibility and facilitating reduced irritation of the intestinal wall. More importantly, the biode-
gradability of the 4D printed biomimetic intestinal stent can avoid the secondary endoscope removal required by
the metal intestinal stent. This work not only offers an efficient and facile methodology to fabricate NBT-
triggered 4D printing shape memory biocomposites but also demonstrates the attractive application potential
of 4D printed intestinal stents in next-generation intelligent implants.

1. Introduction stimuli [7-15]. This advanced strategy not only enables complex

personalized implants but also offers great potential for creating dy-

Traditional implantable medical devices usually have only a few
specific geometric specifications. However, the geometric configuration
mismatch between implantable devices and lesions often leads to an
increased risk of complications and even failure of surgery [1-4]. These
limitations have spurred the development of personalized medicine,
which is tailor-made treatments for individuals rather than a broad
group of patients. 3D printing is a technology that is closely linked to
personalized medicine by designing sophisticated implants with
patient-oriented dimensions and configurations [5,6]. The 4D printing
strategy is based on integrating active biomaterials (e.g., bio-based
shape memory polymers (SMP)) into 3D printing, with the embedding
capability of time-varying shape reconfiguration in response to external
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namic structures to achieve exciting functions, such as imitating the
dynamic growth mechanisms of biological tissues/organs, reducing
invasive damage to tissues during implantation, etc. [11,16-18]. Mor-
rison et al. developed polycaprolactone (PCL)-based 4D printed
personalized stents to treat patients with tracheobronchomalacia.
Long-term data showed that the stent could adapt to tissue growth over
time, which could avoid the migration problems and frequent size ad-
justments caused by the current fixed model and size of stents [19].
Many soft biological tissues, such as cardiac muscles, blood vessels,
and intestines, exhibit nonlinear J-shaped stress-strain response (“strain
stiffing”), which is a contribution of the wavy elastin and collagen fibers
in the tissue [17,20,21]. During the loading process, the curved fibers

Received 6 October 2022; Received in revised form 14 February 2023; Accepted 16 February 2023

Available online 17 February 2023
1359-8368/© 2023 Elsevier Ltd. All rights reserved.


mailto:liulw@hit.edu.cn
mailto:lengjs@hit.edu.cn
www.sciencedirect.com/science/journal/13598368
https://www.elsevier.com/locate/compositesb
https://doi.org/10.1016/j.compositesb.2023.110623
https://doi.org/10.1016/j.compositesb.2023.110623
https://doi.org/10.1016/j.compositesb.2023.110623
http://crossmark.crossref.org/dialog/?doi=10.1016/j.compositesb.2023.110623&domain=pdf

C. Lin et al.

(@) NBT-tri;
“triggered
4D printed 5
shape memory
biscomposites
i,

G5 b B i B A B 0

N N Ad -
e o o e

Composites Part B 256 (2023) 110623

SMPLA

e
el

PEGIWEMILA

Vo PEGLSKSMPLA

Exotherm up
_—

PEGIKSMPLA
T R
Temperature/ °C

Homogeneous
(b) mixture

4D printed constructs

Programming

Fig. 1. (a) Preparation of NBT-triggered 4D printed shape memory biocomposites. (b) Digital models and 4D printed constructs. The printed constructs were colored
for clarity of demonstration. (c) DSC curves of SMPLA and PEG/SMPLAs. (d) The NBT-triggered shape recovery process of the 4D printed shape memory PEG/SMPLA

architecture.

first undergo untwisting, which manifests as a low modulus under small
strains. As the strain increases, the curved microstructures of fibers are
stretched into straight microstructures, resulting in a dramatic increase
of modulus after experiencing a transition region. Inspired by the
collagen fibers, a variety of wavy biomimetic metamaterial networks
have been designed to mimic the J-shaped mechanical behavior of
biological tissues, demonstrating the exclusive advantages of adapt-
ability to biological tissues and structural flexibility [20,21]. Ma et al.
developed biomimetic networks with horseshoe shaped microstructures,
and established theoretical models between the geometric parameters
and mechanical behavior of networks. Based on the theoretical model,
the J-shaped stress-strain behavior of skin was reproduced [21]. In
addition, many other biomimetic metamaterials have been developed,
such as metamaterials with a wide range of CTE values, metamaterials
with controlled thermomechanical stability, and metamaterials with
tunable thermal expansion properties [22-30]. However, the applica-
tion of wavy biomimetic metamaterial networks in implantable devices
has rarely been explored. Notably, the implantable devices based on
wavy biomimetic networks can realize the co-deformation of the device
and biological tissue under small strains, which can prevent tissue wear
and even perforation caused by the large difference in mechanical
properties between the tissue and the device. Under large strains, the
“strain stiffness” response of the biomimetic network enables the device
to avoid mechanical failures caused by excessive deformation.

Although 4D printing has shown great advantages in preparing
intelligent implants, such as customizability, self-adaptability, and
minimal invasiveness [17,18], one of the most critical challenges is to
develop near-body temperature (NBT)-triggered 4D printed bio-
materials in a facile and accessible way. Shape memory biomaterials
such as shape memory polylactic acid (SMPLA) and shape memory
polycaprolactone (SMPCL) have undesirable shape memory tempera-
tures, which may adversely affect tissues during implant deployment
[31,32]. Or, even if the transition temperature is tunable, the material
preparation process is extremely cumbersome. As a result, the material
can only be limited to demonstration applications at the laboratory stage
and cannot be scaled up to provide a possibility for the widespread
clinical use of 4D printed implants.

Here, NBT-triggered 4D printed shape memory biocomposites based
on polyethylene glycol (PEG)/SMPLA were developed through melt
extrusion, with the advantages of simplicity, scalable production,

biodegradability, biocompatibility, and reconfigurability. 4D printed
constructs were fabricated by fused deposition modeling (FDM) printing
method because FDM does not involve organic solvents or toxic pho-
toresins, thus potential health risks or other barriers to clinical appli-
cation are avoided. The biodegradation behavior was studied to examine
the evolution of the mechanical properties and weight loss of the bio-
composites. The association between toughness and fracture
morphology of mechanical test specimens was explored. The cyto-
compatibility and histocompatibility of 4D printed biocomposites were
verified by co-culture with intestinal cells and in vivo implantation in
mice. Additionally, biomimetic networks with different wavy structures
were designed and fabricated using the NBT-triggered 4D printed shape
memory biocomposites, which showed the J-shaped mechanical prop-
erties similar to biological tissues. Biomimetic intestinal stents were
designed based on biomimetic networks, which realized reconfigurable
shape recovery and reopen the simulated narrow intestine, proving the
effectiveness and functionality of the intestinal stent.

2. Results and discussion

The schematic of the 4D printed shape memory PEG/SMPLA bio-
composite filaments prepared by melt extrusion is shown in Fig. 1a. The
4D printed PEG/SMPLA biocomposite filaments were capable of print-
ing complex structures such as mice, pendants, hearts, and peacocks
with high quality using a commercial FDM 3D printer (Fig. 1b, Fig. S1),
demonstrating the excellent printing performance. To obtain the tran-
sition temperatures of 4D printed shape memory PEG/SMPLA bio-
composites, the thermal behavior was analyzed by differential scanning
calorimetry (DSC, Fig. 1c). For SMPLA and its composites, the glass
transition temperature (Tg) is the shape transition temperature. The
results showed that the Ty of PEG/SMPLA was significantly lower than
that of pure SMPLA, which was because the plasticizing effect of low
molecular weight PEG reduced the interaction between SMPLA molec-
ular chains. The plasticizing effect became more pronounced as the
molecular weight of PEG decreased. The T; of PEG1k/SMPLA, PEG1.5k/
SMPLA, and PEG2k/SMPLA were approximately 38 °C, 42 °C, and 52 °C,
respectively. The continuous and controllable adjustment of Ty of 4D
printed biocomposites can be realized by adjusting the molecular weight
and content of PEG, and the ideal transition temperature can be ob-
tained. To evaluate the reconfigurable shape memory performance of 4D
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Fig. 2. (a—c) Flexural tests of PEG/SMPLAs. Stress-strain curves of (a) PEG1k/SMPLA, (b) PEG1.5k/SMPLA, and (c) PEG2k/SMPLA under flexural loading after
different biodegradation times. (d) Weight loss of flexural specimens. (e-g) Tensile tests of PEG/SMPLAs. Stress-strain curves of (e) PEG1k/SMPLA, (f) PEG1.5k/
SMPLA, and (g) PEG2k/SMPLA under tensile loading after different biodegradation times. (h) Weight loss of tensile specimens.

printed shape memory biocomposites, a planar network architecture
was prepared by PEG1.5k/SMPLA filaments and then shaped into a
coiled temporary configuration. The architecture in the temporary
configuration enabled dynamic shape recovery to its initial configura-
tion at NBT (42.5 °C-43.1 °C), demonstrating excellent shape memory
performance. The reconfigurable shape recovery process with real-time
temperature monitoring is shown in Fig. S2.

For 4D printed shape memory implants, ideally, the shape memory
temperature should be slightly higher than the body temperature (e.g.,
42 °C-43 °C), in which case the implant will show exclusive advantages.
This is because the tissue will not be damaged by excessively high or low
temperatures, and the implant in the rubber state during the implanta-
tion process can greatly reduce the tissue infiltration damage caused by
the implantation. In addition, after implantation, the 4D printed shape
memory implant is in a glassy state at body temperature, which can
provide sufficient mechanical support for the lesion, thereby avoiding
the risk of collapse that may be caused by conventional polymers.
Hence, PEG1.5k/SMPLA was selected as the preferred NBT-triggered 4D
printed shape memory biocomposite.

The prepared shape memory PEG/SMPLA biocomposites will be used
as raw materials for 4D printed implants. Therefore, it is necessary to
evaluate the mechanical properties of PEG/SMPLA biocomposites and
the effect of biodegradation on their mechanical properties, as the im-
plants will be in a physiological environment. First, the flexural per-
formance and the evolution of flexural performance with
biodegradation time were examined (Fig. 2a-c, Fig. S3). Without
biodegradation (0 d), PEG1k/SMPLA, PEG1.5k/SMPLA, and PEG2k/
SMPLA showed no fracture phenomenon within the loading range due to
their high toughness. With the increase of biodegradation time, the
stability of the molecular chain decreased gradually because of hydro-
lysis, leading to the decrease of flexural strength and elongation at break
of PEG/SMPLAs. After 15 days of biodegradation, although the tough-
ness of the PEG/SMPLAs decreased, the elongation at break of PEG1k/
SMPLA, PEG1.5k/SMPLA, and PEG2k/SMPLA remained at

approximately 11%, 7%, and 7%. PEG1.5k/PLA showed higher flexural
strength than PEG1k/SMPLA and PEG2k/SMPLA, probably due to its
superior melting extrusion processability and printability. After 30 days
of biodegradation, the flexural strengths of PEG1k/SMPLA, PEG1.5k/
SMPLA, and PEG2k/SMPLA were about 10 MPa, 13 MPa, and 11 MPa,
respectively. Besides, the weight loss rate of PEG/SMPLAs increased
with biodegradation time because of the detachment of biodegradation
products (e.g., oligomers and monomers) from the matrix (Fig. 2d),
demonstrating the biodegradability of PEG/SMPLAs. After 90 days of
biodegradation, the weight loss rates of PEG1k/SMPLA, PEG1.5k/PLA,
and PEG2k/SMPLA flexural specimens were 14.6%, 17.7%, and 15.0%,
respectively.

In addition, the tensile performance of the 4D printed shape memory
PEG/SMPLA biocomposites was investigated (Fig. 2e-g, Fig. S4). Simi-
larly, without biodegradation (0 d), PEG1k/SMPLA, PEG1.5k/SMPLA,
and PEG2k/SMPLA exhibited excellent toughness. The long fiber pro-
trusions in the longitudinal fracture morphology were associated with
the high elongation at break of PEG/SMPLAs, as the fiber protrusions
can absorb more energy (Fig. S5a). On the 15th day of biodegradation,
the tensile strengths of PEG1k/SMPLA, PEG1.5k/SMPLA, and PEG2k/
SMPLA were 11.7 MPa, 11.6 MPa, and 10.0 MPa, respectively. The
elongation at break decreased with the biodegradation time, and
correspondingly, the morphology became smoother with fewer features
(Figs. S5b and c). The cross-sectional morphology showed a similar
trend (Fig. S6), changing from independent fibrous protrusions (unde-
graded) to a monolithic block (degraded for 90 days). After 90 days of
biodegradation, the weight loss rates of PEGl1k/SMPLA, PEG1.5k/
SMPLA, and PEG2k/SMPLA tensile specimens were 13.4%, 17.1%, and
10.6%, respectively (Fig. 2h). The slight difference in weight loss rate
between rectangular flexural specimens and dog-bone tensile specimens
indicated that the biodegradation rate was affected not only by the
material composition of the specimens but also by the geometry of the
specimens.

To assess the cytocompatibility of 4D printed shape memory PEG/
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Fig. 3. Merged fluorescent images of cells co-
cultured with 4D printed shape memory (a) PEG1k/
SMPLA, (b) PEG1.5k/SMPLA, (c) PEG2k/SMPLA
biocomposites. The living cells were stained green,
and the dead cells were stained red. Scale bar: 250
pm. Histological examination of 4D printed shape
memory PEG1.5/SMPLA biocomposites implanted
subcutaneously in mice. Implanted for (d) 7 days, (e)
30 days and (f) 60 days. Scale bar: 100 pm. (For
interpretation of the references to color in this figure
legend, the reader is referred to the Web version of
this article.)
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Fig. 4. (a) Structures and geometric parameters of the designed biomimetic networks. (b) Tensile tests of biomimetic networks.

SMPLA biocomposites, co-culture of PEG/SMPLAs with intestinal cells
was performed. Fig. 3a—c shows merged fluorescence images of intesti-
nal cells, in which the living cells are displayed in green and the dead
cells are displayed in red. It can be seen that the three PEG/SMPLAs
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implantation in mice. Histological analysis revealed a significant in-
flammatory cell infiltration 7 days after implantation (Fig. 3d), which
was due to the self-protective mechanism of the foreign body reaction
initiated by the host mice. The PEG/SMPLAs were encapsulated by a
non-specific protein layer after implantation, and inflammatory cells
were exuded from the vessels. At 30 days, the inflammation response
gradually subsided (Fig. 3e). At 60 days, inflammatory cells continued to
decrease, revealing dense connective tissue and well-arranged fibrous
tissue (Fig. 3f). The three PEG/SMPLAs exhibited similar reaction phe-
nomena, which indicated that foreign PEG/SMPLAs were all accepted by
the host and showed satisfactory histocompatibility in vivo.

The wavy biomimetic networks are able to exhibit stress-strain be-
haviors similar to biological tissues, thus greatly reducing the risk of
tissue wear and even perforation [17,33-35]. Due to this unique
advantage, four wavy biomimetic networks were developed and
employed as the basis for the structural design of intestinal stents. Fig. 4a
shows the models of the designed biomimetic networks. The represen-
tative unit of the N1 biomimetic network consists of a circular central
node and six semicircular ligaments with a radian of 2¢; the represen-
tative unit of the N2 biomimetic network is composed of a circular
central node and six ligaments connected by two arcs with a radian of @;
the representative unit of the N3 biomimetic network consists of a cir-
cular central node and six right-angle ligaments; the representative unit
of the N4 biomimetic network is directly composed of six right-angled
ligaments without a circular central node. The dimensionless design
geometric parameters of the representative unit of the biomimetic
network are g = n/2, R/Lyp = 0.13, r/R = 0.5, to/Lyp = 0.04. The me-
chanical properties of four biomimetic networks were characterized
(Fig. 4b), and the four networks exhibited J-shaped stress-strain
behavior similar to that of biological tissues [17,33-35]. The J-shaped
stress-strain curve was divided into three phases. The first phase was the
low modulus phase, the modulus rose slowly in the second phase, and
the modulus rose rapidly in the third phase. The structural equivalent
stiffness of the right-angled ligament networks (N3 and N4) was higher
than that of the arc-shaped ligament networks (N1 and N2), while the
arc-shaped ligament networks were more ductile, with elongation at
break up to ~90% for both N1 and N2 biomimetic networks.

The deformation behaviors of the biomimetic networks under
different levels of tensile loading were analyzed, and the deformation
sequences obtained by experiments and simulations were in good
agreement (Fig. 5). The analysis of the strain distributions of biomimetic
networks showed that the strains of the ligament segments closely
connected to the nodes were higher, while the strains of the ligament
segments slightly distant from the nodes were lower. The deformation
process of biomimetic networks was shown in the following three pha-
ses: In the initial phase of loading, the ligament deformation was
dominated by bending, which corresponded to the low modulus stage in
the J-shaped stress-strain curve in Fig. 4b. Then, the ligament was
gradually straightened and the node began to rotate due to the defor-
mation of the ligament. The ligament deformation entered the transition
phase from “bending dominant” to “stretching dominant”, correspond-
ing to the phase of slowly rising modulus. Finally, the ligament was
almost straightened. The deformation was completely dominated by
stretching, and the modulus increased sharply. The schematics of
network elements at different strains more clearly demonstrated the
deformation of the ligaments and nodes during loading.

3. Application

Intestinal obstruction is a common complication of intestinal dis-
eases and will be life-threatening if timely decompression is not per-
formed. Although metal intestinal stents have been widely used to
expand the obstructed intestinal lumen, they may cause problems such
as mucosal hyperplasia, abrasion, perforation, and re-obstruction. In
particular, when used for benign intestinal obstruction (e.g., Crohn’s
disease, ischemic enteritis), metal stents require secondary endoscopic
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Fig. 6. (a) 3D models and (b) photographs of the 4D printed shape memory
biomimetic intestinal stents. Scale bar: 10 mm. (c) Lightweight demonstration
of the biomimetic networks and intestinal stents. (d) Compression behaviors of
the 4D printed shape memory biomimetic intestinal stents. (e) Flexibility
demonstration of the N1 4D printed shape memory biomimetic intestinal stent.
The biomimetic stent can automatically return to its original configuration after
being subjected to loads in different directions such as radial compression, axial
tension, or torsion. The networks and stents were colored blue for clear display.
(For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

removal, which not only greatly increases the risk of complications, but
also increases the pain and economic burden of patients [36-38]. To
address the problems of metal stents, biodegradable polymeric intestinal
stents were developed. For example, biodegradable polydioxanone
(PDO) colorectal stents loaded with 5-fluorouracil (5-FU) were devel-
oped [37]. In addition, PDO biodegradable colorectal stents loaded with
curcumin (CUR) and 5-FU were developed to induce tumor cell
apoptosis [38] However, these biodegradable intestinal stents still suffer
from complications due to size mismatch. Here, 4D printed shape
memory biomimetic intestinal stents were developed, with prominent
advantages of customization, self-adaptability, biodegradability, and
biocompatibility. Due to the unique wavy biomimetic networks, the 4D
printed shape memory intestinal stents exhibited significantly improved
flexibility, which facilitated stents to conform to the peristaltic defor-
mation of the intestine, thus reducing damage to the intestinal wall.
Besides, the dynamically reconfigurable shape memory performance
and the feasibility of reopening the obstructed intestine were examined.

The 4D printed shape memory intestinal stents with the wavy bio-
mimetic structure were obtained by extending the 2D wavy biomimetic
networks to 3D networks (Fig. 6a). Biomimetic intestinal stents were
prepared by 4D printing using NBT-triggered shape memory PEG1.5k/
SMPLA to achieve biodegradability, biocompatibility and configuration
customization of stents (Fig. 6b). Furthermore, the advantages of 4D
printed shape memory implants can be maximized under NBT triggering
(transition temperature ~42 °C). For example, the impact of inappro-
priate transition temperature on the tissue can be avoided; the flexibility
of the temporary configuration of the implant facilitates minimally
invasive procedures; the implant is able to provide satisfactory support
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Fig. 7. (a) Dynamically reconfigurable shape memory performance of 4D printed biomimetic stents. The biomimetic stents were colored blue for clear display. Scale
bar: 10 mm. (b) Feasibility of the 4D printed shape memory biomimetic stent opening simulated obstructed swine intestine. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)

for the lesion because it is glassy at body temperature. The lightweight
biomimetic networks and stents can be stably placed on flowers or
leaves (Fig. 6¢), and thus will not cause excessive pressure on the in-
testine. In addition, the compression behaviors of the 4D printed shape
memory biomimetic intestinal stents were examined (Fig. 6d). The N4
biomimetic stent possessed the largest structural equivalent stiffness,
followed by the N3 and N2 biomimetic stents. The N1 biomimetic stent
possessed the lowest structural equivalent stiffness but the best struc-
tural flexibility. The maximum compression loads that N2, N3, and N4
biomimetic stents can bear were similar, slightly higher than 8 N.
Although the maximum compression load that the N1 biomimetic stent
can withstand was slightly lower, its deformation ability was signifi-
cantly better than the other three stents. During compression loading,
the maximum deflection of the N1 biomimetic stent was 2.4 times that of
the N3 biomimetic stent and 5.1 times that of the N4 biomimetic stent.
The high structural flexibility of the N1 stent was further validated by
applying loads in various directions. The N1 biomimetic stent can
automatically return to its original structure after bearing loads in
various directions and undergoing large deformation, which further
validated its high structural flexibility (Video S1, Fig. 6e). The high
flexibility of the N1 biomimetic stent was conducive to the coordinated
deformation of the stent with the intestine, thus reducing the irritation
to the intestinal wall.

Supplementary data related to this article can be found at https://do
i.org/10.1016/j.compositesb.2023.110623.

Then, the dynamic reconfigurability of the 4D printed shape memory
biomimetic stents was evaluated. The biomimetic stents exhibited
outstanding programming flexibility and can be programmed to desired
temporary configurations, such as auxetic temporary configuration and
small-volume temporary configuration (Fig. 7a). The small-volume
temporary configuration of the biomimetic stent was conducive to
minimally invasive implantation. Then, biomimetic stents were capable
of recovering to their original configurations under thermal stimulation,
demonstrating excellent shape memory performance. More importantly,
even after five shape memory cycles, the 4D printed biomimetic stent
can still be fixed to the temporary configuration and return to the
original configuration, which further proved the distinguished
programmability and reconfigurability (Video S2). Besides, the 4D
printed biomimetic stent was able to open the simulated obstructed
swine intestine and restore the size of the intestinal lumen, which pre-
liminarily proved the feasibility of the biomimetic stents for intestinal
obstruction (Fig. 7b).

Supplementary data related to this article can be found at https://do
i.org/10.1016/j.compositesb.2023.110623.

4. Conclusions

In summary, mass-producible NBT-triggered 4D printed shape
memory biocomposites were developed with biodegradable, biocom-
patible, and dynamically reconfigurable properties. The 4D printed in-
testinal stents were developed for the first time and had the advantages
of high flexibility, biodegradability, biocompatibility, and configuration
customization, which can avoid secondary surgery and reduce the risk of
complications. The printed constructs allowed the dynamically recon-
figurable shape memory process to be completed at NBT (42 °C-43 °C),
maximizing the advantages of 4D printed shape memory implants. The
4D printed biomimetic intestinal stents exhibited high reconfigurability
and the ability to reopen the obstructed colon. This work provides a
facile strategy to create attractive intelligent medical implants for tissue
engineering in a rapid, precise, and customized manner. Of importance
here is that the entire process, including preparing NBT-triggered 4D
printed shape memory biocomposites, printing intestinal stents, and
shaping temporary configurations of stents, does not involve any toxic
solvents and can be readily scalable, further illustrating the high feasi-
bility of this strategy for clinical application.
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