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A B S T R A C T   

Shape memory polymers (SMPs) can be triggered by an external stimulus to realize the shape changing from 
temporary shape to its original shape. Due to its biodegradability, easy forming properties and shape memory 
effect, SMPs have been widely considered in bio-medical applications. This paper details an application of SMP in 
personalized 4D printing of a bio-designed tracheal scaffold. Compared with the traditional tracheal scaffolds, 
the SMP tracheal scaffolds can conform to the issue to keep the best fixed state. Moreover, the design of tracheal 
scaffold based on the microstructure of the glass sponge exhibits higher strength and stability. The distinctive 
design endows it with the ability to adapt the complex environmental conditions in the soft-tissue of patients. 
Combined with 4D printing, the bioinspired tracheal scaffold can realize customization in consideration of 
different size of trachea. The SMP based bio-designed tracheal scaffolds showed excellent performances and were 
proved to be a potential replacement for the traditional tracheal scaffold.   

1. Introduction 

As air conduit, trachea has the function of providing warm, humid 
and clean air for respiratory zone, clearing secretions and keeping the 
airway free [1]. Many of the flexible tracheas and tubules together 
constitute the tracheobronchial tree, which is approximately 12 cm long 
with 2 cm diameter in the body. Usually, trachea is fragile, so that it can 
be impaired by many disorders [2–4]. And air conduit is a single 
intraluminal organ with independent biological characteristics and 
functions. Owing to its unique anatomical structure, the surgical repair 
of damaged trachea is very complicated and accompanied with high 
risks [5–8]. Adopting the artificial tracheal scaffold repair method will 
relieve pain. With the development and maturity of the biomedical 
technology, more and more excellent tracheal scaffolds have been 
developed, especially by using the degradable scaffold materials [1,9]. 

Tracheal scaffold is the medical device used to repair tracheal ste
nosis and tracheomalacia. Currently, most of the tracheal scaffolds used 
in clinical researches are non-degradable. However, with the de
velopments of biodegradable materials, more and more studies are 
focused on the biodegradable tracheal scaffold [9,10]. It can provide 
mechanical support for tracheal wall in the initial stage. After the 

growth of the cell tissue along the scaffold wall, it can degraded and 
excreted outside gradually, avoiding the re-injury caused by the second 
operation [11]. 

Unfortunately, frequent complications usually cause faults, such as 
scaffold migration and scaffold fracture [12]. Thus, it is necessary that 
the tracheal scaffold must have enough mechanical strength and good 
bending performance. Most importantly, it must fit the trachea ideally to 
avoid sliding. Thus, motivated by the high risk of the failure and 
migration of the implanted tracheal scaffold, the personalized 
four-dimensional (4D printing) of bioinspired tracheal scaffold based on 
shape memory polymer (SMPs) is engineered with adaptive design, 
which can fit the trachea ideally and provide a conformable fixation. 

4D printing is developed based on the 3D printing (three-dimen
sional printing) technology, or additive manufacturing technology, with 
the usage of some special features of intelligent materials, like shape 
memory polymer. Shape memory polymer can respond to external 
stimulus (such as electricity [13], light [14], magnetism [15], water 
[16], heat [17] and microwave [18]) under specific conditions and 
capable of self-sensing, self-actuation, self-drive and self-healing. Due to 
its special functions, SMP have been widely used in the fields such as 
aerospace [19–21], adaptive optics [22,23], biomedical [24,25], and 
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etc. The additive manufacturing technology of SMP has overcome the 
disadvantage in traditional SMP fabrication technology. Fabrication of 
structures with complex shapes is not easy to achieve, but additive 
manufacturing makes it possible to prepare structures with arbitrarily 
complex shape, which further expands the application scope of SMP, 
especially in biomedical area. Jia et al. detailed the application of ad
ditive manufacturing technology in surgical practices [26]. Zhang et al. 
pointed out that the importance of the additive manufacturing tech
nology to personalized designs, and discussed the improvement project 
of additive manufacturing technology to achieve desired 
bio-functionality [27]. 

4D printing can be used in multiple biomedical applications, ranging 
from the design of nanoparticle to the fabrication of engineering scaf
fold, based on shape memory biomedical materials [28–30]. Due to the 
tiny structure can be implanted into the limited access places and then 
be expanded, 4D printing has a great potential in the biomedical ap
plications. A bioinspired tracheal scaffold can be delivered to the lesion 
place, and recover to its permanent shape under the external stimulus. 
Wei et al. have processed several 4D scaffolds based on direct-write 
fabrication, which exhibit the potential in intravascular scaffold [31]. 
However, this work just reveal that the 4D printing technology has the 
potential for further development of biomedical application. The 
structure related in this paper is just used to shown its shape memory 
effect, which is not discussed in depth. Based on 4D printing technology, 
Zhang et al. have designed and fabricated a circular braided tube. The 
shape memory behavior and recovery force were characterized in their 
work [32]. 

Based on the additive manufacturing technology of intelligent ma
terials, the process to achieve 4D printed components is described as 
follows. Firstly, the rapid manufacturing of SMP is realized by the ad
ditive manufacturing technology. Then under the external stimulation of 
the environment (light, electricity, humidity, temperature, etc.), the 
structure changes its initial state, providing the additional dimension of 
time, which is very suitable for the implantation of tracheal scaffold. 

The structure configuration and holes size play an important role in 
the design of a tracheal scaffold. The suitable size of holes facilitates the 
attachment and growth of cell tissue on scaffold. Also a reasonable 
structural design determines the structural stability of the scaffold. 
Excellent mechanical stability of tracheal scaffold is expected to support 

the softened tracheal besides providing support for cells. Thus, the 
following mechanical properties are required for an excellent tracheal 
scaffold. (i) After implanted in vivo, it must maintain the structural 
integrality and stability. (ii) It must provide sufficient force during the 
tissue regeneration and material degradation. This paper presents two 
bioinspired tracheal scaffolds with optimal holes size and high sup
porting capacity. Furthermore, the performances of the novel tracheal 
scaffolds are evaluated. 

2. Design and fabrication of bioinspired tracheal scaffold 

2.1. Design of porous glass sponge biomimetic tracheal scaffold 

In order to adapt to their living environment, each species in nature 
has undergone a long natural selection and evolved to form a biological 
structure with excellent properties, such as high strength, high tenacity, 
self-sealing and good functional adaptability [33,34]. The best optimi
zation design is successfully achieved in the existing structure of bio
logical materials, such as bone, plant stem and wood fiber, which shows 
excellent performance in the direction of payload. Such mechanism is 
imitated by a variety of weaving methods [35]. The optimized 
arrangement of fibers found in biological structure can be applied to the 
stent for load-bearing [36]. Sandwich plate structures that imitate 
honeycomb structure have been extensively employed in the aerospace 
field. Taking the advantages into account, many biomimetic studies 
have been carried out. 

The unique porous network structure of the glass sponge can satisfy 
some requirements of tracheal stent. Glass sponge is a type of spongy 
animal, and the skeleton is made of siliceous bone needles, which are 
similar to the composition of fiberglass and thus give it the name of glass 
sponge [37–39]. The complex biological environment of the seafloor 
resulted in their high toughness, high strength and high stability. The 
personalized 4D printing of bioinspired tracheal scaffold is simplified 
and designed on the basis of microstructure of porous glass sponge. The 
body wall of the porous glass sponge is cylindrical. It is composed of 
interweaving meridional circulation sponge spicule, zonal sponge 
spicule and spiral sponge spicule, which form the unique octagon mesh 
structure [40]. The serrations outside of the external wall of porous glass 
sponge are called external ridges, which extend perpendicularly to the 

Fig. 1. (a) Photograph of the entire skeleton of a glass sponge and the fragment of the cage structure (b) Plane graph of the deployable structure and cell-element of 
bioinspired tracheal scaffold BTS-I and (c) BTS-II. 
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surface of the body wall and spiral at an angle of 45�. Ridges provide 
support to backbone and improve the ability to withstand bending, shear 
and torsion. The skeleton of porous glass sponge is composed of fibers in 
four directions, 0�, 90� and �45�. 

Because of the special physiological characteristics of the trachea, 
particular demands in the geometrical shape, porosity and mechanical 
properties of the trachea scaffold are supposed to be considered. The 
configuration design of bioinspired tracheal scaffold is carried out based 
on the unique microstructure of porous glass sponge. 

Fig. 1(a) exhibits a photograph of the entire skeleton of a glass 
sponge and the fragment of the cage structure. Inspired by this structure, 
two bioinspired tracheal scaffolds named as BTS-I and BTS- II are 
designed, and the plane graphs of the deployable structures are shown in 
Fig. 1(b) and (c) respectively. The outer wall of glass sponge is covered 
with the bidirectional spiral ridges, with (helical) angle of 45�, which 
are 0.4 mm high and 0.4 mm thick. The helical angle of the spiral ridges 
of glass sponge is inverted after a corresponding circumferential angle of 
π. The plane structure of bioinspired tracheal scaffold is composed by �

45� crossed fiber. To reduce the weight of the scaffold, triangular and 
rectangular holes are scattered on the fibers. The main function of 
tracheal scaffold is to provide mechanical support for the lesion site. 
Also, the mechanical properties of trachea scaffold could be maintained 
by controlling the porosity and pore size. The enlarged view of the 
cellular elements of the porous structure of BTS-I is illustrated in Fig. 1 
(b). Accordingly, the triangular holes are radially distributed around the 
rectangles. The cellular elements array along the fiber directions and the 
octagonal holes lie on the junction of the fiber. As shown in Fig. 1 (c), the 
cellular elements of the BTS-II array along the fiber directions and lie on 
both side of the fiber. 

Fig. 2 (a) illustrates the three-dimensional exploded-views and 
complete glass sponge inspired design of bioinspired tracheal scaffold 
BTS-I. It is composed of a skeleton in the center and ridges spiral around 
the wall. Similarly, Fig. 2 (b) shows the configuration of bioinspired 
tracheal scaffold BTS-II. The ratio between strength and weight is used 
to evaluate the performance of the designed scaffolds. The design 
criteria are shown in Appendix A. 

2.2. Fabrication of shape memory PLA/Fe3O4 composites filament and 
bioinspired tracheal scaffold 

With the increase of magnetic particle content, the heating efficiency 
will increase. However, if it has too few magnetic particles, the material 
could not be actuated due to the low concentration of magnetic particles 
(fewer induction heaters). It is found that when the content of the 
magnetic particle is lower than 5 wt%, it is hard to actuated. When the 
content of magnetic particles increased to 10 wt%, the sample was able 
to actuate the recovery process, but the recover speed is relatively lower. 
Consequently, the ratio of 15 wt% is chosen in this work. 

The raw materials were processed by solvent. A masterbatch, con
taining 15 wt% Fe3O4 nanoparticles and 85 wt% polylactic acid (PLA) 
was first prepared by melt compounding. A twin-screw extruder (Cte20 
Coperion) equipped with a sharp-shearing extruder screw (screw 
diameter: 24 mm, L/D ratio: 40) was employed for the preparation of the 
filament. The screw speed was set to 200 rpm, and the processing tem
peratures were ranged from 180 to 200 �C. The filament of shape 
memory PLA/Fe3O4 composites was wound around a spool while being 
extruded. The average filament diameter was 1.75 mm. 

Model of the bioinspired tracheal scaffold used for 3D printing was 
created by using the Solidworks software package. Using the shape 
memory PLA/Fe3O4 filament, the tracheal scaffold was printed by fused 
deposition method with 20% infill density. The commercial 3D printer 
of ANYCUBIC 3D (i3 MEGA) with the nozzle size of 0.4 mm was 
employed to fabricate the scaffolds. The printing speed was set as 
50 mm/min with the printing temperature of 210 �C and bed tempera
ture of 60 �C. The prototypes of BTS-I and BTS-II are shown in Fig. 3. The 
heights of the scaffolds were 50 mm and the diameters were 12 mm. The 
wall thickness of the scaffold was 0.8 mm and the protruding height of 
three external ridges was 0.4 mm, which were designed to improve the 
strength and toughness of the structure. 

3. Experimental methods and results 

3.1. Thermodynamic experiment 

3.1.1. Differential scanning calorimetry (DSC) 
Differential scanning calorimetry (DSC 1 STAR System, Mettler- 

Toledo) test was performed to investigate its thermodynamic perfor
mance. The sample was heated to 200 �C with a rate of 10 �C/min and 
cooled to 30 �C with the same rate. As shown in Fig. 4, the glass tran
sition temperature is 65.35 �C and the melting temperature is 170.55 �C. 
However, there is a cold crystal peak around 110 �C, which indicates 
that PLA is semi-crystalline material with weak crystallization ability. 

Fig. 2. Three-dimensional exploded-views and glass sponge inspired designs of 
tracheal scaffold of (a) BTS-I and (b) BTS-II. 

Fig. 3. 4D Printing of bioinspired tracheal scaffold concept BTS-I and BTS- II.  

Fig. 4. Differential scanning calorimetry curve.  
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3.1.2. Thermogravimetric analysis (TGA) 
Thermogravimetric analysis (TGA/DSC 1 STAR System, Mettler- 

Toledo) was performed with a heating rate of 10 �C/min, which the 
sample was heated from 25 �C to 700 �C. The tendency of material 
decomposition is shown in Fig. 5. The temperature where PLA/Fe3O4 is 
completely decomposed is around 440 �C with the residual mass of 
1.91 mg. Furthermore, it can be obtained that the initial thermal 

decomposition temperature is 345.2 �C (X1), the temperature with the 
highest thermal decomposition rate is 400.8 �C (X2) and the end thermal 
decomposition temperature is 442.3 �C (X3). 

3.1.3. Thermal-mechanical cycle test 
Thermal-mechanical test is conducted to investigate the shape 

memory effect of the PLA/Fe3O4 composites. The sample is first heated 
to 90 �C with the heating rate of 2 �C/min and applied 0.15 strain. Keep 
the strain and lower the temperature to 20 �C with the cooling rate of 

Fig. 5. Thermogravimetric analysis curve.  

Fig. 6. Shape memory cycle of strain vs. temperature.  

Fig. 7. Uniaxial tensile experiments of samples with different particle content (a) Test temperature in 25 �C (b) Test temperature in 37 �C.  

Fig. 8. Uniaxial tensile test of PLA/Fe3O4 composite at (a) 30 �C (b) 35 �C 
(c) 40 �C. 

Fig. 9. Stress relaxation test of PLA/Fe3O4 composite at 30 �C, 35 �C and 40 �C.  
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2 �C/min. Finally, reheat the sample to 90 �C with the same heating rate. 
As shown in Fig. 6, it can be seen that the sample starts to recover its 
initial shape around 60 �C, and the recover speed is relatively fast. When 
the temperature reaches to 73 �C, the sample has finished its thermal- 
mechanical process. This test, from the side, reflects the recovery of 
the scaffold. However, the thinner wall of the scaffold will result in heat 
conduction faster than the sample, which will further lead to the recover 
temperature of the scaffold lower than the sample and the recover speed 
higher than the sample. 

3.2. Uniaxial tensile test 

The tensile tests were performed according to ASTM D638 standard 
by using a universal testing machine (ZWICK-010) equipped with a 
temperature chamber. Dumbbell-shaped samples with a filling rate of 
20% were prepared by using 3D printer, and the size was 
115  mm � 6  mm � 2 mm. Before testing, the specimen was put inside 
the temperature chamber to stabilize for 15 min to achieve the thermal 

equilibrium. The stretching speed was controlled at 2 mm/min. 
Samples of pure PLA and PLA/Fe3O4 (PLA mixed with 5 wt%, 10 wt 

% and 15 wt% Fe3O4) were adopted to explore the influence caused by 
the addition of magnetic particle on mechanical properties. Moreover, 
two groups of experiments were carried out with test temperature of 
25 �C and 37 �C to study the stress-strain behavior under different 
temperature. The stress-strain behavior tested at 25 �C is shown in Fig. 7 
(a). Obviously, the mechanical strength of PLA mixed with 15 wt% 
Fe3O4 is the highest among the four materials, which is 20.08 MPa and 
much higher than 16.63 MPa of pure PLA. Moreover, the mechanical 
strengths of PLA mixed with 10 wt% and 5 wt% Fe3O4 are 19.19 MPa 
and 19.10 MPa, which is slightly less than that of PLA mixed with 15 wt 
% Fe3O4, but both are higher than pure PLA. The stress-strain behavior 

Fig. 10. Durability test curve of PLA/Fe3O4 composite.  

Fig. 11. Three-point bending test results of bioinspired tracheal scaffold (a) BTS-I and (b) BTS-II, Radial strength test curves of (c) BTS-I and (d) BTS-II.  

Fig. 12. The initial configuration of bioinspired tracheal scaffold BTS-I and 
BTS-II after imported into ABAQUS. 

Table 1 
Parameters of the applied constitutive model.  

Description Parameter Values 

Hyperelastic parameters C10, D1 393.964, 0.0006452 
Thermal expansion coefficient a 0.00017 (at 40 �C) 
WLF reference temperature T0 37 �C 
WLF constant C1 4.5 
WLF constant C2 55  
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tested at 37 �C is shown in Fig. 7(b). The mechanical strength of PLA/ 
Fe3O4 with 15 wt%, 10 wt% and 5 wt% Fe3O4 is 10.14 MPa, 10.07 MPa 
and 10.09 MPa, which is significantly higher than 8.64 MPa of pure PLA. 
Furthermore, as shown in Table F1 and Table F2 (Appendix F), the 
Young’s modulus of PLA/Fe3O4 are significantly higher than pure PLA. 

Consequently, it can be concluded that a certain amount of Fe3O4 has 
some enhancement effect on mechanical strength of PLA. The mechan
ical strength of PLA/Fe3O4 will be significantly improved compared 
with pure PLA. However, the difference of mechanical strength between 
PLA/Fe3O4 with different content of Fe3O4 is not obvious. Furthermore, 
the elastic modulus increases with the increasing of mass fraction of 
Fe3O4. 

In order to obtain the mechanical properties of shape memory PLA/ 
Fe3O4 composite, the uniaxial tensile test was conducted at three 
different temperatures close to body temperature (30 �C, 35 �C and 
40 �C). As shown in Fig. 8, the specimens exhibit an excellent toughness 
around the body temperature. Besides, the Young’s moduli calculated 
are 1293 MPa at 30 �C, 1039  MPa at 35 �C and 956  MPa at 40 �C. The 
mechanical strengths are 15.15  MPa at 30 �C, 9.39  MPa at 35 �C and 
6.20  MPa at 40 �C while the fracture strains are 0.0176, 0.0283 and 
0.27 at 30 �C, 35 �C and 40 �C, respectively. Consequently, it can be 
concluded that the Young’s modulus and mechanical strength decrease 
with the increase of test temperature. 

Fig. 13. Function verification of bioinspired tracheal scaffold (a) BTS-I and (b) BTS- II in vitro actuated by magnetic field.  
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3.3. Relaxation test 

The stress relaxation test is an important experimental method to 
investigate the viscoelastic mechanical property of SMP. By relaxation 
test, it can be found that the flow deformation of a SMP consists of two 
stages. Firstly, there is an instantaneous elastic deformation at the 
beginning of loading and then there is a viscous deformation at the end 
where the stress decays. The stress relaxation test was used to study the 
decay of stress σ0ðtÞ under a constant strain. In this work, the defor
mation was kept at 1 mm and stress relaxation has been investigated at 
three temperatures 30 �C, 35 �C and 40 �C as shown in Fig. 9. 

3.4. Durability test 

In order to investigate the durability of the material, the cyclic 
loading-unloading measurement is carried out. The specimen used in 
this test is according to the same standard (ASTM D638, 11 
5 mm � 6  mm � 2 mm). It is heated to 37 �C and kept for 15 min to 
ensure sufficient heat exchange. Subsequently, the sample is applied 
1 mm deformation on it. When the load reaches to the maximum, it will 
be unloaded until zero. The cyclic process proceeds for 100 times, which 
indicate the excellent durability of the material. The experiment result is 
shown in Fig. 10. 

3.5. Stability and radial strength test of bioinspired tracheal scaffold 

The bioinspired tracheal scaffold should have excellent stability and 
radial strength to support the tracheal well. Meanwhile, the scaffold is 
supposed to deform slightly and recover quickly to adapt the deforma
tion of the trachea caused by cough and breathe. During eating, 
coughing and breathing, the trachea will get squeezed to realize the in 
and out of gas and liquid discharging. Special mechanical properties of 
the tracheal scaffold can ensure the quick recovery to the initial state 
while providing the required mechanical support. Radial loading 
bearing capacity is one of the most important parameters of tracheal 
scaffold. During its development and clinical application, one of the 
main causes for failure is its collapse, which attributes to the insufficient 
radial strength. The failure of the tracheal scaffold inside the body will 
result in great pain for patients, or even life-threat. Thus, excellent 
mechanical properties of scaffolds are very important. 

Multiple experiments are conducted in this work to evaluate the 
stability of tracheal scaffold in complex working environment. The 
three-point bending test is carried out at 30 �C, 35 �C and 40 �C 
respectively with a loading rate of 2 mm/min. The span was 35 mm 
while the length of the tracheal scaffold is 50 mm. As shown in Fig. 11(a) 
and (b), the tracheal scaffolds BTS-I and BTS-II have high resistance to 

bending at the initial stage of loading respectively. When the sufficient 
load for yielding is reached, the deflection increases gradually until it 
loses the support. Due to the adequate toughness of the bioinspired 
tracheal scaffolds, the current configurations are not broken, but just lost 
the stability. There is no significant difference between the results of the 
two bioinspired tracheal scaffolds structures. Analysis of experimental 
data demonstrated that the bioinspired tracheal scaffolds do not only 
possess the moment resisting ability, but also have certain toughness 
around body temperature. 

In order to investigate its supporting performance, the radial 
strength of the tracheal scaffolds has been tested by using the ZWICK- 

010 machine. And the compression mode is adopted with the loading 
rate of 2 mm/min. As showed in Fig. 11 (c) and (d), even at the tem
perature of 40 �C, the bioinspired tracheal scaffolds still exhibit an 
excellent radial strength. 

From the experiment results of scaffolds BTS-I and BTS-II, it can be 
seen that the BTS-II is more stabilizing when subjected to different 
temperature environment compared to BTS-I. This maybe results from 
the different microstructures of the two structures. As shown in Fig. 2, 
triangular, rectangular and octagon holes are scattered on the fibers of 
scaffold BTS-I. However, the cellular elements of the BTS-II array along 
the fiber directions are the triangular holes. The stability of triangular 
elements results in the BTS-II exhibits better stability. 

Quantitative data on the biomechanical properties of tracheobron
chial stents is very complex and elusive. However, a relevant summary 
based on the animal experiment is provided in the supporting infor
mation published by Morrison et al. [9]. Eventually, the scaffold must 
provide adequate mechanical support to prevent the compressive force 
coming from external, while, some bending freedom is necessary. It can 
be quantified as < 50% deformation under a compressive load of 20 N 
[9]. By comparing the relation between the load and the deformation, 
the deformation under 20N of the bioinspired tracheal scaffold designed 
in our work is around 10%. 

4. Constitutive modeling of SMPs 

The viscoelastic constitutive model of finite deformation in transient 
response mode can be expressed as: 

τ0ðtÞ¼ τD
0 ðFðtÞÞ þ τB

0 ðtÞ (1)  

where, τD
0 and τB

0ðtÞ are the partial and spherical portions of Kirchhoff 
stress τ0. And F is a variable associated with the deformation gradient F: 

F¼
F
J1

3
(2)  

where, J ¼ detðFÞ is the volume ratio before and after the deformation. 
For the materials undergoing large deformations, integrating the 

partial and spherical expressions in the reference configuration, we can 
get the genetic integral equation: 

τDðtÞ ¼ τD
0 ðtÞ þ dev

� Z τ

o

_GðtÞ
Gð0Þ

F� 1
t ðt � t’Þ ⋅ τD

0 ðt � t’Þ ⋅ F� T
t ðt � t’Þdt’

�

(3)  

τBðtÞ ¼ τB
0 ðtÞ þ

Z τ

o

KðtÞ
Kð0Þ

⋅τD
0 ðt � t’Þdt’ (4)   

The viscoelastic stress response σ of SMP is divided into two parts: 
the stress part σ0ðεÞ that is dependent on strain and the relaxation part g 
(t) that is dependent on time. And it is 

σðε; tÞ¼ σ0ðεÞ⋅gðtÞ (6)  

in which the hyperelastic Neo-Hooke model is used to describe σ0ðεÞ. G0 
and K0 are instantaneous shear modulus and instantaneous volume 
modulus respectively. In addition GðtÞ and KðtÞ are time-dependent 
shear modulus and relaxation modulus respectively. In viscoelastic 
constitutive model, the modulus is represented by the Prony series: 

dev
� Z τ

o

_GðtÞ
Gð0Þ

F
� 1

t
ðt � t’Þ⋅τD

0 ðt � t’Þ⋅F
� T

t

ðt � t’Þdt’
�

¼

Z τ

o

_GðtÞ
Gð0Þ

F
� 1

t

ðt � t’Þ⋅τD
0 ðt � t’Þ⋅F� T

t ðt � t’Þdt’ �
1
3

�Z τ

o

_GðtÞ
Gð0Þ

F� 1
t ðt � t’Þ⋅τD

0 ðt � t’Þ⋅F� T
t ðt � t’Þdt’

�

: I (5)   
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GðtÞ¼G0

 

g∞þ
Xn

1¼1
gi exp

�
� t
τi

�!

(7)  

KðtÞ ¼K0

 

k∞þ
Xn

1¼1
ki exp

�
� t
τi

�!

(8)  

where, g∞, gi, k∞ and ki are dimensionless constants. And σ0ðεÞ repre
sents the stress-strain relation in the initial moment and g∞σ0ðεÞ repre
sents the stress-strain relation when the relaxation modulus reached to 
an equilibrium state. 

The relaxation moduli at different temperatures are required when 
the viscoelastic analysis involves temperature change. Based on the 
stress relaxation test results illustrated in Fig. 10, the modulus variations 
with time can be obtained by using time-temperature equivalence 
principle, and it can be expressed as: 

EðT1; tÞ¼E
�

T2;
t

aT

�

¼EðT0; log t � logaTÞ (9) 

This formula shows that the effect of temperature change is equiv
alent to the time scale divided by the shift factor αT. Accordingly, αT is a 
function of temperature, and the WLF equation is adopted to describe 
that relation [41]: 

1
logaT

¼ �
1

C1
�

C2

C1ðT � TrÞ
(10)  

5. Results 

5.1. Predictions on the shape memory behaviors 

Combined with WLF time-temperature equivalent equation, the 
general Maxwell model is adopted to simulate the deformable process of 
the bioinspired tracheal scaffold. The bioinspired tracheal scaffold 
models illustrated in Fig. 12 have been established by using the Solid
works software package, which were then imported into commercial 
software ABAQUS (version 2016) for simulation. The bioinspired 
tracheal scaffold BTS-I has been meshed with 36551 quadratic tetrahe
dron elements (C3D10) and 503 solid 8-node quadrilateral brick ele
ments (C3D8R). And the bioinspired tracheal scaffold BTS-II has been 
meshed with 28509 quadratic tetrahedron elements (C3D10) and 503 
solid 8-node quadrilateral brick elements (C3D8R). 

In this work, Neo-Hooke model was adopted to describe the defor
mation behavior at high temperature. And the time domain viscoelas
ticity defined by a Prony series combined with the WLF equation was 
utilized to describe the deformation behavior in viscoelastic state. The 
related parameters are given in Table 1. The obtained stress relaxation 
data was input as the shear test data in the ABAQUS viscoelastic material 
module. By normalizing the relaxation test curves shown in Fig. 10, it 
can be obtained three curves describing material relaxation at the 
temperatures of 30, 35 and 40 �C. The relaxation data obtained were 
fitted with the KWW function. Appendix B summarized the fitting pa
rameters of relaxation test data. And the whole thermo-mechanical cycle 
process simulations are shown in Appendix C. 

The initial boundary conditions of bioinspired tracheal scaffold are: 
Uxjθ¼0 ¼ 0, Uyjθ¼0 ¼ 0, Uzjθ¼0 ¼ 0, θxjθ¼0 ¼ 0, θyjθ¼0 ¼ 0 and θzjθ¼0 ¼

0, and the boundary conditions in first Visco-step are: Uxjθ¼0:14 ¼ 0, 
Uyjθ¼0:14 ¼ 0, Uzjθ¼0:14 ¼ 0; θxjθ¼0:14 ¼ 0, θyjθ¼0:14 ¼ 0 and θzjθ¼0:14 ¼ 6. 

5.2. Function verification of bioinspired tracheal scaffold in vitro 

Magnetic actuation is an indirect heat-driven approach where the 
SMP is incorporated with a magnetic material and the SMP composite is 
exposed to an alternating magnetic field. Utilizing the heat generated by 
the oscillation of magnetic particles, the shape memory process is real
ized. This driving method enables the remote and non-contact control of 

the actuation, which is regarded as the most elegant approach in 
biomedical applications [42]. And the use of medically safe magnetic 
fields to selectively heat thermos-regulated SMPC has been demon
strated in a number of studies [43–47]. Besides, the work of Hideo 
Tamai et al. demonstrated the feasibility and safety of coronary biode
gradable PLA stents in humans [48]. Besides, Biological function test of 
shape memory PLA/Fe3O4 composite is shown in Appendix D. Thus with 
further optimization of PLA/Fe3O4, it may provide an effective means of 
deployment of tracheal scaffold. 

The functional verification of bioinspired tracheal scaffolds in vitro is 
accomplished under the stimulus of an alternating magnetic field. 
Fig. 13 exhibits a set of photographs showing the shape recovery in 35 s 
exposed to 30 kHz alternating magnetic field. Once the scaffold was 
exposed to the 30 kHz alternating magnetic field, the field intensity is 4 
kAm� 1. First, the scaffolds were expanded into a predetermined shape 
for easy process around the trachea. Then the magnetic field was 
imposed and the scaffolds were gradually recovered to their initial shape 
with time. Interestingly, both bioinspired tracheal scaffolds have been 
shown almost full shape recovery in 30 s. However, to ensure the best fit 
of the configuration of the bioinspired tracheal scaffolds to the geometry 
of trachea, the last 5s are necessary. The infrared camera was adopted to 
obtain the temperature of the structure at 35th second, and the tested 
temperature was 65 �C (Appendix F). 

6. Conclusion 

This paper proposes a novel fabrication method and concept for 
personalized customization of irregular shaped tracheal scaffolds. Two 
bioinspired scaffolds are fabricated through 4D printing of shape 
memory PLA/Fe3O4 composite. The developed scaffolds can be 
implanted in the body in a temporarily deformed configuration and 
deployed back into a conformed shape by exposing to an alternating 
magnetic field. Compared with conventional scaffolds, shape memory 
property of the bioinspired scaffolds helps to match the geometry of the 
trachea and exhibit better supporting and fixation. Besides, 4D printing 
technology made the morphology and microstructure of the scaffold 
regular and reproducible. 

In addition, mechanical properties of the personally customized 
bioinspired tracheal scaffolds are characterized by a series of tests. The 
experimental results revealed that both scaffolds have high toughness, 
which can make them deform with the trachea deformation. Meanwhile, 
without loss of rigidity, the scaffold can provide reliable support for the 
trachea. Subjected to an alternating magnetic field, both scaffolds have 
been recovered to its initial shape in 35s, which indicates the successful 
verification of in vitro function. 
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