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Four-dimensional (4D) printing, integrates transformation information into three-dimensional (3D)-printed structures, which
means that 3D-printed structures are able to change their shapes, properties, or functionalities over time. Here, two types of shape
memory personalized vascular stents with negative Poisson’s ratio structure are developed via 4D printing. The genetic algorithm
is used to optimize the structure. Axial compression tests, radial compression tests and three-point bending tests are carried out to
study the mechanical properties of the stents. In addition, fluid-structure interaction and stress distribution during the shape
recovery process are investigated based on finite element method. The shape memory behaviors of the stents are excellent and in
vitro feasibility tests demonstrate that the stents can expand the simulated narrow blood vessel rapidly. Therefore, 4D printed
shape memory stents with negative Poisson’s ratio structure are highly promising for the treatment of vascular stenosis.
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1 Introduction

Shape memory polymers (SMPs), a type of stimuli-re-
sponsive material, are able to recover to their original shape
from a deformed shape under external stimuli [1-4]. Due to
the adjustable properties and changeable structures, SMPs
have captured extensive attention in biomedical field [5—13].
Zhao et al. [14] designed shape memory scaffolds via elec-
trospinning technology, the cells can easily attach to the 2D
surface of the scaffolds and then rolled into a 3D structure
automatically, providing a facile 3D endothelialization
method. However, the structure of medical devices is usually
complicated, and some even need to be customized for
specific patients. The complex structure is far beyond the
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capability of traditional manufacturing technology, which
makes the manufacturing process costly and time-consum-
ing. Three-dimensional (3D) printing, also known as additive
manufacturing has provided new opportunities for preparing
these medical architectures. 3D printing has shown immense
potential applications in medical field, such as bone tissue
engineering [15-18], neural tissue models [19], drug pro-
ducts [20,21] and scaffolds [22,23]. With the combination of
3D printing and smart materials (e.g., shape memory poly-
mers), the 3D printed structures can change their shapes and
properties with time when exposed to stimuli [24,25].
Therefore, this leads to a new concept of four-dimensional
(4D) printing, which integrates time with 3D printing as the
fourth dimension. This is a more intelligent way of manu-
facturing medical devices with self-assembly and multi-
functional characteristics [26,27]. Zarek et al. [28] fabricated
customized shape memory endoluminal scaffolds via 4D
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printing. The customized structure largely avoided the pos-
sibility of migration and ensured stable fixation.

Recently, the incidence of vascular stenosis has con-
tinuously increased, which seriously threatens people’s
health [29]. Stenosis refers to the lumen narrows of the ar-
teries, resulting from atherosclerosis, in which plaques form
on the inner wall of the arteries. Figure 1 is a schematic of a
narrow artery and the narrow artery after stent deployment.
Since Sigwart et al. [30] first implanted a metal stent in
human body by an interventional therapy in 1986, stent
placement has been increasingly accepted as an effective
treatment for stenosis due to the reduced scarring, high ef-
ficiency and rapid recovery [31,32]. Later, metal stents, such
as stainless steel stents, tantalum stents, and nickel-titanium-
chromium alloy stents, have been widely used clinically
[33]. However, non-degradable metal stents remain in the
blood vessels permanently, which increases the risk of
chronic damage to vessels and intimal smooth muscle cell
proliferation, leading to restenosis. In this case, biodegrad-
able stents have emerged as a good alternative to metal
stents, which can reduce thrombosis, prevent restenosis and
avoid other complications [6].

Negative Poisson’s ratio (NPR, also known as auxetic)
structures have attracted significant attention due to their
excellent properties, such as lightweight and high specific
stiffness [34,35]. Therefore, when NPR structure is applied
to vascular stents, stents can provide higher strength at lower
surface coverage. In addition, NPR structures can expand
(contract) in transverse directions when subjected to uniaxial
tension (compression). This means that stents with NPR
structure possess a high contraction-expansion ratio, facil-
itating minimally invasive deployment. There are some
studies on vascular stents [36,37]; however, the investigation
of SMP-based vascular stents with NPR structures are far
from fully explored.

Here, personalized shape memory vascular stents with
different numbers of NPR structural units were developed
using 4D printing. Shape memory polylactic acid (PLA) was
selected as the printing material due to the excellent prop-
erties such as high modulus and tensile strength, biode-
gradability, biocompatibility, outstanding processability and
shape memory effect. The structure was optimized by ge-
netic algorithm and the mechanical performances of the
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stents were investigated based on both finite element meth-
ods and experiments. In addition, shape recovery properties
and in vitro feasibility study were examined.

2 Models and simulations

2.1 Structure design and optimization

Shape memory polymer vascular stents with NPR structure
were developed considering 25% vascular stenosis (Figure
1). Figure 2 depicts the unit cells of the vascular stent before
and after optimization, as well as the definition of geometric
parameters. The initial values were: /=0.7 mm, 4#=1.3 mm, ¢
=0.1 mm and 6=20°.

The mechanical properties of NPR honeycomb structures
are strongly associated with their geometry. Since the pio-
neering work of Adeli and Cheng [38] in 1993, the genetic
algorithm has been widely used in structure design optimi-
zation [39]. According to the Gibson theory [40], the
Young’s modulus in the horizontal direction (£;), Young’s
modulus in the vertical direction (E,) and in-plane shear
modulus (G,) of the concave hexagonal NPR structure are
as follows:

t cos
E :E 7 s 1
! O[l ] (h/1+sin0)sin’0 M
3 .
[t} (h/]+sind)
E,= Eo[7} T cos0 )
G — [£}3 (h/1+sin0) 3)
2T (/D120 Deost

where [, h, t and @ are size parameters in Figure 2. E is the
elastic modulus of the raw material, which is calculated ac-
cording to the stress-strain curve of shape memory PLA in
Figure 3(a). To characterize the mechanical properties
comprehensively, the weighted summation method was used
to obtain the comprehensive performance expression (ob-
jective function) f[41], which was calculated according to

£=0.048E,+0.476E,+0.476G . (4)

The objective function f was optimized using genetic al-
gorithm, and Figure 3(b) shows the genetic algorithm opti-
mization flowchart [39]. The relationship between the

(o) Stent

(Color online) Schematic illustrations of a narrow artery (a) and a narrow artery after stent deployment (b).
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Figure 2 (Color online) Unit cells before and after optimization.

chromosome and the objective function was coded first, and
the size parameters of the honeycomb unit cell were regarded
as the chromosomes. Then, chromosomes were encoded to
binary genes to generate the initial population. The number
of individuals was set to 200 and the maximum number of
iterations was set to 150. The fitness of the population was
calculated. The crossover and mutation operations were
performed in the solution space with a crossover probability
of 0.9 and a mutation probability of 0.01. The range values
of variables are =0.08-0.12 mm, [=0.78-1.37 mm, A=
0.65-1.14 mm and 6=15°-30°. The offspring was re-
produced until optimal solution output. After about 50 gen-
erations of inheritance, the solution tended to be stable.
After optimization by genetic algorithm, the optimal
structural parameters that can make the objective function
obtain the maximum value were: /=0.65 mm, 4=1.37 mm, ¢
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=0.12 mm and 6=15°. To verify the mechanical properties
before and after structural optimization, finite element si-
mulations were carried out under three loading conditions,
including axial tensile load in X and Y directions and shear
load. The distributions of stress and displacement were ob-
tained and analyzed to calculate the elastic modulus (£, E;)
and shear modulus (G,,). The distributions of stress and
displacement under the three types of loading are shown in
Figures S1-S3 (Supporting Information). The maximum
stress and strain values before and after structure optimiza-
tion are listed in Table S1. Figure 2(c) is the comparison of
mechanical parameters before and after optimization, the
three parameters were significantly improved. £, and E,
increased by more than 3 times, and G, increased by 2 times.

With the optimized unit cell, two types of topology
structures were designed. Figure 4(a) and (b) is the unfolded
plane geometries of the Type 1 stent and the Type 2 stent
with 21.4% and 21.1% surface coverage, respectively.
Three-dimensional models of the stents were obtained by
bending the unfolded plane geometries (Figure 4(b) and (e)).

2.2 Fluid-structure interaction analysis

To consider the influence of blood flow on the stent and
blood vessel in the physical microenvironment after im-
plantation, the fluid-solid coupling analysis was performed
using the MECHANICAL and FLUENT solvers in ANSYS.
Models of plaques and blood vessel with an occlusion rate of
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Figure 3 (Color online) (a) Standard specimens tensile tests of shape memory PLA; (b) genetic algorithm optimization flowchart; (c) comparison of

mechanical parameters before and after optimization.
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25% were established. The blood flow rate was 60 cm/s and
the blood pressure was 140 mmHg (1 mmHg=133.322 Pa).
The detailed parameters are displayed in Table S2. The tur-
bulence effect was considered, and the turbulent flow energy
and the dissipation rate were set as 0.02 m’/s> and 0.5 m’/s’.
The flow field results and the kinetic energy diagram of the
fluid-solid coupling action surface are shown in Figure S4.
Equivalent stress distribution and deformation distribution
of the stents are shown in Figure 5. The values of maximum
stress and displacement are displayed in Table S3. The
maximum equivalent stress and maximum shear stress of the
Type 1 stents were 0.68 and 0.093 MPa, respectively. Those
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of the Type 2 stents were slightly smaller, 0.35 and
0.047 MPa, respectively. The maximum deformation of the
Type 1 stent (3.56><10_6 m) was less than that of the Type 2
stent (4.495x10 ° m).

2.3 Shape memory behavior characterization based on
finite element analysis

Shape memory polymer is a kind of viscoelastic material that
exhibits both viscosity and elasticity, and its modulus chan-
ges with temperature and time. Therefore, factors such as
loading conditions, temperature, and time, will affect the

Figure 4 (Color online) Schematic of the two types of stents. (a) Unfolded plane geometry of Type 1 stent; (b) three-dimensional model of Type 1 stent; (c)
4D printed Type 1 stent; (d) unfolded plane geometry of Type 2 stent; (e) three-dimensional model of Type 2 stent; (f) 4D printed Type 2 stent.
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Figure 5 (Color online) Distributions of equivalent stress and deformation based on fluid-structure interaction. (a) Equivalent stress distribution of Type 1
stent; (b) deformation distribution of Type 1 stent; (c) equivalent stress distribution of Type 2 stent; (d) deformation distribution of Type 2 stent.
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deformation process. The generalized Maxwell model is
generally used to describe the viscoelastic property of shape
memory polymer, the constitutive models are as follows
[42]:

o(t) = jo’zc;(r— )edt +1 jO’K(r— 2)ddt, (5)

where o is the instantaneous Cauchy stress, G(f) and K(¢)
represent the small-strain shear and bulk relaxation moduli,
and 7 is the reduced time.

Eq. (5) can be transformed into the following form:

o(t) = 2Ge(f) + jo’zG‘(z’)e(t ~{)dr
K, (0 + [ K)o (t=1)dr), (6)

where G, and K|, are the instantaneous shear and bulk
moduli, e and & represent the mechanical deviatoric and
volumetric strains.

The expressions of the Prony series used to describe small-
strain relaxation moduli G(¢) and K(¢) in ABAQUS software
are as follows:

nG
G(1) = Goal+Y alexp(~t/77), (7a)
i=1
G
G,=G(t=0)=G,+). G, (7b)
i=1
K() =Koa X +Y aFexp(~t/7)), (8a)
i=1
K,=K(t=0)=K_+) K, (8b)
i=1

where K and G are shear and bulk moduli at time ¢ = co.

Time-temperature superposition shifting factor (a;) is
determined by Williams-Landel-Ferry (WLF) equation [43]:
where T, is the reference temperature. C; and C, are material
constants, which depends on 7). The parameters in the shape
memory simulation process are listed in Table S4.

The shape memory process of shape memory PLA can be
described as the following four stages. (1) Programming
stage. When the temperature is below the glass transition
temperature (7,), PLA is in the glassy state. When it is heated
above T, it enters a rubbery state and becomes soft. Hence,
its structure can be deformed into any temporary shape under
external load. (2) Cooling stage. The structure is cooled
below T, and the temperature is maintained for a period of
time to fix the temporary shape. (3) Unloading stage. The
external load is removed. (4) Recovering stage. When re-
heated above T, the structure automatically recovers to its
original shape. More details about shape memory mechan-
isms can be found in ref. [44].
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The shape memory process of the stents was simulated by
ABAQUS software. During the programming stage, axial
and radial displacement loads were simultaneously applied
to the stents to obtain the temporary shape of the stents
(Figure 6(a) and (b)). The maximum stress and maximum
strain distributions over time are shown in Figure 6, which is
difficult to access experimentally. The recovery process was
uniform and the stresses at the connection points were rela-
tively high. Figure 7(a) is the stress-time curves of the
maximum stress point of the two stents during the whole
shape memory process. The curve trends of the two stents
were similar. In the programming stage, the stress increased
with time. During the cooling stage, the stress increased ra-
pidly with temperature, and the stress dropped sharply after
removing the load. When reheated, the stent returned from
temporary shape to the original shape (permanent shape) due
to the release of storage strain. Therefore, the stress and
strain in the recovery stage decrease gradually with time. The
maximum stresses of the two stents were 28.37 and
35.27 MPa, respectively, which were less than the strength of
the shape memory PLA material (Figure 3(a), 61.5 MPa), so
the safety of the stents was verified. Figure 7(b) is the strain-
time curves of the maximum stress point in the stents. During
the programming process, the strain of the two stents in-
creased dramatically. After removing the external loads, the
stents produced a certain elastic recovery and the strain de-
creased slightly. Compared with the Type 1 stent, the Type 2
stent had a larger maximum strain and a slower recovery
process due to more constituent units (Figure 4).

2.4 Deployment simulation of stents within blood vessel

To examine whether the vascular stent can expand the
blocked blood vessel in the physical microenvironment, the
deployment process of the stent in the blood vessel was si-
mulated by ABAQUS. The blood vessels were calculated
using shell cells, and the interaction between the blood
vessels and the stents was set as hard contact. The results
showed that both vascular stents were able to expand the
narrow vessels (Figure 8). The maximum stresses of the two
stents were 3.94 and 3.15 MPa, respectively. Comparing the
two vascular stents, the Type 2 vascular stent can expand the
blood vessels more uniformly and the blood vessel wall was
smoother than that of the Type 1 stent (Figure 8(e) and (f)),
which was because of the different topologies.

3 Experimental

3.1 Details of stents fabrication

Shape memory PLA particles (M,,=100000) were extruded
through a twin-screw extruder (CTE20 PLUS, Coperion
Nanjing Machinery Co., Ltd) to fabricate printing filaments
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Figure 6 (Color online) Shape memory recovery process: temporary shape of Type 1 (a) and Type 2 (b) stents; (c)—(f) intermediate stages of recovery

process; permanent shape of Type 1 (g) and Type 2 (h) stents.
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Figure 7 (Color online) (a) Stress-time curves and (b) strain-time curves during the shape memory simulation process.

at 200°C. The screw diameter and screw speed were
1.75 mm and 200 r/min, respectively. Taking the accuracy of
the printer into account, the enlarged models of the stents
were constructed on SolidWorks software. To ensure con-
sistency of size of the two stents as much as possible, the
Type 1 stent was enlarged eight times, and the Type 2 was
enlarged seven times. The modeling process of the two types
of stents was as follows: first, planar geometries with dif-
ferent NPR structures were constructed, as shown in Figure 4
(a) and (d). The planar geometries were then bent into three-

dimensional tubular stents (Figure 4(b) and (e)). After con-
struction, the models were exported as printable STL files
and were printed through a 3D printer (Anycubic i3 Mega,
Zhejiang, China) with a nozzle diameter of 0.4 mm, a tem-
perature of 190°C and a printing speed 5 mm/min by fused
deposition modeling (FDM). Figure 4(e) and (f) depicts the
printed stents with different numbers of NPR structural units.
The diameters of Type 1 stent and Type 2 stent were 12.79
and 13.99 mm, while the lengths were 40.80 and 44.11 mm,
respectively.
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Figure 8 (Color online) Deployment simulation of stents within blood vessels. (a), (b) Stress distribution of vessels and stents; (c), (d) displacement

distribution of vessels and stents; (e), (f) stress distribution of vessels.

3.2 Mechanical performances

Dumbbell-shaped samples for uniaxial tensile tests were
printed according to ASTM D638 with dimensions of
115 mmx6 mmx2 mm [45]. Axial and radial compression
(ASTM D2412 standard) tests for stents were performed on a
tensile tester equipped with 200 N load cell and the loading
rate was 1 mm/min [46]. Three-point bending tests for stents
were performed with a constant span length of 25 mm until
failure. All mechanical tests were performed using a Zwick/
Roell Z010 at room temperature. In each case, a preload of
0.5 N was applied and three samples were tested to obtain an
average value. The fracture surface morphologies of the
samples were studied by VEGA3 TESCAN scanning elec-
tron microscope (SEM) with an accelerating voltage of
20.0 kV.

3.3 Shape memory properties

For experiments, the stent was placed in hot water (70°C)
and compressed to a small volume. Then the compressed
stent was placed in the hot water again to examine the shape
memory property, and the shape recovery process was re-
corded.

3.4 In vitro feasibility study

The experimental deployment process was performed in the
phosphate-buffered saline (PBS) buffer solution. The de-

ployment was carried out at 70°C, taking the effect of tem-
perature on the pH into account, the pH of PBS buffer was
adjusted to between 7.35 and 7.40 (within the blood pH
range). This process was as follows: first, the stent was
compressed, then the compressed stent was implanted into
the stenotic simulated blood vessel; finally, the stent loaded
into simulated blood vessel was placed in the PBS buffer to
simulate the deployment process in vivo.

4 Results and discussion

4.1 Mechanical properties

To ensure the stents can provide sufficient support for vas-
cular stenosis, axial tensile load, compressive load and radial
load were applied to examine their mechanical perfor-
mances. Figure 9(a) shows the axial compression tests of the
stents. The maximum load of the Type 1 stent was about
57 N, and the Type 2 stent was about 53 N; the maximum
displacements were 2.4 and 2.8 mm, respectively. Both
maximum load and maximum displacement of the Type 1
stent were higher than that of the Type 2 stent due to different
topology structure. The Type | stent had a “large but sparse”
structure, meaning that the structural unit size was large, but
the overall number of units was small. As displayed in Figure
4(a), the case of the Type 2 stent was the opposite, it had a
“small but dense” structure (Figure 4(b)). Therefore, the
larger structural unit with NPR structure in the Type 1 stent
can sustain a larger displacement, and the thickness of the
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Figure 9 (Color online) Mechanical behaviors of shape memory stents.
(a) Axial compression tests; (b) radial compression tests; (c) three-point
bending tests.

unit was responsible for the maximum load. Similarly, in
radial compression tests (Figure 9(b)), the maximum load of
the Type 1 stent was also higher than that of Type 2 stent, but
the gap between the two increased. The maximum load of the
Type 1 stent was 50 N, which was twice that of the Type 2
stent. The maximum loads of the two stents were higher than
the value in ref. [47]. In clinical applications, flexibility is
also needed for stents. And three-point bending test is a
measurement of flexibility. As demonstrated in Figure 9(c),
the three-point bending curves of the two types of stents were
almost the same, which indicated that they had similar
flexibility. In addition, the maximum load and displacement
of the two stents were also higher than the values in the
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literature [48]. It was worth to note that the surface coverages
of the two stents were only about 21%, therefore, their me-
chanical properties were quite outstanding. Figure 10(a)—(c)
displays the fracture surface morphologies of the samples.
The failures of the stents occurred primarily at three loca-
tions, including the separation between longitudinal printed
layers (Figure 10(a)), lateral fractures (Figure 10(b)), and
fractures at lateral and longitudinal contacts (Figure 10(c)).

4.2 Shape memory properties

The shape recovery properties of stents were evaluated by
diameter recovery ratio (R,p) and length recovery ratio (R,),
which are defined as follows:

RrD:[l—DOD_OD] x 100%, (10)
RrL=[1—L°L_OL] x 100%, (11)

where D, is the initial diameter, D is the diameter after re-
covery. L, is the initial length, L is the length after recovery.

According to the finite element analysis and experiments,
the shape recovery ratios of the diameter and length are
shown in Figure 11(a), and the recovery ratio of both stents
exceeded 94%, which indicated excellent shape memory
performances. Figure 11(b) shows the shape recovery ratios
versus time curves of the two stents based on experiments.
The glass transition temperature (7,) of the shape memory
PLA was around 66°C according to the differential scanning
calorimeter (DSC) diagram (Figure S5), and the recovery
temperature was 70°C. Large volume changing rate, high
recovery ratio (both are above 98%) and high recovery speed
can be observed (Supporting Information Videos S1 and S2).
The Type 1 stent can return from the temporary shape to the
original shape within 3 s. The Type 2 stent completed the
recovery within 5 s. It is worth noting that Tamai et al. [49]
applied biodegradable polymer stents to human coronary
artery for the first time in 2000. The stent was expanded by
balloon dilatation at 80°C. And the patients were followed up
for 6 months. This study confirmed the feasibility and safety
of the stent and the method. Therefore,a slightly higher
temperature of SMPs stents for only a few seconds will not
cause blood vessel injury seriously. In addition, the recovery
speed of the Type 1 stent was faster than that of the Type 2
stent due to fewer constituent units, which was consistent
with the simulation results (Figure 7(b)).

4.3 In vitro feasibility study

The vascular wall and the intestinal wall have similar com-
ponents, such as muscle fibers and connective tissue, there-
fore, the sheep intestine was selected as a simulated blood
vessel for the in vitro feasibility test. To simulate the de-
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Figure 10 (Color online) (a)—(c) SEM fracture morphologies of stents at different locations; (d)—(f) their partially enlarged SEM images. The scale bar is

1 mm in (a)—(c), and the scale bar is 200 pm in (d)—(f).
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Figure 11 (Color online) (a) Diameter and length recovery ratio of the two stents: R, g represents the diameter recovery ratio based on simulations; R,pg
represents the diameter recovery ratio based on experiments; R g represents the length recovery ratio based on simulations; R, p represents the length
recovery ratio based on experiments; (b) recovery ratio versus time curves.

ployment process of the stent in the physical microenviron-
ment more realistically, PBS solution was selected as the
feasibility test medium. The osmotic pressure and the ion
concentration of PBS solution are similar to those of the
human body, and the pH value can be maintained close to
that of human body. The deployment processes are shown in
Supporting Information Videos S3 and S4. As demonstrated
in Figure 12, the vascular stents can overcome the resistance
of the vascular wall to expand it. The recovery ratio of the
Type 2 stent (around 95%) was higher than that of the Type 1
stent (around 91%). And it took only 4 s for the Type 1 stent
to expand the simulated blood vessel and 5 s for the Type 2
stent. Such rapid recovery processes can make the im-

plantation process more effective.

5 Conclusions

In conclusion, two types of 4D printed personalized shape
memory stents with negative Poisson’s ratio structure were
designed and optimized. Mechanical tests, shape memory
performance tests and feasibility tests in vitro were con-
ducted. Shape recovery experimental tests showed that the
recovery ratios of the two types of stents were as high as
98%. With only 21% surface coverage, the in vitro feasibility
study in the simulated body fluid indicated that both stents



Lin C, et al.  Sci China Tech Sci
100 @) ;
a i——”i ——
35 80+
[ —s— Type 1
€ o) . TﬁEe 2
=
£ a0l
2 /
S
g 2l i-"""}
0 1 ' L 1 1
0 1 2 3 4 5

Time (s)

April (2020) Vol.63 No.4

(b}

587

Type 1

Figure 12 (Color online) (a) Stents recovery ratios versus time curves in the simulated blocked vessels; (b) feasibility in vitro: the two types of stents before

and after expanding the narrow simulated blood vessels.

were able to expand the narrow blood vessel within 5 s.
However, the shape memory stents also have some limita-
tions. The 7, of the shape memory PLA is a little high al-
though it would not cause vessel injury seriously according
to Tamai’s pioneer work. Some studies are also needed to
reduce the 7, of shape memory PLA, such as modifying with
low molecular modifiers [14], or preparing copolymers [50].
Therefore, 4D printed shape memory stents with negative
Poisson’s ratio structure have great prospects for the treat-
ment of vascular stenosis and some work still needs to be
done in the future.
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