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Abstract
Tracheal stents are an important form of treatment for benign or malignant central airway obstruction. However, the mechani-
cal behavior of current tracheal stents is significantly different from that of the native trachea, which leads to a variety of 
serious complications. In this study, inspired by the structure of the native trachea, a wavy non-uniform ligament chiral 
tracheal stent is proposed, in which J-shaped stress–strain behavior and negative Poisson's ratio response are achieved by 
replacing the tangential ligament of tetrachiral and anti-tetrachiral hybrid structure with a wavy non-uniform ligament. 
Through the combination of theoretical analysis, finite element analysis and experimental tests, a wide range of desired 
J-shaped stress–strain curves are explored to mimic the native porcine trachea by tailoring the stent geometry. Besides, the 
negative Poisson’s ratio and auxetic diameter curves versus axial strain of the stent are also studied in detail, thus contribut-
ing to the enhancement of cross-section ventilation and reducing the migration of the stent. This novel tracheal stent with 
a unique microstructure shows a potential to perfectly match the physiological activities of the native trachea and thereby 
reduce potential complications.
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Introduction

Tracheobronchial stenosis is one of the common criti-
cal diseases in the emergency department of respiratory 
critical care medicine and is mainly caused by focal or 
systemic inflammation, tuberculosis, dynamic collapse, 
or malignancy. Tracheal stents have been widely used in 
clinical treatment, because they can provide rapid and 
sustained relief of symptoms for most patients treated 
for malignant or benign tracheobronchial stenosis [1, 2]. 
Nowadays, in the clinical setting, tracheal stents mainly 
include metal stents and silicone stents. Among them, the 
former have been subject to warning by the US Food and 
Drug Administration (FDA), as it may pose a high risk 
of granulation tissue reaction, fracture, ischemic mucosal 
necrosis and perforation. Therefore, of the two types, more 
attention has been paid to the more widely applied silicone 
stents [3].

Unfortunately, the various complications (including 
migration, secondary stenosis, mucus plugging, inflam-
matory response and implant infection) after stent implan-
tation have brought a huge burden to patients and the 
entire medical system [4]. Many of such complications 
are directly related to the mismatch of mechanical proper-
ties between the stent and the native trachea. The healthy 
tracheal length may extend by 20% in adults and by up to 
46% in neonates during normal respiration or neck move-
ments (Fig. 1a) [5, 6]. Moreover, the stress–strain curve of 
the trachea shows a typical J-shaped response when it is 
stretched (Fig. 1b) [7, 8]. Given these characteristics, there 
is a huge difference in the mechanical properties of exist-
ing common silicone stents and those of the native trachea. 
As shown in Fig. 1b, especially in the small strain region, 
the stress–strain curve of the common silicone stent is 
convex, which leads to its much larger stiffness than that of 
the native trachea. This results in inflammatory responses, 
migration, and strong foreign body sensation to the patient, 
reducing the quality of life [9–11]. Therefore, it is impera-
tive to design a silicone stent with J-shaped stress–strain 
behavior to better mimic the mechanical properties of 
native trachea.

Owing to the interplay of elastin and collagen, the 
J-shaped stress–strain behavior widely exists in various 
biological tissues (e.g., skin [12], ligaments [13], blood 
vessels [14], tracheal tissue [7, 15, 16], etc.) that have 
curved and chained microstructures [8, 17]. Upon uniaxial 
stretching, this kind of stress–strain curve can be typically 
divided into three different regions (Fig. 1b) [12]. In the 
toe region, the curved and chained fibers begin to unfurl by 
bending and twisting, which leads to very little stiffness. 
As the strain increases, curved fibers gradually straighten 
in the heel region. Once the microstructures are fully 

extended in the linear region, the stress–strain curve will 
show a relatively linear response and a high tangent modu-
lus [18]. In recent years, several bio-inspired soft-network 
microstructures (wavy or horseshoe ligament structure [19, 
20], helical structures [17], or knitted structures [21]) were 
designed with the unique ability to precisely reproduce the 
J-shaped stress–strain behavior that is similar to native 
biological tissue. Among the designs, the wavy ligament 
structure has been widely studied in the field of flexible 
wearable electronics due to its retractable, programma-
ble, and reconfigurable mechanical properties [22, 23]. 
The cylindrical stent has a unique J-shaped stress–strain 
behavior and, therefore, has shown potential as a medical 
implant stent [24, 25]. However, the single wavy ligament 
structure is considerably different from the structure of the 
trachea itself, and will cause a variety of complications, 
such as insufficient radial support, secondary stenosis, and 
difficulty in removal. Thus, a new tracheal stent structure 
is in need to match the J-shaped stress–strain behavior of 
the native trachea.

Chiral auxetic mechanical metamaterials have been stud-
ied extensively due to their unusual properties such as energy 
absorption, smart functionality, and negative Poisson's ratio 
(NPR). The chiral structure consists of nodes and tangentially 
connected ligaments. According to the number of ligaments 
and the way they are connected, this structure has many clas-
sifications, including trichirals, anti-trichirals, tetrachirals, 
anti-tetrachirals, and hexachirals [26, 27]. Recently, several 
modified chiral structures have been designed to meet the 
requirements of a wider range of applications. By chang-
ing the geometry of the node or the tangential ligament, the 
mechanical or thermal properties of the chiral structure can 
be enhanced, such that it can be applied in the fields of aero-
space, microelectronics, or medical stents [28–30]. A tracheal 
stent with the NPR response will help ensure airway patency 
and enhance anti-migration performance. Thus, it is of great 
significance to design a tracheal stent with both J-shaped 
stress–strain behavior and NPR response.

In this study, a novel tracheal stent exhibiting the J-shaped 
stress–strain behavior and NPR response is designed with 
the aim to reduce the complications of common tracheal 
stents. Inspired by the structure of the native trachea, a 
wavy non-uniform ligament (W-N-L) chiral tracheal stent 
is proposed that mimics the mechanical properties of con-
nective tissue by modifying its chiral structure with the 
wavy non-uniform ligament, as shown in Fig. 1c. A non-
linear mechanics model is developed to capture the effects 
of the key design parameters on the nonlinear mechanical 
responses of the W-N-L. Detailed finite element analysis 
(FEA) and experimental verification are carried out for 
the 2D and cylindrical stent structures to obtain the most 
optimal design parameters. The simultaneous presence of 
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Fig. 1   Schematic diagram of the application and design of W-N-L 
chiral tracheal stent. a Schematic of tracheal deformation during neck 
movement. b Schematic of J-shaped stress–strain curve and stress–
strain curve of common silicone tracheal stent. c Structure of wavy 

ligament chiral tracheal stent and wavy non-uniform ligament chi-
ral tracheal stent inspired by the native trachea. d Preparation of the 
W-N-L stent using an indirect 3D printing process
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J-shaped stress–strain behavior and NPR response reveals 
the superiority of the designed stent when compared with 
the existing stent, providing a feasible direction for next-
generation tracheal stent designs.

Materials and methods

Design, analysis and fabrication of the proposed 
stent

The W-N-L chiral tracheal stent was designed using the 
commercial CAD software Creo 4.0 (Parametric Tech-
nology Corporation, USA). FEA was performed with the 
commercial software ANSYS Mechanical Workbench 18.0 
(ANSYS, Inc., USA) to analyze the mechanical proper-
ties and deformation behavior of the ligament, two-dimen-
sional (2D) structure, and stent. A hyperelastic constitutive 
model (Mooney–Rivlin model) was adopted to describe the 
employed high-modulus silicone materials. The values of 
the Mooney–Rivlin model parameters (C10 = 74,659 Pa, 
C01 = 3.90E + 05 Pa, C11 = 1.11E + 05 Pa, D1 = 0 Pa−1) were 
determined by fitting the measured uniaxial stress–strain 
curve following the international standard ISO 37: 2005.

The designed stent was prepared by an indirect 3D printing 
process that has been illustrated in detail in our previous study. 
In short, as shown in Fig. 1d, the negative structure molds 
were printed using a desktop 3D printer (BEBE2, NOVA3D, 
China) based on micro-digital light processing (DLP) technol-
ogy using the standard rigid photosensitive resin purchased 
from the same company. The main printing parameters were 
set as layer thickness (0.05 mm), exposure time (10 s), Z-axis 
rising height (6.0 mm) and speed (100 mm/min), number of 
layers (4) and exposure time (60 s) of the bottom plate. The 
high-modulus liquid silicone rubber (LSR, E650, Hong Ye 
Jie Technology Co., Ltd (Shenzhen, China)) was then injected 
into the cavity of the mold and cured at 50 °C for more than 
8 h. Subsequently, the silicone stent was re-cured at 80 °C for 
more than 4 h after its removal from the mold. The biocom-
patibility of the silicone material used for the stent has been 
verified in our previous article [31].

Evaluation of mechanical properties

The force–displacement curves were measured using a com-
mercial mechanical testing machine (SUNS UTM-2203, 
Shenzhen, China), from which the stress–strain curves 
were calculated. A loading rate of 10 mm/min was set to 
ensure the nearly quasi-static deformation. Especially, the 
stent was fixed on the machine by a self-made fixture to 
reduce its deformation during clamping. A digital camera 
was used to record the deformation of the 2D structures and 
complete stents during the tensile test, and the transverse 

deformation under different tensile displacements was cal-
culated using an image processing program (Image J). The 
Poisson’s ratio could be calculated based on previous studies 
[32]. In brief, the longitudinal strain (εl) can be written as 
�
l
=
(

L
final

− L
initial

)

∕L
initial

× 100% , and the transverse strain 
(εt) can be expressed as �

t
=
(

D
final

− D
initial

)

∕D
initial

× 100% ; 
the Poisson’s ratio (νs) of 2D structures and stents can be 
calculated by the equation �

s
= −�

t
∕�

l
 . Here, the subscript 

‘initial’ denotes the initial length, and the subscript ‘final’ 
denotes the length after deformation.

A porcine trachea was obtained from the local slaugh-
terhouse to measure the anti-migration force of the stent 
by following the experimental method used in our previous 
paper. Specifically, two symmetrical holes were made at the 
top of the stent and fixed with metal wire for installation 
on the tensile testing machine. One end of the trachea was 
fixed on the bottom of the tensile machine, and the other 
end was kept unrestrained. The samples were then deployed 
in the porcine trachea with forceps, and the anti-migration 
force was recorded while the stent was pulled up from the 
porcine trachea.

Statistical analysis

All data were presented as the means ± standard deviation 
(SD). All experiments were carried out in at least quad-
ruplicate, and the results were averaged. The statistical 
analysis was performed using one-way analysis of variance 
(ANOVA) followed by Tukey’s post hoc test. p < 0.05 was 
considered as indicative of statistical significance.

Results

Design and mechanical analysis

This section aims to present the design and mechanical anal-
ysis of the W-N-L, the 2D W-N-L chiral structure, and the 
W-N-L chiral stent. Inspired by the curved and chained col-
lagen fibers of native tracheal tissue, we developed a W-N-L 
chiral stent by combining the wavy ligament structure with 
the chiral structure. To mimic curved collagen fibers, the 
wavy uniform or non-uniform ligament was introduced 
to replace the stretched ligament of a tetrachiral and anti-
tetrachiral hybrid structure, as shown in Fig. 1c. Then, as 
shown in Fig. 2, using this structural unit, a 2D W-N-L chiral 
structure was formed, and the ring unit and W-N-L chiral 
stent were further obtained. Figure 2a presents the basic 
geometric parameters of the W-N-L chiral stent. Its length 
and diameter can be designed individually according to the 
specific needs of patients. In order to match the native por-
cine trachea used in subsequent experimental verification, 
the outer diameter (Dout), inner diameter (Din), and length 
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(LZ) of the W-N-L stent were designed to be 24.0, 21.0, 
and 54.0 mm, respectively. Correspondingly, the length of 
the W-N-L ring unit (LR) was 18.0 mm. The parameters of 
the tetrachiral and anti-tetrachiral hybrid structure could be 
determined based on the geometric parameters of the stent. 
As shown in Fig. 2c, the radius of the nodes (r) and the 
distance between nodes in the X (Lx) and Y (Ly) directions 
were 1.0, 7.1, and 7.5 mm, respectively. The thickness in 
the Z-direction (t) and ligament width in the X-direction 
(wx) was 1.5 and 0.8 mm, respectively. The angle between 
the wavy ligament and the Y-direction (θy) could be easily 
obtained from the geometrical relation sin�y = 2r∕Ly . The 
geometric parameters of the designed W-N-L chiral stent 
are listed in Table 1.

A finite-deformation model is introduced below for the 
W-N-L structure, with the focus on the effect of four inde-
pendent parameters: arc angle (θ0), width of the original liga-
ment (w), length and width ratio ( �l = ld∕l , � = wd∕w ) of 
the widened section on the effective stress–strain behavior. 
As shown in Fig. 2c, the building block structure of the 2D 
W-N-L chiral structure deforms under stretching (Fig. 2b) with 
the nodes rotating, the X-direction ligaments bending, and the 
wavy ligaments gradually straightening. Here, the nodes can 
be assumed as rigid disks that rotate around their centers and 
do not undergo any deformations [33]. The W-N-L can be 
modeled as an Euler–Bernoulli beam due to its normalized 
width being usually smaller than 0.1. According to the defor-
mation characteristics observed from FEA and experiments, 

Fig. 2   Schematic of the design and mechanical model of the W-N-L 
chiral stent. a Geometric design parameters of the W-N-L chiral stent. 
b Structure and load diagram of 2D W-N-L chiral structure. c Unde-

formed and deformed diagram of the W-N-L chiral structure unit. d 
A simply supported W-N-L structure (and the left half) is subject to 
axial tension and a pair of antisymmetric moments

Table 1   Geometric parameters of the designed W-N-L chiral stent

Dout 
(mm)

Din 
(mm)

LZ (mm) LR (mm) r (mm) Lx (mm) Ly (mm) t (mm) wx (mm) θ0 (°) w (mm) �
l
= l

d
∕l � = w

d
∕w

24.0 21.0 54.0 18.0 1.0 7.1 7.5 1.5 0.8 120–210 0.5–2.0 0.2–0.8 1.0–4.0
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a simply supported ligament is subject to a force (N0) along 
the axial direction and a pair of the antisymmetric moments 
(M0) located at the two ends. Only half of the W-N-L is con-
sidered, as the geometry is antisymmetric with regard to 
the central point (Fig. 2d). For an infinitely small segment 
of the ligament, the length dS and tangential angle α in the 
undeformed state become ds and θ after deformation, respec-
tively. The angles of α and θ are in the range of 

[

−�
0
, �

0

]

 and 
[�, �] , respectively, where positive (negative) values denote 
a counterclockwise (clockwise) rotation from the X-axis. 
Subsequently, the effective strain and rotation angle can be 
expressed as � = (ds − dS)∕dS , � = � − � , where dS = R

0
d� 

and ds = r(�)d� . The R
0
 and r(�) represent the radius of the arc 

at the undeformed and deformed configurations, respectively.
According to previous research [19], the axial force N, shear 

force Q, and bending moment M in the beam at any cross sec-
tion (Fig. 2d) can be calculated as:

(1a)N = EsA� = N
0
cos� + Q

0
sin�,

(1b)Q = N
0
sin� − Q

0
cos�,

(1c)M = EsI
d�

dS
= EsI(1 + �)

d�

ds
,

The equilibrium equations of axial force, shear force, and 
bending moment in the beam satisfy [19, 20, 34]:

Substituting Eq. (1) into Eq. (3) and combining it with 
Eq. (2) gives:

For the arc with an initial radius R
0
 , the initial curva-

ture K = d�∕dS is a constant, then d
2
�

dS2
=

d
2
�

dS2
 . Thus, Eq. (4) 

becomes:

After integration on both sides, Eq. (5) becomes:

where C represents a constant to be determined by boundary 
conditions. According to a previous study [35], at the left 
end of the ligament, d�

dS

|

|

|S=0
= K

0
+

M
0

EsI(S)
 , where K

0
 is the 

initial curvature of the arc K
0
=

1

R
0

 . Combined with Eq. (6), 
this gives:

In a similar fashion, at the right end of the ligament, 
d�

dS

|

|

|S=R
0
�
0

= K
2
+

M
2

EsI(S)
 , where M

2
 is the bending moment at 

the right end (two positions shown in Fig. 2d), which can be 
calculated as M

2
= M|

�=� = Q
0
x
2
− N

0
y
2
 , and K

2
 is the cur-

vature of the arc at the right end, thus:

(3a)
dN

ds
+ Q

d�

ds
= 0,

(3b)
dQ

ds
− N

d�

ds
= 0,

(3c)
dM

ds
− Q = 0.

(4)

d
2
�

dS2
=

(

1 +
N
0
cos� + Q

0
sin�

EsA(S)

)(

N
0

EsI(S)
sin� −

Q
0

EsI(S)
cos�

)

.

(5)

d
2
�

dS2
=

(

1 +
N
0
cos� + Q

0
sin�

EsA(S)

)(

N
0

EsI(S)
sin� −

Q
0

EsI(S)
cos�

)

.

(6)
(

d�

dS

)2

=
−1

E2

s
A(S)I(S)

[(

N2

0
− Q2

0

)

cos
2
� + N

0
Q

0
sin2� + 2EsA(S)

(

N
0
cos� + Q

0
sin�

)]

+ C,

(7)

(

d�

dS

)2

=

(

K
0
+

M
0

EsI(S)

)2

+
1

2E2

s
A(S)I(S)

[(

N2

0
− Q2

0

)

(cos2� − cos2�) + 2N
0
Q

0(sin2� − sin2�)

+4EsA(S)N0(cos� − cos�) + 4EsA(S)Q0(sin� − sin�)
]

.

(8)

(

d�

dS

)2

=

(

K
2
+

M
2

EsI(S)

)2

+
1

2E2

s
A(S)I(S)

[(

N2

0
− Q2

0

)

(cos2� − cos2�) + 2N
0
Q

0(sin2� − sin2�)

+4EsA(S)N0(cos� − cos�) + 4EsA(S)Q0(sin� − sin�)
]

,

where EsA and EsI are the tensile and bending stiffness, 
respectively. Here, for the stepped W-N-L, the cross-section 
area A and second moment I can be expressed as [34]:

(2a)A(S) =

{

tw
(

0 < S < R0𝜃0

(

1 − 𝛼
l

))

,

t(𝜏w)
(

R0𝜃0

(

1 − 𝛼
l

)

< S < R0𝜃0

)

,

(2b)I(S) =

{

tw3

12

(

0 < S < R0𝜃0

(

1 − 𝛼
l

))

,

t(𝜏w)3

12

(

R0𝜃0

(

1 − 𝛼
l

)

< S < R0𝜃0

)

.
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where � and � , respectively, represent the deformed angles 
at the left and right end. Simplifying the expression  
yields:

By the subsequent integration of Eq. (7) and Eq. (8) on 
both sides, we can obtain:

where � represents the deformed angle at the stepped posi-
tion (one position shown in Fig. 1d). Then, the coordinates 
of the right end of the W-N-L after deformation can be cal-
culated as:

Moreover, at the top of the arc (i.e., point G in Fig. 2d), 
the deformed angle is 0. Thus, the following equation holds:

According to the load on the ligament, the simply sup-
ported boundary conditions are taken to investigate 
the stress–strain relation. In this case, the moment at 
the right end vanishes, i.e., M

0
= 0 , Q

0
= 0 . Then, the 

stress–strain relation can be obtained by defining the effec-
tive stress and strain of the ligament as � = N

0
∕A and 

ε = ux∕
(

2R
0
sin

(

0.5�
0

))

− 1 . The above equations were 
solved using a user-developed MATLAB code.

J‑shaped stress–strain behavior of W‑N‑L

As a result of the design flexibility enabled by the adjust-
ment of microstructure geometries, the W-N-L can provide 

(9)f (�, �) =

(

K
0
+

M
0

EsI(S)

)2

+
1

2E2

s
A(S)I(S)

[(

N2

0
− Q2

0

)

(cos2� − cos2�) + 2N
0
Q

0(sin2� − sin2�)

+4EsA(S)N0(cos� − cos�) + 4EsA(S)Q0(sin� − sin�)
]

,

(10)g(� , �) =

(

K
2
+

M
2

EsI(S)

)2

+
1

2E2

s
A(S)I(S)

[(

N2

0
− Q2

0

)

(cos2� − cos2�) + 2N
0
Q

0(sin2� − sin2�)

+4EsA(S)N0(cos� − cos�) + 4EsA(S)Q0(sin� − sin�)
]

.

(11)

�

∫
�

d�
√

f (�, �)
= R

0
�
0

�

1 − �l

�

,

(12)

�

∫
�

d�
√

g(� , �)
= R

0
�
0
�l,

(13)

�

ux
uy

�

=
�∫
�

1
√

f (�, �)
⋅

�

1 +
N
0
cos� + Q

0
sin�

EsA(S)

�

⋅

�

cos�

sin�

�

d� +
�∫
�

1
√

g(� , �)
⋅

�

1 +
N
0
cos� + Q

0
sin�

EsA(S)

�

⋅

�

cos�

sin�

�

d�.

(14)

0

�
𝛽

d𝜃
√

f (𝛽, 𝜃)
= 0.5R0𝜃0

�

𝛼l ≤ 0.5
�

or

𝛾

�
0

d𝜃
√

g(𝛾 , 𝜃)
= 0.5R0𝜃0

�

𝛼l > 0.5
�

.

the desired stress–strain behaviors in a wide range. Figure 3 
shows a collection of theoretical, FEA, and experimental 
results illustrating the effects of the above four dominant 

design parameters (arc angle (θ0), ligament width (w), length 
ratio ( �l = ld∕l ), and width ratio ( � = wd∕w ) of the wid-
ened section). Both the results of FEA and experiment are 
in good agreement with the results predicted by the theo-
retical model, which verifies the accuracy of the theoretical 
model. It can be observed that the stress–strain curve of the 
ligament exhibits obvious nonlinear J-shaped behavior and 
has three deformation regions: toe region, heel region, and 
linear region (Fig. 1b). The stress is low at the toe region 
because the ligament essentially undergoes bending defor-
mation. With the further increase in applied strain, the 
tangent direction of ligaments becomes gradually parallel 
to the load direction (Figs. 3e and 3f). At the same time, 
the deformation mode of the ligament gradually changes 
from bending deformation to stretching deformation, which 

leads to a rapid stress increase (heel region) and the ligament 
eventually exhibits a relatively linear stress–strain response 
(linear region).

The J-shaped stress–strain curve can be characterized 
by three key parameters. The critical strain, defined as 
�
cr
= �

0
∕[2sin

(

0.5�
0

)

] − 1 , marks the transition of defor-
mation mode (dash-dot line). When the deformation of 
the ligament exceeds the critical strain, the ligament com-
pletely transforms into stretching deformation. The elastic 
moduli at the toe region ( E

toe
 ) and linear region ( E

linear
 ) 

are used to characterize the stiffness of the two regions 
separately. Based on the above equation, the critical strain 
only depends on the arc angle ( �

0
 ) of the ligament. Fig-

ure 3a presents the J-shaped stress–strain curves of five 
different arc angles ( �

0
 ) by fixing the width ( w = 1.0mm ) 

and without the widened section ( � = 1.0 ), as shown in 
Fig. 1b. With the increase in arc angle, the stress–strain 
curve shifts gradually downward and rightward. This 
shows the dependence of critical strain on arc angle, as 
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�
cr

 increases with the increase in �
0
 . On the contrary, the 

effective stiffness of the ligament decreases as �
0
 increases. 

Both E
toe

 and E
linear

 gradually decrease with the increase 
in the �

0
 , which is in agreement with previous research 

results [19]. In general, when �
0
 is fixed, in the bending 

deformation mode, the second moment of the cross sec-
tion determines the effective stiffness, while in the stretch-
ing deformation mode, the section area dominates [25]. 
Thus, when the width of the ligament increases, the E

toe
 

increases in turn, as shown in Fig. 3b. It is worth not-
ing that, when the width of the ligament is small (e.g., 
0.5 mm), the E

linear
 increases. This may be the result of the 

stiffening of the silicone rubber at higher stretches [36]. 
In addition, the elastic modulus of the material is varied 
to adapt to this phenomenon in the theoretical model [37]. 
As shown in Figs. 3c and 3d, as the values of �l and � 
increase, both E

toe
 and E

linear
 increase when �

0
 and w are 

fixed, which is consistent with a previous study [30]. Thus, 
the existence of the widened section in the wavy ligament 
provides a solution to enable a wider range of effective 
stiffness in the J-shaped stress–strain curve. Notably, when 
� increases, the E

linear
 rises faster than E

toe
 , which is benefi-

cial for simulating the mechanical properties of the native 
trachea.

Fig. 3   Theoretical, FEA and experimental results of J-shaped stress–
strain curves for W-N-L under uniaxial tension while changing the 
geometric parameters of a arc angle (θ0); b ligament width (w); c, d 

length ratio ( �
l
 ), and width ratio ( � ) of the widened section. e, f FEA 

and experimental images of the W-L (e) and W-N-L (f) under differ-
ent uniaxial strains
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Mechanical properties of 2D W‑N‑L structure

The stress–strain curves and Poisson’s ratio of the 2D 
W-N-L chiral structure are presented in Fig. 4. After replac-
ing the ligaments of the tetrachiral and anti-tetrachiral hybrid 

structure with the W-L or W-N-L, the deformation behavior 
of the 2D W-N-L chiral structure is changed compared with 
the original chiral structure. As shown in Figs. 4e and 4f, 
in addition to the bending of the transverse ligaments and 
the rotation of the nodes [29], the wavy ligaments in the 

Fig. 4   The J-shaped stress–strain curves and the Poisson’s ratio of the 
2D W-N-L chiral structure. a, b The stress (a_1, b_1) and Poisson’s 
ratio (a_2, b_2) of the 2D W-L structure versus applied strain for dif-
ferent arc angles ( �

0
 ) and wavy ligament widths ( w ). c, d The stress 

(c_1, d_1) and Poisson’s ratio (c_2, d_2) of the 2D W-N-L structure 

versus applied strain for different length ratios ( �
l
 ) and width ratios 

( � ) of the widened section. e, f FEA (e_1, f_1) and experimental 
(e_2, f_2) images of the 2D W-L chiral structure (e) and 2D W-N-L 
chiral structure (f) under different strain levels
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stretching direction undergo a transition from bending defor-
mation to stretching deformation. The stress–strain curve 
and Poisson’s ratio of the 2D W-L structure are discussed 
focusing on the arc angle ( �

0
 ) and the width of the wavy liga-

ment ( w ). The stress–strain behavior of the 2D W-L struc-
ture still shows the typical J-shaped response, which means 
that the bending of the transverse ligament has little effect 
on it. Besides, the influence of �

0
 and w on the stress–strain 

behavior is similar to that for W-N-L (Figs. 4a_1 and 4b_1). 
Figures 4a_2 and 4b_2 reveal the FEA and experimental 
results of the effect of �

0
 and w on the Poisson’s ratio of the 

2D W-L structure. The results of the experiment basically 
agree with those of FEA; however, within the intermedi-
ate strain range (about 0.3–0.6), the experimental value is 
greater than the FEA value. This may be caused by errors 
introduced by the sample preparation and measurement pro-
cess. In general, the Poisson’s ratio of the 2D W-L structure 
shows a similar trend with the increase in tensile strain. As 
the strain increases, the Poisson’s ratio gradually changes 
from negative to positive. Notably, all of the Poisson’s ratio 
curves gradually approach 0 (− 0.05 ~  + 0.05) in the end. 
This outstanding NPR or zero Poisson’s ratio feature has 
attracted widespread attention in many fields, especially in 
biomedical implants [27, 38]. Specifically, in the low-strain 
area, as the �

0
 increases, the absolute Poisson’s ratio of the 

2D W-L structure decreases, whereas this trend is opposite 
for the large-strain area (Fig. 4a_2). This means that the 
smaller the �

0
 , the more violent the Poisson’s ratio change in 

the intermediate strain region. Meanwhile, the effect of w on 
Poisson’s ratio is different. As its value increases, the Pois-
son’s ratio curves become more gentle (Fig. 4b_2). When 
𝜏 > 1.0 , the width of the wavy ligament is stepped, as shown 
in Fig. 4f. The effect of the length ratio ( �l ) and width ratio 
( � ) of the widened section of the 2D W-N-L chiral structure 
on the J-shaped stress–strain curves is similar to that for the 
single ligament (Figs. 4c_1 and 4d_1). What is even more 
noteworthy is that these two parameters have little effect on 
the Poisson’s ratio of the 2D structure; therefore, we can 
use them to adjust the stress–strain behavior of the structure 
under the premise of ensuring that its Poisson’s ratio remains 
almost unchanged, which is of great significance for expand-
ing the application scope of the 2D W-N-L structure.

W‑N‑L chiral tracheal stent

In this section, the J-shaped stress–strain behavior and NPR 
response of this new tracheal stent is described in detail. To 
establish the optimal geometric parameters of the W-N-L 
chiral tracheal stent, the effects of the above-mentioned four 
parameters on the stress–strain curves and Poisson’s ratio are 
quantitatively assessed under stretching using FEA. First, the 
curves of the axial effective stress, radial diameter, and Pois-
son’s ratio versus axial strain of the stent with different arc 

angle ( �
0
 = 120°, 150°, 180°, 210°) are presented in Fig. 5a. 

Predictably, as the �
0
 increases, the elastic moduli of the 

toe region ( E
toe

 ) and linear region ( E
linear

 ) decrease, and the 
critical strain ( �

cr
 ) shifts to the right. As shown in Fig. 5a_2, 

the reduction rates of E
toe

 and E
linear

 with the increase in �
0
 

are almost the same. Therefore, although �
0
 has the greatest 

effect on the J-shaped stress–strain curve, it is impossible 
to separately adjust a certain characteristic parameter. As 
shown in Fig. 5a_3, due to the inconsistency of the Poisson’s 
ratio under different �

0
 values for the low-strain, medium-

strain and high-strain regions, the radial diameter of the 
stent shows a similar trend. The smaller the �

0
 , the faster the 

diameter reaches the maximum, and the final diameter will 
be also larger. This also means that the strain range where it 
can maintain positive changes is also narrower.

Second, Fig. 5b shows the curves of the axial effec-
tive stress, radial diameter, and Poisson’s ratio versus 
the axial strain of the stent with different axial ligament 
widths ( w = 0.5, 1.0, 1.5, 2.0 mm) with the fixed value of 
�
0
= 180

◦ . Unlike �
0
 , w has no effect on the critical strain, 

and the changing trends of E
toe

 and E
linear

 are also different. 
As shown in Fig. 5b_2, E

toe
 gradually increases with the 

increase in w , while the change of E
linear

 is smaller; when 
w = 0.5mm , there is a significant increase, which has also 
been reported in previous studies [33, 39]. This can be used 
to adjust the elastic modulus of the stent under the premise 
of fixed �

cr
 . As shown in Fig. 5b_3, the Poisson’s ratio and w 

are positively correlated; conversely, its diameter and Pois-
son’s ratio are negatively correlated. When w = 0.5mm , the 
Poisson's ratio curve shows a different corner in the low 
strain stage, but it has little effect on the diameter.

Third, as shown in Figs. 5c and 5d, a variety of length 
ratios ( �l = 0.2, 0.4, 0.6, 0.8) and width ratios ( � = 1.0, 2.0, 
3.0, 4.0) are taken into account separately, while the arc 
angle and width are fixed as �

0
= 180

◦ , and w = 0.5mm . 
Since these two parameters adjust the mechanical behavior 
of the stent by setting the width of the axial ligament, their 
effects on the stress–strain curve of the stent are similar. 
Compared with the uniform ligament, the increase in �l and 
� will significantly enhance the axial stiffness of the stent, 
especially in the linear region of the J-shaped stress–strain 
curves shown in Figs. 5c_2 and 5d_2. When the �l and � are 
increased, the curves of diameter and Poisson’s ratio show 
similar trends with the increase in w . It should be noted that, 
when � = wd∕w = 1.0 , the ligament is uniform; therefore, 
the curve of � = 1.0 in Fig. 5d is exactly the same as the 
curve of w = 0.5mm in Fig. 5b. By comparison, it can be 
clearly seen that the increase in � value has a smaller effect 
on Poisson’s ratio and diameter than the direct increase in 
w . What is more, E

linear
 is increased by the stepped widened 

section, whereas E
toe

 is less affected, which is conducive 
to mimicking the J-shaped stress–strain behavior of native 
trachea using the W-N-L chiral stent. In our previous paper, 
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we analyzed the mechanical properties of a tetrachiral and 
anti-tetrachiral hybrid stent in detail [31]. The chiral stent 
has a similar auxetic effect, but its stress–strain curve is close 
to linear. This further proves that the introduction of the 
wave uniform or non-uniform ligament brings a J-shaped 
stress–strain behavior to the stent proposed in this paper.

When carefully comparing the W-N-L chiral tracheal 
stents and the 2D W-N-L structure, we can find that, when 
the 2D structures are bent into tubular structures, some of 
their mechanical properties will change. In order to be con-
sistent with the structure of the native trachea, we employed 
the Y-axis as the rotation axis to bend the 2D structure. 

Fig. 5   FEA results of the J-shaped stress–strain, Poisson’s ratio, and 
diameter curves of the W-N-L chiral tracheal stent under uniaxial 
stretching. a Stress–strain curves (a_1), elastic modulus histogram 
(a_2), and Poisson’s ratio and diameter curves (a_3) for a wide range 
of arc angles ( �

0
 ) with a fixed value of w = 1.0mm . b Stress–strain 

curves (b_1), elastic modulus histogram (b_2), and Poisson’s ratio 
and diameter curves (b_3) for different ligament widths ( w ) with a 

fixed value of �
0
= 180

◦ . c Stress–strain curves (c_1), elastic modu-
lus histogram (c_2), and Poisson’s ratio and diameter curves (c_3) for 
different length ratios ( �

l
 ) of the widened section with fixed values 

of �
0
= 180

◦ , w = 0.5mm , and � = 3.0 . d Stress–strain curves (d_1), 
elastic modulus histogram (d_2), and Poisson’s ratio and diameter 
curves (d_3) for different width ratios ( � ) of the widened section with 
fixed values of �

0
= 180

◦ , w = 0.5mm , and �
l
= 0.6
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Fig. 6   Experimental and FEA results of the W-N-L chiral tra-
cheal stent and native porcine trachea under axial stretching. a The 
J-shaped stress–strain curves of the stent and trachea (insert: image 
of axial stretched native porcine trachea). b FEA main view (b_1) 
and top view (b_2) images of the stent under different strain levels. 

c Experimental images of the stent under different strain levels. d, 
e The diameter and Poisson’s ratio curves of the stent versus axial 
strain. f Anti-migration force of the stents in a porcine trachea (right: 
images of anti-migration testing and samples, scale bar: 10  mm), 
*p < 0.05, **p < 0.01
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Therefore, the wave ligaments in the structure were always 
distributed along the direction of the force (Y-direction in 
the 2D structure and axial direction in the tubular struc-
ture). In this manner, no significant changes occurred in the 
stress–strain behavior of the 2D structure and the stent. On 
the other hand, the transverse ligaments changed from the 
horizontal distribution of the plane to the circumferential 
distribution of the cylinder, which caused a change in the 
Poisson’s ratio. As shown in Figs. 4 and 5, with the change 
of �

0
 , the difference in Poisson’s ratio between the 2D and 

tubular structure is not obvious; however, with the change of 
w , �l , and � , the Poisson’s ratio curves of the two structures 
deviate significantly. For the W-N-L chiral tracheal stents, 
the influence of w on Poisson’s ratio is more regular, and the 
curves do not have multiple intersections. In addition, the 
influence of �l , and � on the Poisson’s ratio curve is more 
obvious compared with that for 2D structures, which is more 
conducive to the ability to adjust the Poisson’s ratio of the 
W-N-L chiral tracheal stents.

In order to guide the selection of the geometric param-
eters of the stent, a uniaxial tensile test was carried out on 
a native porcine trachea (Fig. 6a). It was selected due to its 
proven excellent preclinical features in terms of geometry, 
biomechanics and biochemistry [6, 40]. According to these 
test results and the above analysis of the geometric param-
eters of the W-N-L chiral stent, four groups of typical design 
parameters, namely, �

0
= 150

◦
and 180

◦ , � = 3.0 and 4.0 , 
w = 0.5mm , and �l = 0.6 were selected. The designed stents 
were prepared by an indirect 3D printing method (n = 4), 
and their stress–strain behavior, diameter, and Poisson’s ratio 
were further measured. As shown in Fig. 6a, the experimen-
tal results are in good agreement with the FEA results for the 
stress–strain curves under stretching. The stress–strain curve 
of the W-N-L chiral stent shows a J-shaped response, which 
is close to that of the native porcine trachea. Due to material 
and preparation process limitations, there is still a small gap 
between the stress–strain curve of the stent and the native 
trachea. The main differences are that the stent is harder in 
the toe region and softer in the linear region. However, this 
result is still a considerable improvement compared with the 
common tracheal stent.

As shown in Figs. 6d and 6e, the results for stent diameter 
and Poisson’s ratio were also evaluated, and they agree well 
with the FEA results. The stent shows obvious NPR behavior 
in that its diameter is larger than the original diameter before 
reaching about 40% of the tensile strain, which is consist-
ent with the top view of the deformed stent (Fig. 6b_2). In 
addition, Figs. 6b and 6c show the FEA and experimental 
images of the stent under different degrees of axial strain 
(more details can be found in Video S1). The deforma-
tion behavior of the stent in the experiment is completely 
consistent with the FEA result, and is similar to that of the 
2D W-N-L chiral structure (Fig. 4f). As shown in Fig. 6f, 

we implanted the prepared W-N-L chiral tracheal stents 
( �

0
= 150

◦
, � = 3.0 , �

0
= 150

◦
, � = 4.0 , �

0
= 180

◦
, � = 3.0 , 

and �
0
= 180

◦
, � = 4.0 ) into a porcine trachea in order to 

verify whether the auxetic effect could increase the anti-
migration force to prevent slippage. Compared with the com-
mon silicone stent, the anti-migration ability of the designed 
stent is significantly increased, benefiting from the negative 
Poisson’s ratio effect. In addition, when �

0
= 150

◦ , the anti-
migration force of the stent is slightly greater than �

0
= 180

◦ 
due to its greater stiffness, as shown in Fig. 6a.

Discussion

Herein, a W-L-N chiral tracheal stent was designed by 
replacing the tangential ligament of the chiral structure with 
the W-N-L. The results show that this confers the unique 
J-shaped stress–strain behavior and NPR response on the 
tracheal stent. A tracheal stent with a J-shaped stress–strain 
behavior that can match the mechanical properties of 
the native trachea is undoubtedly of great significance in 
reducing inflammation and improving the quality of life of 
patients. Meanwhile, its NPR response provides the poten-
tial to help better maintain an unobstructed airway while 
reducing the migration of the stent and even adapting to the 
tracheal growth of pediatric patients.

Inspired by the curved and chained microstructures of 
many biological tissues, several soft network structures with 
J-shaped stress–strain response have been proposed. How-
ever, most of these are used in 2D flexible electronics, and 
their application to the field of implants, such as tracheal 
stents, is still an unexplored direction [41]. Recently, a class 
of biomimetic three-dimensional (3D) periodically arranged 
helical microstructure network was proposed, which can 
reproduce the nonlinear stress–strain response of biologi-
cal tissues [17]. Unfortunately, the value of this structure 
can only be utilized in the field of medical implants or tis-
sue engineering when the 3D printing technology achieves 
a breakthrough of producing the helical structure with the 
same scale as the collagen fiber [42]. In the present work, 
inspired by the native tracheal structure (cartilage + connec-
tive tissue), we designed the tracheal stent by bending a 2D 
W-N-L chiral structure into a cylindrical shape. Since the 
stiffness of the cartilage ring is much greater than that of the 
connective tissue, the axial J-shaped stress–strain behavior 
of the trachea is mainly determined by the mechanical prop-
erties of the connective tissue [43, 44]. Thus, as shown in 
Fig. 2a, the solid ring on the stent was used to simulate the 
cartilage ring, and the W-N-L chiral structure between the 
rings determines the axial stress–strain behavior of the stent, 
just like in connective tissue. In follow-up research, a hard 
polymer ring can be embedded in the solid ring to provide 
a stronger radial support force, such as the cartilage ring 
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with the help of a finer direct 3D printing process [45, 46]. 
Furthermore, if biocompatible and degradable materials are 
used to prepare this structure, it will benefit from a nonlinear 
mechanical response closely matched with that of the native 
trachea, and thus bear the potential for serving as an ideal 
framework of the tissue-engineered trachea.

The optimal NPR response of auxetic mechanical meta-
materials results in their outstanding mechanical character-
istics (fracture and indentation resistance, energy absorption, 
and acoustic and vibration properties); therefore, they have 
been utilized in a wide range of applications (biomedical 
devices, flexible electronic sensors and actuators) [27, 47]. 
In this paper, the chiral structure is constructed from a vari-
ety of auxetic mechanical metamaterials (such as chiral, 
re-entrant, and rotating rigid structures) as the basis of the 
tracheal stent, because its node rotation and ligament bend-
ing deformation features can thus be easily combined with 
the wavy ligament [26]. By replacing the tangential ligament 
in the chiral hybrid structure with a wavy-shaped ligament 
(Fig. 1c), it is straightforward to integrate the two sets of 
outstanding mechanical features of J-shaped stress–strain 
behavior and NPR response. This combination allows the 
W-N-L chiral stent to better adapt to the deformation of the 
trachea during the physiological activities of the patient, to 
resist migration, and to ensure a larger ventilation section 
compared to previously proposed stents [29, 48, 49].

Our results have proved the unique advantages of the 
designed stent, while the following issues need further clar-
ification before clinical application can be implemented. 
First, although our previous studies have proved the biocom-
patibility of the materials used herein [31], their unknown 
effects on tissues when implanted in vivo prompt further 
experimental studies. Second, the establishment of a theoret-
ical mechanical model for the final stent will be more helpful 
for the analysis and optimization of the geometric param-
eters. Finally, whether this novel stent will cause unexpected 
complications will also need to be addressed. Although there 
are issues to resolve, the W-N-L chiral stent undoubtedly 
offers a feasible approach for reducing the complications of 
existing tracheal stents.

Conclusions

In summary, inspired by the structure of the native trachea, 
a W-N-L chiral tracheal stent was designed by combining 
W-N-L, tetrachiral and anti-tetrachiral hybrid structure, and 
prepared by an indirect 3D printing process. A comprehen-
sive evaluation based on mechanical analysis, FEA, and 
experimental measurements clarified the effects of the geo-
metric parameters of the wavy ligament and the lattice topol-
ogy on the J-shaped stress–strain behavior of the stent. The 
comparison of the designed stent with the porcine trachea 

showed that it can well match the nonlinear mechanical 
response of the native trachea. Furthermore, the negative 
Poisson’s ratio of the stent resulted in its diameter still being 
larger than the original diameter under more than 40% axial 
strain, which plays a crucial role in keeping the airway open 
and reducing stent migration. These findings prove that the 
proposed stent with J-shaped stress–strain behavior and 
negative Poisson’s ratio response has a great potential for 
generating a novel tracheal stent for clinical application with 
the aim of curing tracheobronchial stenosis.
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