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Abstract: Coronary artery disease (CAD) is the narrowing or blockage of the coronary arteries, usually caused by
atherosclerosis. An interventional procedure using stents is a promising approach for treating CAD because stents can
effectively open narrowed coronary arteries to improve blood flow to the heart. However, stents often suffer from
catastrophic failures, such as fractures and migration of ligaments, resulting in fatal clinical events. In this work, we
report a new type of tubular lattice metamaterial with enhanced mechanical resilience under radial compression, which
can be used as an alternative for the current stent design. We begin by comparing the radial mechanical performance
of the proposed auxetic tubular lattice (ATL) with the conventional diamond tubular lattice (DTL). Our results show
that the ductility of ATL increases by 72.7% compared with that of the DTL structure. The finite element simulations
reveal that the stress is more uniformly spread on the sinusoidal ligaments for ATL, while rather concentrated on the
joints of straight ligaments for DTL. This phenomenon is intrinsically due to the bending of sinusoidal ligaments along
both radial and axial directions, while straight beams bend mainly along the radial direction. We then investigated the
effects of the geometrical parameters of the sinusoidal ligament on radial mechanical performance. Experimental

results indicate that the beam depth h/I has the most significant effect on the stiffness and peak load. The stiffness



and maximum load surge by 789% and 1131%, respectively, when h/I increases from 0.15 to 0.30. In contrast, the
beam amplitude A/l has a minor effect on the stiffness and peak load compared to beam depth and beam thickness.
However, increasing the amplitude of the sinusoidal ligament can enlarge the ductility strikingly. The ductility can
increase by 67.5% if the amplitude is augmented from A/l =0.1 to A/1 =0.35. The findings from this work can

provide guidance for designing more mechanically robust stents for medical engineering.
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1. Introduction
Heart disease is the leading cause of death in many developed countries, with coronary artery disease being the most
common form of heart disease. Coronary artery disease (CAD) occurs when excess plaque accumulates in the
cardiovascular arteries, resulting in narrowed arteries and restricted blood flow [1-3]. Cardiovascular stents are a non-
surgical alternative to traditional treatment options and have become the most common interventional treatment for
CAD [4, 5]. Stents are tubular structures that are implanted into obstructed arteries to expand the vessel and prevent
arterial collapse. To be successful in clinical use, stents require high stretchability, bending flexibility, and radial
strength [6]. Bending flexibility is vital for navigating stent placement and maintaining proper conformability while
implanted [7, 8]. However, many conventional stents use straight ligaments, which restrict flexibility during
deployment [9]. High radial strength is necessary for maintaining expansion in blocked arteries. Insufficient radial
strength and bending flexibility in current stent designs have resulted in failure events such as stent collapse and
migration [10-13]. Catastrophic failure of stent geometry also creates a risk of vessel perforation.

To overcome the limitations of existing stent designs, improvements to stent bending flexibility and radial
strength have been explored. Stent radial strength is largely related to the mechanical properties of the base material
and stent strut geometry [14]. As such, many studies have explored stent materials different from the original nitinol

[15]. For example, composite metal-polymer braided stents have shown improved radial strength over braided nitinol



stents [16]. Thin membranes on the inner and outer surface of tubular structures have also been shown to increase the
radial stiffness of traditional stent designs [17, 18]. More recently, biodegradable stent materials have been
investigated for improved stent biocompatibility and bending flexibility, despite reduced radial strength compared to
metal stents [19, 20]. Additionally, studies have explored the effects of changing geometric parameters on existing
stent architectures. Garcia et al. demonstrated control of stent radial stiffness through varied strut thickness and used
these findings to develop a stent for variable radial force [21]. Strut geometry and connection type have also been used
to vary stent bending flexibility [7, 20, 22]. In contrast to these commonly adopted methods, this research aims to
develop new architectures to improve the radial behavior of tubular structures under large deformation.

Stent geometry has previously been limited by constraints of top-down fabrication methods. Due to the growing
prevalence of additive manufacturing techniques, more complex tubular structures have been developed in recent
years to address stent limitations [23-30]. For example, origami-inspired tubular structures have been studied for their
improved producibility and versatility [31]. Foldable origami stents achieved favorable radial compressive strength
using a single material, compared to dual material covered stents which risk incompatibility between stent and graft
[32]. Tubular lattice structures have also been explored for their unique mechanical performance. For instance, the
observed buckling response of cylindrical shell tubular lattices was highly non-linear and could be controlled through
unit cell geometry [33]. Additionally, tubular auxetic materials have recently gained popularity for their novel behavior
and tunable mechanical properties [34-39]. Auxetic materials exhibit a negative Poisson’s ratio, which provides
superior conformability during stent operation. Select microstructures exhibit auxetic behavior in compression, but
not in tension, for wrinkle-free bending [40]. Controllable buckling response, bending flexibility, and torsional
stiffness have also been investigated in tubular auxetics [23, 33, 40-42]. Mechanical performance of auxetics can be
adjusted by modifying unit cell geometric parameters and base material, enabling stent customization.

There are very few studies focused on the radial compression behavior of tubular auxetics. Metallic Omega stent

with helical connector design topology was investigated under radial compression and compared with shape memory



polymeric stent at different temperature scenarios [43]. It is reported that the radial strength hardly varies at the body
temperature range and the metallic Omega stent shows higher radial force, indicating the effectiveness of supporting
the arterial walls of vessel for the metallic Omega stent. However, this study is focused on the comparison of radial
compression behavior for different materials, instead of considering the effect of the topology of stent. An auxetic
vascular stent with arrowhead design was explored for the radial compression performance [44]. It is found that the
increase of the wall thickness raises the ability of stent to resist radial deformation and the enlargement of stent
diameter decreases the radial strength. However, their study did not explain how the auxetic effect contributes to the
radial compression behavior.

In this work, we present a novel tubular lattice structure with auxetic unit cells for improved radial performance
under large compressive deformation, and the mechanical response of the auxetic design was compared to a traditional,
Palmaz-Schatz inspired, diamond lattice design [9] through a combined experimental and numerical approaches.
Specifically, the finite element analyses (FEA) were conducted to provide additional insights for the mechanisms in
the compressive deformation. As a novel contribution of this work, we proposed a newly designed Auxetic Tubular
Lattice (ATL) structure and studied the effects of tubular lattice topology and the geometric parameters on the radial
compression performance. In addition, we explained the auxetic effect on the radial compression behavior from
numerical findings. Our experimental and numerical studies reveal the robust mechanical performance of the ATL

structure.

2. Material and Methods

2.1 Tubular lattice metamaterials design

The design procedure of the proposed tubular metamaterial, namely auxetic tubular lattice (ATL), is illustrated in
Figs.1 (a)-(c). The 2D auxetic unit cell can be described by the parameters |, t and A, where 21 is the lattice constant
of the unit cell, t is the thickness and A denotes the amplitude of the sinusoidal ligament. The 3D Representative

Volume Element (RVE) consists of six bent 2D unit cells along the circumferential direction and one unit cell along



the axial direction. In the RVE, 2| denotes the height, D represents the diameter of the circle, t and h denote the
thickness and depth of the sinusoidal ligament, respectively. The 3D ATL model contains 11 RVEs along the axial
direction. A 3D printed ATL is shown in Fig. 1 (d). For comparison, we also designed a conventional tubular lattice
as a benchmark, namely diamond tubular lattice (DTL). This structure is assembled using the same procedure, as
shown in Figs. 1 (e)-(g). DTL structure shares the same lattice constant 2| and circle diameter D as ATL structure.
To ensure the two configurations have the same mass, the thickness and depth of the beam are represented by different

parameters p and q. A 3D printed DTL structure is shown in Fig. 1 (h).

——lcm

Fig. 1. Auxetic tubular lattice (ATL) and diamond tubular lattice (DTL) design. (2) 2D unit cell design of ATL. 21 is
the lattice constant of the unit cell, t is the thickness and A denotes the amplitude of sinusoidal ligament. (b) 3D
Representative Volume Element (RVE) with six bent unit cells along the circumferential direction and one unit cell
along the axial direction. Here, 2l denotes the height of the RVE, D represents the diameter of the circle, t and h

denote the thickness and depth of the sinusoidal ligament, respectively. (c) Geometrical model of ATL, with 11 RVEs



along the axial direction. (d) 3D printed sample of ATL. Here | =7 mm, D=84/~, A/l =0.3, t/1 =0.2, h/1 =0.2.
(e) 2D unit cell design of DTL. 2I is the lattice constant of the unit cell, p is the thickness of the straight ligament.
(F) 3D RVE with six unit cells along the circumferential direction and one unit cell along the axial direction. Here, 21
denotes the height of the RVE, D is the diameter of the circle, p and q represent the thickness and depth of the
beam, respectively. (g) Geometrical model of DTL, with 11 RVEs along the axial direction. (h) 3D printed sample of

DTL. Here =7 mm, D=84/x, p=0=1.828 mm.

2.2 Tubular lattice metamaterials fabrication

Polyjet additive manufacturing of photocurable resins is employed to fabricate the ATL and DTL structures. This
technique enables the fabrication of complex structures with spatially varying geometry. CAD models of the tubular
lattice structures were created using Rhinoceros® add-on Grasshopper (Robert McNeel & Associates, Seattle, USA).
In this study, Object260 Connex Polyjet 3D printer (Stratasys Ltd., USA) is used for sample fabrication. This 3D
printer employs polymer jetting technology which uses small nozzles to dispense liquid photopolymerizable monomer
from a print head, which is then immediately cured by ultraviolet (UV) light using a source situated on-board of the
printing head. With this printer, samples can be fabricated with a resolution of 16 pm in the z-direction and 42 pum in
the x- and y-directions. Herein, a rigid polymer material, VerowWhitePlus, | is used to fabricate all the samples in a
layer-by-layer fashion. A support material, SUP706, is used to improve the surface finish of the samples and to provide

support for overhanging structures and can be removed by water jetting.

2.3 Radial compression testing

Quasi-static compression tests on ATL and DTL structures along radial direction are conducted using the Instron
5569A—-Universal testing machine with a load cell of 50 KN. All samples are tested in displacement control mode at 3
mm/min with a final compression depth of 18 mm. The mechanical performance of the 3D printed specimens is first

investigated by considering two geometric configurations (ATL and DTL). Then, the effects of beam depth h,



thickness t, and amplitude A for ATL metamaterial are individually studied. An ARAMIS 4 M system (GOM GmbH,
Germany) is used to capture deformations. Repeated testing is performed to ensure the reliability of the data. The
effective stiffness, maximum load, and ductility are extracted from the measured load-displacement curve for each

test.
2.4 Finite element simulation

Finite element simulations are conducted to provide additional insights into the compressive deformation mechanisms
of the tubular lattice structures. The commercial software Abaqus/explicit (Providence, RI, USA) is employed for the
simulations. The elastic-perfectly-plastic constitutive model is adopted to simulate the VeroWhitePlus polymer.
Tensile testing is performed per the ASTM standard [45] to obtain the material properties. The dumbbell-shape sample

is shown in Fig. S1 (a), and the simplified constitutive model is shown in Fig. S1 (b). From the experimental data,

we choose Young’s modulus E =1000 MPa and yield strength is set to o, =45 MPa. Poisson’s ratio v =0.33 is

chosen from reference [46]. All tubular lattice structures are meshed with ~200,000 C3D8 elements by using
Hypermesh (Altair Engineering Inc., USA). The detailed finite element simulation setup is shown in Fig. S1 (c) and
(d). The convergence test is performed to eliminate the effect of mesh size. Meanwhile, the ratio of kinetic energy to

the internal energy is controlled below 5% to get rid of the dynamic effect.

3. Results and discussion

3.1 Comparison between the proposed design and conventional design

To compare the proposed design and conventional design under compressive load, we performed compression tests
on ATL and DTL samples. Each design was tested three times to eliminate the possibility of rare types of error that
may be involved in these experiments. Fig. 2 (a) shows the load-displacement curves of ATL and DTL designs.
Compared to the catastrophic failure of the DTL structure, the ATL exhibits a progressive failure mode. For the DTL

structure, the load dropped significantly at a displacement of 4.8 mm, i.e., 88% loss of load. However, the ATL



structure showed no serious load drop during the process of compression, indicating a more ductile behavior. Fig. 2
(b) displays the comparison of stiffness, maximum load, and ductility of ATL and DTL designs. The ductility in this
work was defined as the ratio of displacement at a 25% drop from the peak load to the maximum displacement, i.e.,
18 mm. The error bars from repeated testing in Fig. 2 (b) show that the experiments repeated very well. Both stiffness
and maximum load of ATL structure are smaller than that of DTL structure. However, the ductility of ATL increases

by 72.7% compared to the DTL design.
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Fig. 2. Mechanical performance of ATL and DTL structures under compression. (a) Load-displacement curves for

ATL and DTL. (b) Comparison of stiffness, maximum load, and ductility of ATL and DTL. (c) Deformation patterns



for ATL. Here, | =7mm, D=84/z, A/=03, t/1 =0.2, h/l =0.2. (d) Deformation patterns for DTL. Here, | =7

mm, R=84/z, p=0=1.828 mm.

Figs. 2 (c)-(d) display the deformation evolutions of ATL and DTL structures under different displacements. At
the displacement of 6 =4.3 mm, the ATL design shows no observable failure. However, the DTL design breaks at
the joints of straight beams, as highlighted in the image. This failure corresponds to the load drop in the load-
displacement curve. At the displacement of 5§ =5 mm, ATL structure still shows no observable failure, while DTL
design exhibits complete dislocation at the joints, highlighted in the image across the sample. This contributes to the
further load drop of 88% in the load-displacement curve. As the displacement rises to & =9 mm, fractures are
generated in the ATL structure, shown in the highlighted region. However, the integrity of the ATL structure is not
affected despite these fractures, indicating a remarkably ductile performance. On the other hand, the DTL design is
characterized by a complete dislocation at multiple joints, leading to the total collapse of the specimen. This explains

the plummet of load to zero.

To gain further insights into the mechanisms that are responsible for the disparate deformations of ATL and
DTL structures, finite element simulations were performed. The simulated and measured load-displacement curves
for ATL and DTL structures are shown in Figs. 3 (a) and (b), respectively. The simulations were conducted to reveal
the mechanisms before fracture. Therefore, we did not consider the failure in our simulations. Figs. 3 (c) and (d) show
the Mises stress contour plots of ATL and DTL structures under different compressive displacements. One can observe
that the Mises stress for the ATL structure is more uniformly distributed on the circumferential ligaments, while the
stress for DTL design is rather concentrated on the joints of straight ligaments. It is also interesting to see that the axial
sinusoidal ligaments of the ATL structure do not significantly contribute to bearing the load. The detailed distribution

of stress components for ATL and DTL design is shown in Fig. S2 in the Supplementary Information (SI). Figs. S2

(a) and (b) display the o, for the ATL and DTL structures, respectively. It is apparent that the stress component o,
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is largely distributed on the circumferential ligaments in the middle region between the top and bottom plates for ATL
design, and mostly concentrated on the joints for the DTL design. The stress component o, is widely distributed on
the circumferential ligaments close to the top and bottom plates, while mainly concentrated on the joints near the top
and bottom plate. On the other hand, the stress component o,, is primarily spread on the axial ligaments along the
sample for ATL. However, the magnitude of o,, is significantly smaller compared to &, . Furthermore, the contour

plot of displacement along the axial direction shown in Figs. S2 (g) and (h) reveals an auxetic effect, which shows
that the sinusoidal ligaments flow toward the inside of the ATL structure, while the straight beams flow toward the
outside of the DTL structure. This unique feature leads to the bending of circumferential sinusoidal ligaments along

both radial and axial directions. However, the straight ligaments of the DTL structure bend along the radial direction.
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Fig. 3. Finite element simulations for ATL and DTL structures. (a) Measured and simulated load-displacement curves
for ATL structure. (b) Measured and simulated load-displacement curves for DTL structure. (c) Mises stress contour

plots for ATL. (d) Mises stress contour plots for DTL.

For vascular stents, radial strength is a primary design requirement to withstand compressive forces exerted by
the vascular wall. On the one hand, insufficient radial strength during the revascularization and early stage of
restoration causes acute elastic recoil of the artery and frequent migration [47, 48]. On the other hand, the catastrophic
failure of stent could induce protrusion into the vessel lumen and trigger platelet activation [49], which poses serious

threat to patients. Therefore, the stent with sufficient radial strength and the capacity to prevent catastrophic failure

12



are required as the ideal candidate for clinical usage. In the above investigation, we demonstrate that although the
DTL structure displays higher radial strength than that of the ATL architecture, it suffers from disastrous collapse
once the radial strength is reached. The ATL design shows more ductility than the DTL one, which indicates the small
amount of radial strength drop after the peak point. Note that the overall radial strength of ATL is comparatively
smaller than DTL. To demonstrate the advantage of ATL design, we will show the tunability of radial strength for

ATL design without sacrificing its ductility by performing parametric analyses.

3.2 Effect of beam depth
Having studied the mechanical performance of the proposed tubular lattice architecture, we proceed to demonstrate

the design flexibility of ATL design by altering the geometric parameters of the sinusoidal ligament, including beam
depth h, beam thickness t, and beam amplitude A. We start by investigating the effect of beam depth h/l on

mechanical performance. The shape evolution for different beam depths is shown in Fig. 4 (a). The measured load-
displacement relations for different beam depths are displayed in Fig. 4 (b). One can observe that the load drop is
increasingly significant with the enlargement of beam depth, indicating a more brittle failure mode for large beam
depth. As summarized in Figs. 4 (c) and (d), both the stiffness and maximum load show an increasing trend with the

augment of beam depth. Particularly, the stiffness and maximum load surge by 789% and 1131%, respectively, when
h/l increases from 0.15 to 0.30. Fig. 4 (e) displays the ductility of the ATL structure with various beam depths. The

ductility for different beam depth models remains relatively high, i.e., ~40%, compared with what we reported for

DTL design.

Figs. 5 (a) and (b) display the deformation patterns for ATL design with h/I =0.15 and h/I =0.30, respectively.
For the convenience of description, we will use the model parameter to represent the model throughout the work. For

instance, we use h/1=0.15 to denote the ATL structure with h/l =0.15. At the displacement of s=7.1 mm,

h/I =0.15 shows fractures in the middle region, as highlighted in the image. The h/I =0.30, on the other hand, exhibits

13



fewer fractures in the highlighted area at this stage. However, the load drop for h/1 =0.30 is more rapid than that of
h/l =0.15 as seen from the load-displacement curves in Fig. 4 (b), indicating the catastrophic failure of h/1 =0.30. At
the displacement of s =10 mm, h/I=0.15 shows a similar fracture pattern to the previous stage, and the sample

maintains the integrity of the structure. In contrast, disastrous failure occurs at this point for h/l =0.30, as can be
observed from the image where the highlighted part breaks off from the sample. This observation verifies our previous

description of catastrophic failure for h/I =0.30.

14
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Fig. 4. Effect of beam depth on the performance of ATL structure. (a) RVEs with different beam depths. (b) Load-

displacement curves. (c) Tubular lattice stiffness as a function of h/I. (d) Tubular lattice maximum load as a function

of h/I. (e) Tubular lattice ductility as a function of h/l . Here, 1 =7 mm, D=84/z, A/l=0.3, t/1=0.2.
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Fig. 5. Comparison of deformation patterns for ATL structure with different beam depths. (a) Deformation patterns

for h/l =0.15. (b) Deformation patterns for h/l =0.30.

3.3 Effect of beam thickness

In this section, we proceed to investigate the effect of beam thickness t on the mechanical performance of the ATL
structure. RVEs with different beam thicknesses are schematically shown in Fig. 6 (a). The load-displacement curves
for different beam thicknesses are shown in Fig. 6 (b). One can observe that the ATL structure tends to exhibit a more
brittle failure phenomenon with the increase of beam thickness t, similar to the effect of beam depth h. Figs. 6 (c)

and (d) display stiffness and maximum load for various beam thickness models. The stiffness and maximum load are
enhanced by 241% and 231%, respectively, when the beam thickness enlarges from t/1 =0.15 to t/l =0.30. This

indicates that the contribution of beam thickness is significantly smaller compared to that of beam depth. This

phenomenon can be intrinsically explained by analogy to beam theory. For the compression case in our work, the

16



bending stiffness of the sinusoidal ligaments can be expressed by M = CEkth® [50]. Here, C is the geometric constant,
E is Young’s modulus, and k is the curvature. Therefore, beam depth h has a more important role than beam
thickness t in this scenario. Fig. 6 (e) shows the ductility of ATL design with different beam thicknesses. Ductility
for all the studied samples was relatively high, i.e., ~40%, indicating a superior compliant behavior compared to the

DTL structure.

17
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Fig. 6. Effect of beam thickness on the performance of ATL structure. (a) RVEs with different beam thicknesses. (b)

Load-displacement curves. (c) Tubular lattice stiffness as a function of t/I . (d) Tubular lattice maximum load as a

function of t/I . (e) Tubular lattice ductility as a function of t/l . Here, 1 =7 mm, D=84/z, A/ =0.3, h/[=0.2.
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Figs. 7 (a) and (b) show the deformation evolutions for t/1=0.15 and t/l =0.30, respectively. At the
displacement of s =7 mm, we can observe multiple fractures for t/I =0.15 in the region highlighted in the image. A
similar fracture pattern happened for t/I =0.30 as well, as shown in the highlighted region. However, the difference

is that the load drops due to the ligament failure for t/1 =0.30 is much more rapid than that of t/I =0.15, as seen in
the load-displacement relation in Fig. 6 (b). This indicates a more brittle failure for a larger beam thickness model. At
the displacement of s =10.6 mm, t/1 =0.15 exhibits analogous fracture pattern to the previous stage. On the other
hand, t/1 =0.30 displays a significantly different failure manner. The symmetry of the model has been completely
destroyed, which can be seen by looking at the holes highlighted in the image. Meanwhile, a considerable load

plummet occurs at this point. These facts indicate a catastrophic failure of t/l =0.30 at this stage.
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Fig. 7. Comparison of deformation patterns for ATL structure with different beam thickness. (a) Deformation

patterns for t/I =0.15. (b) Deformation patterns for t/I =0.30.

3.4 Effect of beam amplitude

In this part, we proceed to investigate the effect of beam amplitude on the mechanical performance of the ATL
structure. The RVEs with different beam amplitudes are shown in Fig. 8 (a). The load-displacement relation curves
for different beam amplitudes are shown in Fig. 8 (b). Stiffness shows a decreasing trend with the increase of the
beam amplitude, and the finite element simulation results in the inset verify this finding. Furthermore, the yield load
occurs at larger displacement when the beam amplitude becomes bigger, indicating a more compliant behavior. Figs.
8 (c) and (d) display the category plot of stiffness and maximum load, respectively. The stiffness exhibits a decreasing

trend with increasing amplitude as observed from the load-displacement curves. Particularly, the stiffness is reduced
by 61.5% when the amplitude is enlarged from A/l =0.1 to A/l =0.35. On the other hand, the maximum load does

not show a pattern due to the randomness of failure. Quite interestingly, the beam amplitude is found to have a less
significant effect on the load-displacement response than beam thickness and depth. This is different from what we
reported in the tensile testing in our previous work [50]. Fig. 8 (e) shows the ductility of ATL design with various
beam amplitude. The ductility is discovered to exhibit an increasing trend with the augment of beam amplitude. To
further investigate the mechanism behind this phenomenon, we show the contour plot of Mises stress for different

beam amplitude models in Fig. S3. As one increases the amplitude, a more uniform stress distribution is observed.
For A/l =0.10 in Fig. S3 (a), the stress is slightly concentrated on the middle part of the circumferential ligaments.

However, the local concentrated regions dissipate gradually as the beam amplitude enlarges, as shown in Figs. S3 (b)
and (c). This attributes to the auxetic effect which we have discussed in section 3.1. The circumferential ligaments
bend mainly along the radial direction due to the little auxetic effect when the beam amplitude is small. In contrast,

the notable auxetic effect will compel the circumferential ligaments to bend along both radial direction and axial
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direction as the beam amplitude increases. Particularly, the ductility is enhanced by 225% if the beam amplitude is

enlarged from A/l=0.1to A/l =0.35, where the A/l =0.35 displays ductility up to 67.5%.
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Fig. 8. Effect of amplitude on the performance of ATL. (a) RVEs with different beam amplitude. (b) Load-

displacement curves. (c) Tubular lattice stiffness as a function of A/ . (d) Tubular lattice maximum load as a function

of A/I. (e) Tubular lattice ductility as a function of A/l . Here, | =7 mm, D=84/x, t/1=0.2, h/l =0.2.

Figs. 9 (a) and (b) show the deformation patterns for A/l =0.1 and A/l =0.35, respectively. At the displacement
of =3 mm, fractures occur on the ligaments for A/l =0.1 as highlighted in the image, which accounts for the load
drop in the load-displacement curve. However, no observable failure is found for A/l =0.35 at this stage, as
evidenced by the smooth rising of load. At the displacement of s =10 mm, the fracture grows significantly. On the
other hand, A/l =0.35 shows only mild failure, as shown in the highlighted area. This indicates significant ductile
behavior of A/l =0.35.
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Fig. 9. Comparison of deformation patterns for ATL structure with different beam amplitudes. (a) Deformation

patterns for A/l =0.1. (b) Deformation patterns for A/l =0.35.

4. Conclusions

In summary, we have investigated the mechanical performance of a newly developed tubular lattice metamaterial
under radial compression using an integrated experimental and numerical effort. Compared with conventional DTL
structure, the proposed ATL design has superior ductility under large deformation. Our numerical simulations revealed
the disparate stress distributions within the two configurations. The stress is concentrated on the joints of straight
beams for DTL structure, while stress is more uniformly distributed on the sinusoidal ligaments for ATL structure.
Intrinsically, this is due to the bending of sinusoidal ligaments along both radial and axial directions, which features
more deformation space. In contrast, the straight beams are bent mainly along the radial direction. To explore the

design flexibility of the proposed lattice metamaterials, we investigated the geometric features of beam ligament on

the mechanical performance. We found that the beam depth h/I significantly affects the stiffness and peak load, while

beam amplitude A/l influences the ductility extraordinarily. These parametric analyses can enable us to design ATL

structures with prescribed radial performance, such as stiff yet ductile features. It should be pointed out, though, that
we did not maintain the same relative density for the samples in the parametric studies. The difference of relative
density will affect the relative values of mechanical properties. However, this difference has no effect in our findings
and conclusions. As a preliminary study, we anticipate the proposed mechanically robust tubular architectures can be
used as stents that will have a high potential for clinical translation to treat coronary and peripheral artery disease. Our
ongoing work includes evaluation of the mechanical performance of this tubular lattice architecture with degradable

constitutive materials and further optimizing the tubular architecture using inverse design approaches.
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Supplementary Information
S1. Finite element simulation

The setup of finite element simulations for the radial compression of tubular lattice structure is shown in Fig. S1. To
simulate the experiment of radial compression, two rigid plates were added to the top and bottom to ensure uniform
deformation. Reference points were defined to apply the displacement in the simulation. All models in this work were
meshed with 3D hexahedral element (C3D8). The ATL structure was meshed with 185,856 hexahedral elements, and
the DTL structure was meshed with 276,804 hexahedral elements. General self-contact with friction coefficient of

0.25 was defined for tangential motion and hard contact for the normal direction.
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Fig. S1 Tensile testing and finite element simulation setup. (a) Dumbbell-shape sample. (b) Stress-strain relation of
experiment and simplified elastic-perfectly-plastic model. (c) Radial compression setup in Abaqus with rigid plates

on the top and bottom. (d) Schematics of the ATL structure with rigid plates and reference points.

S2. Comparison of the proposed ATL and the conventional DTL structure
The detailed comparison of contour plots of stress components is shown in Figs. S2 (a)-(f). We can observe from Figs.

S2 (a) and (b) that the stress component & is more uniformly distributed around the circumferential sinusoidal
ligaments, while the straight beams of DTL design are featured by stress concentration of component & on the local
joints. The stress component o, for ATL is largely spread around the circumferential ligaments near the top and

bottom region. However, the stress component is concentrated on the joints of straight beams for DTL near the top

and bottom plates. On the other hand, stress component o, spreads much more on the axial sinusoidal ligaments than
the circumferential ones. Meanwhile, the magnitude of o, is smaller than stress component o, and o, . In addition,

the contour plot of displacement along axial direction, as shown in Figs. S2 (g) and (h), reveals the effect of auxetic
behavior, which shows that the sinusoidal ligaments flow toward the inside of the ATL structure, while the straight
beams flow outside of the DTL structure. This unique feature leads to the bending of circumferential sinusoidal
ligaments along both radial and axial directions. However, the straight ligaments of DTL structure bend mainly along

the radial direction.
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Fig. S2. Contour plots of stress components and displacement components under radial compression.

S3. Effect of beam amplitude

To gain insights from a simulation point of view, we show the contour plots of Mises stress for different beam
amplitudes in Fig. S3. The contour plots were exported from Abaqus using the same legend. With the increase of
beam amplitude, the stress distribution exhibits more uniform pattern. Specifically, when A/l =0.10, the stress is
slightly more concentrated on the middle part of the circumferential ligaments. As the beam amplitude enlarges, the

local stress concentration regions dissipate. As discussed in the main text, this contributes to the increasingly auxetic
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effect when A/l augments. If the beam amplitude is small, the circumferential ligaments bend mainly along radial

direction. However, if the beam amplitude is large, the auxetic effect will compel the circumferential ligaments to

bend along axial direction as well.
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Fig. S3. Mises stress contour plots for different beam amplitudes.
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Abstract: Coronary artery disease (CAD) is the narrowing or blockage of the coronary arteries, usually caused by
atherosclerosis. An interventional procedure using stents is a promising approach for treating CAD because stents can
effectively open narrowed coronary arteries to improve blood flow to the heart. However, stents often suffer from
catastrophic failures, such as fractures and migration of ligaments, resulting in fatal clinical events. In this work, we
report a new type of tubular lattice metamaterial with enhanced mechanical resilience under radial compression, which
can be used as an alternative for the current stent design. We begin by comparing the radial mechanical performance
of the proposed auxetic tubular lattice (ATL) with the conventional diamond tubular lattice (DTL). Our results show
that the ductility of ATL increases by 72.7% compared with that of the DTL structure. The finite element simulations
reveal that the stress is more uniformly spread on the sinusoidal ligaments for ATL, while rather concentrated on the
joints of straight ligaments for DTL. This phenomenon is intrinsically due to the bending of sinusoidal ligaments along
both radial and axial directions, while straight beams bend mainly along the radial direction. We then investigated the
effects of the geometrical parameters of the sinusoidal ligament on radial mechanical performance. Experimental

results indicate that the beam depth h/I has the most significant effect on the stiffness and peak load. The stiffness
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and maximum load surge by 789% and 1131%, respectively, when h/I increases from 0.15 to 0.30. In contrast, the
beam amplitude A/l has a minor effect on the stiffness and peak load compared to beam depth and beam thickness.
However, increasing the amplitude of the sinusoidal ligament can enlarge the ductility strikingly. The ductility can
increase by 67.5% if the amplitude is augmented from A/l =0.1 to A/1 =0.35. The findings from this work can

provide guidance for designing more mechanically robust stents for medical engineering.

Keywords: tubular structure; stents, metamaterials; ductility; 3D printing

1. Introduction
Heart disease is the leading cause of death in many developed countries, with coronary artery disease being the most
common form of heart disease. Coronary artery disease (CAD) occurs when excess plaque accumulates in the
cardiovascular arteries, resulting in narrowed arteries and restricted blood flow [1-3]. Cardiovascular stents are a non-
surgical alternative to traditional treatment options and have become the most common interventional treatment for
CAD [4, 5]. Stents are tubular structures that are implanted into obstructed arteries to expand the vessel and prevent
arterial collapse. To be successful in clinical use, stents require high stretchability, bending flexibility, and radial
strength [6]. Bending flexibility is vital for navigating stent placement and maintaining proper conformability while
implanted [7, 8]. However, many conventional stents use straight ligaments, which restrict flexibility during
deployment [9]. High radial strength is necessary for maintaining expansion in blocked arteries. Insufficient radial
strength and bending flexibility in current stent designs have resulted in failure events such as stent collapse and
migration [10-13]. Catastrophic failure of stent geometry also creates a risk of vessel perforation.

To overcome the limitations of existing stent designs, improvements to stent bending flexibility and radial
strength have been explored. Stent radial strength is largely related to the mechanical properties of the base material
and stent strut geometry [14]. As such, many studies have explored stent materials different from the original nitinol

[15]. For example, composite metal-polymer braided stents have shown improved radial strength over braided nitinol



stents [16]. Thin membranes on the inner and outer surface of tubular structures have also been shown to increase the
radial stiffness of traditional stent designs [17, 18]. More recently, biodegradable stent materials have been
investigated for improved stent biocompatibility and bending flexibility, despite reduced radial strength compared to
metal stents [19, 20]. Additionally, studies have explored the effects of changing geometric parameters on existing
stent architectures. Garcia et al. demonstrated control of stent radial stiffness through varied strut thickness and used
these findings to develop a stent for variable radial force [21]. Strut geometry and connection type have also been used
to vary stent bending flexibility [7, 20, 22]. In contrast to these commonly adopted methods, this research aims to
develop new architectures to improve the radial behavior of tubular structures under large deformation.

Stent geometry has previously been limited by constraints of top-down fabrication methods. Due to the growing
prevalence of additive manufacturing techniques, more complex tubular structures have been developed in recent
years to address stent limitations [23-30]. For example, origami-inspired tubular structures have been studied for their
improved producibility and versatility [31]. Foldable origami stents achieved favorable radial compressive strength
using a single material, compared to dual material covered stents which risk incompatibility between stent and graft
[32]. Tubular lattice structures have also been explored for their unique mechanical performance. For instance, the
observed buckling response of cylindrical shell tubular lattices was highly non-linear and could be controlled through
unit cell geometry [33]. Additionally, tubular auxetic materials have recently gained popularity for their novel behavior
and tunable mechanical properties [34-39]. Auxetic materials exhibit a negative Poisson’s ratio, which provides
superior conformability during stent operation. Select microstructures exhibit auxetic behavior in compression, but
not in tension, for wrinkle-free bending [40]. Controllable buckling response, bending flexibility, and torsional
stiffness have also been investigated in tubular auxetics [23, 33, 40-42]. Mechanical performance of auxetics can be
adjusted by modifying unit cell geometric parameters and base material, enabling stent customization.

There are very few studies focused on the radial compression behavior of tubular auxetics. Metallic Omega stent

with helical connector design topology was investigated under radial compression and compared with shape memory



polymeric stent at different temperature scenarios [43]. It is reported that the radial strength hardly varies at the body
temperature range and the metallic Omega stent shows higher radial force, indicating the effectiveness of supporting
the arterial walls of vessel for the metallic Omega stent. However, this study is focused on the comparison of radial
compression behavior for different materials, instead of considering the effect of the topology of stent. An auxetic
vascular stent with arrowhead design was explored for the radial compression performance [44]. It is found that the
increase of the wall thickness raises the ability of stent to resist radial deformation and the enlargement of stent
diameter decreases the radial strength. However, their study did not explain how the auxetic effect contributes to the
radial compression behavior.

In this work, we present a novel tubular lattice structure with auxetic unit cells for improved radial performance
under large compressive deformation, and the mechanical response of the auxetic design was compared to a traditional,
Palmaz-Schatz inspired, diamond lattice design [9] through a combined experimental and numerical approaches.
Specifically, the finite element analyses (FEA) were conducted to provide additional insights for the mechanisms in
the compressive deformation. As a novel contribution of this work, we proposed a newly designed Auxetic Tubular
Lattice (ATL) structure and studied the effects of tubular lattice topology and the geometric parameters on the radial
compression performance. In addition, we explained the auxetic effect on the radial compression behavior from
numerical findings. Our experimental and numerical studies reveal the robust mechanical performance of the ATL

structure.

2. Material and Methods

2.1 Tubular lattice metamaterials design

The design procedure of the proposed tubular metamaterial, namely auxetic tubular lattice (ATL), is illustrated in
Figs.1 (a)-(c). The 2D auxetic unit cell can be described by the parameters |, t and A, where 2| is the lattice constant
of the unit cell, t is the thickness and A denotes the amplitude of the sinusoidal ligament. The 3D Representative

Volume Element (RVE) consists of six bent 2D unit cells along the circumferential direction and one unit cell along



the axial direction. In the RVE, 2| denotes the height, D represents the diameter of the circle, t and h denote the
thickness and depth of the sinusoidal ligament, respectively. The 3D ATL model contains 11 RVEs along the axial
direction. A 3D printed ATL is shown in Fig. 1 (d). For comparison, we also designed a conventional tubular lattice
as a benchmark, namely diamond tubular lattice (DTL). This structure is assembled using the same procedure, as
shown in Figs. 1 (e)-(g). DTL structure shares the same lattice constant 2| and circle diameter D as ATL structure.
To ensure the two configurations have the same mass, the thickness and depth of the beam are represented by different

parameters p and q. A 3D printed DTL structure is shown in Fig. 1 (h).

——lcm

Fig. 1. Auxetic tubular lattice (ATL) and diamond tubular lattice (DTL) design. (2) 2D unit cell design of ATL. 21 is
the lattice constant of the unit cell, t is the thickness and A denotes the amplitude of sinusoidal ligament. (b) 3D
Representative Volume Element (RVE) with six bent unit cells along the circumferential direction and one unit cell
along the axial direction. Here, 2l denotes the height of the RVE, D represents the diameter of the circle, t and h

denote the thickness and depth of the sinusoidal ligament, respectively. (c) Geometrical model of ATL, with 11 RVEs



along the axial direction. (d) 3D printed sample of ATL. Here | =7 mm, D=84/~, A/l =0.3, t/1 =0.2, h/1 =0.2.
(e) 2D unit cell design of DTL. 2l is the lattice constant of the unit cell, p is the thickness of the straight ligament.

(F) 3D RVE with six unit cells along the circumferential direction and one unit cell along the axial direction. Here, 21

denotes the height of the RVE, D is the diameter of the circle, p and q represent the thickness and depth of the
beam, respectively. (g) Geometrical model of DTL, with 11 RVEs along the axial direction. (h) 3D printed sample of

DTL. Here | =7 mm, D=84/x, p=0=1.828 mm.

2.2 Tubular lattice metamaterials fabrication

Polyjet additive manufacturing of photocurable resins is employed to fabricate the ATL and DTL structures. This
technique enables the fabrication of complex structures with spatially varying geometry. CAD models of the tubular
lattice structures were created using Rhinoceros® add-on Grasshopper (Robert McNeel & Associates, Seattle, USA).
In this study, Object260 Connex Polyjet 3D printer (Stratasys Ltd., USA) is used for sample fabrication. This 3D
printer employs polymer jetting technology which uses small nozzles to dispense liquid photopolymerizable monomer
from a print head, which is then immediately cured by ultraviolet (UV) light using a source situated on-board of the
printing head. With this printer, samples can be fabricated with a resolution of 16 pm in the z-direction and 42 pm in
the x- and y-directions. Herein, a rigid polymer material, VerowWhitePlus, | is used to fabricate all the samples in a
layer-by-layer fashion. A support material, SUP706, is used to improve the surface finish of the samples and to provide

support for overhanging structures and can be removed by water jetting.

2.3 Radial compression testing

Quasi-static compression tests on ATL and DTL structures along radial direction are conducted using the Instron
5569A—Universal testing machine with a load cell of 50 kN. All samples are tested in displacement control mode at 3
mm/min with a final compression depth of 18 mm. The mechanical performance of the 3D printed specimens is first

investigated by considering two geometric configurations (ATL and DTL). Then, the effects of beam depth h,



thickness t, and amplitude A for ATL metamaterial are individually studied. An ARAMIS 4 M system (GOM GmbH,
Germany) is used to capture deformations. Repeated testing is performed to ensure the reliability of the data. The
effective stiffness, maximum load, and ductility are extracted from the measured load-displacement curve for each

test.
2.4 Finite element simulation

Finite element simulations are conducted to provide additional insights into the compressive deformation mechanisms
of the tubular lattice structures. The commercial software Abaqus/explicit (Providence, RI, USA) is employed for the
simulations. The elastic-perfectly-plastic constitutive model is adopted to simulate the VeroWhitePlus polymer.
Tensile testing is performed per the ASTM standard [45] to obtain the material properties. The dumbbell-shape sample

is shown in Fig. S1 (a), and the simplified constitutive model is shown in Fig. S1 (b). From the experimental data,

we choose Young’s modulus E =1000 MPa and yield strength is set to o, =45 MPa. Poisson’s ratio v=0.33 is

chosen from reference [46]. All tubular lattice structures are meshed with ~200,000 C3D8 elements by using
Hypermesh (Altair Engineering Inc., USA). The detailed finite element simulation setup is shown in Fig. S1 (c) and
(d). The convergence test is performed to eliminate the effect of mesh size. Meanwhile, the ratio of kinetic energy to

the internal energy is controlled below 5% to get rid of the dynamic effect.

3. Results and discussion

3.1 Comparison between the proposed design and conventional design

To compare the proposed design and conventional design under compressive load, we performed compression tests
on ATL and DTL samples. Each design was tested three times to eliminate the possibility of rare types of error that
may be involved in these experiments. Fig. 2 (a) shows the load-displacement curves of ATL and DTL designs.
Compared to the catastrophic failure of the DTL structure, the ATL exhibits a progressive failure mode. For the DTL

structure, the load dropped significantly at a displacement of 4.8 mm, i.e., 88% loss of load. However, the ATL



structure showed no serious load drop during the process of compression, indicating a more ductile behavior. Fig. 2
(b) displays the comparison of stiffness, maximum load, and ductility of ATL and DTL designs. The ductility in this
work was defined as the ratio of displacement at a 25% drop from the peak load to the maximum displacement, i.e.,
18 mm. The error bars from repeated testing in Fig. 2 (b) show that the experiments repeated very well. Both stiffness
and maximum load of ATL structure are smaller than that of DTL structure. However, the ductility of ATL increases

by 72.7% compared to the DTL design.
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Fig. 2. Mechanical performance of ATL and DTL structures under compression. (a) Load-displacement curves for

ATL and DTL. (b) Comparison of stiffness, maximum load, and ductility of ATL and DTL. (c) Deformation patterns



for ATL. Here, | =7mm, D=84/z, A/=03, t/1 =0.2, h/l =0.2. (d) Deformation patterns for DTL. Here, | =7

mm, R=84/z, p=0=1.828 mm.

Figs. 2 (c)-(d) display the deformation evolutions of ATL and DTL structures under different displacements. At
the displacement of 6 =4.3 mm, the ATL design shows no observable failure. However, the DTL design breaks at
the joints of straight beams, as highlighted in the image. This failure corresponds to the load drop in the load-
displacement curve. At the displacement of 5§ =5 mm, ATL structure still shows no observable failure, while DTL
design exhibits complete dislocation at the joints, highlighted in the image across the sample. This contributes to the
further load drop of 88% in the load-displacement curve. As the displacement rises to & =9 mm, fractures are
generated in the ATL structure, shown in the highlighted region. However, the integrity of the ATL structure is not
affected despite these fractures, indicating a remarkably ductile performance. On the other hand, the DTL design is
characterized by a complete dislocation at multiple joints, leading to the total collapse of the specimen. This explains

the plummet of load to zero.

To gain further insights into the mechanisms that are responsible for the disparate deformations of ATL and
DTL structures, finite element simulations were performed. The simulated and measured load-displacement curves
for ATL and DTL structures are shown in Figs. 3 (a) and (b), respectively. The simulations were conducted to reveal
the mechanisms before fracture. Therefore, we did not consider the failure in our simulations. Figs. 3 (c) and (d) show
the Mises stress contour plots of ATL and DTL structures under different compressive displacements. One can observe
that the Mises stress for the ATL structure is more uniformly distributed on the circumferential ligaments, while the
stress for DTL design is rather concentrated on the joints of straight ligaments. It is also interesting to see that the axial
sinusoidal ligaments of the ATL structure do not significantly contribute to bearing the load. The detailed distribution

of stress components for ATL and DTL design is shown in Fig. S2 in the Supplementary Information (SI). Figs. S2

(a) and (b) display the o, for the ATL and DTL structures, respectively. It is apparent that the stress component o,
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is largely distributed on the circumferential ligaments in the middle region between the top and bottom plates for ATL
design, and mostly concentrated on the joints for the DTL design. The stress component o, is widely distributed on
the circumferential ligaments close to the top and bottom plates, while mainly concentrated on the joints near the top
and bottom plate. On the other hand, the stress component o,, is primarily spread on the axial ligaments along the
sample for ATL. However, the magnitude of o,, is significantly smaller compared to &, . Furthermore, the contour

plot of displacement along the axial direction shown in Figs. S2 (g) and (h) reveals an auxetic effect, which shows
that the sinusoidal ligaments flow toward the inside of the ATL structure, while the straight beams flow toward the
outside of the DTL structure. This unique feature leads to the bending of circumferential sinusoidal ligaments along

both radial and axial directions. However, the straight ligaments of the DTL structure bend along the radial direction.
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Fig. 3. Finite element simulations for ATL and DTL structures. (a) Measured and simulated load-displacement curves
for ATL structure. (b) Measured and simulated load-displacement curves for DTL structure. (c) Mises stress contour

plots for ATL. (d) Mises stress contour plots for DTL.

For vascular stents, radial strength is a primary design requirement to withstand compressive forces exerted by
the vascular wall. On the one hand, insufficient radial strength during the revascularization and early stage of
restoration causes acute elastic recoil of the artery and frequent migration [47, 48]. On the other hand, the catastrophic
failure of stent could induce protrusion into the vessel lumen and trigger platelet activation [49], which poses serious

threat to patients. Therefore, the stent with sufficient radial strength and the capacity to prevent catastrophic failure
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are required as the ideal candidate for clinical usage. In the above investigation, we demonstrate that although the
DTL structure displays higher radial strength than that of the ATL architecture, it suffers from disastrous collapse
once the radial strength is reached. The ATL design shows more ductility than the DTL one, which indicates the small
amount of radial strength drop after the peak point. Note that the overall radial strength of ATL is comparatively
smaller than DTL. To demonstrate the advantage of ATL design, we will show the tunability of radial strength for

ATL design without sacrificing its ductility by performing parametric analyses.

3.2 Effect of beam depth
Having studied the mechanical performance of the proposed tubular lattice architecture, we proceed to demonstrate

the design flexibility of ATL design by altering the geometric parameters of the sinusoidal ligament, including beam
depth h, beam thickness t, and beam amplitude A. We start by investigating the effect of beam depth h/l on

mechanical performance. The shape evolution for different beam depths is shown in Fig. 4 (a). The measured load-
displacement relations for different beam depths are displayed in Fig. 4 (b). One can observe that the load drop is
increasingly significant with the enlargement of beam depth, indicating a more brittle failure mode for large beam
depth. As summarized in Figs. 4 (c) and (d), both the stiffness and maximum load show an increasing trend with the

augment of beam depth. Particularly, the stiffness and maximum load surge by 789% and 1131%, respectively, when
h/l increases from 0.15 to 0.30. Fig. 4 (e) displays the ductility of the ATL structure with various beam depths. The

ductility for different beam depth models remains relatively high, i.e., ~40%, compared with what we reported for

DTL design.

Figs. 5 (a) and (b) display the deformation patterns for ATL design with h/I =0.15 and h/I =0.30, respectively.
For the convenience of description, we will use the model parameter to represent the model throughout the work. For

instance, we use h/1=0.15 to denote the ATL structure with h/l =0.15. At the displacement of s=7.1 mm,

h/I =0.15 shows fractures in the middle region, as highlighted in the image. The h/I =0.30, on the other hand, exhibits

13



fewer fractures in the highlighted area at this stage. However, the load drop for h/1 =0.30 is more rapid than that of
h/l =0.15 as seen from the load-displacement curves in Fig. 4 (b), indicating the catastrophic failure of h/1 =0.30. At
the displacement of s =10 mm, h/I=0.15 shows a similar fracture pattern to the previous stage, and the sample

maintains the integrity of the structure. In contrast, disastrous failure occurs at this point for h/l =0.30, as can be
observed from the image where the highlighted part breaks off from the sample. This observation verifies our previous

description of catastrophic failure for h/I =0.30.
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Fig. 4. Effect of beam depth on the performance of ATL structure. (a) RVEs with different beam depths. (b) Load-

displacement curves. (c) Tubular lattice stiffness as a function of h/I. (d) Tubular lattice maximum load as a function

of h/I. (e) Tubular lattice ductility as a function of h/l . Here, 1 =7 mm, D=84/z, A/l=0.3, t/1=0.2.

15



(a) h/1=0.15 (b) h/1=030

250%

6=10
(mm)

Fig. 5. Comparison of deformation patterns for ATL structure with different beam depths. (a) Deformation patterns

for h/l =0.15. (b) Deformation patterns for h/l =0.30.

3.3 Effect of beam thickness

In this section, we proceed to investigate the effect of beam thickness t on the mechanical performance of the ATL
structure. RVEs with different beam thicknesses are schematically shown in Fig. 6 (a). The load-displacement curves
for different beam thicknesses are shown in Fig. 6 (b). One can observe that the ATL structure tends to exhibit a more
brittle failure phenomenon with the increase of beam thickness t, similar to the effect of beam depth h. Figs. 6 (c)

and (d) display stiffness and maximum load for various beam thickness models. The stiffness and maximum load are
enhanced by 241% and 231%, respectively, when the beam thickness enlarges from t/1 =0.15 to t/l =0.30. This

indicates that the contribution of beam thickness is significantly smaller compared to that of beam depth. This

phenomenon can be intrinsically explained by analogy to beam theory. For the compression case in our work, the

16



bending stiffness of the sinusoidal ligaments can be expressed by M = CEkth® [50]. Here, C is the geometric constant,
E is Young’s modulus, and k is the curvature. Therefore, beam depth h has a more important role than beam
thickness t in this scenario. Fig. 6 (e) shows the ductility of ATL design with different beam thicknesses. Ductility
for all the studied samples was relatively high, i.e., ~40%, indicating a superior compliant behavior compared to the

DTL structure.

17



1/1=0.15 1/1=0.20 1/1=0.25 #/1=0.30

(b) (c)
200 ] | L) | L] | L) | L) | L 50 | | I

I — 1/1=0.15 | I ! |
160 I — 1/1=0.20 | & 40 I - _ ]

— 1/1=0.25 £
& 1201 — 1/1=0.30 1 2391 ]
3 i 1 2 T 21 7
S é 20 i
= L 1
“ 10k .
0 I | | 1 |

0 3 6 9 12 15 18 0.15 0.20 0.25 0.30
Displacement (mm t/]
@ P (tom) ©
200 : I T 100 I I T
z 160 - - 80 -
"U = - @ = -
g 120F 4 = 60F -
2 so0f 4 B 40t J
R 1a | ]
= 40+ - 20+ -
0 I 1 | ] ] 0 I | | 1 |
0.15 0.20 0.25 0.30 0.15 0.20 0.25 0.30
11 11

Fig. 6. Effect of beam thickness on the performance of ATL structure. (a) RVEs with different beam thicknesses. (b)

Load-displacement curves. (c) Tubular lattice stiffness as a function of t/I . (d) Tubular lattice maximum load as a

function of t/1 . (e) Tubular lattice ductility as a function of t/I . Here, 1 =7 mm, D=84/z, A/l =0.3, h/1 =0.2.
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Figs. 7 (a) and (b) show the deformation evolutions for t/1=0.15 and t/l =0.30, respectively. At the
displacement of s =7 mm, we can observe multiple fractures for t/I =0.15 in the region highlighted in the image. A
similar fracture pattern happened for t/I =0.30 as well, as shown in the highlighted region. However, the difference

is that the load drops due to the ligament failure for t/1 =0.30 is much more rapid than that of t/I =0.15, as seen in
the load-displacement relation in Fig. 6 (b). This indicates a more brittle failure for a larger beam thickness model. At
the displacement of s =10.6 mm, t/1 =0.15 exhibits analogous fracture pattern to the previous stage. On the other
hand, t/1 =0.30 displays a significantly different failure manner. The symmetry of the model has been completely
destroyed, which can be seen by looking at the holes highlighted in the image. Meanwhile, a considerable load

plummet occurs at this point. These facts indicate a catastrophic failure of t/l =0.30 at this stage.
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Fig. 7. Comparison of deformation patterns for ATL structure with different beam thickness. (a) Deformation

patterns for t/I =0.15. (b) Deformation patterns for t/I =0.30.

3.4 Effect of beam amplitude

In this part, we proceed to investigate the effect of beam amplitude on the mechanical performance of the ATL
structure. The RVEs with different beam amplitudes are shown in Fig. 8 (a). The load-displacement relation curves
for different beam amplitudes are shown in Fig. 8 (b). Stiffness shows a decreasing trend with the increase of the
beam amplitude, and the finite element simulation results in the inset verify this finding. Furthermore, the yield load
occurs at larger displacement when the beam amplitude becomes bigger, indicating a more compliant behavior. Figs.
8 (c) and (d) display the category plot of stiffness and maximum load, respectively. The stiffness exhibits a decreasing

trend with increasing amplitude as observed from the load-displacement curves. Particularly, the stiffness is reduced
by 61.5% when the amplitude is enlarged from A/l =0.1 to A/l =0.35. On the other hand, the maximum load does

not show a pattern due to the randomness of failure. Quite interestingly, the beam amplitude is found to have a less
significant effect on the load-displacement response than beam thickness and depth. This is different from what we
reported in the tensile testing in our previous work [50]. Fig. 8 (e) shows the ductility of ATL design with various
beam amplitude. The ductility is discovered to exhibit an increasing trend with the augment of beam amplitude. To
further investigate the mechanism behind this phenomenon, we show the contour plot of Mises stress for different

beam amplitude models in Fig. S3. As one increases the amplitude, a more uniform stress distribution is observed.
For A/l =0.10 in Fig. S3 (a), the stress is slightly concentrated on the middle part of the circumferential ligaments.

However, the local concentrated regions dissipate gradually as the beam amplitude enlarges, as shown in Figs. S3 (b)
and (c). This attributes to the auxetic effect which we have discussed in section 3.1. The circumferential ligaments
bend mainly along the radial direction due to the little auxetic effect when the beam amplitude is small. In contrast,

the notable auxetic effect will compel the circumferential ligaments to bend along both radial direction and axial

20



direction as the beam amplitude increases. Particularly, the ductility is enhanced by 225% if the beam amplitude is

enlarged from A/l=0.1to A/l =0.35, where the A/l =0.35 displays ductility up to 67.5%.
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Fig. 8. Effect of amplitude on the performance of ATL. (a) RVEs with different beam amplitude. (b) Load-

displacement curves. (c) Tubular lattice stiffness as a function of A/ . (d) Tubular lattice maximum load as a function

of A/I. (e) Tubular lattice ductility as a function of A/l . Here, | =7 mm, D=84/x, t/1=0.2, h/l =0.2.

Figs. 9 (a) and (b) show the deformation patterns for A/l =0.1 and A/l =0.35, respectively. At the displacement
of =3 mm, fractures occur on the ligaments for A/l =0.1 as highlighted in the image, which accounts for the load
drop in the load-displacement curve. However, no observable failure is found for A/l =0.35 at this stage, as
evidenced by the smooth rising of load. At the displacement of s =10 mm, the fracture grows significantly. On the
other hand, A/l =0.35 shows only mild failure, as shown in the highlighted area. This indicates significant ductile
behavior of A/l =0.35.
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Fig. 9. Comparison of deformation patterns for ATL structure with different beam amplitudes. (a) Deformation

patterns for A/l =0.1. (b) Deformation patterns for A/l =0.35.

4. Conclusions

In summary, we have investigated the mechanical performance of a newly developed tubular lattice metamaterial
under radial compression using an integrated experimental and numerical effort. Compared with conventional DTL
structure, the proposed ATL design has superior ductility under large deformation. Our numerical simulations revealed
the disparate stress distributions within the two configurations. The stress is concentrated on the joints of straight
beams for DTL structure, while stress is more uniformly distributed on the sinusoidal ligaments for ATL structure.
Intrinsically, this is due to the bending of sinusoidal ligaments along both radial and axial directions, which features
more deformation space. In contrast, the straight beams are bent mainly along the radial direction. To explore the

design flexibility of the proposed lattice metamaterials, we investigated the geometric features of beam ligament on

the mechanical performance. We found that the beam depth h/I significantly affects the stiffness and peak load, while

beam amplitude A/l influences the ductility extraordinarily. These parametric analyses can enable us to design ATL

structures with prescribed radial performance, such as stiff yet ductile features. It should be pointed out, though, that
we did not maintain the same relative density for the samples in the parametric studies. The difference of relative
density will affect the relative values of mechanical properties. However, this difference has no effect in our findings
and conclusions. As a preliminary study, we anticipate the proposed mechanically robust tubular architectures can be
used as stents that will have a high potential for clinical translation to treat coronary and peripheral artery disease. Our
ongoing work includes evaluation of the mechanical performance of this tubular lattice architecture with degradable

constitutive materials and further optimizing the tubular architecture using inverse design approaches.
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Supplementary Information
S1. Finite element simulation

The setup of finite element simulations for the radial compression of tubular lattice structure is shown in Fig. S1. To
simulate the experiment of radial compression, two rigid plates were added to the top and bottom to ensure uniform
deformation. Reference points were defined to apply the displacement in the simulation. All models in this work were
meshed with 3D hexahedral element (C3D8). The ATL structure was meshed with 185,856 hexahedral elements, and
the DTL structure was meshed with 276,804 hexahedral elements. General self-contact with friction coefficient of

0.25 was defined for tangential motion and hard contact for the normal direction.
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Fig. S1 Tensile testing and finite element simulation setup. (a) Dumbbell-shape sample. (b) Stress-strain relation of
experiment and simplified elastic-perfectly-plastic model. (c) Radial compression setup in Abaqus with rigid plates

on the top and bottom. (d) Schematics of the ATL structure with rigid plates and reference points.

S2. Comparison of the proposed ATL and the conventional DTL structure
The detailed comparison of contour plots of stress components is shown in Figs. S2 (a)-(f). We can observe from Figs.

S2 (a) and (b) that the stress component & is more uniformly distributed around the circumferential sinusoidal
ligaments, while the straight beams of DTL design are featured by stress concentration of component & on the local
joints. The stress component o, for ATL is largely spread around the circumferential ligaments near the top and

bottom region. However, the stress component is concentrated on the joints of straight beams for DTL near the top

and bottom plates. On the other hand, stress component o, spreads much more on the axial sinusoidal ligaments than
the circumferential ones. Meanwhile, the magnitude of o, is smaller than stress component o, and o, . In addition,

the contour plot of displacement along axial direction, as shown in Figs. S2 (g) and (h), reveals the effect of auxetic
behavior, which shows that the sinusoidal ligaments flow toward the inside of the ATL structure, while the straight
beams flow outside of the DTL structure. This unique feature leads to the bending of circumferential sinusoidal
ligaments along both radial and axial directions. However, the straight ligaments of DTL structure bend mainly along

the radial direction.
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Fig. S2. Contour plots of stress components and displacement components under radial compression.

S3. Effect of beam amplitude

To gain insights from a simulation point of view, we show the contour plots of Mises stress for different beam
amplitudes in Fig. S3. The contour plots were exported from Abaqus using the same legend. With the increase of
beam amplitude, the stress distribution exhibits more uniform pattern. Specifically, when A/l =0.10, the stress is
slightly more concentrated on the middle part of the circumferential ligaments. As the beam amplitude enlarges, the

local stress concentration regions dissipate. As discussed in the main text, this contributes to the increasingly auxetic
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effect when A/l augments. If the beam amplitude is small, the circumferential ligaments bend mainly along radial

direction. However, if the beam amplitude is large, the auxetic effect will compel the circumferential ligaments to

bend along axial direction as well.
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Fig. S3. Mises stress contour plots for different beam amplitudes.
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