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A B S T R A C T

The sea glass sponge, a marine organism with a distinctive tubular lattice skeleton, offers inspiration for 
developing resilient structures with exceptional buckling resistance. Previous work on sponge lattices focuses on 
mimicking the diagonal feature of the sponge unit cell; however, current understanding on the effects of the 
tubular three-dimensional arrangement seen in glass sponges is incomplete. This study seeks to leverage the 
benefits of sea glass sponge structures to enhance the performance of three-dimensional tubular lattices with 
improved compressive strength and elastic energy absorption. Through a combination of experimental and 
simulation techniques, we systematically examine the influence of varying cross-sectional shape and geometry of 
three-dimensional tubular lattice structures. Our experimental findings reveal that the sponge-inspired pattern 
surpasses all unit cell designs under compression loads. Sponge designs with a hexagonal cross-section exhibit the 
highest buckling strength, with a 74.9 % improvement over the non-reinforced design and a 39.0 % improvement 
within sponge designs. Meanwhile, the sponge designs with a circular cross-section show the best energy ab
sorption, achieving a 90.8 % improvement over the non-reinforced design and a 54.0 % increase within sponge 
designs. Computational results show this novel design achieves improved stress distribution and stability due to 
the self-reinforcement of the struts’ orientation and reduction of stress concentration at sharp corners, which 
helps explain these findings. This study motivates the design of sea glass sponge structures for applications such 
as aerospace, marine, and infrastructure that requires high strength-to-weight ratio and buckling resistance.

1. Introduction

Engineers and scientists are captivated by nature’s remarkable bio
logical adaptive features, leading to innovative bioinspired structures 
with advanced properties [1–4]. Such examples include stiff but flexible 
structures from fish scale [5,6], structures with excellent elastic 
behavior from bamboo [7,8], mechanically robust composite from nacre 
[9,10], and reduced noise wing design from owl feather [11]. Recently 
the elaborate internal skeletal structure of the sea glass sponge has been 
the subject of interest due to their combination of structural resilience 
and efficient strength-weight utilization [12–15]. In the skeletal sponge 
anatomy, there exists a structural hierarchy of three levels. The first 
being a networked architecture containing helical beams separated by 
deformable thin organic interlayers. It has been shown in recent litera
ture that these helical beams enhance resilience against collapse 
[16–20]. The second being a uniform square grid fortified by diagonal 

struts that cut across every other cell. The grid-like structure contains 
two pairs of bisecting diagonal struts creating a symmetric pattern of 
alternating open and closed cells [21–24]. The last being the nested 
cylindrical structure called spicule. For each spicule, rings decrease in 
thickness proceeding radially outward with a solid cylinder in the center 
[25–27]. Researchers have also studied the moisture effect of the sponge 
[28,29].

To uncover the underneath mechanism of the sponge inspired 
structure, literature is divided into two groups where one studies the in- 
plane properties of the sponge structure and the other studies the out-of- 
plane performance of the sponge structure. Sharma et al. developed an 
analytical model from an energy based theorem to formulate the in- 
plane effective elastic modulus and Poisson’s ratio of the sponge struc
ture [30]. Zhang et al. discovered that the sponge-inspired lattice 
structure experiencing a combination of buckling with layer-by-layer 
crushing and rotation with uniform crushing when subjected to 
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in-plane compression [31]. Sharma et al. applied cyclic loading to 
Thermoplastic polyurethane (TPU) printed sponge structure and 
observed good recoverability with little softening effect in the first cycle 
[32]. Fernandes et al. compared the sponge lattice with other commonly 
used lattice structures under static compression and bending, and the 
sponge lattice had surpassed other designs in all mechanical evaluations 
[33]. Other than excellent in-plane performance, the sponge design also 
has high specific energy absorption and high crushing force efficiency 
under out-of-plane loading conditions, innovating the next generation of 
lightweight structures with unprecedented mechanical behavior [34,
35]. In additional to above, the sea sponge structure has stimulated 
creative structures with hydrodynamic benefit [36–38], optical benefit 
[39,40], super durable properties [41], high performance 3D lattice [42,
43], and tunable soft actuator [44,45].

Previous work on sponge lattices focused on mimicking the diagonal 
feature of the sponge unit cell. However, current understanding of the 
effects of the tubular three-dimensional arrangement seen in glass 
sponges is incomplete. Tubular lattices are well known for their light
weight [46,47] and high structural efficiency features [48–51]. Sharma 
et al. investigated sponge-inspired thin-tube structures, revealing that 
bionic tubes fabricated via selective laser melting (SLM) had better fa
tigue performance and stress distribution compared to 
honeycomb-based tubes under cyclic loading [52]. Their group found 
that heat treatment significantly reduced residual stresses and improved 
fatigue life, though with a decrease in strength due to increased ductility 
[53]. Sharma et al. also studied the crashworthiness of bio-inspired thin 
tubes, showing improved energy absorption and reduced peak-to-mean 
crushing force difference under axial and oblique loads, validated 
through FEM and experiments [54]. Zhang et al. demonstrated that 
sponge-inspired tubular structures with circular cross-section exhibited 
3–4 times higher strength and toughness compared to traditional de
signs, with enhanced resistance to axial and radial compression, making 
them suitable for medical implants and structural applications [55]. 
These studies highlighted the remarkable potential of sponge-inspired 
thin-walled structures for improving fatigue performance and energy 
absorption under cyclic and impact loads. Nonetheless, current research 
lacks an in-depth investigation into the interaction between 
cross-sectional geometry and the structural response to buckling 
behavior.

This study seeks to leverage the benefits of sea glass sponge struc
tures to create three-dimensional tubular lattices with improved 
compressive strength and elastic energy absorption. Specifically, we 
examine the influence of cross-sectional shape of sponge inspired 
tubular lattices on their compression and buckling resistance. A suite of 
five geometrical shapes is chosen for the cross-sectional designs, while 
maintaining a constant volume fraction and height. The sea sponge 
inspired pattern is compared to three other unit-cell patterns which in
cludes an asymmetric diagonally reinforced pattern, a symmetric diag
onally reinforced pattern, and a non-diagonally reinforced pattern. All 
unit cells maintain a constant size of 34 mm by 34 mm. Additive 
manufacturing and compression experiments are conducted to measure 
the modulus and buckling strength of the tubular designs. Numerical 
analyses are also undertaken to complement experimental results and 
provide a more systematic prediction of mechanical properties. Identi
fying the superior properties of sea glass sponge tubular lattice will offer 
novel design guidelines and principles for the development of next- 
generation buckling resistant structures, advancing the creation of 
lightweight, impact-resistant protective systems.

The structure of this paper is as follows. Section 2 describes the 
design inspirations and key variables used in this study, along with the 
experimental setup, including fabrication and testing, and the simula
tion methods. In Section 3, we present the experimental and simulation 
results of the sponge inspired tubular lattices under compression, fol
lowed by an analysis of the findings. Finally, Section 4 provides the 
conclusions drawn from this research.

2. Materials and methods

This section elaborates on the procedure to design the bioinspired 
tubular lattice based on the natural sea sponge. It introduces the control 
variables and design dimensions, followed by the 3D printing, 
compression testing, and static simulation setup.

2.1. Structural designs

Three key design variables are chosen for this study: cross-sectional 
geometry, unit cell pattern, and material composition (Fig. 1). Studying 
cross-sectional geometry can help to identify the buckling model and 
failure stability of the tubular structure under the influence of cross- 
sectional shape. It is of note that some geometries, such as circles, 
have limited potential in making an array of tubular lattices due to their 
minimal tangential contact. The other two variables can help to provide 
a fair evaluation of the evolutionary sponge design. By comparing the 
sponge pattern to other commonly used patterns (shown in Fig. 1c) and 
varying the material composition, we can better understand the sensi
tivity of the structural resilience to material attributes. Below, we delve 
into the rationale behind these chosen variations.

Starting with the cross-sectional geometry, the five different shapes 
modeled are circular (CIR), triangular (TRI), square (SQR), rectangular 
(REC), and hexagonal (HEX). All geometries have the same volume of 
11,803 mm3. These geometries are chosen based on previous findings 
from literature for variable shape columns [56]. Previous literature has 
compared square concrete-filled steel tubes (CFST) to circular, square, 
hexagonal, and octagonal shapes, and found that circular CFST columns 
exhibit better resistance to local buckling. While comparing squares and 
polygons, circular columns have better ductility and have higher ulti
mate strains. Conversely, the square and triangle columns had the 
smallest strains compared with others [56,57]. Experiments showed 
rectangular columns to slightly underperform in comparison to square 
columns [58]. Scarce studies have compared rectangular columns to 
other shapes, so their behavior is slightly unpredictable. Hexagonal 
shapes are commonplace in nature, seen in structures such as snowflakes 
or honeycombs. The hexagonal shape combines the merits of the circular 
and square cross-sections. Due to there being more vertices in the 
hexagon shape, there is a better strain energy density distribution [59].

Different unit cell patterns are built and studied, which are the 
building blocks tessellated along the sides of each geometry. Pattern A is 
derived from the sea glass sponge. Here, some of the struts cross to form 
a hexagonal shape which experimental studies have shown to be 
bending-dominated and more compliant under uniaxial compression. 
Squares and triangles are also present in Pattern A, which provide more 
stiffness to the structure [60]. As illustrated in Fig. 1b, Pattern A is 
defined by several geometric parameters. The variable S represents half 
the length of the unit cell. The distance between the diagonal struts 
(orange beams) and the nearest frame (green beams) is denoted by A. 
The width of the unit cell frame (green beams) is labeled Bm, while Bd 
represents the width of the diagonal struts (orange beams). The re
lationships between these geometric parameters are provided below: 

A = S
/( ̅̅̅

2
√

+2
)
, (1) 

Bm = 0.15 × S, (2) 

Bd = 0.075 × S (3) 

Pattern D is a simple grid with no diagonal reinforcement and has 
been shown to be weak in resistance to shear forces [61]. Pattern B 
builds on Pattern D, with the addition of diagonals that span two squares 
of the unit cell. Pattern C is inspired by cross-braced structures such as 
those used in civil engineering [33]. The four different unit cells are 
wrapped around the sides of each cross-sectional shape and given an 
equal distribution for all but the SQR model. The distributions are as 
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follows: a 6 × 5 unit cell tessellation for the CIR, TRI, REC, and HEX 
models and an 8 × 5 tessellation for the SQR models. The dimensions of 
each design can be found in supplementary information, Table S1.

2.2. Specimen fabrication and testing

Additive manufacturing, specifically the multi-jet fusion (MJF) 3D- 
printing technology, is used to manufacture the various samples [62]. 
Two commonly used polymers, polyamide 12 (PA12) and polyamide 11 
(PA11), are used for this study [63]. PA11 is slightly more ductile than 
PA12 but the overall mechanical properties are similar [64]. Base ma
terial properties for PA12 and PA11 are shown in reference [65,66], and 
the stress-strain curves of both materials can be found in Supplementary 
Fig. S1. For consistency purposes, all the samples are printed with the 
same orientation. The specimens are subjected to uniaxial compression 
using an Instron 5900-series universal testing system. Three samples are 
printed and tested for each design. Given the study’s focus on the elastic 
properties of the structure, it is essential to obtain a stress-strain rela
tionship. Therefore, samples are compressed at an extension rate of 5 
mm/min until failure in the first trial, or until the highest stress is 
reached in trials two and three. The compressive load and the 
displacement of the specimen are obtained from testing, both measured 
at intervals in time. Then the strain is calculated by normalizing the 
displacement data from the initial length of the sample. The stress is 
calculated by dividing the force data from the top surface area of the 
sample. After obtaining this information, the ultimate strength is 
calculated from the maximum stress point, and the Young’s modulus is 
calculated by fitting the linear region of the stress-strain data using a 
linear curve fit. For the modulus of resilience calculation, the area of 
elastic region is assumed to be a right triangle in which the height is 
ultimate strength, and the base is the strain at ultimate strength.

2.3. Simulation setup

A finite element (FE) simulation is performed using COMSOL to 

obtain the stress field distribution for all the candidate designs. In the 
simulations, 3D models are imported, and a physics-controlled tetra
hedral mesh is generated. For the material properties, we adopt a linear 
elastic model for PA12 [65] with the Poisson’s ratio value as 0.43 and 
the Young’s modulus as 1.8 GPa. Due to the similarity of the properties 
and mechanical behavior of PA12 and PA11, we focus on performing 
simulations on PA12. During the simulation, a fixed boundary condition 
is applied to the bottom of the sample, and a displacement of 2 % is 
applied on the top surface in a downward direction. It is difficult to 
observe the 2nd or higher buckling mode in experiments due to signif
icantly higher critical loads beyond material limits; therefore, we use the 
first critical loading factor which is the load factor for first eigenmode 
for the buckling element. Sensitivity tests (Supplementary Fig. S2) 
indicate that the simulation results converge at approximately 7000 
total elements, which we have adopted as the mesh size.

3. Results and discussion

In this section, the experimental and simulation results are presented 
and compared. The compressive performance of the printed samples is 
summarized using stress-strain curves and histograms. Additionally, this 
section discusses the buckling performance incorporated with the 
simulation results.

3.1. Experimental compression testing

The stress-strain responses of various design parameters, including 
cross-section designs, patterns, and materials, are shown in Fig. 2. The 
experimental setup and the calculation of stress and strain can be found 
in Section 2.2. Three samples were tested for each design, with more 
information on the other two trials available in Supplementary Fig. S3. 
Initially, we observe that all designs sharing the same pattern exhibit 
almost identical Young’s modulus values. Nevertheless, it is worth 
noting that all HEX cross-section designs consistently exhibit the highest 
yield strength. From Fig. 2, the CIR cross-section in PA12-Pattern C 

Fig. 1. Schematic of design variables. (a) Front view of the tubular lattice design that includes diagonal features that connect with adjacent unit cells. (b) Magnified 
view of the unit cell using Pattern A as an example. The unit cell has a side length of 2S and non-diagonal elements thickness of Bm and diagonal elements thickness of 
Bd. The diagonal elements in Pattern A have a distance Afrom the vertical struts. (c) Schematic of Pattern A-D’s unit cell. (d) Cross-section designs for the varying 
patterns. In total, there are five cross-section designs and four pattern designs.
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demonstrates a higher yield strength than the HEX cross-section design. 
Despite this, the HEX cross-section has a higher yield strength on 
average compared to the CIR cross-section. This demonstrates that in the 
elastic regime, the HEX cross-section design has the best properties 
compared to other designs because it has the highest yield strength 
without sacrificing the modulus of elasticity. The reasoning and mech
anism of this result is discussed in Section 3.2.

Other than cross-section effect, the influence of patterns (described 
in Section 2.1) is also studied. The results indicate that Pattern D has a 
substantially lower buckling strength compared to others, suggesting 
that the diagonal strut, creating multiple triangular structures, can 
greatly enhance the mechanical strength of the specimen through sta
bilization. Within different diagonal reinforced patterns, Pattern B and 
Pattern C, both containing the same cross-braced structures, have a very 

similar stress-strain curve where their yield strength are both around 6.5 
MPa with a yield strain of 1.5 - 2 %. Pattern A with HEX cross-section has 
the highest ultimate tensile strength, which is particularly interesting 
since this design has inherited the strengths of both the sea glass sponge 
and honeycomb structure.

While our initial findings are specific to PA12, we expand our 
investigation to evaluate the applicability of these results to an alter
native polymer, PA11. An identical set of designs and experimental 
conditions is applied to the 3D printed specimens fabricated using PA11. 
The overarching trends observed in these tests remained consistent 
across all design variations, implying that the remarkable mechanical 
properties identified in the bio-inspired designs are likely attributable to 
the orientation of the struts rather than being primarily influenced by 
material properties. This is an important finding because it means that 

Fig. 2. Experimental stress-strain curves for experimentally tested samples of each design including varying cross-section, pattern, and material. (a)-(d) for PA11 and 
(e)-(h) for PA12.

Fig. 3. Mechanical properties from PA12 experimental and simulated result for (a) buckling strength. (b) Young’s modulus. The error bar shows the experimental 
variation between each trial.
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the performance of the geometry is not significantly affected by varia
tions in the properties of the MJF-printed polyamide group and may 
potentially be transferrable to other materials as well.

3.2. Comparison with simulation results

A comparative analysis is conducted between experimental mea
surements and simulation results, with a particular focus on two key 
mechanical properties: Young’s modulus and buckling strengths, as 
summarized in Fig. 3a and b, respectively. Fig. 3 illustrates a compre
hensive comparison of mechanical properties for PA12, encompassing 
both experimental and simulated results. Subfigure (a) provides insights 
into buckling strength, while Subfigure (b) examines Young’s modulus. 
While the experiment shows its effective reinforcement capability, the 
diagonal strut introduces a level of complexity that challenges the ac
curacy of the simulation’s prediction of mechanical performance. As 
shown in the histogram of Fig. 3a, the predicted buckling strength for 
Pattern D is all within the experimental range. Overall, the trends show a 
reasonable agreement between simulation and experimentation. How
ever, the mechanical properties of the diagonal structure designs tend to 
be overestimated due to various factors. Some printing defects are 
observed and summarized in supplementary Fig. S4. We believe that one 
such factor is the reduction in sample dimensions that can occur during 
the printing and cooling process. Additionally, powder bed printing can 
result in void spaces and trapped unfused powder within the solid ele
ments of the printed samples [65]. Furthermore, printing slanted com
ponents like diagonal structures can introduce more challenges to 
achieving accurate prints, leading to differences between experimental 
and simulation results.

The simulation and experimental results point to Pattern A with HEX 
cross-section to have the highest buckling strength. This is an interesting 
finding because it is reminiscent of the sea glass sponge structure that 

has an improved ability to maintain its shape and stability when sub
jected to sudden changes in the shape of a structural component under 
compressive loading, especially when it is used in conjunction with the 
HEX cross-session. This is due to the way that the sea glass sponge sys
tem can distribute the load evenly throughout its structure by rein
forcing not only the edge of the unit cell but also the side of the unit cell. 
The HEX cross-section adds additional strength and stability to the 
structure, further enhancing its ability to resist sudden changes in shape.

Drawing upon the earlier discussion, it becomes evident that the sea 
glass sponge’s load distribution strategy and the incorporation of a HEX 
cross-section contribute significantly to structural strength. As 
mentioned earlier, all the designs that were tested had a very similar 
Young’s modulus value. However, the top three designs have two things 
in common. First, they all have the HEX cross-section. Second, they all 
have diagonal struts to strengthen the unit cell. These diagonal struts are 
mostly at a 45-degree angle which divides the unit cell (square shape) 
into multiple isosceles triangles and reinforces the unit cell. Another 
geometrical parameter that can explain this mechanism is the node-to- 
node length. The diagonal struts not only create isosceles triangles but 
also create a lot of nodes (intersection of beams). These nodes can 
distribute load making the structure harder to fail. Also, the shorter the 
node-to-node length, the smaller the slenderness ratio, and the better the 
buckling resistance. This suggests that the use of diagonal struts in the 
design of the HEX cross-section may be particularly effective at 
increasing its elastic performance. It is of note the large standard devi
ation in the experimental data in regard to the Young’s modulus data, 
highlighting the variation seen in the results. Further investigation re
veals that these variations can be attributed to the prevalent porosity 
and layering effects in power bed fusion printing. Therefore, to enhance 
the precision of simulation models, it is necessary to acquire additional 
material characterization data across a range of print parameters and 
conduct micromechanical modeling to gain a deeper understanding of 

Fig. 4. Experimental and simulation results of four representative designs. The pre-buckle static simulation(left) shows the stress distribution of the design at true 
scale. Buckling simulation(right) presented the stress distribution of the design with a scale factor of 103 % of the maximum relative deformation field for better 
visualization. (a) circular cross-section with pattern A. (b) circular cross-section with pattern B. (c) hexagonal cross-section with pattern A. (d) hexagonal cross- 
section with pattern C.
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these influences.
To further investigate the deformation modes of different designs, 

Fig. 4 shows the distribution of stress in the y-direction Syy for four 
representative designs along with experimental results from compres
sion testing (deformation snapshots for all other samples and materials 
can be found in Supplementary Fig. S5). The simulations incorporate 
geometric nonlinearity to ensure accurate comparisons with the exper
imental observations. The applied displacement in each simulation 
corresponds to the strain at the individual buckling strength observed in 
the experiments. Specifically, the applied displacement (both static and 
buckling simulation) is 2.4 % for CIR_A, 1.9 % for CIR_B, 1.9 % for 
HEX_A, and 1.4 % for HEX_C. In all cases, static simulations effectively 
represent structural deformation prior to buckling. During this initial 
deformation phase, structures exhibit continuous deformation with 
uniformly distributed stresses. Experimental observations align with 
simulations, displaying analogous deformation patterns and failure 
modes. Notably, the pre-buckling static simulation’s stress fields reveal 
higher stress tensor values in the frame’s vertical components due to 
their perpendicular alignment with the loading direction. Specifically, 
as depicted in Fig. 4a and c, CIR_A’s vertical components experience 
higher stress (ranging from blue to purple) compared to those in HEX_A 
(ranging from green to blue), elucidating the higher Young’s modulus of 
the HEX cross-section relative to the CIR cross-section. As the defor
mation progresses, the structures transition into the buckling stage, 
characterized by nonuniform deformations and localized buckling. The 
buckling simulations provide a more accurate representation of the 
stress distribution during this stage, capturing the shift from uniform to 
nonuniform deformation patterns. In particular, the buckling modes 
observed in the simulations closely match the experimental results, 
validating the accuracy of the computational models and capturing the 
primary failure mechanism of the structures. The concentration of high- 
stress regions at the center of the structures, away from the boundaries, 
suggests that the central sections are the most vulnerable to buckling. 
This out-of-plane buckling of the diagonal struts is a critical failure mode 
that directly impacts the overall structural integrity. Additionally, the 
CIR_A and HEX_A designs exhibit multiple high-stress regions distrib
uted evenly along the structure during buckling, indicating a more 
effective load-bearing capacity. This combination of high tension and 
compression stress suggests that the sea glass sponge-inspired design 
enhances the frame’s resistance to buckling by engaging more material 

in resisting deformation. To further support these findings, a theoretical 
analysis using the Maxwell criteria and Euler buckling theory, presented 
in the supplementary information Note 1, shows that the sponge design 
is bending-dominated, with a critical buckling load more than six times 
higher than other designs, leading to excellent resistance to buckling. 
Literature has also presented theoretical models for analyzing thin- 
walled structures with different cross sections [67–69]. Ultimately, 
this novel design approach not only improves stiffness but also signifi
cantly delays the onset of catastrophic failure, making it a promising 
candidate for advanced structural applications.

3.3. Elastic energy absorption from experiments

Other than Young’s modulus and buckling strength, the modulus of 
resilience is another important property that indicates a design’s ability 
to store and release energy without undergoing permanent deformation. 
This measure reflects the quantity of elastic strain energy that the design 
can absorb before it begins to yield. A design with a high modulus of 
resilience ensures durability and longevity by preventing lasting 
changes to its structure within the elastic region. This leads to better 
functional efficiency and enhanced safety across a spectrum of uses, 
where resistance to deformation and shock absorption are critical. The 
calculation of modulus of resilience is detailed in Section 2.2, where the 
results of all design are summarized in Fig. 5. Designs printed using 
PA11 are plotted in Fig. 5a, while those printed using PA12 are plotted 
in Fig. 5b. Similar to Fig. 3, both histograms in Fig. 5 are organized based 
on their unit cell pattern. Each group comprises all five cross-sectional 
shapes indicated by the first three letters in the label.

When printed with PA11, the CIR_A design exhibits the highest 
modulus of resilience (6.8 × 106 J

m3), followed closely by HEX_A (6.5 ×

106 J
m3). The CIR_B, CIR_C, and REC_C designs have moderate resilience 

values ranging between 5 − 6 × 106 J
m3. Among the various patterns, 

those with a circular cross-section demonstrate superior elastic energy 
absorption compared to other cross-sectional shapes. The high modulus 
of resilience observed in the CIR designs is attributed to their high strain 
values. This advantage comes from the geometric stability of the circular 
shape, which distributes stress more uniformly than shapes with corners. 
As a result, the level of buckling is more consistent locally, leading to 
uniform recovery from larger deformations. When evaluating different 

Fig. 5. Elastic strain energy absorption in the elastic region from experimental result for (a) material PA11. (b) material PA12. The error bar shows the experimental 
variation between each trial.
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unit cell patterns, it is evident that the non-diagonally reinforced design 
has the lowest modulus of resilience, emphasizing the important role of 
diagonal reinforcements in enhancing mechanical performance under 
compression. Notably, pattern A consistently achieves the highest 
modulus of resilience compared to other patterns across all cross- 
sectional shapes, indicating the exceptional energy absorption capa
bility of the sea sponge-inspired design. Similar trends are observed in 
PA12 printed samples, where CIR_A again demonstrates the highest 
modulus of resilience. This consistency suggests that these beneficial 
properties are not significantly affected by variations in material within 
the same family, despite differences in material ductility. Overall, the 
sea sponge-inspired design with a circular cross-section proves to be the 
most effective in energy absorption, striking an excellent balance be
tween high strength and ductility.

3.4. Stress field predictions from simulations

To provide a representative example when comparing designs, the 
von Mises stress field for the HEX_A design and TRI_A design is depicted 
in Fig. 6a and b. These simulations highlight the impact of cross- 
sectional geometry on stress distribution. Since forces are usually 
concentrated at the corner, the less sharp the corner is, the more uniform 
the stress distribution like the HEX cross-section. Therefore, the corner 
region of the cross-section view will exhibit the highest stress concen
tration. This is evident when analyzing the stress field predicted from 
our simulations, as well as through visual inspection of the cross-section 
diagrams. The color bar that represents the stress intensity clearly shows 
that the TRI cross-section design has more stress concentrated (70 MPa) 
at the corner or turning point, as compared to the HEX design shows a 
more uniform stress distribution with lower stress concentration (62 
MPa). The main reason for this is that the TRI cross-section design has 
acute angles, which are sharper and more prone to stress concentration, 
as opposed to obtuse angles which enable a more effective stress dis
tribution. These simulation results elucidate the mechanism behind the 
higher buckling strength observed in the HEX design, supporting that 
geometry plays a critical role in structural performance.

4. Conclusions

This research explores the compressive properties of sponge-inspired 
tubular lattices, building on the advantages of sponge-like patterns, such 
as their high strength-to-weight ratio, flexibility, and aerodynamic ef
ficiency. By comparing five cross-sectional shapes and two polymer 
types for the tubular lattice design, alongside four different unit cell 
patterns, the impact of these parameters on structural performance was 
examined using both experimental and numerical methods. From the 
experiment and simulation analysis, the unit cell pattern and cross- 
sectional shape are critical influences on the mechanical behaviors of 
the tubular lattice, while the material type plays a minimal role within 
the polyamide group. All designs with diagonal strut reinforcement 
(Patterns A-C) exhibited an increase in Young’s modulus, buckling 
strength, and modulus of resilience compared to Pattern D, attributed to 
the enhanced load distribution provided by the diagonal struts. The 
geometric properties of circular and hexagonal shapes provide lattices 
with greater structural integrity and reduced stress concentration, 
leading to improved mechanical properties. Among these, HEX_A, based 
on a honeycomb shape and sea sponge pattern, showed improved 
buckling strength due to decreased node-to-node length, increased strut 
intersections, and reduced sharp corners. Additionally, Pattern A 
demonstrated the highest modulus of resilience among the unit cell 
patterns, with Pattern A featuring a circular cross-section showing the 
best elastic energy absorption, followed by the hexagonal cross-section. 
This study underscores the significant influence of cross-sectional shape 
and unit cell patterns on tubular lattice compressive properties, sug
gesting that designs inspired by sea glass sponges with honeycombs offer 
superior strength and buckling resistance, and with circular cross- 

section will have better elastic energy absorption. These findings are 
valuable for applications in aerospace, construction, automotive, and 
marine industries. Future research could optimize geometric parameters 
such as the radius-to-height ratio and unit cell size, further enriching our 
understanding and application of lattice structures.
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