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 A B S T R A C T

This study systematically investigates how tailoring the geometry of double-arrowhead auxetic lattice structures 
— specifically by reducing tendon dimensions while enlarging stuffers — impacts their compressive behavior 
and energy absorption capabilities. Specimens were fabricated from 316L stainless steel using Selective 
Laser Melting (SLM) at target relative densities of 5%, 10%, and 15%. We compare the performance of 
a baseline configuration with equal-sized tendons and stuffers (Lat1 N) against a modified configuration 
featuring smaller tendons and larger stuffers (Lat1 S). The mechanical response was characterized through a 
combination of experimental testing, including quasi-static and dynamic (Split Hopkinson Pressure Bar, SHPB) 
compression, and validated Finite Element Modeling (FEM) analyses, focusing on deformation mechanisms, 
energy absorption efficiency, Poisson’s ratio evolution, and failure modes. Results confirm that increasing 
relative density significantly enhances the mechanical properties of both auxetic lattice designs. Critically, 
the geometrically modified Lat1 S configuration consistently demonstrated superior mechanical performance 
over the baseline Lat1 N, particularly at higher relative densities. For instance, at 15% relative density, Lat1 S 
exhibited a quasi-static plateau stress of 42MPa (21% higher than Lat1 N’s 35MPa) and a dynamic plateau stress 
of 48MPa under 𝑃 = 0.25MPa impact (24% higher than Lat1 N’s 38.5MPa). Correspondingly, the yield stresses 
for Lat1 S were 42.49MPa (quasi-static) and 48.98MPa (dynamic at 𝑃 = 0.25MPa), exceeding the respective 
Lat1 N values (36.5MPa and 41.24MPa). Furthermore, the enhanced design (Lat1 S) achieved superior energy 
management, reaching an energy absorption per volume (𝑊 ) of 10.67MJ∕m3 and a specific energy absorption 
(SEA) up to 32 J∕g, approximately 20% greater than Lat1 N at higher densities. Both configurations exhibited 
significant strain rate sensitivity, with the dynamic increase factor (DIF) ranging from 1.15 to 1.85 across 
the tested rates. The improved compressive resistance and energy absorption in Lat1 S are attributed to the 
enhanced load distribution facilitated by the larger stuffers, highlighting a promising strategy for optimizing 
auxetic metamaterials for protective applications.
1. Introduction

The continuous demand for lightweight materials offering superior 
performance in protective applications, such as advanced body armor 
and impact-resistant vehicle components, necessitates the exploration 
of innovative material solutions [1]. Within this context, auxetic mate-
rials, characterized by their unique negative Poisson’s ratio, represent a 
highly promising class of engineered materials possessing mechanical 
properties that can surpass those of conventional counterparts [2–7]. 
These materials exhibit the counterintuitive behavior of expanding 
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laterally when stretched longitudinally or contracting laterally when 
compressed—a stark contrast to the positive Poisson’s ratio observed 
in most engineering materials [8]. This unique characteristic renders 
auxetic structures exceptionally well-suited for applications demanding 
robust impact resistance and efficient energy dissipation, including 
protective gear and specialized structural panels [8,9].

Additive Manufacturing (AM), particularly powder bed fusion tech-
niques like Selective Laser Melting (SLM), is pivotal in realizing the
potential of auxetic metamaterials by enabling the fabrication of their 
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often complex architectures with high fidelity and material efficiency
[10,11]. Producing such intricate geometries presents significant ob-
stacles for traditional manufacturing methods, which frequently face 
limitations related to achievable precision, scalability, and material 
versatility [8]. SLM technology, however, has revolutionized the fab-
rication landscape, allowing the direct production of complex lattice 
structures with precisely controlled features from digital models [12–
16]. As a subset of Powder Bed Fusion (PBF) processes, SLM facilitates 
the layer-by-layer construction of metallic components, offering excep-
tional control over geometric accuracy and material distribution [1,17]. 
This manufacturing capability is indispensable for auxetic metamateri-
als, where subtle variations in geometric details can critically influence 
the overall mechanical performance [8,17].

Auxetic metamaterials fabricated via SLM are predominantly de-
signed using strut-based configurations. These configurations typically 
involve intricate lattice architectures, such as re-entrant honeycombs, 
chiral patterns, and arrowhead structures, which achieve a negative 
Poisson’s ratio through specific microstructural deformation mecha-
nisms like hinge rotation or strut bending [18–28]. Consequently, 
strut-based designs are widely employed to harness auxetic properties, 
offering distinct advantages in mechanical performance and energy 
absorption capacity [29–34]. Such auxetics often excel under large de-
formations and can provide enhanced stiffness and fracture resistance, 
making them highly effective for applications requiring superior energy 
dissipation and impact mitigation [8,9]. Among these designs, arrow-
head structures have garnered significant research interest due to their 
characteristic deformation mechanisms and notable energy absorption 
potential. Arrowhead configurations, including double arrowhead and 
star-shaped variants, utilize a re-entrant geometry that facilitates a 
pronounced negative Poisson’s ratio through the coordinated rotation 
and bending of constituent struts under axial loading [35–37]. Current 
research endeavors often focus on optimizing the geometric parameters 
of arrowhead structures to further enhance mechanical performance — 
for example, increasing stiffness while preserving auxetic behavior — 
and to improve energy dissipation during dynamic impact events [9,
38]. Furthermore, hybrid designs integrating arrowhead elements with 
other lattice topologies (e.g., chiral or missing rib structures) are be-
ing actively explored to achieve tailored mechanical responses and 
multifunctional capabilities [39,40].

Understanding the mechanical behavior of SLM-fabricated lattice 
structures under both quasi-static and dynamic loading conditions is 
crucial, particularly concerning their energy absorption capabilities [1,
8]. Under quasi-static loading, these structures typically exhibit signifi-
cant yield and plateau stresses that scale predictably with relative den-
sity, indicating their suitability for energy absorption applications re-
quiring controlled deformation. Dynamic loading scenarios, often eval-
uated using techniques like the Split-Hopkinson Pressure Bar (SHPB), 
frequently reveal pronounced strain-rate sensitivity and enhanced en-
ergy dissipation characteristics under high-velocity impacts, properties 
essential for effective performance in protective systems [8,17,41]. 
Consequently, a comprehensive understanding of compressive behavior 
across a range of loading rates is vital for optimizing auxetic metama-
terials for protective applications, where components may be subjected 
to diverse impact forces and velocities [42–46]. These findings un-
derscore the necessity of characterizing both quasi-static and dynamic 
responses to effectively design auxetic metamaterials for real-world 
engineering challenges. While macroscopic stress, strain, and strain rate 
are commonly used for characterizing the overall mechanical response 
of cellular materials, it is important to acknowledge that for highly 
heterogeneous lattice structures, particularly at lower relative densities, 
the local stress and strain fields can be complex and non-uniform. Our 
analysis focuses on average nominal values, which represent the overall 
structural behavior, with comprehensive FEM simulations providing 
insights into the localized deformation mechanisms.

Beyond the macroscopic geometric design, the inherent microstruc-
ture of SLM-fabricated components plays a critical role in dictating 
2 
their resultant mechanical properties. The rapid melting and solidi-
fication cycles characteristic of the SLM process can induce unique 
microstructural features, including fine grain structures, significant 
residual stresses, and potential porosity, all of which substantially 
influence the material’s performance under both quasi-static and dy-
namic loads [47–50]. To refine these microstructures and optimize 
performance, post-processing steps such as heat treatment are com-
monly employed. These treatments can effectively alleviate detrimental 
residual stresses, enhance microstructural homogeneity, and improve 
material ductility, thereby leading to more predictable and robust 
mechanical behavior in the final lattice structures [51,52].

In addition to microstructural considerations, the overall quality 
of SLM-fabricated lattice structures is heavily dependent on manu-
facturing attributes like dimensional accuracy and surface roughness. 
Achieving high dimensional accuracy ensures that the as-built geometry 
faithfully replicates the intended design specifications, a prerequisite 
for attaining the targeted mechanical performance and auxetic be-
havior [53,54]. Conversely, surface roughness, an inherent outcome 
of the layer-wise fabrication process, can act as initiation sites for 
cracks, potentially compromising the structural integrity and adversely 
affecting the energy absorption capacity of the lattice structures [1,8]. 
Careful control over these factors is therefore essential for reliable 
performance.

Despite considerable progress, a critical knowledge gap persists 
regarding how specific, targeted geometric variations within double-
arrowhead auxetic structures — particularly adjustments to tendon
thickness and stuffer size — influence their comprehensive compres-
sive response under both quasi-static and dynamic loading conditions. 
While previous research has demonstrated the general tunability of 
mechanical behavior in various auxetic geometries through param-
eter adjustments, studies focusing specifically on the interplay be-
tween tendon thickness and stuffer size within double-arrowhead con-
figurations, across different loading rates, are scarce [55]. Further-
more, the combined influence of these distinct geometric parameters 
and the overall relative density on the performance of SLM-fabricated 
double-arrowhead structures remains largely unexplored territory.

This study aims to directly address this knowledge gap by sys-
tematically investigating the quasi-static and dynamic compressive be-
havior of SLM-fabricated 316L stainless steel double-arrowhead lattice 
structures featuring specific geometric modifications: namely, reduced 
tendon dimensions coupled with enlarged stuffers. We examine these 
structures at relative densities of 5%, 10%, and 15% to understand 
how density interacts with these structural modifications, thereby in-
fluencing deformation mechanisms, energy absorption efficiency, and 
Poisson’s ratio behavior, as detailed in Section 2. Utilizing both exper-
imental compression tests (quasi-static and SHPB) and validated Finite 
Element Modeling (FEM), we seek to elucidate the precise effects of 
these geometric changes on mechanical performance. By systematically 
altering the tendon and stuffer dimensions (Section 2.1), this research 
endeavors to identify optimized designs for enhanced energy absorp-
tion and impact resistance. The integration of experimental data with 
simulation results (Sections 3 and 4) provides a comprehensive under-
standing of the structure–property relationships, paving the way for 
informed design guidelines for these high-performance metamaterials. 
Furthermore, the effects of relative density and strain rate sensitivity 
on mechanical performance are discussed in Section 5. Ultimately, this 
work contributes to the broader effort of leveraging additive manufac-
turing to create advanced auxetic structures tailored for demanding 
protective applications, thereby advancing the frontiers of materials 
science and engineering design (Section 6).

2. Experimental procedure

This section details the design, fabrication, and testing method-
ologies employed to investigate the double-arrowhead auxetic lattice 
structures.
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Fig. 1. Design of the double-arrowhead auxetic structure. (a) 2D schematic illustrating key components (tendons, stuffers) and unit cell parameters (𝐿, 𝐻 , 𝑙, 
ℎ). (b) Unit cell for the baseline Lat1N configuration (equal tendon and stuffer sizes). (c) Unit cell for the modified Lat1 S configuration (larger stuffer, smaller 
tendon).
2.1. Auxetic lattice arrowhead structure design

The fundamental geometry of the double-arrowhead auxetic lattice 
structure investigated in this study is illustrated in Fig.  1(a). This 2D 
representation highlights the key components, namely the tendons and 
stuffers, which constitute the unit cell. The figure also defines essential 
geometric parameters: structure length (𝐿), height (𝐻), unit cell length 
(𝑙), and unit cell height (ℎ). These parameters, along with the number 
of cells in height (𝑁𝑟 = 5) and length (𝑁𝑐 = 6), define the overall 
lattice dimensions (𝐻 = 28mm length, 𝐿 = 22.4mm height) and are 
intrinsically linked to the density control algorithm used for design. 
Two distinct configurations were developed for comparison: a baseline 
configuration (Lat1N) with equally sized tendons and stuffers (Fig. 
1(b)), and a modified configuration (Lat1 S) featuring smaller tendons 
and larger stuffers (Fig.  1(c)).

The strut dimensions are defined relative to a base thickness 𝑡. 
Critically, the value of 𝑡 is not fixed but is iteratively adjusted by our 
density control algorithm (Algorithm 1) for each specific configuration 
(Lat1N or Lat1S) and target relative density. Thus, while Lat1 𝑁 has ℎs×
𝑤s = ℎt ×𝑤t = 𝑡× 𝑡 and Lat1S has stuffer dimensions 1.5𝑡× 𝑡 and tendon 
dimensions 𝑡×𝑡, the precise value of 𝑡 will differ between configurations 
and target densities to achieve the desired overall relative density. For 
the 3D structure, the unit cell is arrayed in three dimensions, involving 
𝑁L = 26 layers (13 along the length and 13 along the width) to form 
a cubic lattice. These specific dimensions were chosen to effectively 
capture the auxetic behavior while adhering to the constraints of the 
experimental testing equipment, as detailed later.

2.1.1. Design for target relative density
Achieving precise control over the relative density (𝜌𝑅) is crucial for 

tailoring the mechanical properties of lattice structures. To this end, an 
iterative algorithm (Algorithm 1) was developed and implemented to 
systematically adjust the tendon and stuffer dimensions. This algorithm 
minimizes deviations from the target 𝜌𝑅 while maintaining the intended 
geometric ratios defining the Lat1N and Lat1 S configurations. The 
algorithm functions by iteratively calculating an estimated current 
density (𝜌𝐶 ) based on nominal strut volumes and applying a correction 
factor (𝐺(𝑖)) to account for material volume in overlapping regions be-
tween struts. The 𝐺(𝑖) function aids convergence by allowing controlled 
adjustments to these overlap volumes. For accurate geometric modeling 
and volume calculation, Rhinoceros 3D software (Robert McNeel & 
Associates) was integrated into the workflow. Within Rhino, Boolean 
operations were employed to precisely remove overlapping volumes, 
yielding the actual material volume (𝑉material) of the non-overlapping 
structure. This volume was then used to calculate the intermediate rel-
ative density (𝜌𝑀 = 𝑉material∕𝑉structure), where 𝑉structure = 𝐿×𝑊 ×𝐻 . The 
algorithm iteratively refines the strut dimensions (ℎ𝑠, 𝑤𝑠, ℎ𝑡, 𝑤𝑡) based 
on the comparison between 𝜌𝑀  and the target 𝜌𝑅, continuing until the 
difference falls below a predefined tolerance (0.0001), thus ensuring 
high fidelity between the designed and target relative densities.
3 
Algorithm 1 Density control algorithm for double-arrowhead lattice 
structure design.
1: procedure Density Control(TargetDensity 𝜌𝑅)
2:  Input: Target relative density 𝜌𝑅, Initial geometric parameters (cell dimensions, strut 

ratios).
3:  Output: Finalized strut dimensions (ℎ𝑠 , 𝑤𝑠 , ℎ𝑡 , 𝑤𝑡) achieving 𝜌𝑅.
4:  Initialize target relative density 𝜌𝑅.
5:  Initialize structural parameters: 𝑁𝐿 (layers), 𝑁𝑟 (rows), 𝑁𝑐 (columns), 𝑙 (cell length), 

ℎ (cell height), 𝐿,𝐻,𝑊  (overall dimensions).
6:  for each iteration 𝑖 = 1, 2,…  do
7:  Estimate current density 𝜌𝐶 using nominal volumes and overlap correction 𝐺(𝑖):

𝜌𝐶 =
𝑁𝐿 ×𝑁𝑟 ×𝑁𝑐 × 𝐹 (𝑙, ℎ) − 𝐺(𝑖)

𝑊 ×𝐻 × 𝐿

where 𝐹 (𝑙, ℎ) = ℎ𝑠𝑤𝑠𝐿𝑠 + ℎ𝑡𝑤𝑡𝐿𝑡 (nominal strut volumes), with 𝐿𝑡 =
√

𝑙2 + 4ℎ2, 
𝐿𝑠 =

√

𝑙2 + ℎ2.
8:  Determine current trial strut dimensions based on target 𝜌𝑅 and configuration 

type (N or S).
9:  Model the structure in Rhino 3D using current dimensions (ℎ𝑡 , 𝑤𝑡 , 𝐿𝑡) and 

(ℎ𝑠 , 𝑤𝑠 , 𝐿𝑠) within the bounding box (𝐿,𝐻,𝑊 ).
10:  Perform Boolean operations in Rhino to remove overlaps and calculate precise 

material volume 𝑉material.
11:  Compute intermediate relative density 𝜌𝑀 = 𝑉material∕(𝐿 ×𝐻 ×𝑊 ).
12:  Compare calculated density 𝜌𝑀 with target 𝜌𝑅.
13:  if |𝜌𝐶 − 𝜌𝑀 | > 0.0001 then ⊳ Refine overlap estimation
14:  Adjust overlap function 𝐺(𝑖) = 𝐺(𝑖)+𝛥𝐺, where 𝛥𝐺 depends on the difference 

𝜌𝐶 − 𝜌𝑀 .
15:  Continue ⊳ Next iteration with refined 𝐺(𝑖)
16:  else if |𝜌𝑅 − 𝜌𝑀 | > 0.0001 then ⊳ Adjust strut dimensions
17:  Adjust strut dimensions {ℎ𝑠 , 𝑤𝑠 , ℎ𝑡 , 𝑤𝑡} based on the deviation 𝜌𝑅 − 𝜌𝑀 , 

maintaining N/S ratio.
18:  Recalculate 𝐺(𝑖) based on new dimensions.
19:  Continue ⊳ Next iteration with adjusted dimensions
20:  else ⊳ Target density achieved
21:  Finalize structure with density 𝜌𝑀 ≈ 𝜌𝑅.
22:  Return finalized strut dimensions {ℎ𝑠 , 𝑤𝑠 , ℎ𝑡 , 𝑤𝑡}.
23:  Exit For
24:  end if
25:  end for
26: end procedure

2.2. Specimen manufacturing and fabrication

The auxetic lattice structures investigated, designated Lat1, were de-
signed using the methodology described in Section 2.1 and Algorithm 1. 
Specimens were targeted for three relative densities: 5%, 10%, and 
15%. For each density, both the standard (N: equal tendon/stuffer size) 
and modified (S: larger stuffer, smaller tendon) configurations were 
fabricated. Specimen nomenclature follows the format Lat1,X, 𝜌𝑅 =
𝑌%, where X is N or S, and 𝑌  is the target relative density. Table  1 
visually summarizes the unit cell designs and the resulting 3D structure 
architecture.

The 3D lattice (Table  1) was generated by replicating a derived 3D 
unit cell (formed by duplicating, rotating, and inverting the 2D cell) 
along three orthogonal axes. The final structure comprised 5 cells in 
height (𝐻 = 5) and 6 cells in both length (𝐿 = 6) and width (𝑊 = 6), 
𝑛 𝑛 𝑛
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Table 1
Specimen design concepts: unit cells and resulting lattice structure.
 Configuration Unit cell Structure  
 Strut type Front view Perspective view Perspective view  

 Baseline (Equal Tendon/Stuffer) N  

 Modified (Larger Stuffer/Smaller Tendon) S  
 Structure Size (𝐿 ×𝑊 ×𝐻) 28mm × 28mm × 22.4mm
 Cell Count (𝐿𝑛 ×𝑊𝑛 ×𝐻𝑛) 6 × 6 × 5
 Target Relative Density (𝜌𝑅) 5%, 10%, 15%
Table 2
Additively manufactured 316L stainless steel specimens used for testing. The structure size is 28mm × 28mm × 22.4mm.

 

resulting in overall dimensions of 22.4mm (height) × 28mm (length) 
× 28mm (width). Table  2 shows the resulting additively manufactured 
specimens prepared for testing. For each combination of configuration 
(N/S) and relative density (5/10/15%), four identical specimens were 
produced. Three specimens from each set were subsequently tested: one 
under quasi-static compression and two under dynamic compression 
(SHPB) at different impact pressures. 

All specimens were fabricated from 316L stainless steel powder us-
ing Selective Laser Melting (SLM) on a BLT-A300 machine (Xian Bright 
Laser Technologies Ltd., P.R. China), shown in Fig.  2. The gas-atomized 
316L powder possessed a particle size distribution of 20–50 μm. Uniform 
processing parameters were applied for all builds based on sliced STL 
models derived from the Rhino designs. The SLM process involved 
layer-by-layer selective melting at a laser scanning speed of 960mm∕s, 
employing a laser power ranging from 150–290W and a layer thickness 
of 80 μm. To mitigate oxidation during fabrication, the build chamber 
was maintained under an inert argon atmosphere.

Following SLM fabrication and removal from the build plate, the 
specimens underwent a post-processing heat treatment (tempering) to 
relieve residual stresses induced during the rapid heating and cooling 
cycles of the AM process. The tempering protocol involved heating the 
specimens at a rate of 10 ◦C∕min to 700 ◦C, holding for 30min, further 
heating to 1050 ◦C and holding for 4 h,. followed by controlled furnace 
cooling, adapted from standard practices for additively manufactured 
316L stainless steel [56,57].
4 
Fig. 2. BLT-A300 Selective Laser Melting (SLM) machine used for specimen 
fabrication.

2.3. Quasi-static compressive tests

Quasi-static uniaxial compression tests were performed using a 
universal testing machine equipped with a 100 kN load cell (Fig.  3). 
Testing was conducted at a constant crosshead displacement rate of 
0.5mm∕min, corresponding to an initial nominal strain rate of 𝜀̇ ≈
4×10−4 s−1 (calculated based on the initial specimen height). Specimens 
were carefully centered between hardened steel platens to ensure uni-
form load application and minimize misalignment. To reduce friction 
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Fig. 3. Experimental setup for quasi-static tests. (a) Universal testing machine configuration for compression. (b) Digital Image Correlation (DIC) setup for full-field 
strain measurement.
between the specimen surfaces and the platens, petroleum jelly was 
applied as a lubricant. Each test continued until either the load limit 
of the machine (98 kN) was approached or significant densification 
occurred, typically considered around a nominal strain of 𝜀𝑁 = 65%. 
Nominal strain was calculated as 𝜀𝑁 = 𝛥𝐻∕𝐻0, where 𝛥𝐻 is the axial 
displacement and 𝐻0 is the initial specimen height. Nominal stress was 
calculated as 𝜎𝑁 = 𝐹∕𝐴0, where 𝐹  is the measured reaction force and 
𝐴0 = 𝐿 ×𝑊  is the initial cross-sectional area of the bounding box.

Full-field surface deformation was monitored throughout the tests 
using a Digital Image Correlation (DIC) system. This system employed 
two high-resolution digital cameras (2448 × 2048 pixels) synchronized 
to capture images of a speckle pattern applied to the specimen surface, 
enabling subsequent calculation of displacement and strain fields (Fig. 
3(b)).

2.4. Split-Hopkinson pressure bar (SHPB) dynamic tests

Dynamic compressive behavior was characterized using a Split-
Hopkinson Pressure Bar (SHPB) apparatus to assess impact resistance 
and energy absorption at high strain rates.

2.4.1. Dynamic test setup
The SHPB setup, depicted schematically and photographically in 

Fig.  4, consisted of a striker bar, an incident bar, and a transmission 
bar, all made of high-strength aluminum alloy. The bars had respective 
lengths of 0.8m, 3.0m, and 2.0m, and a uniform diameter of 40mm. 
Specimens were sandwiched between the incident and transmission 
bars. Dynamic tests were conducted at two distinct impact conditions, 
generated by striker launch pressures of 𝑃 = 0.15MPa and 𝑃 =
0.25MPa, to investigate the influence of strain rate. This configuration 
allows for precise measurement of forces and displacements experi-
enced by the specimen during high-velocity impact events [58]. A 
high-speed camera synchronized with the impact event was used to 
capture the deformation process (Fig.  4(b)).

2.4.2. Stress wave analysis
The fundamental principle of SHPB testing relies on one-

dimensional elastic wave propagation theory. When the striker impacts 
the free end of the incident bar, it generates a compressive stress wave 
(𝜀𝑖) that travels towards the specimen. Upon reaching the specimen 
interface, part of the wave is reflected back into the incident bar as a 
tensile wave (𝜀𝑟), while the remaining portion is transmitted through 
the specimen into the transmission bar as a compressive wave (𝜀 ). 
𝑡

5 
Strain gauges mounted on the incident and transmission bars measure 
these time-resolved strain pulses.

Assuming one-dimensional wave propagation and neglecting wave 
dispersion effects initially, the nominal stress at the front (incident 
bar/specimen) interface (𝜎𝑁,2𝐷) and the rear (specimen/transmission 
bar) interface (𝜎𝑁,1𝐷) can be calculated using the recorded strains [59]: 

𝜎𝑁,1𝐷(𝑡) =
𝐸𝐴𝑏
𝐴𝑠

𝜀𝑡(𝑡) (1D/Rear Interface Stress) (1a)

𝜎𝑁,2𝐷(𝑡) =
𝐸𝐴𝑏
𝐴𝑠

(𝜀𝑖(𝑡) + 𝜀𝑟(𝑡)) (2D/Front Interface Stress) (1b)

where 𝐸 is the Young’s modulus of the bar material, 𝐴𝑏 is the cross-
sectional area of the bars, and 𝐴𝑠 is the initial cross-sectional area of 
the specimen. Under the condition of dynamic stress equilibrium within 
the specimen (𝜎𝑁,1𝐷(𝑡) ≈ 𝜎𝑁,2𝐷(𝑡)), the average nominal stress across 
the specimen (𝜎𝑁,3𝐷) can be calculated as:

𝜎𝑁,3𝐷(𝑡) =
𝜎𝑁,1𝐷(𝑡) + 𝜎𝑁,2𝐷(𝑡)

2

=
𝐸𝐴𝑏
2𝐴𝑠

(𝜀𝑖(𝑡) + 𝜀𝑟(𝑡) + 𝜀𝑡(𝑡)) (3D/Average Stress) (1c)

Stress equilibrium implies the relationship 𝜀𝑡(𝑡) ≈ 𝜀𝑖(𝑡) + 𝜀𝑟(𝑡).
The nominal strain (𝜀(𝑡)) and nominal strain rate (𝜀̇(𝑡)) experienced 

by the specimen are determined primarily from the reflected wave:

𝜀̇(𝑡) =
−2𝑐𝑏
𝐿𝑠

𝜀𝑟(𝑡) (1d)

𝜀(𝑡) = ∫

𝑡

0
𝜀̇(𝜏)𝑑𝜏 =

−2𝑐𝑏
𝐿𝑠 ∫

𝑡

0
𝜀𝑟(𝜏)𝑑𝜏 (1e)

where 𝐿𝑠 is the initial length (height) of the specimen, and 𝑐𝑏 =
√

𝐸∕𝜌𝑏
is the elastic longitudinal wave speed in the bar material (𝜌𝑏 is the 
density of the bar material).

The Average Strain Rate (𝐴𝑆𝑅) over a specific time interval (typ-
ically after initial wave reverberations establish equilibrium) is often 
used to characterize the overall loading rate [59]: 

𝐴𝑆𝑅 = 1
𝑡 − 𝜏 ∫

𝑡

𝜏
𝜀̇(𝜉)𝑑𝜉 =

−2𝑐𝑏
𝐿𝑠(𝑡 − 𝜏) ∫

𝑡

𝜏
𝜀𝑟(𝜉)𝑑𝜉 (2)

where the integration interval [𝜏, 𝑡] is chosen within the period where 
the strain rate is relatively constant (here, 𝜏 was typically set around 
75 μs).

Accurate alignment of the measured pulses requires accounting for 
the wave transit time through the specimen (𝛥𝑇 ). The arrival time of 



J. Wang et al. Composite Structures 374 (2025) 119710 
Fig. 4. Split-Hopkinson Pressure Bar (SHPB) apparatus. (a) Schematic diagram and photograph of the setup, illustrating the striker, incident bar, specimen, and 
transmission bar. (b) Close-up view showing the specimen positioned between the bars and the high-speed camera for recording deformation.
the incident pulse (𝑇𝑖) at the front face relates to the arrival time of the 
transmitted pulse (𝑇𝑡) at the rear face by: 

𝑇𝑖 = 𝑇𝑡 − 𝛥𝑇 (3)

where 𝛥𝑇  is estimated as: 

𝛥𝑇 =
𝐻0

𝑐specimen
≈

𝐻0
√

𝐸𝑁∕𝜌eff
(4)

Here, 𝐻0 is the initial specimen height, 𝑐specimen is the effective wave 
speed in the lattice, 𝐸𝑁  is the quasi-static elastic modulus of the lattice, 
and 𝜌eff = 𝜌𝑃𝑅𝜌solid is the effective density of the lattice structure (with 
𝜌𝑃𝑅 being the measured relative density of the printed specimen and 
𝜌solid the density of solid 316L).

2.4.3. Stress equilibrium verification
Ensuring dynamic stress equilibrium across the specimen length is 

crucial for the validity of SHPB results derived using the simplified 
1D wave theory. Significant deviations from equilibrium indicate that 
the stress state is non-uniform, potentially invalidating the calculated 
stress–strain response. Equilibrium is quantitatively assessed using the 
relative stress difference parameter 𝜁 (𝑡) [59]: 

𝜁 (𝑡) =
|𝜎𝑁,2𝐷(𝑡) − 𝜎𝑁,1𝐷(𝑡)|

𝜎𝑁,𝑎𝑣𝑔(𝑡)
× 100% ≈

2|𝜀𝑖(𝑡) + 𝜀𝑟(𝑡) − 𝜀𝑡(𝑡)|
|𝜀𝑖(𝑡) + 𝜀𝑟(𝑡) + 𝜀𝑡(𝑡)|

× 100% (5)

where 𝜎𝑁,𝑎𝑣𝑔(𝑡) is typically taken as 𝜎𝑁,3𝐷(𝑡). Stress equilibrium is 
considered adequately achieved when 𝜁 (𝑡) remains below a threshold, 
commonly accepted as 5%, during the primary deformation phase. For 
the tests reported herein, 𝜁 (𝑡) was monitored and generally remained 
below 5% after the initial loading ramp, confirming the validity of 
the derived dynamic stress–strain curves for both Lat1N and Lat1 S
configurations.
6 
2.4.4. SHPB data calibration and dispersion correction
To ensure accuracy, the SHPB data acquisition system requires 

careful calibration. Potential sources of error include strain gauge 
misalignment, bonding imperfections, and electronic noise [60,61]. A 
key calibration step involves comparing the measured amplitude of the 
incident strain pulse (𝜀𝑖) with the theoretical amplitude (𝜀𝑝) expected 
based on the measured striker velocity (𝑣𝑖). The theoretical amplitude 
is given by: 

𝜀𝑝 =
𝑣𝑖
2𝑐𝑏

(6)

where 𝑣𝑖 was measured using a laser velocimeter immediately before 
impact. Calibration tests were performed without a specimen, using the 
same impact pressures (𝑃 = 0.15MPa and 𝑃 = 0.25MPa) as the main 
experiments. Fig.  5(a) shows typical incident pulses recorded during 
calibration, with the stable plateau region (e.g., 150–230 μs) used to 
determine the average measured 𝜀𝑖. Fig.  5(b) confirms a strong linear 
correlation between the measured 𝜀𝑖 (averaged over the plateau) and 
the predicted 𝜀𝑝, validating the velocity measurement and initial pulse 
generation. A strain correction factor, 𝐾𝜀, was calculated as: 

𝐾𝜀 =
𝜀𝑝

mean(𝜀𝑖)
(7)

The factor 𝐾𝜀 was found to be consistently close to 1, indicating 
minimal systematic error in the strain measurement [62]. Measured 
strain signals were subsequently multiplied by 𝐾𝜀 if necessary, although 
corrections were minor.

Another challenge in SHPB testing is geometric dispersion, where 
different frequency components of the stress wave travel at slightly 
different velocities in the bars, distorting the pulse shape, particularly 
for sharp-fronted waves [63,64]. To mitigate dispersion and achieve 
a smoother, more controlled loading rate, pulse shaping techniques 
are employed [65–68]. In this study, a small disk of 1mm thick hard 
paper was placed on the impact face of the incident bar. The plastic 
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Fig. 5. SHPB calibration and pulse shaping. (a) Incident strain pulses from calibration tests, highlighting the plateau region (150–230 μs) used for analysis. (b) 
Correlation between predicted (𝜀𝑝) and measured (𝜀𝑖) incident strain amplitudes. (c) Comparison of incident pulse shapes with and without a 1mm paper pulse 
shaper, demonstrating oscillation reduction.
deformation of this ‘pulse shaper’ upon striker impact modified the 
input waveform, increasing its rise time and reducing high-frequency 
oscillations. Fig.  5(c) illustrates the effectiveness of the pulse shaper 
in generating a smoother, near-trapezoidal incident pulse compared to 
an unshaped impact, facilitating stress equilibrium and clearer data 
interpretation.

2.5. Compressive behavior analysis

The mechanical response under compression was analyzed by ex-
tracting key parameters from the nominal stress–strain curves.

2.5.1. Compression properties
The compressive behavior of cellular lattice structures, including the 

auxetic designs studied here, typically exhibits three distinct regimes, 
as schematically shown in Fig.  6: (1) an initial linear elastic region, (2) 
a prolonged plastic plateau region where deformation occurs at nearly 
constant stress, and (3) a final densification region where the stress rises 
sharply as cell walls crush together [1,8].

The effective elastic modulus (𝐸𝑁 ) was determined as the slope 
of the initial linear portion of the nominal stress–strain curve. The 
yield point, marking the transition from elastic to plastic behavior, was 
identified by the nominal stress (𝜎𝑁,𝑌 ) corresponding to the nominal 
strain (𝜀𝑁,𝑌 ) at which the curve deviates significantly from linearity. 
This was practically determined as the stress at the first significant peak 
or using the 0.2% offset method, whichever yielded a clearer transition. 
The plateau stress (𝜎𝑁,𝑝), representing the average stress sustained 
during the plastic collapse phase, was calculated by integrating the 
stress over a defined strain range within the plateau region: 

𝜎𝑁,𝑝 =
1

𝜀𝑁,𝐸 − 𝜀𝑁,𝑆 ∫

𝜀𝑁,𝐸

𝜀𝑁,𝑆

𝜎𝑁 (𝜀)𝑑𝜀 (8)

where [𝜀𝑁,𝑆 , 𝜀𝑁,𝐸 ] defines the strain interval for averaging, typically 
starting near the yield strain (𝜀𝑁,𝑆 ≥ 𝜀𝑁,𝑌 ) and ending before the 
onset of densification. The densification strain (𝜀𝑁,𝐷) marks the end of 
the efficient energy absorption phase and the beginning of rapid stress 
increase. It was identified as the strain at which the energy absorption 
efficiency (defined below) reaches its maximum value [69].

2.5.2. Energy absorption properties
The energy absorption performance of the lattice structures is a 

primary focus, particularly for protective applications. Key metrics in-
clude the energy absorbed per unit volume (𝑊 ), the energy absorption 
efficiency (𝜂), and the specific energy absorption (𝑆𝐸𝐴).

The energy absorbed per unit volume up to a specific nominal 
strain 𝜀𝑁,𝑊  is calculated by integrating the area under the nominal 
stress–strain curve [70,71]: 

𝑊 (𝜀𝑁,𝑊 ) =
𝜀𝑁,𝑊

𝜎𝑁 (𝜀)𝑑𝜀 (9)
∫0

7 
Fig. 6. Schematic nominal stress–strain curve for a typical lattice structure 
under compression, illustrating the elastic, plateau, and densification stages, 
along with key parameters: yield point (𝜀𝑁,𝑌 , 𝜎𝑁,𝑌 ), plateau stress (𝜎𝑁,𝑝), and 
densification strain (𝜀𝑁,𝐷).

The energy absorption efficiency at strain 𝜀𝑁,𝑊  quantifies how ef-
fectively the structure absorbs energy compared to an ideal plastic 
absorber with the same peak stress (𝜎𝑁,𝑊 = 𝜎𝑁 (𝜀𝑁,𝑊 )) [71–73]: 

𝜂(𝜀𝑁,𝑊 ) =
𝑊 (𝜀𝑁,𝑊 )
𝜎𝑁,𝑊

(10)

The densification strain 𝜀𝑁,𝐷 corresponds to the strain at which 𝜂(𝜀)
reaches its maximum.

The Specific Energy Absorption (𝑆𝐸𝐴) normalizes the absorbed 
energy by the mass of the structure, providing a measure of energy ab-
sorption capacity on a weight basis. It is calculated using the measured 
printed relative density 𝜌𝑃𝑅 and the density of the solid base material 
𝜌solid [71,72]: 

𝑆𝐸𝐴(𝜀𝑁,𝑊 ) =
𝑊 (𝜀𝑁,𝑊 )

𝜌eff
=

𝑊 (𝜀𝑁,𝑊 )
𝜌𝑃𝑅𝜌solid

(11)

2.5.3. Poisson’s ratio analysis
The characteristic auxetic behavior (negative Poisson’s ratio) was 

quantified using data obtained from the DIC system during quasi-static 
tests. Strain evolution was tracked at multiple discrete points located 
on the external surface of a central unit cell, as illustrated in Fig. 
7. Five points (𝑖 = 1 to 5) were tracked along a horizontal line to 
measure average lateral strain (𝜀𝑙𝑎𝑡𝑒𝑟𝑎𝑙), and six points (𝑗 = 1 to 6) were 
tracked along a vertical line to measure average axial strain (𝜀𝑎𝑥𝑖𝑎𝑙). The 
nominal Poisson’s ratio (𝜈 ) was then calculated as the negative ratio 
𝑁
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Fig. 7. Location of virtual points tracked via Digital Image Correlation (DIC) 
on the surface of a central unit cell for calculating Poisson’s ratio. Red points 
(𝑖 = 1–5) track lateral deformation, while blue points (𝑗 = 1–6) track axial 
deformation.

of the average lateral strain to the average axial strain: 

𝜈𝑁 = −
𝜀𝑙𝑎𝑡𝑒𝑟𝑎𝑙
𝜀𝑎𝑥𝑖𝑎𝑙

= −
(
∑5

𝑖=1 𝜀𝑁,𝑖)∕5

(
∑6

𝑗=1 𝜀𝑁,𝑗 )∕6
(12)

where 𝜀𝑁,𝑖 are the nominal strains at the lateral points and 𝜀𝑁,𝑗
are the nominal strains at the vertical points, derived from the DIC 
displacement fields relative to the initial specimen dimensions.

2.6. Base material characterization

To obtain accurate material properties for the constitutive modeling 
used in the Finite Element (FE) simulations (Section 4), quasi-static 
tensile and compressive tests were performed on specimens made from 
the same 316L stainless steel powder and fabricated using the same 
SLM process and post-processing heat treatment as the lattice struc-
tures. Standard dog-bone shaped specimens (Fig.  8(a)) were used for 
tensile tests according to relevant standards, while solid prism-shaped 
specimens (Fig.  8(b)) were used for compression tests. Two tests were 
conducted for each loading condition using the same universal test-
ing machine and DIC setup described in Section 2.3. Tensile tests 
provided data for determining Young’s modulus, yield strength, and 
strain hardening behavior, while compression tests characterized the 
material response under compressive stress states relevant to lattice 
deformation. The DIC system was crucial for accurately measuring 
strain, particularly in the post-yield regime. The resulting stress–strain 
data formed the basis for calibrating the Johnson–Cook material model 
used in the FE analyses.

3. Experimental results

This section presents the experimental findings, beginning with an 
assessment of the fabricated specimen quality and proceeding to the 
detailed analysis of their compressive mechanical behavior under both 
quasi-static and dynamic loading conditions.

3.1. Comparison of designed versus as-printed relative density

Achieving perfect fidelity between the digital design and the physi-
cal part in Additive Manufacturing, particularly SLM, remains challeng-
ing. Several inherent process characteristics contribute to geometric 
deviations in the as-printed lattice structures. These include mate-
rial shrinkage during rapid solidification, the adherence of partially 
melted or unmelted powder particles to strut surfaces, and surface 
irregularities such as strut waviness and overall roughness [1,17]. 
8 
Such imperfections can significantly influence the final mechanical 
properties, notably strength and stiffness. Micro-computed tomography 
studies have previously documented these deviations, revealing local-
ized regions of excess or insufficient material compared to the original 
CAD model [74].

Furthermore, the layer-wise nature of SLM introduces the ‘‘stair-
case effect’’, particularly noticeable on inclined or curved surfaces 
(illustrated schematically in Fig.  9). This effect arises from the dis-
crete approximation of smooth geometries by stacked layers, leading 
to stepped surfaces. Unmelted powder particles tend to adhere more 
readily to these stepped features, especially on downward-facing sur-
faces, further contributing to dimensional inaccuracies and increased 
surface roughness [75,76]. Scanning Electron Microscopy (SEM) im-
ages of the fabricated Lat1 struts (Fig.  10) clearly show this rough 
surface morphology resulting from attached powder particles. Feature 
size measurements from SEM images (resolution ±1μm) confirmed 
variations in strut dimensions compared to the design intent. 

To quantify the overall geometric deviation, the actual relative den-
sity (𝜌𝑃𝑅) of each fabricated specimen was determined by measuring 
its mass and dividing by the theoretical mass of a solid block with 
the same bounding box dimensions (𝐿 ×𝑊 ×𝐻). Fig.  11(a) compares 
the target relative densities (𝜌𝑅) with the measured as-printed relative 
densities (𝜌𝑃𝑅) for both Lat1N and Lat1 S configurations. Consistently, 
the printed specimens exhibited higher relative densities than designed, 
with an average discrepancy of approximately 6%. This observation 
aligns well with previous findings; for instance, Al-Ketan et al. [75] 
reported a similar discrepancy of about 7% for SLM-fabricated lattices 
with a target relative density of 10%. This systematic increase in 
density is primarily attributed to the aforementioned adherence of 
powder particles and slight oversintering effects, effectively increasing 
the material volume within the bounding box. Fig.  11(b) further illus-
trates this discrepancy in terms of volume difference and highlights the 
significant surface area inherent in these lattice designs, which exac-
erbates the impact of surface roughness and powder adhesion on the 
final density. These geometric deviations underscore the importance of 
accounting for manufacturing effects when predicting or analyzing the 
performance of additively manufactured lattice structures.

3.2. Compressive test results

The compressive mechanical behavior was thoroughly investigated 
through both quasi-static and dynamic tests.

3.2.1. Quasi-static stress–strain response
The nominal stress–strain curves obtained from quasi-static com-

pression tests are presented in Fig.  12 for both Lat1N and Lat1 S
configurations across the three target relative densities (5%, 10%, and 
15%). All curves exhibit the characteristic three-stage response typical 
of metallic cellular materials: an initial linear elastic region, followed 
by an extended plastic plateau region where deformation occurs at 
relatively constant stress, and finally, a densification region marked by 
a rapid increase in stress as the collapsed cell walls make contact. The 
plateau region is crucial for energy absorption applications.

As expected, increasing the relative density leads to a significant 
enhancement in the overall stress levels (stiffness, yield strength, and 
plateau stress) for both configurations. Comparing the two designs, the 
modified Lat1 S configuration (larger stuffer, smaller tendon) generally 
demonstrates enhanced performance. At 5% and 10% relative densities, 
Lat1 S exhibits a slightly delayed onset of yielding (yield point shifted 
to approximately 1.5% higher strain compared to Lat1N) and a corre-
spondingly extended plateau phase, suggesting improved resistance to 
initial plastic collapse. At the highest density (15%), Lat1 S consistently 
sustains higher stress levels throughout the entire deformation process 
compared to Lat1N, confirming its superior load-bearing capacity. 
This improved performance, especially at higher relative densities, is 
attributed to the larger stuffers facilitating a more effective and uniform 
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Fig. 8. Specimens used for base material characterization of SLM-fabricated 316L stainless steel. Each subfigure shows (1) geometry and dimensions, (2) 
photograph of the printed specimen, and (3) surface detail. (a) Dog-bone specimen for tensile testing. (b) Prism specimen for compression testing. Units: mm.
Fig. 9. Illustration of the staircase effect inherent in layer-based additive 
manufacturing, leading to geometric deviations between the intended (CAD) 
and fabricated geometry.

load distribution within the lattice, coupled with a dominant stiffening 
effect that becomes more pronounced as the overall material volume 
increases. These observations highlight the effectiveness of strategically 
modifying the stuffer–tendon geometry ratio to improve the mechanical 
performance of these auxetic lattices.

The plastic plateau region in these stretch-dominated double-
arrowhead structures is characterized by noticeable stress fluctuations 
or oscillations. This behavior is typical for stretch-dominated lattices 
and arises from the sequential yielding, buckling, and fracture of 
individual struts, primarily those loaded in tension during the auxetic 
deformation mechanism [8,37]. As the lattice progressively collapses, 
these periodic failure events manifest as oscillations in the measured 
load [1,77]. The magnitude and frequency of these fluctuations can 
be influenced by manufacturing imperfections and the interplay be-
tween different local failure modes (e.g., strut bending vs. buckling). 
Eventually, significant self-contact between collapsed elements restricts 
further deformation, leading to the onset of densification and the sharp 
stress increase.

Further quantification of the quasi-static mechanical performance is 
provided by the effective elastic modulus and plateau stress, shown as 
functions of relative density in Figs.  13 and 14, respectively. The elastic 
modulus (Fig.  13) clearly increases with relative density for both con-
figurations, consistent with cellular mechanics principles. At the lower 
densities (5% and 10%), the baseline Lat1N configuration exhibits a 
slightly higher modulus (647.9MPa and 1172.0MPa, respectively) com-
pared to Lat1 S (548.9MPa and 1031.1MPa). This suggests greater initial 
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stiffness for the Lat1N design at lower densities. However, at 15% rel-
ative density, the modulus of Lat1 S (1462.1MPa) becomes comparable 
to, and even slightly exceeds, that of Lat1N (1443.2MPa). This indicates 
that the stiffening effect of the larger stuffers in Lat1 S becomes more 
dominant at higher densities, as the increased material volume allows 
for more direct load transfer and reduced localized deformation in the 
tendons. The measured moduli (0.65–1.5GPa) fall within the typical 
range (0.1–4GPa) reported for metallic open-cell lattices [1,75].

The yield stress (first peak or 0.2% offset) and plateau stress (av-
eraged over 𝜀𝑁,𝑆 ≈ 𝜀𝑁,𝑌  to 𝜀𝑁,𝐸 ≈ 𝜀𝑁,𝐷) are presented in Fig.  14. 
Both yield and plateau stresses increase substantially with relative 
density. The Lat1 S configuration consistently exhibits higher plateau 
stress values than Lat1N across all densities, particularly evident when 
considering the average stress over extended strain ranges (e.g., up 
to 45%). For instance, at 𝜌𝑅 = 15%, the plateau stress sustained 
by Lat1 S approaches 70MPa in the later stages of the plateau, com-
pared to around 65MPa for Lat1N, indicating superior load-carrying 
capacity during large deformations. Both configurations show a slight 
decrease in stress after the initial yield peak (strain softening), par-
ticularly at lower densities, before the stress potentially stabilizes or 
slightly increases prior to densification. The observed plateau stresses 
(0.1–70MPa) are also consistent with literature values (6–60MPa) for 
similar materials [1,75], confirming the competitive performance of 
these auxetic designs, with Lat1 S showing clear advantages at higher 
densities.

3.2.2. Quasi-static energy absorption
The energy absorption characteristics under quasi-static loading 

were evaluated using the metrics defined in Section 2.5.2. Fig.  15 
plots the energy absorption per unit volume (𝑊 , Eq. (9)) and the 
energy absorption efficiency (𝜂, Eq. (10)) as functions of nominal 
strain for the different configurations and densities. The densification 
strain (𝜀𝑁,𝐷), identified by the peak in the efficiency curve, marks 
the limit of effective energy absorption. At 5% relative density, Lat1 S
achieves a higher densification strain (31.54%) and slightly better peak 
efficiency (0.32) compared to Lat1N (𝜀𝑁,𝐷 = 27.58%, 𝜂𝑚𝑎𝑥 = 0.31). This 
trend persists at 10% density, where Lat1 S shows 𝜀𝑁,𝐷 = 35.15% and 
𝜂𝑚𝑎𝑥 = 0.34, outperforming Lat1N (𝜀𝑁,𝐷 = 31.02%, 𝜂𝑚𝑎𝑥 = 0.29). This 
demonstrates that the modified geometry not only enhances efficiency 
but also extends the useful deformation range before densification. 
At 15% relative density, both configurations reach a similar peak 
efficiency of around 0.27 at 𝜀𝑁,𝐷 ≈ 27%. The overall decrease in peak 
efficiency with increasing density is consistent with observations in 
other cellular materials, suggesting a trade-off between strength and 
absorption efficiency at higher densities [74,78].

In terms of total energy absorbed up to densification (𝑊 (𝜀𝑁,𝐷)), 
the Lat1 S configuration consistently outperforms Lat1N. At 5% den-
sity, Lat1 S absorbs 1.74MJ∕m3, approximately 15% more than Lat1N
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Fig. 10. Representative Scanning Electron Microscopy (SEM) images illustrating the surface morphology and strut quality of the SLM-fabricated 316L stainless 
steel lattice specimens.

Fig. 11. Quantification of manufacturing discrepancies. (a) Comparison between designed (𝜌𝑅) and measured printed (𝜌𝑃𝑅) relative densities for Lat1N and Lat1 S
structures. (b) Percentage volume difference between printed specimens and CAD designs, alongside the designed surface area for each configuration and density.

Fig. 12. Experimental quasi-static compressive nominal stress–strain curves for Lat1N (baseline) and Lat1 S (modified) configurations at target relative densities 
of (a) 5%, (b) 10%, and (c) 15%.

Composite Structures 374 (2025) 119710 
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Fig. 13. Variation of effective elastic modulus with measured relative density 
for Lat1N and Lat1 S structures under quasi-static compression.

Fig. 14. Quasi-static plateau stress (averaged over the indicated strain ranges, 
see Fig.  6) as a function of measured relative density for Lat1N and Lat1 S
structures. Error bars represent the maximum and minimum stress within the 
averaging interval; bars represent the average value.

(1.41MJ∕m3). This advantage increases with density: at 10%, Lat1 S ab-
sorbs 5.80MJ∕m3 (15.5% higher than Lat1N’s 5.02MJ∕m3), and at 15%, 
it reaches 10.67MJ∕m3, a significant 20% improvement over Lat1N
(8.92MJ∕m3). This clearly indicates the superior energy dissipation 
capability of the Lat1 S design, especially at higher relative densities.

The Specific Energy Absorption (𝑆𝐸𝐴, Eq. (11)), which normalizes 
energy absorption by mass, is plotted against relative density in Fig.  16 
for different strain levels within the plateau. At lower densities (5% and 
10%), the 𝑆𝐸𝐴 values for Lat1N and Lat1 S are comparable. However, 
at 15% relative density, Lat1 S demonstrates significantly higher 𝑆𝐸𝐴, 
achieving values over 6.42 J∕g (approximately 20% higher than Lat1N) 
across the strain range from yield up to 30%. This confirms that the 
mass efficiency of energy absorption for the modified design becomes 
superior as density increases. The calculated 𝑆𝐸𝐴 values (3–11 J∕g in 
11 
the plateau) are comparable to those reported for other metallic lattices 
(e.g., 6.05–10.18 J∕g at 35% strain for 𝜌𝑅 = 30% [69]), validating the 
effectiveness of these auxetic structures.

Collectively, the energy absorption analysis reveals that the larger 
stuffer design (Lat1 S) significantly enhances energy dissipation (𝑊 ) 
and improves mass efficiency (𝑆𝐸𝐴) at higher relative densities, while 
also extending the effective deformation range (𝜀𝑁,𝐷) at lower and 
intermediate densities.

3.2.3. Dynamic compression via SHPB
The dynamic compressive response was investigated using the SHPB 

apparatus. Table  3 summarizes the key time-history data obtained from 
representative tests on Lat1N and Lat1 S structures at different relative 
densities (𝜌𝑅 = 5%, 10%, 15%) and impact pressures (𝑃 = 0.15MPa and 
𝑃 = 0.25MPa). The plots show the evolution of strain rate, strain, and 
stress (calculated using 1D, 2D, and 3D wave analyses) over time.

Analysis of the strain rate versus time plots confirms that, follow-
ing an initial ramp-up period, a relatively constant strain rate was 
achieved for a significant duration in most tests, typically stabilizing 
after approximately 75 μs. This period of constant strain rate, crucial for 
valid SHPB analysis [59,62], extended for roughly 370 μs based on wave 
transit calculations (Eqs. (3), (4)). The strain versus time plots show the 
corresponding accumulation of deformation during the impact event. 
The stress versus strain plots, derived using the 1D, 2D, and 3D analyses 
(Eqs. (1a)–(1c)), reveal the dynamic mechanical response. At the lowest 
density (𝜌𝑅 = 5%), significant differences are observed between the 1D, 
2D, and 3D stress calculations, particularly in the plateau region, sug-
gesting that stress equilibrium might be less perfectly achieved or that 
wave propagation effects are more pronounced. As the relative density 
increases to 10% and 15%, the discrepancy between the different stress 
calculation methods diminishes notably (e.g., below 11% difference 
at 15% density), indicating a more uniform stress distribution and 
better attainment of equilibrium in the denser structures. Increasing 
the impact pressure (𝑃 = 0.15 to 0.25MPa) consistently leads to higher 
achieved strain rates and higher stress levels across all densities and 
configurations. 

The Average Strain Rate (𝐴𝑆𝑅, calculated using Eq. (2) over the 
stable region) achieved during the tests is presented in Table  4. A clear 
trend emerges: increasing the relative density leads to a lower 𝐴𝑆𝑅
for a given impact pressure. For instance, at 𝑃 = 0.15MPa, the 𝐴𝑆𝑅
decreases by up to 47% as 𝜌𝑅 increases from 5% to 15%. Similarly, at 
𝑃 = 0.25MPa, the reduction is up to 25%. This inverse relationship is 
expected, as denser structures offer greater resistance to deformation, 
resulting in a slower rate of strain accumulation under the same impact 
energy input. At 𝑃 = 0.25MPa, the 𝐴𝑆𝑅 reached values exceeding 
500 s−1 for the 5% density specimens, decreasing to around 400 s−1 for 
the 15% density specimens. 

3.2.4. Dynamic mechanical properties and strain rate sensitivity
The effect of high strain rates on mechanical properties is directly 

assessed by comparing the dynamic stress–strain curves (Fig.  17, de-
rived from 3D analysis) with the quasi-static curves. Across all relative 
densities and for both Lat1N and Lat1 S configurations, the dynamic 
curves exhibit significantly higher yield stresses and plateau stresses 
compared to their quasi-static counterparts. For example, at 𝜌𝑅 = 15%, 
the yield stress for Lat1 S increases from 42.49MPa (quasi-static) to 
48.98MPa (dynamic at 𝑃 = 0.25MPa, 𝐴𝑆𝑅 ≈ 392 s−1). Similarly, 
for Lat1N at 15% density, the yield stress increases from 36.5MPa to 
41.24MPa (𝐴𝑆𝑅 ≈ 439 s−1). This pronounced elevation in stress levels 
under dynamic loading clearly demonstrates the strain-rate sensitivity 
of these SLM 316L auxetic structures.

Comparing the two configurations under dynamic loading, Lat1 S
shows slightly lower dynamic yield stresses than Lat1N at 5% and 10% 
densities (by ∼10%–15%). However, at 15% relative density, Lat1 S
exhibits a higher dynamic yield stress (by ∼13%) and maintains higher 
stress levels throughout the measured dynamic strain range compared 
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Fig. 15. Quasi-static energy absorption per volume (𝑊 ) and energy absorption efficiency (𝜂) versus nominal strain for Lat1N and Lat1 S at target relative densities 
of (a) 5%, (b) 10%, and (c) 15%.
Table 3
Representative SHPB test results showing time histories of strain rate, strain, and stress (1D, 2D, 3D analyses) for Lat1 structures 
at different relative densities (𝜌𝑅).

 

to Lat1N. This reversal suggests that the structural benefits of the 
larger stuffers in Lat1 S become particularly advantageous for enhanc-
ing strength under high-rate loading conditions at higher densities. 
The dynamic curves also show more pronounced oscillations than the 
quasi-static ones, likely due to the interplay of inertia effects and wave 
propagation phenomena at high strain rates.
12 
The dynamic plateau stress behavior is compared with the quasi-
static results in Fig.  18. Consistent with the yield stress observations, 
the dynamic plateau stresses are significantly higher than the quasi-
static ones across all densities and for both configurations. For example, 
at 𝜌𝑅 = 15%, the dynamic plateau stress for Lat1 S at 𝑃 = 0.25MPa
is around 48MPa, compared to its quasi-static value of 42MPa. This 
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Fig. 16. Specific Energy Absorption (𝑆𝐸𝐴) versus measured relative density 
under quasi-static compression, evaluated at different nominal strain levels 
(𝜀𝑁,𝑊 ).

Table 4
Average Strain Rate (𝐴𝑆𝑅, in s−1) achieved during dynamic SHPB compression 
tests for different configurations, relative densities, and impact pressures.
 Impact pressure Config. 𝐴𝑆𝑅 (s−1)
 (𝑃 , MPa) type 𝜌𝑅 = 5% 𝜌𝑅 = 10% 𝜌𝑅 = 15% 
 0.15 N 322.41 247.54 194.58  
 S 295.27 271.16 157.18  
 0.25 N 527.67 487.49 439.49  
 S 528.31 488.10 391.59  

enhancement further underscores the strain-rate sensitivity. The differ-
ence between yield stress and subsequent plateau stress (stress drop) 
appears less pronounced in the dynamic tests compared to quasi-
static, particularly for the higher density Lat1 S structure, suggesting 
potentially more stable collapse under dynamic conditions. The Lat1 S
configuration again demonstrates superior dynamic plateau stress com-
pared to Lat1N at 15% density, reinforcing its advantage under high-
rate impact at higher densities. The discrepancy between 1D and 3D 
stress analyses remains more noticeable at lower densities, where the 
concept of a uniform macroscopic stress state is inherently more chal-
lenging to satisfy due to increased local heterogeneity and deformation 
localization. However, this discrepancy diminishes significantly at 15% 
density, supporting the idea of more uniform dynamic stress states in 
denser structures and validating the use of average nominal values for 
macroscopic characterization.

3.2.5. Dynamic energy absorption properties
The energy absorption performance under dynamic loading is cru-

cial for impact applications. Figs.  19 and 20 compare the dynamic 
energy absorption metrics (𝑊 , 𝜂, 𝑆𝐸𝐴) with the quasi-static results. 
Fig.  19 shows 𝑊  and 𝜂 versus strain. A key finding is the dramatic 
increase in energy absorption per volume (𝑊 ) under dynamic loading 
compared to quasi-static loading at the same strain level. For example, 
at 𝜀𝑁 = 15%, the dynamic 𝑊  (at 𝑃 = 0.25MPa) is several times higher 
than the quasi-static 𝑊  across all densities. Under dynamic impact at 
𝑃 = 0.25MPa, the structures absorbed significant energy within the lim-
ited strain range achievable during the SHPB pulse duration, reaching 
up to approximately 12MJ∕m3 (5% density), 30MJ∕m3 (10% density), 
and 50MJ∕m3 (15% density) at the maximum recorded dynamic strain.
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Comparing configurations dynamically, Lat1 S shows superior en-
ergy absorption (𝑊 ) compared to Lat1N at 15% density (by ∼25%), 
although Lat1N performed slightly better at 10% density under dy-
namic conditions within the tested strain range. The dynamic energy 
absorption efficiency (𝜂) also tends to be higher than the quasi-static 
efficiency at equivalent strains, although the difference is less dramatic 
than for 𝑊 . The difference in calculated 𝑊  between 1D and 3D 
analyses decreases with increasing density (from 31% at 5% to 3% 
at 15%), while the efficiency 𝜂 shows minimal difference between 
analyses (< 2%) across all conditions.

The dynamic Specific Energy Absorption (𝑆𝐸𝐴) is presented in Fig. 
20. Consistent with 𝑊 , dynamic 𝑆𝐸𝐴 values are substantially higher 
than quasi-static values at comparable strains, highlighting enhanced 
mass–specific energy absorption at high rates. For instance, at 𝜌𝑅 = 15%
and 𝜀𝑁 ≈ 5%, the dynamic 𝑆𝐸𝐴 (at 𝑃 = 0.25MPa) exceeds 14 J∕g, 
roughly 14 times the quasi-static value at that strain. At the maximum 
dynamic strain achieved, 𝑆𝐸𝐴 values reached up to 32 J∕g for Lat1 S
at 15% density, compared to 28 J∕g for Lat1N. While Lat1N showed 
slightly higher dynamic 𝑆𝐸𝐴 at lower densities (5%, 10%) within the 
limited strain range, Lat1 S demonstrated superior performance at the 
highest density (15%). The difference between 1D and 3D 𝑆𝐸𝐴 cal-
culations is again more pronounced at lower densities, converging at 
higher densities. These results confirm the significant enhancement in 
energy absorption capacity under dynamic loading and reinforce the 
advantage of the Lat1 S configuration at higher relative densities for 
impact applications.

3.2.6. Poisson’s ratio under different conditions
The evolution of the nominal Poisson’s ratio (𝜈𝑁 , calculated from 

DIC using Eq. (12)) during quasi-static compression is shown in Fig. 
21 as a function of nominal strain for both configurations across the 
three relative densities. (Note: Dynamic Poisson’s ratio was not reliably 
extracted from high-speed imaging in this study, so the plot focuses on 
quasi-static results and implies dynamic trends based on deformation 
observations). All tested structures exhibited auxetic behavior (negative 
Poisson’s ratio) during the initial stages of compression.

Several key trends are evident. Firstly, the magnitude of the nega-
tive Poisson’s ratio generally decreases (becomes less negative) as the 
relative density increases. At 5% density, Lat1N reaches 𝜈𝑁  values be-
low −1.0, indicating strong auxetic response, consistent with literature 
values for similar 3D auxetics [37]. At 15% density, the minimum 𝜈𝑁  is 
closer to −0.75, indicating reduced lateral contraction relative to axial 
compression. This suggests that denser structures are inherently stiffer 
and resist the auxetic deformation mechanism more strongly.

Secondly, comparing the two configurations, at lower densities (5% 
and 10%), the baseline Lat1N exhibits a more negative Poisson’s ratio 
(stronger auxetic effect) than Lat1 S during the initial strain regime (up 
to ∼1.5%–2% strain). This suggests Lat1N deforms more readily via the 
auxetic mechanism at low strains when density is low. However, at the 
highest density (15%), this trend reverses slightly, with Lat1 S showing 
a marginally more negative 𝜈𝑁  than Lat1N initially. The overall evo-
lution of 𝜈𝑁  with increasing strain is complex, often showing an initial 
decrease to a minimum value followed by an increase as deformation 
progresses and different mechanisms (e.g., buckling, contact) become 
active. The DIC deformation maps provided in Appendix  A offer further 
visual insight into the lateral and axial deformation patterns underlying 
these Poisson’s ratio trends. Observations from dynamic tests (though 
not quantified for 𝜈𝑁 ) suggest that higher strain rates tend to sup-
press lateral deformation compared to quasi-static loading, leading to 
less negative effective Poisson’s ratios, particularly at lower densities 
where inertia effects might be more significant relative to structural
stiffness.
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Fig. 17. Comparison of quasi-static (black solid) and dynamic SHPB (colored dashed/dotted, 3D analysis) nominal stress–strain curves for Lat1N (a–c) and Lat1 S
(d–f) configurations at target relative densities of 5%, 10%, and 15%. Dynamic tests performed at impact pressures 𝑃 = 0.15 and 0.25MPa.
Fig. 18. Comparison of quasi-static (gray bars) and dynamic (colored bars, 3D analysis) plateau stresses for Lat1N and Lat1 S across different relative densities: 
(a) 5%, (b) 10%, (c) 15%. Stresses averaged over strain ranges near yield (𝜀𝑁,𝑆 = 𝑌 ) and extended plateau (𝑌 ∼ 𝑌 + 𝛥𝐸). Error bars show max/min stress in 
interval.
4. Numerical simulations

To complement the experimental investigation and gain deeper 
insights into the deformation mechanisms, Finite Element Method 
(FEM) simulations were performed using the commercial software 
ABAQUS/Explicit. This section details the development and validation 
of the material model and the subsequent comparison of simulation 
results with experimental data for the lattice structures.
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4.1. Material model development and validation

Accurate prediction of the mechanical response of the auxetic lat-
tice structures via FEM necessitates a reliable constitutive model for 
the base material, SLM-fabricated 316L stainless steel. The required 
material parameters were derived from the experimental tensile and 
compressive tests performed on solid dog-bone and prism specimens, 
respectively, as described in Section 2.6. The base material properties 
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Fig. 19. Comparison of quasi-static and dynamic energy absorption per volume (𝑊 ) and efficiency (𝜂) versus nominal strain for Lat1N and Lat1 S at target 
relative densities of (a) 5%, (b) 10%, and (c) 15%. Dynamic results shown for 1D and 3D analyses at 𝑃 = 0.15 and 0.25MPa.
Fig. 20. Comparison of quasi-static and dynamic Specific Energy Absorption (𝑆𝐸𝐴) versus measured relative density, evaluated at different nominal strain levels. 
Dynamic results shown for 1D, 2D, and 3D analyses at 𝑃 = 0.15 and 0.25MPa.
determined were: density 𝜌solid = 7800 kg∕m3, Young’s Modulus 𝐸 =
193GPa, and quasi-static yield stress 𝜎𝑌 ≈ 390MPa. To capture the 
complex elasto-plastic behavior, including strain hardening, strain rate 
sensitivity, and potential failure, the Johnson–Cook (JC) constitutive 
model and failure criterion were employed [79].

The JC strength model describes the flow stress 𝜎 as a function of 
equivalent plastic strain (𝜀𝑒𝑝), plastic strain rate (𝜀̇), and temperature 
(𝑇 ): 
𝜎 = (𝐴 + 𝐵𝜀𝑛𝑒𝑝)(1 + 𝐶 ln 𝜀̇∗)(1 − 𝑇 ∗𝑚) (13)

where 𝐴 is the quasi-static yield stress, 𝐵 and 𝑛 are strain hardening pa-
rameters, 𝐶 governs strain rate sensitivity, and 𝑚 accounts for thermal 
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softening. 𝜀̇∗ = 𝜀̇∕𝜀̇0 is the dimensionless plastic strain rate relative to a 
reference strain rate 𝜀̇0 (typically 1 s−1), and 𝑇 ∗= (𝑇 − 𝑇0)∕(𝑇𝑚 − 𝑇0) is 
the homologous temperature relative to the room temperature 𝑇0 and 
melting temperature 𝑇𝑚. Since the experiments were conducted under 
nearly isothermal conditions (especially quasi-static), and temperature 
rise during dynamic tests was assumed to have a secondary effect 
compared to strain rate for these conditions, the thermal softening term 
(1 − 𝑇 ∗𝑚) was simplified by setting 𝑇 ∗ = 0 (i.e., 𝑚 was not explicitly 
fitted or used). The parameters 𝐴,𝐵, 𝐶, and 𝑛 were determined by 
fitting Eq. (13) (without the temperature term) to the stress–strain data 
obtained from the quasi-static tension and compression tests (providing 
𝐴,𝐵, 𝑛) and considering the dynamic enhancement observed in the 
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Fig. 21. Evolution of quasi-static nominal Poisson’s ratio (𝜈𝑁 ) as a function of nominal strain for Lat1N and Lat1 S configurations at target relative densities of 
(a) 5%, (b) 10%, and (c) 15%, calculated from DIC measurements.
Table 5
Johnson–Cook (JC) strength model parameters for SLM 316L stainless steel 
from this study and selected literature sources.
 Reference 𝐴 (MPa) 𝐵 (MPa) 𝐶 (-) 𝑛 (-) 𝑚 (-) 
 Li [80] 380 825 0.115 0.73 1.0a  
 Platek et al. [81] 542 303 0.028 0.29 1.0a  
 Sandmann et al. [82] 545 821 0.010 0.70 1.0a  
 Xue et al. [83] 489 554 0.039 0.60 1.0a  
 Alkhatib et al. [84] 595 1635 0.011 0.98 1.0a  
 This study 𝟑𝟗𝟎 𝟏𝟐𝟕𝟕 𝟎.𝟎𝟏𝟏 𝟎.𝟕𝟒 N/A  
a Literature values for 𝑚 might vary or be assumed if not provided; N/A: Not 
Applicable/Used.

lattice tests to estimate 𝐶. The resulting parameters for this study 
are listed in Table  5, alongside values reported in literature for SLM 
316L for comparison. Fig.  22 illustrates the fitted model’s prediction 
compared to literature models, highlighting the significant strain rate 
sensitivity captured, which is crucial for dynamic simulations. It is 
recognized that SLM-fabricated materials can exhibit anisotropic prop-
erties due to the layer-wise deposition and solidification processes. 
In this study, the Johnson–Cook model was calibrated using tensile 
and compressive tests on solid specimens fabricated under the same 
SLM conditions and oriented to reflect the principal loading direction 
experienced by the lattice structures (axial compression). While the 
model itself is isotropic, the parameters derived implicitly account for 
the effective material response in the tested direction. For future studies 
requiring highly detailed microstructural-level analysis of anisotropy, 
more complex anisotropic constitutive models could be considered. 

To simulate potential material failure within the lattice struts, par-
ticularly under large deformations, the JC failure model was also 
incorporated [85]. This model defines the equivalent plastic strain at 
failure (𝜀𝑓 ) as: 

𝜀𝑓 = [𝐷1 +𝐷2 exp(𝐷3𝜎
∗)][1 +𝐷4 ln 𝜀̇∗][1 +𝐷5𝑇

∗] (14)

where 𝐷1 to 𝐷5 are material failure constants. The model accounts for 
the influence of stress triaxiality (𝜎∗ = 𝑝∕𝑞, where 𝑝 is hydrostatic 
pressure and 𝑞 is von Mises stress), strain rate (𝜀̇∗), and tempera-
ture (𝑇 ∗) on ductility. Initial values for the failure parameters (𝐷1
to 𝐷5) were adopted from literature sources investigating fracture in 
SLM 316L [86,87]. These parameters were then iteratively adjusted 
by comparing the predicted failure initiation and propagation in the 
simulations with observations from the experimental tests (e.g., strut 
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fracture patterns) until a reasonable qualitative match was achieved. 
The final parameters used in the simulations were: 𝐷1 = 0.2, 𝐷2 = 1.5, 
𝐷3 = 0.5, 𝐷4 = 0.09, and 𝐷5 = 0.5. (Again, the temperature term 
1 +𝐷5𝑇 ∗ was effectively deactivated by assuming 𝑇 ∗ = 0).

The validity of the calibrated JC strength model was confirmed by 
simulating the quasi-static tensile (dog-bone) and compressive (prism) 
tests used for characterization. Fig.  23 overlays the FEM-predicted 
stress–strain curves with the experimental results. The close agree-
ment observed for both loading conditions demonstrates the model’s 
capability to accurately reproduce the base material’s constitutive re-
sponse, including yield, strain hardening, and the tension–compression 
asymmetry typical of some metals.

Furthermore, the model’s ability to predict localized deformation 
and failure initiation was assessed by comparing the strain fields pre-
dicted by FEM during the tensile test simulation with those mea-
sured experimentally using DIC. Fig.  24 shows the experimental strain 
distribution maps at different stages of loading, clearly illustrating 
strain localization and necking prior to fracture. Fig.  25 presents the 
corresponding equivalent plastic strain (PEEQ) contours predicted by 
the FEM simulation. The strong qualitative agreement in the loca-
tion and pattern of strain concentration provides confidence in the 
model’s ability to capture realistic deformation behavior, including 
failure precursors.

In summary, the comprehensive comparison between experimental 
results and numerical predictions for the base material tests demon-
strates a high degree of correlation. This validates the robustness of 
the calibrated Johnson–Cook strength and failure models for accurately 
representing the mechanical behavior of the SLM-fabricated 316L stain-
less steel. This validated constitutive model was subsequently used in 
the FEM simulations of the auxetic lattice structures.

4.2. Simulation of lattice structures and comparison with experiments

FEM simulations of the Lat1N and Lat1 S auxetic lattice structures 
under both quasi-static and dynamic compression were conducted to 
compare directly with the experimental findings. The geometry for the 
FEM models (Fig.  26) was based on the CAD designs but crucially 
adjusted to match the measured as-printed relative densities (𝜌𝑃𝑅) of 
approximately 9%, 16%, and 21% (corresponding to the target 𝜌𝑅
of 5%, 10%, 15%, respectively). This step is essential for meaningful 
comparison, as modeling the ideal CAD geometry without accounting 
for manufacturing deviations can lead to significant discrepancies [88]. 
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Fig. 22. Comparison of the Johnson–Cook strength model fitted in this study with models proposed in the literature for SLM 316L steel, illustrating strain rate 
sensitivity.
Fig. 23. Validation of the calibrated Johnson–Cook material model: com-
parison of FEM-simulated stress–strain curves with experimental data from 
quasi-static tensile (dog-bone) and compressive (prism) tests on SLM 316L 
steel.

The adjustment involved uniformly scaling the strut thicknesses in the 
CAD model until the calculated volume matched that derived from the 
measured 𝜌𝑃𝑅.

The simulations utilized the validated JC material model described 
in Section 4.1. The lattice structures were meshed using solid tetrahe-
dral elements (C3D10M in ABAQUS library) after performing a mesh 
sensitivity study to ensure convergence of the global response. The 
lattice was placed between two rigid plates representing the loading 
platens. The bottom plate was fixed in all degrees of freedom. The 
top plate was constrained to move only vertically, and compressive 
loading was applied by prescribing a velocity to this plate. For quasi-
static simulations, a slow velocity corresponding to the experimental 
strain rate (𝜀̇ ≈ 4 × 10−4 s−1) was applied. For dynamic simulations, 
velocities were chosen to achieve average strain rates (𝐴𝑆𝑅) matching 
those measured in the SHPB experiments for each specific configura-
tion, density, and impact pressure (see Table  4). Contact between the 
lattice surfaces and the rigid plates was defined using a penalty-based 
algorithm with a friction coefficient of 𝜇 = 0.1 to approximate the 
17 
lubricated experimental conditions. General contact was also defined 
between lattice surfaces to capture self-contact during densification.

Table  6 presents a direct comparison between the nominal stress–
strain curves obtained from FEM simulations and those measured 
experimentally under both quasi-static and dynamic (SHPB, 𝑃 =
0.25MPa) conditions. Overall, the FEM results demonstrate strong 
agreement with the experimental data, particularly for the higher rel-
ative densities (10% and 15%, corresponding to 𝜌𝑃𝑅 ≈ 16% and 21%). 
The simulations accurately capture the elastic stiffness, yield point, 
plateau stress level, and the onset of densification. At the lowest density 
(5%, 𝜌𝑃𝑅 ≈ 9%), the FEM tends to slightly overestimate the stress 
levels compared to the experiments. This minor discrepancy might 
stem from the increased influence of subtle geometric imperfections 
(like strut waviness or porosity, not explicitly modeled beyond density 
matching) at lower densities, or challenges in perfectly replicating 
the complex stress state and boundary conditions of the experiments. 
Nonetheless, the model successfully captures the key qualitative trends 
and provides reliable quantitative predictions, especially at moderate 
to higher densities.

The simulations also replicate the experimental observation that 
dynamic loading leads to significantly higher stress levels (steeper 
slopes, higher plateau) compared to quasi-static loading, confirming the 
model’s ability to capture strain rate effects via the JC parameter 𝐶. 
The steeper dynamic slope might also be partly influenced by numerical 
contact dynamics in the simulation, mirroring potential physical effects 
at the specimen–platen interface during high-rate tests.

Intriguingly, the FEM simulations also reproduce the difference in 
stress oscillations observed between the two configurations. Consis-
tent with experiments, the Lat1 S curves (both static and dynamic) 
exhibit more pronounced oscillations and, notably, show evidence of 
a secondary stress peak occurring around 20% strain, especially un-
der dynamic loading. This feature, absent or less prominent in the 
Lat1N curves, suggests a more complex, potentially multi-stage collapse 
mechanism in the modified structure, which might contribute to its 
enhanced energy absorption capacity over extended strains. The FEM 
effectively captures this difference in mechanical signature, indicating 
its sensitivity to the geometric modifications.

Quantitatively, the discrepancy between FEM predictions and ex-
perimental results for key parameters like plateau stress is generally 
less than 13%, particularly for the 10% and 15% density cases. This 
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Fig. 24. Experimental strain distribution maps obtained via Digital Image Correlation (DIC) during quasi-static tensile testing of an SLM 316L dog-bone specimen 
at increasing load levels, showing strain localization in the necking region.
Table 6
Comparison of nominal stress versus nominal strain curves: FEM simulations versus experimental results (quasi-static and dynamic SHPB at 
𝑃 = 0.25MPa) for Lat1N and Lat1 S configurations at different nominal relative densities.

 

Fig. 25. FEM-predicted equivalent plastic strain (PEEQ) distribution in the 
dog-bone specimen simulation under tensile loading, corresponding to the 
stages shown in Fig.  24, illustrating accurate capture of necking.
18 
Fig. 26. Finite Element model setup in ABAQUS for the Lat1 auxetic lattice 
structure under compression between two rigid plates.
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Fig. 27. FEM-predicted deformation distribution (vertical displacement contours) at a nominal strain of 𝜀𝑁 = 5% for Lat1N and Lat1 S structures under quasi-static 
(𝑃 = 0) and dynamic (𝑃 = 0.15, 0.25MPa) loading across the three relative densities (𝜌𝑃𝑅 ≈ 9%, 16%, 21%). Gray box shows initial undeformed outline.
level of agreement is consistent with or better than that reported in 
similar validation studies for additively manufactured metal lattices 
under compression [87,89,90].

Fig.  27 provides snapshots of the predicted deformation distribution 
(displacement contours) from FEM simulations at a nominal strain 
of 𝜀𝑁 = 5% under various conditions. These visualizations reveal 
differences in deformation patterns. Dynamic loading generally leads to 
more localized deformation near the impacted (top) end compared to 
the more uniform deformation under quasi-static loading, particularly 
at lower densities. The Lat1 S configuration appears to maintain slightly 
better uniformity compared to Lat1N under dynamic load, especially 
at higher densities where Lat1N shows hints of incipient buckling 
modes. Increasing the dynamic impact pressure (𝑃 = 0.15 vs 𝑃 =
0.25MPa) exacerbates the deformation localization. These visual results 
complement the stress–strain curves by illustrating how the load is 
distributed and accommodated spatially within the structures under 
different conditions.

4.3. Deformation mode analysis

A comparison between the experimentally observed deformation 
modes (via DIC; see Appendix  A, Figs.  A.30–A.32) and the numerically 
predicted ones (via FEM; see Appendix  B, Tables  B.7–B.9) provides 
valuable insights into the collapse mechanisms. Under quasi-static load-
ing, both experiments and simulations show a relatively homogeneous, 
layer-by-layer collapse for both Lat1N and Lat1 S configurations, partic-
ularly in the early stages (𝜀𝑁 ≤ 15%). However, the DIC results suggest 
that the Lat1 S structure, with its larger stuffers, maintains this uni-
formity slightly better, exhibiting more controlled energy dissipation 
and potentially delaying localized failure compared to Lat1N. At higher 
quasi-static strains (𝜀𝑁 > 20%), both configurations exhibit some lateral 
bulging, likely influenced by friction at the platens, which can lead to 
a less uniform, drum-shaped deformation profile. This effect appears 
somewhat more pronounced in the Lat1N DIC results.

Under dynamic SHPB loading, the deformation becomes inherently 
less uniform due to inertia and wave propagation effects. Experimental 
high-speed imaging and FEM results (Appendices  A and B) indicate 
that deformation tends to initiate near the impact face and propa-
gate through the structure. Again, the Lat1 S configuration appears to 
manage this dynamic load more effectively, showing relatively more 
uniform deformation progression compared to Lat1N. The baseline 
Lat1N exhibits more significant lateral bulging and signs of buckling 
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instability, especially at higher dynamic strains (𝜀𝑁 > 20%–30%) and 
higher densities.

In summary, both experimental observations and numerical sim-
ulations confirm that the double-arrowhead lattice exhibits auxetic 
behavior (initial lateral contraction, visible in DIC maps) followed 
by a progressive collapse mechanism. The modified Lat1 S geometry 
consistently demonstrates enhanced structural stability, characterized 
by reduced lateral deformation and suppressed buckling tendencies, 
particularly under dynamic loading conditions, compared to the base-
line Lat1N configuration. The FEM simulations successfully capture 
these distinct deformation modes and corroborate the global stress–
strain responses, including localized stress fluctuations observed ex-
perimentally. This consistency underscores the critical role of the en-
larged stuffers in improving load distribution and enhancing the overall 
structural integrity and energy absorption performance, validating the 
effectiveness of this geometric optimization strategy, especially for 
impact-resistance applications, aligning with findings in related auxetic 
studies [8,37,91,92].

5. Discussion

This section discusses the key findings regarding strain rate sensitiv-
ity and the influence of relative density on the mechanical performance 
of the auxetic lattice structures.

5.1. Strain rate sensitivity

The dynamic mechanical behavior of the SLM 316L auxetic lattices 
was significantly influenced by the loading rate, as quantified by the 
Dynamic Increase Factor (𝐷𝐼𝐹 , defined as the ratio of dynamic stress to 
quasi-static stress at the same strain). Fig.  28 plots the 𝐷𝐼𝐹  (calculated 
using plateau stresses) against the average strain rate (𝜀̇) achieved 
in the SHPB tests. A clear positive correlation is observed: the 𝐷𝐼𝐹
increases substantially from approximately 1.15 at lower strain rates 
(𝜀̇ ≈ 150 s−1) to over 1.85 at higher rates (𝜀̇ ≈ 500 s−1). This demon-
strates significant strain-rate sensitivity, indicating enhanced dynamic 
strength and deformation resistance under rapid loading conditions. 
This strengthening is primarily attributed to the intrinsic strain-rate 
sensitivity of the 316L stainless steel base material, although micro-
inertial effects within the lattice structure likely also contribute to 
the dynamic response, especially at higher rates [93]. The observed 
𝐷𝐼𝐹  range (1.15–1.85) aligns well with previous studies on stainless 
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Fig. 28. Dynamic Increase Factor (𝐷𝐼𝐹 ) calculated from plateau stress versus 
average strain rate (𝜀̇) achieved in SHPB tests. Different markers represent 
DIF calculated using 1D, 2D, and 3D stress analyses. Regions indicating less 
optimal stress equilibrium (𝜁 (𝑡) > 5%) are noted.

steel lattices under similar strain rate regimes (e.g., 1.13–1.76 reported 
by Li et al. [93] for rates up to 500 s−1), confirming the consistent 
rate-dependent behavior of these architected materials.

Comparing the 𝐷𝐼𝐹  values derived from the 1D, 2D, and 3D SHPB 
analysis methods (representing stress calculations based on transmitted 
wave only, incident/reflected waves, and all three waves, respectively), 
the 2D and 3D analyses consistently yield slightly higher 𝐷𝐼𝐹  values 
than the 1D analysis. This discrepancy likely arises because the 2D 
and 3D methods incorporate information about the stress state at the 
front face of the specimen, which can be influenced by complex wave 
interactions and reflections, potentially leading to higher calculated 
average stresses, especially during the dynamic loading phase before 
perfect equilibrium is established across the entire specimen length.

The plot also highlights data points corresponding to tests where 
stress equilibrium was less perfectly achieved (relative stress difference 
𝜁 (𝑡) > 5%, see Eq. (5)). These deviations typically occurred at higher 
strain rates (beyond ∼ 300 s−1) and could lead to some variability or 
artificial inflation of the calculated 𝐷𝐼𝐹  values due to non-uniform 
stress distribution within the specimen during the measurement in-
terval. However, the overall trend of increasing 𝐷𝐼𝐹  with strain rate 
remains robust. The difference between 1D, 2D, and 3D results, while 
relatively small, suggests that the more comprehensive 3D analysis 
potentially captures the complex dynamic stress state slightly more 
accurately, reflecting the intricate shock wave interactions inherent in 
high-rate loading of lattice structures.

In essence, the analysis confirms a pronounced strain-rate depen-
dency in the compressive response of these double-arrowhead auxetic 
lattices. The dynamic deformation resistance significantly increases 
with loading rate, primarily driven by base material properties. Under-
standing this sensitivity, along with the nuances revealed by different 
SHPB analysis methods, is crucial for accurately predicting performance 
in dynamic applications. The origins of strain-rate sensitivity in lat-
tice materials are generally attributed to a combination of the base 
material’s inherent rate dependency (strain hardening enhancement at 
higher rates [94,95]) and structural effects related to inertia, where 
rapid loading hinders the ability of struts to deform and redistribute 
load efficiently, leading to localized stress concentrations and altered 
failure modes [96–98].
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5.2. Effect of relative density

The influence of relative density on the mechanical properties of 
both the baseline (Lat1N) and modified (Lat1 S) structures was sys-
tematically investigated. Fig.  29 plots the quasi-static and dynamic 
yield stress, plateau stress, and the dynamic increase factor (𝐷𝐼𝐹 ) as 
functions of the measured as-printed relative density (𝜌𝑃𝑅). Quasi-static 
values serve as a baseline reference.

As anticipated from cellular mechanics theory, both the yield stress 
(Fig.  29(a)) and the plateau stress (Fig.  29(b)) exhibit a clear and 
strong positive correlation with relative density. Increasing the density 
from approximately 9% (𝜌𝑅 = 5%) to 21% (𝜌𝑅 = 15%) leads to a 
substantial rise in these strength metrics under both quasi-static and 
dynamic conditions (e.g., quasi-static plateau stress increases from ∼
6MPa to ∼ 40MPa). This confirms that incorporating more material via 
denser architectures significantly enhances the load-bearing capacity 
and resistance to plastic deformation.

Examining the dynamic enhancement factor, 𝐷𝐼𝐹 , as a function 
of relative density (Fig.  29(c)) reveals an interesting trend. At lower 
relative densities (𝜌𝑃𝑅 ≈ 9%), the 𝐷𝐼𝐹  values exhibit a wider spread, 
ranging from approximately 1.15 to 1.85. As the relative density in-
creases, this variability diminishes, and the 𝐷𝐼𝐹  values tend to con-
verge towards a narrower range, roughly 1.15 to 1.45, particularly for 
the higher impact pressure (𝑃 = 0.25MPa) tests. This suggests that 
while lower-density structures experience a potentially larger relative 
increase in strength under dynamic loading, their dynamic response 
might be more variable. Conversely, higher-density structures exhibit 
more consistent and predictable dynamic behavior relative to their 
quasi-static performance. The reduced variability in 𝐷𝐼𝐹  at higher 
densities might reflect improved structural integrity and more uni-
form stress distribution, mitigating localized effects that could amplify 
dynamic response variations in less dense lattices.

Overall, this analysis underscores the fundamental role of relative 
density in governing the mechanical performance of these auxetic lat-
tices. Increasing density directly enhances strength (yield and plateau 
stress) under both static and dynamic conditions. While the relative 
dynamic enhancement (𝐷𝐼𝐹 ) might be more pronounced at lower 
densities, the absolute dynamic strength and the consistency of the 
dynamic response improve significantly with increasing density, lead-
ing to stronger and more predictable behavior in denser configurations 
under impact loading.

6. Conclusions and future perspectives

This study systematically investigated the quasi-static and dynamic 
compressive behavior of SLM-fabricated 316L stainless steel double-
arrowhead auxetic lattice structures, focusing on the effects of relative 
density (5%, 10%, 15%) and a specific geometric modification: enlarg-
ing the ‘stuffer’ elements while reducing the ‘tendon’ elements (Lat1 S
configuration) compared to a baseline design with equal elements 
(Lat1N). Utilizing a combination of experimental testing (quasi-static 
compression, SHPB) and validated Finite Element Modeling (FEM) 
incorporating a Johnson–Cook constitutive model, we characterized 
deformation mechanisms, mechanical properties, energy absorption, 
and auxetic behavior. A key aspect enabling this work was the im-
plementation of a precise density control algorithm during the design 
phase, ensuring high fidelity between target and as-printed relative 
densities.

The primary findings of this research are:
1. Effect of Relative Density: As expected, increasing the relative 

density significantly enhanced the mechanical performance for both 
Lat1N and Lat1 S configurations. Yield stress, plateau stress, energy 
absorption per volume (𝑊 ), and specific energy absorption (𝑆𝐸𝐴) all 
demonstrated a strong positive correlation with relative density under 
both quasi-static and dynamic loading conditions.
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Fig. 29. Influence of measured relative density (𝜌𝑃𝑅) on mechanical properties: (a) quasi-static and dynamic yield stress, (b) quasi-static and dynamic plateau 
stress, and (c) Dynamic Increase Factor (𝐷𝐼𝐹 ) based on plateau stress. Dynamic results shown for 𝑃 = 0.15 and 𝑃 = 0.25MPa impacts using 3D analysis.
2. Effect of Geometric Modification (Lat1 S vs. Lat1N): The mod-
ified Lat1 S configuration consistently demonstrated superior mechani-
cal performance compared to the baseline Lat1N, particularly at higher 
relative densities. Strength: At 15% relative density, Lat1 S exhibited 
significantly higher quasi-static plateau stress (42.0MPa vs. 35.0MPa for 
Lat1N, a 21% increase) and dynamic plateau stress under 𝑃 = 0.25MPa
impact (48.0MPa vs. 38.5MPa for Lat1N, a 24% increase). Correspond-
ing yield stresses also showed enhancement for Lat1 S at 15% density 
(quasi-static: 42.49 vs 36.5MPa; dynamic: 48.98 vs 41.24MPa). Energy 
Absorption: Lat1 S achieved superior energy absorption, particularly 
at higher densities. Quasi-statically, its 𝑊  at densification was up 
to 20% higher than Lat1N (10.67 vs 8.92MJ∕m3 at 15% density). 
Dynamically, its 𝑆𝐸𝐴 reached up to 32 J∕g at 15% density, compared 
to 28 J∕g for Lat1N at maximum achieved strain. Deformation Stability:
The Lat1 S design exhibited delayed densification strain at lower/in-
termediate densities and demonstrated enhanced structural stability 
with reduced lateral bulging and buckling tendencies, especially under 
dynamic loading, compared to Lat1N.

3. Strain Rate Sensitivity: Both configurations exhibited significant 
strain rate sensitivity, with dynamic yield and plateau stresses markedly 
higher than quasi-static values. The Dynamic Increase Factor (𝐷𝐼𝐹 ) 
ranged from approximately 1.15 to 1.85 over the tested strain rates 
(150–500 s−1), increasing with strain rate. The dynamic enhancement 
was more consistent (less variable 𝐷𝐼𝐹 ) at higher relative densities.

4. Auxetic Behavior: Both designs displayed auxetic behavior (neg-
ative Poisson’s ratio) during initial compression. The magnitude of the 
negative Poisson’s ratio decreased with increasing relative density. Sub-
tle differences were observed between Lat1N and Lat1 S, with Lat1N
showing slightly stronger initial auxeticity at lower densities, while 
Lat1 S maintained better lateral stability overall, particularly at higher 
densities.

5. Model Validation: The FEM simulations, using a calibrated 
Johnson–Cook model and geometries adjusted for printed density, 
showed strong agreement with experimental stress–strain curves and 
deformation modes under both quasi-static and dynamic conditions 
(typically < 13% discrepancy in plateau stress), validating the numer-
ical approach for predicting the behavior of these structures.

In conclusion, this study demonstrates that strategically modify-
ing the internal geometry of double-arrowhead auxetic lattices —
specifically by employing larger stuffers and smaller tendons (Lat1 S
design) — significantly enhances compressive strength, energy ab-
sorption capacity, and deformation stability, particularly at higher 
relative densities and under dynamic loading conditions. The improved 
performance of Lat1 S is attributed to better load distribution facilitated 
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by the enlarged stuffers. These findings highlight a promising path-
way for optimizing auxetic metamaterials for demanding protective 
applications requiring high energy dissipation and structural integrity 
under impact. The validated FEM framework provides a reliable tool 
for further design exploration and optimization.

Future work should explore the performance of these optimized 
structures under more complex loading scenarios, such as multi-axial 
compression or combined compression–shear loading, which are often 
relevant in real-world impact events. Investigating alternative auxetic 
topologies and the potential of functionally graded density designs 
could offer further avenues for tailoring energy absorption charac-
teristics. Additionally, exploring the influence of different SLM pro-
cess parameters and post-processing treatments on the microstructure 
and resulting mechanical properties would provide a more compre-
hensive understanding for manufacturing robust and reliable auxetic 
components.
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Appendix A. DIC deformation analysis

See Figs.  A.30–A.32.

Fig. A.30. DIC deformation analysis along vertical and lateral direction, 𝜌𝑅 = 5%.
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Fig. A.31. DIC deformation analysis along vertical and lateral direction, 𝜌𝑅 = 10%.
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Fig. A.32. DIC deformation analysis along vertical and lateral direction, 𝜌𝑅 = 15%.
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Appendix B. FEM stress and deformation distributions

See Tables  B.7–B.9. 

Table B.7
FEM stress (a) and deformation (b) distributions, 𝜌𝑅 = 5%. Note: Dashed lines: deformation contours; Gray box: original geometry.
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Table B.8
FEM stress (a) and deformation (b) distributions, 𝜌𝑅 = 10%. Note: Dashed lines: deformation contours; Gray box: original geometry.
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Table B.9
FEM stress (a) and deformation (b) distributions, 𝜌𝑅 = 15%. Note: Dashed lines: deformation contours; Gray box: original geometry.

 

Data availability

Data will be made available on request.
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