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Static and dynamic response of SS316L thin-wall Origami and Auxetic structures 

fabricated through laser powder bed fusion 

 

Abstract 

In many engineering applications, vibrations are a constant concern, and mitigating their effects is crucial to preserve 

structural integrity, functionality, and overall safety. With their distinct geometry and material distribution, lattice 

structures are an intriguing solution to vibrational issues and additive manufacturing represents a production process 

that can meet the challenge of fabricating such geometries. This work represents a preliminary investigation of novel 

metal lattice specimens fabricated through additive manufacturing aiming at providing further insights into the field of 

damping of lattice structures. To this end, a laser powder bed fusion technique is used to fabricate SS316L thin-wall 

Origami and Auxetic structures. Defects analysis along with quasi-static and dynamic mechanical tests have been carried 

out. A numerical model to predict the stress distribution in the two structures have been developed as well. It was found 

that the mechanical response is influenced by defects resulting from the production process, such as porosity and 

dimensional errors. Furthermore, the results of the static tests show a notable decrease in the elastic modulus when 

compared to the bulk specimen, indicating that the thin-walled construction exhibits the scale effect. Dynamic tests 

have been carried out through the study of the Tan Delta parameter at different deformation and frequency amplitudes. 

The mechanical response presented by the two geometries is similar. For both structures, results indicate that Tan Delta 

decreases with the mean force, increases with frequency and stabilizes at high solicitation amplitude to approximately 

0.02. The highest Tan Delta was registered for the Auxetic structure measuring 0.073 at a mean force of -20 N, 0.006% 

deformation and 5 Hz. 
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1. INTRODUCTION 

Additive manufacturing comprises a family of production processes capable of producing complex geometries and 

customized components with reduced material waste when compared to traditional technologies. Furthermore, 

additive processes enable the fabrication of intricate structures in a single fabrication step, layer by layer, limiting the 

use of tools, and offering unprecedented design freedom and tunable mechanical and functional properties [1]. 

Selective laser melting (SLM) is the most exploited fabrication technology in the field of metals. SLM is a powder bed 

fusion process that uses a laser beam to selectively melt micrometric metal powder within a confined volume under 

inert atmosphere [2]. SLM has revolutionized the way metal parts are produced, allowing for the fabrication of 

integrated objects and internal structures. However, SLM is a complex technology since it requires the definition for 

each material of a large number of process parameters, scanning strategies and post processing surface finish and 

thermal treatments [3 - 7]. 

One of the most promising applications of additive manufacturing is well represented by the lattice structures. In recent 

years, lattice structures have gained significant attention in engineering and material science due to their exceptional 

combination of mechanical properties and versatility, as well as the possibility to obtain lighter structures. One area 

that has captured interest of researchers is the use of lattice structures for energy absorption, with the design of 

components capable to withstand impacts and dynamic loads [8 - 14]. Lattice structures can be defined as materials or 

geometries with a repeating and ordered arrangement of unit cells in three-dimensional space, forming a regular 

pattern throughout the material. The unit cell represents the smallest repeating geometric entity that characterizes the 

overall lattice structure. Lattice geometries can differ greatly in terms of their sizes, forms, and connections, which can 

result in a variety of mechanical and functional characteristics [15].  

This work is aimed to provide further insights into the field of damping of lattice structures. To this end, two lattice 

structures have been compared in terms of their static and dynamic responses. The geometries named Auxetic and 

Origami, come from the work of Mehrpouya M. et al. [16] where authors focused on assessing how different designs, 

materials, and process parameters impact the energy absorption properties of sandwich structures based on Shape 

Memory Polymers (SMP). In [16], these structures are subjected to compression testing to evaluate their energy 

absorption capabilities. Among the initial six designs, the Auxetic and Origami configurations were selected due to their 

high flexural stiffness-to-weight ratio. This characteristic gives them increased resistance against buckling and lateral 

deformations, making them well-suited for energy absorption applications. In [16] it is concluded that the auxetic design 

demonstrated robust mechanical strength, whereas the origami design exhibited slightly superior energy absorption 

due to its exceptional deformation characteristics. Due to the interesting results obtained in [16], here the Origami and 

the Auxetic structures are evaluated considering a metallic material. The two structures were fabricated through the 

selective laser melting process starting from a SS316L metal powder and analyzed to assess the morphology, defects 

and mechanical performance. 

SS316L lattice structures fabricated through SLM have been recently studied by other researchers. Olivas-Alanis et al. 

[17] investigated SS316L lattice architectures with body-centered cubic, hexagonal vertex centroid, and tetrahedron in 

two cell sizes and at two different rotation angles. They reported experimental and numerical analyses and concluded 

that SLM fabricates struts with dimension larger than the nominal one and with elastic modulus reduced with respect 

to that of the bulk. Furthermore, the different rotation angles resulted in a similar porosity level but different stiffness. 

Finally, they reported that the tetrahedron unit cell showed the smallest variation in the elastic modulus and off-axis 
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displacements due to the cell orientation. Moreover, compression tests on a SS316L lattice structures with a gyroid unit 

cell and diamond structures were investigated by Yan et al. [18] and Li et al. [19], respectively.  Furthermore, Jiang et al. 

[20] investigated the mechanical response of five SS316L face-centered cubic lattice structures with respect to the SLM 

process parameters to meet the mechanical requirements of human ribs. 

In the present work, along with the static response a thorough analysis is carried out to evaluate the damping response 

of the selected Origami and Auxetic structures. The damping behavior of SS316L specimens that embedded a lattice 

structure with body centered cubic cell with sides of 4 mm and beams of 1 mm in diameter, was studied by Rosa et al 

[21]. They concluded that lattice structures present higher damping capability with respect to the bulk specimens mainly 

ascribed to amplitude internal friction phenomena that occur at the beam joints and in the longitudinal beams.  

In the current work, the damping response was analyzed by studying the Tan Delta parameter (also known as the loss 

factor), which is a valuable metric for engineers and researchers working on structural damping applications. It provides 

insights into the dynamic behavior of materials and structures under cyclic loading conditions. Understanding and 

optimizing the loss factor is fundamental in designing structures that can effectively absorb and dissipate vibrations to 

prevent failure and ensure safety, efficiency and overall adequate performance. Furthermore, since it is dimensionless, 

it enables comparisons between structures with various sizes, shape, and geometries. Consequently, it has been 

selected as the principal parameter to assess the damping characteristics of the lattice structures in this study. The 

variations of Tan Delta were evaluated in relation to changes in mean force, oscillation frequency, and amplitude, which 

are essential variables for comprehending and refining the damping behavior of complex lattice structures. 

 

2. MATERIALS AND METHODS 

2.1 CAD models 

As case study, an origami and an auxetic geometry were selected due to the high energy potential [16]. Figure 1 depicts 

the two-dimension computer aided design (CAD) models of the selected thin-wall Origami and Auxetic structures. Both 

the two structures present a nominal wall size of 0.45 mm. To obtain the lattice solids, the surfaces represented in 

Figure 1 are 14.5 mm extruded.  

 

Figure 1. Nominal dimension of the Origami (a) and Auxetic (b) structures [16]. All sizes are in mm. 

Besides, dog-bone specimens were designed to study the material properties in tensile configuration. To this end, the 

ASTM E8 standard [22] has been followed for the definition of the specimen geometry. In Figure 2, a schematic 
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representation of the dog-bone specimen prescribed by the standard is presented. To replicate the characteristics of 

the thin-walled lattice geometries, the thickness of the dog-bone specimens was fixed to 0.5 mm. Since the standard 

considers specimens with larger size, it was decided to scale down the prescribed dimension. To this end, the actual 

dimensions were calculated by fixing the width of the specimen (wact) to 2 mm, while the remaining dimensions were 

determined proportionally to the recommended values. The related dimensions indicated by the standard and the ones 

derived for the present work are reported in Table 1. Due to the scale down of the cross-section, it is expected a 

drastic reduction of the mechanical properties. 

 

Figure 2. Standard dog-bone specimen for tensile tests of metals. G: gauge length; w: width; t: thickness; R: radius of 
fillet; L: overall length; A: length of reduced parallel section; B: length of grip section; C: width of grip section. 
 

Table 1. Dog-bone specimen standard (st) and actual (act) dimension (G: gauge length; w: width; t: thickness; R: radius 
of fillet; L: overall length; A: length of reduced parallel section; B: length of grip section; C: width of grip section; *: 

minimum; **: approximate;  𝑲 =
𝒘𝒂𝒄𝒕

𝒘𝒔𝒕
) 

Dimension [mm] Formula Standard, st [22] Actual, act 

G 𝐺𝑎𝑐𝑡 = 𝐾 ∙ 𝐺𝑠𝑡 25.0 8.3 

w fixed 6.0 2.0 

t fixed > 5.0 0.5 

R * 𝑅𝑎𝑐𝑡_𝑚𝑖𝑛 = 𝐾 ∙ 𝑅𝑠𝑡 6.0 5 

L * 𝐿𝑎𝑐𝑡_𝑚𝑖𝑛 = 𝐾 ∙ 𝐿𝑠𝑡 100 35 

A * 𝐴𝑎𝑐𝑡_𝑚𝑖𝑛 = 𝐾 ∙ 𝐴𝑠𝑡 32 15 

B * 𝐵𝑎𝑐𝑡_𝑚𝑖𝑛 = 𝐾 ∙ 𝐵𝑠𝑡 30 7.5 

C ** 𝐶𝑎𝑐𝑡 = 𝐾 ∙ 𝐶𝑠𝑡 10 3.3 

 

Furthermore, the material properties were also investigated through three-point flexural tests. To this end, bar 

specimens were designed to accomplish three-point bending tests according to the ASTM E290 [23].  Like the dog-bone 

sample, the bar thickness was set at 0.5 mm. Furthermore, the length and the width were respectively equal to 35 mm 

and 2 mm. 

The surface-to-volume ratio of the Origami and Auxetic lattice structures along with the dog-bone and bar specimens is 

respectively equal to 3.17 mm-1, 2.78 mm-1, 4.83 mm-1, 5.06 mm-1. 

 

2.2 Manufacturing 

The dog-bone and bar specimens as well as the Origami and the Auxetic structures were fabricated through a Renishaw 

AM400 printer adopting a reduced build volume (78x78x55 mm3). The AM400 is equipped with a 400W optical system 

able to generate a beam diameter of 70μm and capable of following different scanning strategies. The process was 

conducted at room temperature in controlled Argon atmosphere and the starting metal powder was the SS316L 

(Renishaw plc.) with particle size in the range from 15 to 45 µm. The samples and the structures were fabricated 
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following a meander strategy and with the main process parameters set to 195 W for the laser power P, 80 µs for the 

laser exposure time et, 60 µm for the point distance pd, 110 µm the hatch distance H and 50 µm for the layer thickness 

t. According to these parameters, the laser energy density E, defined as 𝐸 =
𝑃

𝐻∙𝑡∙
𝑝𝑑
𝑒𝑡

  [24], was 47 J/mm3. Furthermore, 

the printing of the dog-bone and bar specimens was carried out in two directions, 90° and 60° with respect to the 

building plate. Standard supports at the bottom face of the dog-bone and bar specimen were used. In addition, due to 

the small size of the walls, the Origami and Auxetic structures were fabricated with the main axis parallel to the building 

plate. This strategy enabled avoiding the use of supports whose removal at the end of the printing process would 

damage the parts. Before removing the objects from the plate, a stress-relieving treatment was applied to the plates in 

a static furnace at 450 °C for a duration of 2 hours, followed by a slow cooling to room temperature in furnace. The 

parts were removed from the plate through electro-discharge machining. 

 

2.3 Mechanical tests 

The mechanical tests were carried out through the Instron EP E3000 testing machine. Quasi static tests on dog-bone 

and bar specimens were used to estimate the material parameters used as input data of the numerical models of the 

lattice structures. 

Quasi-static tensile tests were conducted on the dog-bone specimens following the standard guidelines [22] to 

determine the elastic modulus, tensile yield strength, and the elastic-plastic curve of the material. Test was 

accomplished till failure on three different samples per building direction at strain rate of 0.015 min-1 which correspond 

to a rate of 0.225 mm/min. Similarly, quasi-static 3-point bending tests were carried out on the bar specimens in 

accordance with the standard guidelines [23] to determine the material flexural elastic modulus and the flexural 

strength. The distance between the lower supports was assessed following the ASTM guideline and kept equal to 21.5 

mm (±0.25 mm). Bending tests were carried out at 0.225 mm/min and three trials per building direction were carried 

out. 

Quasi-static uniaxial tests at 300 N/mm were accomplished on the Origami and Auxetic samples to evaluate the force 

versus displacement curve during compression till failure (for the Origami structure, the test was stopped at 

approximately 2800 N to avoid reaching the machine critical load). 

The Instron EP E3000 was also employed to assess the damping response of the Origami and Auxetic samples through 

the evaluation of the Tan Delta parameter. Dynamic tests were accomplished in force control mode. The applied 

dynamic force was obtained through the following relationship: 

𝐹(𝑡) = 𝐹𝑀 + 𝐹𝐴 ∙ sin⁡(2𝜋𝑓𝑡)          (1) 

where FM is the mean force, FA is the force amplitude, f is the solicitation frequency and t is the time. FA was calculated 

by means of the following equation: 

𝐹𝐴 = 𝐾𝑆 ∙ 𝐿 = 𝐾𝑆 ∙ 𝑑 ∙ 𝐿0           (2) 

where KS is the stiffness evaluated in a preliminary static test, d is the percentage of deformation and L0 is the high of 

the trabecular portion equal to 34 mm and 28 mm respectively for the Origami and the Auxetic structures. 

Two dynamic tests were performed to assess the damping response respectively as a function of the solicitation 

amplitude and as a function of solicitation frequency. 



6 
 

For variable amplitude tests, the frequency was kept constant at 5 Hz and tests were carried out at 12 deformation 

values spanning in the range from 0.003% to 0.03%. At each deformation, the test consists of 1000 cycles and Tan Delta 

was the average of the last 500 cycles. Furthermore, four different mean forces were considered: -20 N, -40 N, -80 N, 

and -120 N. For variable solicitation frequency analysis, tests were carried out at 0.5, 1 and 5 Hz, at an amplitude of 

0.006% and at a mean force of -40 N, -80 N and -120 N. At each deformation, the test consists of 1000 cycles and Tan 

Delta was the average of the last 500 cycles. 

For all dynamic tests, Tan Delta was calculated by the following formula: 

𝑇𝑎𝑛⁡𝐷𝑒𝑙𝑡𝑎 =
sin(𝑙𝑜𝑠𝑠_𝑎𝑛𝑔𝑙𝑒)

cos(𝑙𝑜𝑠𝑠_𝑎𝑛𝑔𝑙𝑒)
          (3) 

where the loss_angle was automatically calculated by the machine software through the correlation method as the 

difference between the force phase angle and the displacement phase angle. 

 

2.4 Defects analysis 

Observations were conducted through the stereo-microscope Leica Makroskop Wild M420 at various magnifications to 

examine geometric and material defects, including pores, re-fusions, and burn marks as well as dimensional checks. 

These measurements were carried out to evaluate the quality of the prints in terms of finish and surface roughness and 

to provide insights into the actual wall thickness. Polishing to a depth of 1 mm allowed for a comprehensive examination 

of wall thickness variations along the walls. Observations were accomplished on four walls for each specimen. In 

addition, the absolute density of the as-built SS316L specimens were measured by the Archimedean method through 

an analytical balance (Gibertini E50/S2); mean density was calculated over five measurements per sample. This 

measurement allowed for the estimation of the porosity of each sample as the percentage of one minus the ratio 

between the measured density of the sample and the tabulated density of SS316L bulk (7.9 g/cm3 [25]). 

 

2.5 Numerical analysis 

COMSOL Multiphysics® was used to predict the stress distribution in the Origami and Auxetic structures. To better mimic 

the real material, the Porous Plasticity sub node was used to simulate the porosity defects due to the additive process. 

The validation of the model was done by comparing the model prediction with the experimental response obtained 

through the tensile and three-point bending tests. 

2.5.1 Tensile and three-point bending models 

For tensile and three-point bending numerical models, a material card specific to the solicitation mode was obtained by 

calibrating the experimental stress-strain curves in both fabrication directions. The calibration was performed using an 

isotropic elastoplastic material model with a Poisson’s ratio of 0.28, which was then associated to the specific part. A 

standard physics-controlled mesh was selected. 

In the 3D numerical model of the tensile test, a fixed constraint was assigned to the bottom grip faces of the dog-bone 

specimen. Furthermore, the faces of the upper grip were rigidly connected to each other, and zero displacement in the 

plane perpendicular to the main axis was applied. The upper face was then subjected to a boundary load applied along 

the main axis direction to replicate the mechanical loading of the experimental test, ranging from 0 to 750 N (10 N step). 

A 2D numerical model was defined for the three-point bending test, comprising two distinct components. The first 

component represents rigid solid parts utilized to simulate the lower fixtures and the indenter of the experimental test. 
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For this component, the AISI 4340 steel material card was selected from the software library. The second component is 

the bar specimen. A coupling pair between the bar and the AISI 4340 parts was defined with a friction coefficient set to 

0.73. Furthermore, fixed constraints were assigned to the fixtures. In addition, a prescribed displacement in the vertical 

direction ranging from 0 to -3 mm (with steps of -0.05 mm) was applied to the indenter while the horizontal 

displacement and rotation were maintained at zero. 

 

2.5.2 Origami and Auxetic model 

The validated material parameters obtained from the tensile and three-point bending tests served as input data for the 

numerical analysis of the lattice structures. Static behavior was simulated to replicate the mechanical response, 

considering the effect of porosity and changes in size on the mechanical behavior. Furthermore, the impact of input 

data was also analyzed. 

In the models of the two structures, a fixed constraint was applied at the bottom plate faces. Furthermore, the faces of 

the upper plate were rigidly connected to each other, and the upper plate displacement in the plane perpendicular to 

the main axis was set to zero. For the static prediction, a boundary load from 0 to -2000 N (with steps of -100 N) was 

applied to the upper face in axis direction. 

 

3. RESULTS 

3.1 Morphology and Defects 

An example of the printed lattice structures attached to the building plate is reported in Figure 3. Detailed microscopy 

observations of the Origami and Auxetic samples highlights that the two geometries are well-preserved (Figure 4a and 

Figure 4b). The wall section is regular thanks to the printing strategy that allowed the structures to be fabricated with 

the main axis parallel to the building plate. This strategy avoided the coarse change of section due to the up-skin and 

down-skin effect [26, 27]. However, at higher magnifications (16X), it becomes visible that in all the angular points of 

the structure, the sharp edges tend to be rounded, as well as the vertical extremities along the structure edges. 

Additionally, some printing and fusion defects were observed at these points (Figure 4 c and d).  

 

Figure 3. Photographs of the SS316L Origami and Auxetic structures on the AM400 building plate (a) and before 
testing (b).  
Furthermore, the measured wall thickness differs from the nominal one due to partially melted particles and a rough 

surface with peaks and valleys, Figure 4e. When considering the highest peaks, the measured wall thickness is equal to 

0.47 mm (± 0.01 mm), approximately 4.4 % higher than the nominal one. To account for the non-uniform wall size, a 

mean wall thickness was considered. According to this the geometries’ thickness was adjusted to thickness values t of 
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0.424 mm and 0.430 mm respectively for the Origami and the Auxetic structures (standard deviation equal to 0.01 for 

both structures). This respectively leads to a thickness reduction of 5.8 % and 4.4% when compared to the nominal 

dimensions. Based on this, the numerical analysis was developed in order to account for the decreased wall thickness. 

 

Figure 4. Optical images of the Origami (a, magnification of 7x, and c, magnification of 16x) and the Auxetic (b, 
magnification of 6.3x and d, magnification of 16x) structures. e: Schematic representation of the real section. Dmax: 

maximum wall size; Dmean: mean wall thickness. Red circles highlight some points of printing defects. 
 

Printing defects were also evaluated through density measurements. Table 2 reports the density and the derived 

porosity of the dog-bone and bar samples and of the lattice structures. It can be observed that the Origami and the 

Auxetic structures present similar porosity values while the dog-bone and bar specimens have higher porosity than the 

two structures. Both density and porosity data listed in Table 2 were subsequently used as additional input parameters 

of the numerical models. Dog-bone and bar specimens' density and porosity input values were calculated as the average 

of the measurements made for the two examined directions. 

 

Table 2. Measured absolute density and calculated porosity of the dog-bone and lattice structures. 

 
Density 
[g/cm3] 

Porosity 
[%] 

Dog-bone 90° 7.57 ± 0.02 4.24 

Dog-bone 60° 7.71 ± 0.01 2.37 

Bar 90° 7.63 ± 0.01 3.41 

Bar 60° 7.58 ± 0.03 4.04 

Origami structure 7.82 ± 0.05 0.97 

Auxetic structure 7.80 ± 0.03 1.23 

 

 

3.2 Static Analysis and Numerical model 

Figure 5 reports the experimental and numerical tensile and flexural test curves. The respective mechanical 

characteristics are listed in Table 3 and Table 4. It is worth highlighting that the dog-bone specimen here studied shows 

the known scale effect which consists in a drastic reduction of the mechanical properties for parts with reduced cross-
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section. The mean elastic modulus registered for the two building directions is similar, and it is equal to 68 ± 2.3 GPa 

and 63.3 ± 2.3 GPa for the 60° and 90° building direction, respectively.  These values are approximately 33% of the bulk 

value (190 GPa). For the bending tests, the mechanical characteristics are affected by the scale effect in minor extent. 

Furthermore, it is evident that the flexural mechanical properties are influenced by the building orientation. It was 

observed that the 90° building orientated specimens have higher flexural modulus and lower flexural yield strength than 

the 60° one. 

   

Figure 5. Experimental (EXP) and numerical (NUM) curves of the quasi-static tensile and flexural tests respectively on 
the SS316L dog-bone and bar specimens. Green lines: specimens with the main axis inclined of 60° with respect to 
the building plate. Blue lines: specimens with the main axis inclined of 90° with respect to the building plate. 
 

Table 3. Mean mechanical characteristics of the SS316 specimen derived from the tensile tests. E: Young’s elastic 
modulus; YS: yield strength; ELB: elongation at break; UTS: ultimate tensile stress. 

Printing 
direction 

E 
[GPa] 

YS 
[MPa] 

ELB 
[%] 

UTS 
[MPa] 

60° 68 ± 2.3 380 ± 5 36.7 ± 3.2 543 ± 5.2 

90° 63.3 ± 2.3 376.6 ± 1.4 33.9 ± 3.7 515.7 ± 1.2 

 

Table 4. Mean mechanical characteristics of the SS316L specimen derived from the 3-point bending tests. Ef: flexural 
modulus; YSf: flexural yield strength. 

Printing 
direction 

Ef 
[GPa] 

YSf 
[MPa] 

60° 158.3 ± 10.2 392 ± 63 

90° 173.1 ± 14 357 ± 52 

 

The analyses on defects and the mechanical tests enabled to assess the complete input parameter list for the models 

of the dog-bone and bar specimens as well as of the Origami and the Auxetic structures, see the data listed in Table 5. 

To better mimic the behavior of the experimental tests, the input parameters E and σy of the Origami and Auxetic 

structures were changed consistently with the ranges presented in Table 3 and Table 4. 

Figure 6a and Figure 6b depict the quasi-static experimental and numerical curves obtained for the two lattice 

structures. It can be observed that the Auxetic structure has a higher stiffness than the Origami one which in turn is 

more ductile and reaches higher loads.  The figure also reports the stress distribution under -2 kN load (Figure 6c and 

Figure 6d). At this load, the Von Mises maximum stress registered in the two structures is 426 MPa and 452 MPa for the 



10 
 

Origami and the Auxetic lattice, respectively. It can be noticed that the highest stresses are in the points more 

susceptible to printing defects (see the micrographs of Figure 4). 

 

Table 5. Material parameters used in the numerical model of the dog-bone and bar samples, and for the Origami and 
Auxetic structures. 

PARAMETER 
Dog-bone 
specimens 

Bar 
specimens 

Origami 
structure 

Auxetic 
structure 

Density [g/cm3] 7.64 7.61 7.82 7.80 

Elastic  Modulus, E [GPa] 62 165.7 95 77 

Poisson, η [-] 0.28 0.28 0.28 0.28 

Yield stress, σy [MPa] 385 371 410 440 

POROUS PLASTICITY SUB NODE PARAMETER     

Porosity [%] 3.3 3.7 0.97 1.23 

 

 

Figure 6. Experimental (EXP) and numerical (NUM) curves of the quasi-static compression test on the Origami, a, and 
the Auxetic, b, structures. c: Stress distribution under -2 kN load. Insets in figures a and b represent the photographs 
of the structures at failure. 
The input data for the Origami and Auxetic structures were varied to assess the effects of the printing defects (porosity 

and reduction in wall size) on the mechanical performance. Specifically, input data with 0% porosity and nominal wall 

size were investigated. Additionally, the elastic modulus and the yield stress input data of the dog-bone and bar 

specimens’ models were examined. Figure 7a and Figure 7b illustrate that the reduction in wall size and the presence 
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of porosity lead to decreased mechanical performance. However, it is evident that the reduction in wall size (green and 

red lines representing nominal and real geometry, respectively) has a more significant impact on the mechanical 

response than porosity (dashed lines). Moreover, a stiffness inaccuracy of 15.5 % is observed when using nominal 

dimensions. Conversely, the effect of porosity is negligible for both structures. Furthermore, the numerical models 

developed here accurately predict experimental behaviors, with a 5% error in predicted stiffness for structures. Figure 

7c and Figure 7d depict numerical predictions obtained by substituting the elastic modulus and yield stress input data 

with those used for the numerical model of the tensile and three-point bending. It can be observed that this change in 

input data enables the definition of two areas in the Force versus Displacement field, each representing the variation of 

E and σy. Since the experimental work was accomplished on one single specimen per structure, these areas may be use 

to predict the mechanical response of larger families of Origami and Auxetic samples. 

 
 
Figure 7. Effects of porosity and wall size, a and b, and of the elastic modulus and yield stress, c and d, on the 
mechanical response of the Origami (a, c) and Auxetic (b, d) structures. 
 

 

3.3 Dynamic Analysis 

Figure 8 depicts the stress distribution in the most solicited portion of the Origami and the Auxetic structures under -

20, -40, -80 and -120 N, that are the FM values considered in the dynamic tests. The picture also reports the maximum 

Von Mises stresses registered at each considered FM. 
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Figure 8. Stress distribution in the Origami (a-d) and Auxetic (e-h) structures under FM equal to -20 N (a, e), -40 N (b, 
f), -80 N (c, g), and -120 N (d, h). σVM max is the Von Mises maximum stress registered in the structure. 
 

Figure 9 illustrates the damping response as a function of the solicitation amplitude of the two investigated lattice 

structures. In the graphs, mean Tan Delta values with respective standard deviations are reported. Common 

observations can be made for both Origami (a) and Auxetic (b) lattice structures. Notably, higher damping values were 

obtained for low mean forces, with Tan Delta peaks occurring at amplitudes in the range from 0.005% to 0.007%. 

Furthermore, the maximum Tan Delta is attained at an amplitude lower than 0.0075%. Tan Delta quickly reduces at 

larger amplitudes and stabilizes for both structures at approximately 0.017 for all mean forces taken into consideration. 

 

Figure 9. Mean Tan Delta versus solicitation amplitude of the Origami (a) and Auxetic (b) structures at different mean 
force FM: -20 N (blue), -40 N (orange), -80 N (green), -120 N (purple). Tests were conducted at 5 Hz. 
 

Figure 10 shows the damping response as a function of the solicitation frequency of the two structures. For the three 

mean forces under consideration, -40 N, -80 N, and -120 N, it can be seen that Tan Delta increases with frequency. Tan 

Delta, on the other hand, diminishes as the mean force increases, fully supporting the observations made for Figure 9. 

The dependence with the mean force is more evident for the Origami structure. With the exception of experiments 
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conducted at FM equal to -40 N and at frequency lower than 1 Hz, the areas in Figure 10 highlight that the Tan Delta of 

the Auxetic structure is higher than that registered for the Origami structure for the investigated values of FM. 

 

Figure 10. Mean Tan Delta versus solicitation frequency of the Origami (solid markers) and Auxetic (empty markers) 
structures. Mean force and test amplitude equal to -120 N and 0.006%, respectively. 
 

 

4. DISCUSSIONS 

Additive manufacturing is currently widely recognized as a process that enables to expand the production of industries 

by enabling the creation of complex three-dimensional objects directly from digital models. One of the most studied 

products of additive manufacturing is the lattice structure. The utilization of lattice structures for energy absorption, 

with the construction of components able to sustain impacts and dynamic loads, is one particular subject that has 

captured the attention of researchers. However, there are very few works that examine the dynamic behavior of lattice 

structures. Therefore, this work aims to fill this gap by investigating the static and dynamic response of two metal lattice 

structures fabricated through selective laser melting. A numerical model useful to predict the stress and strain 

distribution in the two structures was developed as well. 

The lattice geometries here studied were selected because both present a certain degree of complexity differentiating 

from each other in that one is made up entirely of straight segments while the other comprises curved parts connected 

by straight segments. The two peculiar geometries make one structure behave like an origami and the other like an 

auxetic material. 

Defects analysis of the printed parts, highlights that the Origami and the Auxetic structures present similar porosity 

values, approximately equal to 1%. On the other hand, the dog-bone and bar specimens have higher porosity than the 

two structures, probably ascribed to the low laser energy density as suggested by previous works [20, 28]. 

The input data of the numerical model of the lattice structures were derived from preliminary investigations on dog-

bone and bar specimens produced through selective laser melting, with dimension similar to the structures’ wall and 

respectively tested in tensile and three-point bending modes. Results highlight that the dog-bone specimens here 

studied shows the known scale effect which consists in a drastic reduction of the mechanical properties for parts with 

reduced cross-section. The obtained results are confirmed by literature [29 - 32]. In particular, it was found a mean 

elastic modulus of 63.3 ± 2.3 GPa. The same result was achieved by Hossain et al.  [29] who reported an elastic modulus 
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for SS316L thin structs of 61.5 GPa. As reported in [30], the scale effect of the mechanical characteristics is ascribed to 

the microstructure which changes with the decreasing of the wall size due to the change of the heat extraction direction. 

A significant variation in the microstructures of thin-walled 316L stainless steel samples with different wall thicknesses 

was also observed by Wrobel et al. [32] particularly when samples are all manufactured using laser powder bed fusion 

technique under the same processing conditions that were initially optimized for bulk samples, as was done in the 

present work. Furthermore, it was found that the bending behavior is less affected by the reduced size. 

As compared to the Origami, the Auxetic structure generally has larger Tan Delta values, which is consistent with earlier 

findings by using polymeric materials [16]. For both the two structures, a reduction of the dynamic properties of the 

structures with the increasing of amplitude was observed. This can be attributed to the increasing of the applied load 

amplitudes, resulting in greater local stresses. However, dynamic tests were carried out in the elastic domain of the 

structures. To this end, the test amplitudes range was chosen to prevent local plastic deformation. At the selected 

maximum amplitude of 0.03 %, the two structures achieve a maximum load of 𝐹𝑀𝐴𝑋 = 𝐹𝑀,𝑚𝑎𝑥 + 𝐹𝐴(0.03%) =

−120𝑁 − 𝐹𝐴(0.03%), which corresponds to 161 N and 157.1 N for the Origami and Auxetic structure, respectively. As 

can be seen in Figure 11, the maximum local strains are well below the critical values that induce plasticization in SS316L, 

and this is beneficial for a long fatigue life of both the structures. 

 

Figure 11. Strain distribution in the Origami and Auxetic structures at FM = -120 N and at 0.03%. 

5. CONCLUSIONS 

In this work, two thin wall SS316L structures from the origami and auxetic families, were fabricated using additive 

manufacturing and analyzed to assess the mechanical behavior in quasi static and dynamic conditions. The following 

key conclusions emerge from this work: 
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• Fabricating components as small as those investigated in this study requires meticulous selection of parameters 

and geometries. The choice of suitable supports and careful calibration of the printing parameters are 

fundamental for achieving high-quality results. 

• It has been confirmed that the scale effect significantly impacts the mechanical properties of materials. Small 

specimens, such as those examined in this study, exhibited reduced mechanical properties compared to bulk 

specimens or larger conventional printed parts. 

• The investigation of dynamic damping properties has yielded interesting results, confirming the advantages 

offered by additive manufacturing and lattice structures. Complex geometries not only to reduce weight but 

also to optimize performance, enabling tailoring of the structures’ behavior according to specific needs and 

application fields, highlighting the potential for advanced customization. 

In conclusion, this research has contributed to understanding the mechanical properties of austenitic steel lattice 

structures, especially with unconventional geometries. The challenges and insights gained from the study emphasize 

the importance of carefully considering material, scale, and defect management in the design and manufacturing 

processes. Moreover, the dynamic damping properties highlight the potential for innovative applications in various 

industries, showcasing the benefits of additive manufacturing and lattice structures. 
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