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Abstract
Background  Geometric parameter optimization, novel design, and mechanism modeling of auxetic materials have been 
widely studied. However, manipulating the topology of the 3d printed auxetic unit cells and its influence on the damage 
have yet to be explored.
Objective  This study aims to characterize the energy absorption properties and damage mechanisms of the modified auxetic 
unit cells.
Methods  In the current study, bending-dominated re-entrant auxetic unit cells (Cell0), torsion-dominated auxetic unit cells 
with cross elements (CellX), buckling-dominated auxetic unit cells with vertical elements (CellB), and bending-dominated 
auxetic unit cells with panels (CellW) have been fabricated by FDM (Fused deposition modeling). Uniaxial compression 
testing of the PLA (Polylactic acid) unit cells has been carried out, and a camera has observed their deformation behavior. 
SR- µCT (Synchrotron radiation microtomography) and an SEM (Secondary electron microscope) accomplished further 
damage analysis of the struts.
Results  Adding additional struts hinders the lateral shrinking of the re-entrant auxetics, and re-entrant auxetic unit cells 
with cross elements have shown higher energy absorption capacity and efficiency than others. The struts’ damage has been 
governed by building direction, printed material, and strut dimensions. Intra-layer and interlayer fracture of the layers and 
rupture in the circumferential direction of the PLA struts have been observed in the SR- µCT slices.
Conclusions  By additional struts, it is possible to fabricate complex auxetic structures with enhanced energy absorption 
properties, but their inherent characteristics dominate the damage of the struts in the auxetic unit cells.
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Introduction

Auxetic foams are unique cellular structures with a negative 
Poissons’ ratio, enabling lateral contraction of material upon 
compressive loading. This extraordinary material behavior 
results in enhanced indentation resistance [1], improved 
sound-damping abilities [2], and increased energy absorption 

capabilities [3, 4]. Auxetic materials have been exploited in 
various applications such as stent and orthopedic implant in 
biomedical applications [5], scaffold in tissue engineering 
[6], smart material in piezoelectric actuators, helmet in sports 
protective device, and crash absorber in automobiles [7].

2D hexagonal cellular structures with negative Poisson’s ratio 
were first demonstrated by Gibson et al. [8] in 1982. After that, 
Lakes [9] created the first 3D re-entrant auxetic unit cells by 
volumetric compression of the conventional open-cell foams 
in 1987. The studies regarding auxetic structures focused on 
the novel design and mechanism modeling of the 2D re-entrant 
unit cells [10–12], their transformation into 3D patterns [13–15], 
and geometric parameter optimization for enhanced mechani-
cal properties [16–18]. For instance, Peng and Bargmann [10] 
proposed a novel hybrid honeycomb structure by merging 
two hexagonal honeycomb unit cells. Using proper geometric 
parameters, they further demonstrated that auxetic behavior and 
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stiffness were enhanced for the hybrid honeycomb structure. 
Furthermore, Cheng et al. [11] showed that the configuration 
of re-entrant auxetic unit cells with different variable stiffness 
factors (such as re-entrant angle and strut thickness) resulted 
in an auxetic structure with tunable stiffness. With increasing 
development in manufacturing, the transformation of 2D aux-
etic structures into 3D designs is currently drawing significant 
attention. For instance, Ren et al. [13] generated 3D buckling-
induced brass auxetic materials and fabricated them using 3D 
printing. They highlighted that auxetic behavior disappeared in 
the buckling-induced auxetic materials when the base material 
changed from an elastomer to a ductile metal. Yang et al. [14] 
fabricated 3D auxetic Ti–6Al–4 V structures by electron beam 
melting. They reported that the ratio of vertical strut length to the 
re-entrant strut length significantly influenced the deformation 
behavior of the auxetic structure. As the geometric parameter 
of the unit cell significantly affects the auxetic behavior and 
deformation behavior, studies mainly concentrate on geometric 
parameter optimizations. For instance, Teng et al. [16] fabri-
cated 3D re-entrant 316L steel honeycomb structures and unit 
cells and improved energy absorption and compression stiff-
ness by modifying geometric parameters, including length-to-
height ratio, radius-to-height ratio, and thickness-to-height ratio 
using finite element simulation. They concluded that decreasing 
length and increasing thickness or radius boosted specific energy 
absorption. Fu et al. [18] proposed a novel 3D auxetic ABS 
(Acrylonitrile butadiene styrene) structure and tuned re-entrant 
angles on different faces; they could achieve a negative Poisson’s 
ratio in two orthogonal directions by configuring the design 
parameters. Bending is the dominant deformation mechanism in 
the proposed 3D re-entrant auxetic structures, resulting in a sta-
ble deformation [14, 16, 17]. Most parametric studies have been 
studied widely in the literature to achieve better energy absorp-
tion properties. Studies regarding manipulating cell structure 
by adding additional struts/cell walls are rarely found [19, 20].

Additive manufacturing is widely used for the fabrication 
of complex auxetic structures. Fused deposition modeling 
(FDM) process parameters and size effects significantly influ-
ence the mechanical and deformation behavior of auxetic 
structures with thin struts [21–24]. Process parameters such 
as building orientation, layer thickness, infill percentage, and 
raster angle significantly influence mechanical properties. For 
instance, decreasing layer thickness increases the strength, and 
increasing the infill density improves the mechanical proper-
ties of the parts [23]. Furthermore, Domingo-Espin et al. [24] 
revealed that Polycarbonate (PC) parts built up perpendicular 
to the building layer showed a lower fracture strain. In con-
trast, PC built up parallel to the building layer exhibited higher 
strength. Wang et al. [22] highlighted that the fracture mode of 
the FDM-printed PLA sample was heavily influenced by build 
orientation. The failure mode is interlayer fracture when the 
sample aligns to the building layer with an angle less than 45 

degrees, and in contrast, the fracture mode of the specimen is 
intra-layer. Sarvestani et al. [25] conducted low-velocity impact 
testing on the PLA auxetic sandwich panels fabricated by FDM. 
They observed delamination between the layers and cracks in 
the circumferential and radial directions of the panels using 
X-ray micro-tomography. Hernandez-Contreras et al. [26] car-
ried out a quantification analysis of the anisotropy and voids 
on the 3D-printed ABS samples using µCT. Furthermore, they 
developed a correlation between the orientation of the gaps and 
the mechanical properties of FDM products. In the literature, 
there is a lack of detailed studies regarding the process-property 
relationship for additively manufactured auxetic structures.

In the current study, we proposed the insertion of additional 
struts and cell walls to modify the cell property and control 
its deformation behavior. For this reason, we fabricated four 
different 3D PLA auxetic unit cells: i) re-entrant cells, ii) cells 
with cross element, iii) cells with buckling element, and iv) 
cells with panels by FDM process. Their deformation behav-
ior was characterized using a uniaxial quasi-static compres-
sion test and imaging with a camera. In detail, the damage 
of the PLA struts was investigated using synchrotron radi-
ated microtomography (SR- µCT) and a secondary electron 
microscope (SEM). Furthermore, finite element simulation 
of the unit cells was carried out, and results were validated 
with experimental results. The energy absorption properties of 
the unit cells were measured, and possible models for higher 
energy absorption properties of the auxetics were discussed.

Materials

Filaments

Unmodified and modified re-entrant auxetic unit cells were 
printed out of silver metallic color Polylactic acid (PLA) 
filament (Ultimaker, Utrecht, Netherlands). PLA filament 
has a diameter of about 2.85 ± 0.1 mm, a glass transition 
temperature of 60 °C, a melting temperature of 145–160 °C, 
and a density of 1.24 g/cm3 [27].

Design of Re‑entrant Auxetic Cells  
and Their Modification

Bending-dominated structures have lower structural stiff-
ness than stretch-dominated structures [28]. Maxwell’s 
stability criterion using the number of struts, s, and nodes, 
n, determines the cell deformation mode in three dimen-
sions as follows [28]:

If M < 0, the deformation mode is bending-dominated. 
Suppose M ≥ 0 , the deformation mode is stretch-dominated. 

(1)M = s − 3n + 6



641Experimental Mechanics (2024) 64:639–653	

Structures can be buckling-dominated and torsion-dominated 
depending on the strut thickness, length, and strut orientation 
concerning the loading axis [29].

In the current study, we created bending-, buckling- and 
torsion-dominated lattice structures using additional strut and 
cell wall elements in re-entrant auxetic unit cells to tune and 
control the mechanical properties of the unit cells. In Fig. 1, a 
re-entrant auxetic cell (Cell0, bending-dominated), a re-entrant 
auxetic cell with a cross (X) element (CellX) aligned perpen-
dicular to the loading axis (torsion-dominated), a re-entrant 
auxetic cell with buckling elements (CellB) aligned parallel to 
the loading axis (buckling dominated), and a re-entrant auxetic 
cell with two cell walls (CellW, bending-dominated) deployed 
on the reciprocal faces are demonstrated. 2D and 3D patterns 
of Cell0 were demonstrated in Fig. 1(e and f). Dimensions of 
each unit cell design are shown in Table 1.

Methods

Fabrication Method

Unmodified and modified re-entrant auxetic cells were 
fabricated by the FDM (Fused deposition modeling, Ulti-
maker III extended, Utrecht, Netherlands) process. 3D 
models of re-entrant auxetic cells were generated using 

CAD (Computer Aided Design) software. CAD data 
was transformed into the STL file, and subsequently, the 
G-Code of the specimen was created using slicer soft-
ware (Cura, Ultimaker, Utrecht, Netherlands). 3D print-
ing parameters of the unit cells are presented in Table 2. 
Retraction settings were optimized by trial-and-error 
method. Retraction speed and distance were set to 6.5 mm 
and 25 mm/s, respectively, to eliminate stringing (SFig. 1). 
In the current study, all unmodified and modified aux-
etic cells were fabricated with an infill density of 100% 
to ensure the stability of the struts. A grid infill pattern 
and a tree support structure were implemented to print 
the unit cells.

Mechanical Testing

Quasi-static compression tests of the unit cells were con-
ducted with a universal testing machine Shimadzu AGX-V 
(Kyoto, Japan) outfitted with a load cell of 100 kN pos-
sessing a resolution of ± 0.5% indicated test force. Aux-
etic cells were compressed with a strain rate of 10–3 s−1 

Fig. 1   Design model of four 
auxetic models: (a) bending-
dominated re-entrant auxetic 
cell (Cell0), (b) torsion-dom-
inated re-entrant auxetic cells 
with a cross element (CellX), 
(c) buckling-dominated 
re-entrant auxetic cell with 
buckling elements (CellB), 
and (d) bending-dominated re-
entrant auxetic cell with panels 
(CellW). (e) 2D and (f) 3D 
pattern models of Cell0

Table 1   Dimensions of the auxetic unit cells

Dimension

Height of the cells (H) 50 mm
Length of struts (L) 50 mm
Strut thickness (t) 3 mm
Re-entrant angle ( �) 54.74 degrees

Table 2   Printing parameters of the fabricated auxetic re-entrant unit cells

Parameters Value

Nozzle Diameter 0.4 mm
Layer Thickness 0.06 mm
Infill Density 100%
Support Type Tree
Support Branch Distance 1 mm
Bed Temperature 60 °C
Nozzle Temperature 210 °C
Infill Pattern Grid
Printing Speed 60 m/s
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(ASTM D695-15 [30]). The shortening of the auxetic cells 
was measured from the displacement of the crosshead in 
the machine. A 2-megapixel CCD camera was utilized to 
image the sample surface during compression testing to 
characterize the deformation behavior of unit cells. In the 
case of tensile testing, a 3D CAD model of the ASTM 638 
type II tensile specimen was created using CAD software. 
CAD models (stl. file format) were imported into the open-
source slicer software Cura, and G-Code was generated. 
The specimen models were placed at 0°, 30°, 45°, and 60° 
angles to the printer bed and built up with the same printing 
parameters as unit cells (Table 2). Tensile specimens were 
pulled with a displacement rate of 5 mm/min (SFig. 2). A 
video extensometer measured the elongation of the sam-
ples. PLA had a nonlinear elastic behavior, and the elastic 
modulus of the specimens was measured from the tangent 
modulus as described in ref [31]. At least five and three 
samples were tested for each unit cell and standard tensile 
specimen, respectively.

Loading modulus, yield strength, peak stress, and fracture 
strain were determined from the stress–strain curves of the 
unit cells. The loading modulus was measured as a slope 
from the initial loading line in the stress-strain curves. Peak 
stress is determined as the maximum stress in the stress-
strain curves. Fracture strain was determined at strain where 
a significant stress drop occurs due to the rupture.

The energy absorbed per unit volume, Uv, by the auxetic 
structure is the area under the stress-strain curve up to the 
fracture strain, εf [32]:

The energy absorbed per unit mass (Um) by the auxetic 
structure is calculated by dividing Uv by cell density ( �c).

Energy absorption efficiency, � , is the ratio between the 
energy absorbed by an auxetic structure and the energy 
absorbed by an ideal system [33]. Efficiency is expressed 
as a percentage:

Physical properties of auxetic foam structures

The density of the auxetic cells was calculated by dividing 
the mass of the cells by their volume. As a volume, a cubic 
shape was assumed. The weight of the sample was meas-
ured with a digital microbalance. The volume of the printed 
auxetic cells was measured with a caliper. The relative den-
sity of the cells was calculated by dividing cell density by 
PLA strut density. The density of the printed PLA strut was 

(2)Uv = ∫
�f

0

�(�)d�

(3)

�(�) =
∫ �

0
�(�)d�

�max(�)�
∗ 100 =

Energy absorption by a structure

Energy absorption by an ideal absorber

measured by Archimedes method ( �s = 1.24g∕cm3 ). A preci-
sion microbalance Radwag AS 220.R2 (RADWAG Balances 
& Scales Radom, Poland) outfitted with a density determi-
nation kit was used for the Archimedes method. The read-
ability of this microbalance is 0.1 mg, and the max capacity 
is 220 gr.

The average measured mass of the cells was divided by 
the CAD volume of the cells ( 53 × 53 × 53mm ) to calculate 
the cells’ theoretical density.

Fracture Observations

Struts in damaged cells were extracted with a side cutter. 
The struts were mounted upright and fixed by dental com-
posite for scanning by a synchrotron radiation-based X-Ray 
microtomography (SR-μCT) setup at BAMline of BESSY 
II [34] of the HZB (Helmholtz Centre Berlin for Materi-
als and Energy, Berlin, Germany). The beam had a parallel 
geometry and was monochromatic at 24 keV. Struts were 
imaged with effective pixel resolutions of 1.44 or 3.61 μm. 
The distance between the specimen and the detector was 
100 mm. The reconstruction of the CT data was carried out 
using an in-house script. A qualitative demonstration of the 
tomography rendering was conducted using Image J [35] 
and CT-Voxel (Bruker Corporation, Massachusetts, USA).

Fracture surfaces of the samples were investigated by 
scanning electron microscope (SEM, Thermo Fisher Quattro 
ESEM FE-SEM, Waltham, USA). Imaging in the SEM was 
performed in the secondary electron mode with an accelerat-
ing voltage of 2 kV.

FE Modelling

CAD models of auxetic cells were imported into FE software 
(Abaqus 6.12–2, Dassault Systèmes Simulia Corp., Provi-
dence, RI, USA). A 3D volumetric mesh with 4-node linear 
tetrahedron elements (C3D4) was generated for auxetic and 
modified cells sized 53 × 53 × 53 mm3. The different num-
ber of elements used for each model ranged from 249,152 to 
668,169, which exhibited mesh convergence (Table 3) accord-
ing to mesh sensitivity study (SFig. 3(a). A reference point 
coupled with a rigid platen was fixed at one end using tie con-
straint (SFig. 3b). In contrast, the opposite sample side was 
associated with a second rigid platen applying compression 
loading up to a specific displacement for each model (Table 3). 
General contact was defined using the penalty method with a 
friction coefficient of 0.15. Only elastic material behavior was 
assigned based on our tensile test results on standard printed 
PLA samples (Supplementary Fig. 2). Accordingly, the con-
stitutive material parameters were elastic modulus E = 2461 
(MPa, Poisson’s ratio � = 0.325 [36], and density ρ = 1.24 g/
cm3. Two rigid platens were created and meshed with linear 



643Experimental Mechanics (2024) 64:639–653	

quadrilateral elements of type R3D4. The Poisson’s ratio of the 
auxetic unit cells was measured from a single node at the exte-
rior surface of the struts (marked in Supplementary Fig. 3(c)). 
The simulation was repeated for each unit cell with a 3-, 6-, 
and 9-mm strut diameter. A dynamic explicit solver was imple-
mented to assess the quasi-static elastic deformation in the 
single cells. A quasi-static deformation of the auxetic cells 
was accomplished within 0.01 s. For elastic models, the kinetic 
energy of the deformed material was not allowed to exceed 5% 
of its internal energy throughout the simulation [37].

The axial strain ( �y) , the transverse strain ( �x) and the Pois-
son’s ratio ( � ) of the unit cells were determined by using fol-
lowing equations:

where Ho is the initial height and Bo is the initial distance 
between two points from the exterior surface of the strut 
(SFig. 3(c)).

Results

3‑D Printed Cell Structures

Designed and fabricated auxetic cells differ from each 
other in the FDM process. The theoretical and measured 
average densities, measured mass, and measured relative 

(4)�y =
ΔH

Ho

,ΔH = Ho − Hi

(5)�x =
ΔB

Bo

,ΔB = Bo − Bi

(6)� = −
�x

�y

densities of the modified and unmodified auxetic cells are 
tabulated in Table 4. While the theoretical density of Cell0, 
CellX, and CellB is higher than the measured cell densi-
ties, the theoretical cell density of CellW is lower than the 
measured cell density. There are remarkable fluctuations 
in the measured mass of the unit cells, showing that differ-
ent amounts of material have been deposited at the same 
volume during printing.

Mechanical Properties

Figure 2(a and b) demonstrate the mean stress–strain and 
mean normalized ( �∕�rel ) stress–strain curves of the unmod-
ified and modified re-entrant auxetic cells, respectively (Full 
curves are demonstrated in supplementary SFig. 3). Cells 
with buckling elements showed the highest strength and the 
lowest ductility. In contrast, unmodified re-entrant auxetic 
cells exhibited the lowest strength and the highest elastic-
ity. Cells with cross elements exhibited a short smoothing 
plateau, while others showed no significant plateau regime, 
and sudden rupture was observed. Cells with cross elements 
were stronger than re-entrant auxetic cells and cells with 
panels. Additional cell walls slightly increased the strength 
but decreased the fracture strain of the re-entrant auxetic 
cells.

Cells with a panel showed the highest energy absorp-
tion. In contrast, re-entrant auxetic cells exhibited the low-
est energy absorption capacity (Fig. 2(c)). Cells with cross 
elements depicted the highest energy absorption efficiency 
(Fig. 2(d)). In contrast; they showed a moderate energy 
absorption capacity due to their lower density as compared 
to cells with panels. In the case of eliminating the density 
effect by calculating energy absorption per mass, cells with 
cross elements showed the highest energy absorption capac-
ity per mass (Table 5). Re-entrant auxetic cells distinctly 
showed the lowest values for energy absorption capacity per 
mass.

Deformation Behavior of Cells

At the macroscale, the cell deformation behavior of speci-
mens is demonstrated in Fig. 3 (Supplementary Video 1). 

Table 3   Modeling input parameters for compression simulation of the 
auxetic cells

Cell0 CellX CellB CellW

Number of elements 242,594 268,191 310,300 668,169
Cell displacement (mm) 4 0.78 0.52 3.12

Table 4   Theoretical and 
measured cell densities

± indicating standard deviation

Specimen Theoretical cell 
density
(g/cm3)

Measured mass
(g)

Measured cell density 
(g/cm3)

Measured 
relative density 
(%)

Cell0 3.5*10–2 4.76±0.08 3,2±0.06*10–2 2.6
CellX 3.7*10–2 5.14±0.10 3,5±0.07*10–2 2.9
CellB 4.6*10–2 6.21±0.14 4.2±0.10*10–2 3.5
CellW 9.5*10–2 14.50±0.11 9.7±0.08*10–2 8.2



644	 Experimental Mechanics (2024) 64:639–653

Here, strains corresponding to the values are shown in 
Fig. 2(a). At a strain of 4% (corresponding to Fig. 2(a), re-
entrant auxetic cells (Cell0) underwent elastic deformation. 
At a strain of 7.5%, corresponding to the fracture strain of 
the cell, the inner strut failed in the vicinity of the connec-
tion point of the inner struts. A white arrow pointed to the 
fracture point in the re-entrant auxetic cell. In the case of 
cells with cross elements (CellX), struts failed through tor-
sional elastic deformation at a strain of 1% (Fig. 3(b). At a 

strain of 2.8%, struts failed by twisting at the connection 
point of the cross elements and inner struts. In the case of 
cells with buckling elements, struts were deformed by elastic 
buckling at a strain of 0.5% (Fig. 3(c). Further loading up 
to a strain of 1.1%, struts failed catastrophically due to the 
buckling. In the case of cells with panels, elastic deforma-
tion of panels was observed at a strain of 3% (Fig. 3(d). At 
a strain of 6.2%, cell walls failed at the panels’ connection 
line (white arrow).

Fig. 2   (a) Mean stress-strain and (b) mean normalized stress-strain curves of the unmodified and modified unit cells, (c) Mean energy absorption 
capacity versus strain curves, and (d) mean energy absorption efficiency versus strain curves

Table 5   Average mechanical properties of the unmodified and modified cells

Samples Elastic modulus
(kPa)

Peak stress
(kPa)

Fracture strain (%) Energy absorption 
capacity (J/mm3)

Energy absorption 
per mass (kJ/g)

Energy absorption 
efficiency
(%)

Cell0 165.6 ± 6.8 11.94 ± 0.78 8.56 ± 0.94 0.20 ± 0.04 6.4 ± 1.2 51 ± 2
CellX 11,631.6 ± 2086.8 70.18 ± 7.47 1.54 ± 0.26 0.62 ± 0.20 17.7 ± 5.8 56 ± 4
CellB 25,886.0 ± 2436.5 151.29 ± 20.76 1.23 ± 0.10 0.48 ± 0.08 11.5 ± 1.8 56 ± 4
CellW 1805.4 ± 59.1 85.72 ± 2.72 6.29 ± 0.13 1.07 ± 0.06 11.1 ± 0.6 51 ± 1
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Fig. 3   Figures revealing cell collapse behavior of (a) re-entrant auxetic cell at 4 and 7.5% strain, (b) cells with cross elements at 1 and 2.8% 
strain, (c) cells with buckling element at 0.5 and 1.1% strain, d) cells with the panel at 3 and 6.2% strain. (a) In re-entrant auxetic cells, struts 
fail at the connection point. The white arrow points to the ruptured strut. (b) In the case of cells with cross elements, struts fail through torsion 
(white arrow). (c) Struts failed through buckling, indicated with white arrows. (d) Cells with panels failed at the connection point of the panels 
(white arrow)
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Modelling Results

Stress-strain curves from the experiment and FE simula-
tion have well matched each other (Fig. 4). Only the peak 
stress of the CellB could not be well estimated; the cell with 
buckling element overestimated the peak stress. The cell 
with cross-element stress fluctuates after reaching the peak 
stress, as observed in the experiment. Only cells with panel 
curves were slightly underestimated by simulation, as seen 
in Fig. 4(a). When the strut diameter was increased, nor-
malized stress increased substantially in Cell0, CellW, and 
CellX. However, in the case of CellB, no significant increase 
was observed up to the strain of 0.008. Over the strain of 
0.008, stress drops were observed in the case of CellB with 
a diameter of 3 mm. Interestingly, CellB with diameters of 6 
and 9 did not show any stress drops. Unmodified and modi-
fied re-entrant auxetics showed a negative Poisson ratio. 
There is a scattering in the Poisson’s ratio versus strain, 
as demonstrated in Fig. 4(b). The highest average negative 
Poisson’s ratio was -3.4 for the cell with panel (CellW with 
D = 3 mm). The average negative Poisson’s ratio of Cell0 
with a strut diameter of 3 mm was determined to be -1.79. 
Unit cells with the cross (CellX with d = 3) and buckling 
(CellB with d = 3 mm) elements exhibited the lowest aver-
age negative Poisson ratios (-0.48 and -0.29, respectively). 
With the increased strut diameter, the negative Poisson’s 
ratio apparently decreased.

Von Mises stress distribution differs for each re-entrant 
modified and unmodified auxetic structure (Fig. 5). Stress 
is localized at the connection point of the inner struts in 
the unmodified re-entrant auxetic cells (Fig. 5(a)). In the 
case of a cell with cross element, stress concentrates at 
the connection point of the inner struts and cross elements 
(Fig. 5(b)). In the cells with buckling elements, stress 

localized on the lateral side of the strut, and lower stress 
was observed at the connection point of the inner struts 
(Fig. 5(c)). In cells with panels, stress concentrates on 
the connection point of the cell walls (Fig. 5(d)). Further 
concentration has been observed on the connection point 
between the struts and the lower and upper part of the 
cell windows.

Damage Observations in Struts

A brittle fracture of the PLA struts was observed in each cell 
structure. The delamination and cracking of the inner layers 
were observed in all fracture surfaces of the struts in modi-
fied and unmodified auxetic cells. Red arrows in Fig. 6a–c 
indicate the pores in the fracture surfaces. The most signifi-
cant damage and the highest amount of delamination were 
observed in the buckled struts. Blue dashed lines showed the 
cracking between the layers on the cell wall.

Using synchrotron µCT, the influence of damage mode 
on the fracture has been investigated in detail. A 3D render-
ing of the strut in re-entrant auxetic cells failed by bending 
was demonstrated in Fig. 7(a). The green square indicated 
the portion of the sample extracted and scanned. In the 
longitudinal section of the strut, delamination of the inner 
layer (intra-layer fracture) underneath the fracture surface 
becomes visible (Fig. 7(b)). Separation in each layer initi-
ated with micropore formation as seen in Fig. 7(b). A 3D 
rendering of the connection point of the struts, cut from 
the cells marked by green square, revealed in Fig. 7(c). 
Virtual cut is created at the position marked with a blue 
dashed line. In the cross-section of this virtual cut, rup-
ture of the layer material due to the shear stresses were 
observed (Fig. 7(d)). Red asterisks indicate the ruptured 
layer material in the 2D. A buckled strut was extracted 

Fig. 4   (a) Normalized stress–strain curves from the experimental and simulation results of the re-entrant auxetic cells (Cell0), cells with cross 
element (CellX), cells with buckling element (CellB), and cells with the panel (CellW) with different strut diameter (D) spanning from 3 to 9. 
(b) Poisson’s ratio distribution of unmodified and modified re-entrant auxetics with different strut diameter (D) versus strain
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from the geometry marked with a blue square. 3D-ren-
dering of the fracture surface was revealed in Fig. 7(e). 
A virtual cut from the buckled strut was carried out as 
indicated by a blue dashed line. In the buckled strut, severe 
deformation could be observed in the longitudinal section, 
as demonstrated in Fig. 7(f). There is not only delamina-
tion of the layers in parallel to the building direction (red 
dashed lines) but also there is a delamination of the layers 
in the perpendicular direction (interlayer fracture) to the 
building direction (blue arrows).

Discussions

Auxetic Unit Cell Design

Re-entrant auxetic unit cells were modified to control the 
energy absorption of the auxetic structures. By adjusting 
the unit cell with additional struts and cell walls, auxetic 
behavior can disappear. In addition, selected strut material 
can influence the auxetic behavior of the unit cells. With 
the expansion of the buckling element, shrinking in the 
lateral direction was hindered, and the buckling element 
ruptured due to the brittle behavior of the PLA before 

the inward shrinking of the re-entrant struts. The study 
reported that an elastomeric strut material could maintain 
the auxetic behavior [13]. Furthermore, large deformations 
could be carried by the unit cell, which was not applied 
in the current work. In the case of CellX, cross elements 
retard the shrinking re-entrant struts inward, which lowers 
the auxetic behavior of the unit cells. After fracture of the 
re-entrant strut, lateral shrink of the cell can be observed; 
however, we have not applied large deformations on the 
unit cells. The reason is that unit cells deform with a very 
unstable deformation behavior at large deformation (Sup-
plementary Fig. 2). This irregular deformation may be 
compensated by neighboring cells and strut when the cells 
are patterned. CellO and CellW showed auxetic behavior 
as expected. Fabrication of the unit cells by the FDM pro-
cess was challenging, and therefore, we have chosen those 
dimensional parameters that enable the fabrication of the 
unit cells without defects. Parametric studies are not in 
the scope of the current paper and have not been carried 
out in this work. We worked on unit cells rather than pat-
terned structures in the present work. Those unit cells are 
patterned to observe an extended plateau regime for energy 
absorption applications. In future works, we intend to deal 
with patterned designs.

Fig. 5   Von Mises stress distribution in the re-entrant auxetic cells, (b) cells with cross element, (c) with buckling element, and (d) with the 
panel. (a) Stress concentrates mainly on the connection point in the inner strut. (b) Stress concentrates in the intersection point of the struts. 
(c) In the buckling element, stress is concentrated in the middle of the strut. (d) Stress concentrates in the connection point of the panels
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Effects of Additional Struts and Walls 
on the Mechanical Properties

Mechanical properties of the developed unit cells were 
governed here by the cell structure. By modification of the 
cell structure by buckling and cross elements, strength was 
increased, and peak stress was followed by strain softening. 
Effects of increasing auxetic structure density due to the 
additional struts and panels on the mechanical properties are 
negligible according to the normalized stress–strain curves 
(Fig. 2(b). CellW showed a higher strength than Cell0. 
This can be attributed to the stretching of the panels, which 
increases the stiffness and stability of the unit cell.

The energy absorption property of the unit cells is heavily 
influenced by stiffness, strength, and fracture strain. Cell0 
and CellW showed higher fracture strain than others; how-
ever, their stiffness and strength are lower than others. For 
energy absorption properties, stiffness and strength are the 

dominating factors when the difference in strength is enor-
mous. Therefore, CellX has the highest energy absorption 
capacity per mass and high efficiency. Energy absorption 
efficiency depends on the unit cells' stress–strain curve 
shapes. Stiffness, the strength of unit cells, and the flatness 
of the plateau regime are essential parameters in energy 
absorption efficiency [38].

The Poisson’s ratio is a maximum of -4 for the CellW, 
consistent with the analytical and experimental measure-
ment in the study reported by Subramani et al. [39]. Sub-
ramani et al. [39] further demonstrated that the Poisson’s 
ratio changed with re-entrant angle: Poisson’s ratio of aux-
etic structure spanned from -4.57 to -7.05 at angles between 
74.5 and 85 degrees. The Poissons’ ratio concerning the 
strain fluctuated due to the change in the lateral shrinking. 
Movement of the inner struts inward during compression 
influences the re-entrant angles, modifying lateral shrinking. 
Unit cells with panels showed the highest energy absorption 

Fig. 6   Fracture surfaces of the struts in the (a) re-entrant auxetic cells failed by bending, (b) cells with cross element failed by torsion, (c) cells 
with buckling element failed by buckling, and panel in the d cells with the panel failed by bending. Red arrows point to the pore formation in 
the interface between the print layers in (a, b, and c). In the fracture surface of the panel, dashed blue lines indicate the cracks in the interface 
between the print layers
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capacity with the highest negative Poisson’s ratio. The high-
est negative Poisson ratio indicates lateral shrinking is more 
significant, improving energy absorption capacity by hinder-
ing axial compaction.

Damage Behavior of Modified Auxetic Cells

Damage behavior in the struts was heavily influenced by 
several parameters, including the orientation of the struts to 
the building direction, strut dimensions, and material used 
in the FDM process. The orientation of the struts and their 
connection with the neighboring struts determine the defor-
mation mode of the struts, such as twisting and buckling 
mechanisms of the additional struts in the CellX and CellB. 
The slenderness ratio is an essential parameter for critical 
stress ( �cr ) developed in the buckling element.

where L/k is the slenderness ratio, E is the elastic modulus, 
L is the strut length, and k is the radius of gyration (d/4 for 
circular cross-section) [40]. In our design, the slenderness 
ratio is 66.67, and critical stress is calculated to be 5.3 MPa, 
which is relatively lower than the yield strength of the struts 
(~ 20 MPa), leading to the fracture of the struts due to the 
buckling. Our findings are consistent with the results of 
Torre et al. [41]. They demonstrated that buckling occurs 
in 3D-printed PLA specimens when the slenderness ratio 
exceeds 9.5. They measured the yield stress at about 60 MPa,  
and the critical stress was around 50. In our study, with diame-
ters increasing to 6 and 9 mm, the slenderness ratio decreased  
to 29.33 and 18.22, and critical stress increased to 28.2 and 

(7)�cr =
�
2E

(L∕k)2

Fig. 7   3D rendering and 2D synchrotron μCT slice of the struts extracted from compressed unit cells. (a) A 3D rendering of bent struts in Cell0 
reveals that printing layers are tilted with an acute angle. (b) Red arrows point to the delamination of the printing layers (intra-layer fracture) due 
to the bending. (c) Node in the connection point of the three struts are highlighted by 3D rendering. Printing layers have various orientations for 
each strut. (d) Strut cross-section virtually cut from the CT slice (blue dashed line, d) Red asterisks “*” point to the circumferential rupture of 
the deposited material by shear forces. (e) The 3D rendering of the buckling element demonstrates a fracture surface. (f) The longitudinal section 
of the buckling element was demonstrated by the virtual cut from the CT slice (blue dashed line, (f).  Red dashed lines point to the delamina-
tion of the printing layers in the parallel direction (intra-layer fracture) to the building direction, and blue arrows point to the delamination of the 
printing layers in the perpendicular direction (interlayer fracture) to the building direction
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73.2 MPa, respectively. In the case of CellB with diameters of 
6 and 9, buckling is not expected, and struts fail by compres-
sion deformation (yielding at about 20 MPa). Therefore, we 
did not observe a stress drop over a strain of 0.008 for the unit 
cells with strut diameters of 6 and 9 mm (Fig. 4(a)).

In the case of CellX, the twisting angle is directly propor-
tional to the re-entrant strut length and inversely proportional 
to the fourth power of the strut radius. PLA is sensitive to 
shear deformation due to its lower shear strength (~ 11 MPa 
[42]) than yield strength. Therefore, CellX has a lower frac-
ture strain than Cell0 and CellW. Increasing the strut diameter 
obstructs the twisting, and struts tend to fail by compression.

Increasing the strut diameter of the auxetic unit cells 
improved their mechanical properties. Cell0 and CellW 
mainly fail by bending due to the re-entrant struts/walls, 
and the second moment of inertia increases by diameter, 
increasing the bending stiffness. The compressive stresses 
dominate the unit cell deformation in the case of Cell0 and 
CellW with large diameters (> 3 mm).

In the damage of the 3D printed struts, intra-layer, inter-
layer fracture of the layers, and rupture of the deposited mate-
rial have been investigated (Figs. 6 and 7). In the case of struts, 
fractures of the deposited material and layers become visible; 
cracks have been observed in the case of panels. Panels have 
large cross-sections, and the number of layers and deposited 
material in the cross-section is more significant than the struts. 
Moreover, the panels have a higher moment of inertia than the 
struts; therefore, damage to the panels is minor (Fig. 6(d)). A 
sketch representing the damage modes in the unmodified and 
modified auxetic unit cells is given in Fig. 8.

In the case of unit-cell design, various design param-
eters could be controlled easily; however, in the FDM 
process, there are essential characteristics such as layers, 
building direction, constraints in design for printing, and 
limits in material selection. Those features greatly influ-
ence the damage and mechanical properties of the struts 
and unit cells. For instance, Kiendl and Gao [43] demon-
strated that alternating raster layers built up symmetrically  
about the loading axis improved the strength and tough-
ness of the materials. These proposed raster layups also 

inhibit the delamination of the deposited materials. How-
ever, in our case, the strut thickness was 3 mm, which  
was relatively small, and raster mode could not be applied 
due to the small cross-section. Furthermore, the damage 
and deformation in the patterned structure can be different 
due to the influence of the neighboring cells, which will 
be investigated in our future work.

Theoretical and measured cell densities differed due to 
the thermal expansion and contraction during printing. In 
the case of CellW, the measured cell density was higher 
than the theoretical density, while the theoretical density 
was higher for the others. More material was deposited in 
the panels than in struts; therefore, cell volume expansion 
could occur lower than in others.

Imperfection and Anisotropy in the Printed Struts

Our experimental results match the simulation results 
well. Deformation behavior and stress–strain curves were 
successfully reproduced. However, slight differences in 
the peak stress and fracture strain have been revealed. 
Fabrication features and defects in the models created by 
CAD software are not considered (Fig. 9). Those defects 
are summarized as i) warping of the unit cell bottom 
(Fig. 9(a), ii) surface waviness on the re-entrant strut edge 
(white arrow depicting in the Fig. 9(b), and iii) notches on 
the strut edge (red arrow point to the notch in Fig. 9(c). 
Warping occurs due to the cooling and shrinking of the 
deposited material. Surface waviness is observed in poor 
machine performance, vibration during printing, inade-
quate adhesion between the layers, thermal deviations, and 
insufficient support materials [44]. Removing the supports 
leads to micro notches on the strut surfaces. Therefore, the 
influence of process parameters and their characteristic 
features can lead to a difference between the experimen-
tal and simulation results. According to the literature, Xu 
et al. [45] and Albertini et al. [46] also observed over-
estimation in the simulation results compared to experi-
mental results, as in our results. When the specimens are 
built up with different print angles, mechanical properties 

Fig. 8   A sketch represents the 
deformation modes on the 3D 
printed struts in the modified 
auxetic unit cells
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differ (SFig. 2), posing a significant issue in determining 
the constitutive material properties of the unit cells [47, 
48]. The strength of the printed sample decreased with 
increasing the print angle. A sample with a 90o degree 
print angle could not be produced because the fiber had 
friction with the formerly deposited layers at small layer 
thickness, leading to movement of the part, resulting in 
printing stringing and errors. We, therefore, built up a 
standard specimen that was tilted 60 degrees as re-entrant 
struts and only elastic properties were considered, as in 
the study [45]. Moreover, struts have a small dimension, 
where the size effect can influence the mechanical proper-
ties of the struts [21]. This difference can be compensated 
in patterned structures due to the large number of struts 
and cells. In our future work, we will investigate those 
open questions for clarity.

Conclusions

In the current study, we fabricated four different auxetic unit 
cells using the FDM process: i) re-entrant auxetic structures 
(Cell0), ii) auxetic cells with cross elements (CellX), iii) 

auxetic unit cells with bucking elements (CellB) and iv) 
auxetic unit cells with panels (CellW). We performed com-
pression testing for deformation and damage analysis of the 
cells and struts. Detailed investigation of the damage was 
conducted by SEM and SR- µCT. Significant findings in the 
current study can be summarized in the following:

1.	 Intra-layer and interlayer fracture of layers and rupture 
in the circumferential direction of the PLA struts have 
been observed in the SR- µCT slices. The damage was 
dominated by the orientation of the struts concerning 
building direction, printed material, and strut dimen-
sions.

2.	 CellX shows a remarkable strength with acceptable 
fracture strain, resulting in a higher energy absorption 
per mass and efficiency than Cell0 and CellW. CellB 
shows the highest strength but very low fracture strain. 
By selecting an elastomer, energy absorption properties 
can be boosted.

3.	 In the elastic deformation, additional struts in CellX and 
CellB obstruct lateral shrinkage of the unit cell. Upon 
further loading, lateral shrinkage occurs after the re-
entrant or vertical struts rupture.

Fig. 9   Fabrication defects in 
the unit cells: (a) warping on 
the bottom of the unit cells, 
(b) surface waviness on the re-
entrant strut edge (white arrow), 
and (c) notches on the strut edge 
(red arrow)
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4.	 The orientation of the struts in each unit cell is different, 
and the building direction in the FDM process governs their 
mechanical properties. Therefore, determining the constitu-
tive material parameters for unit cells is challenging.

5.	 Panels in the unit cells have a high second moment of 
inertia, resulting in higher strength and higher energy 
absorption properties of CellW than re-entrant auxetic 
cells (Cell0).
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