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Abstract
Parts with an auxetic structure, which exhibit negative Poisson’s ratio, can be associated with a novel class of smart materi-
als. Such interesting property has been widely explored, over the time, for different applications, i.e., medical, automotive, 
robotic and aeronautic field. However, the research about the design and analysis of auxetic behavior is still on the way. In 
this paper, a 2D re-entrant honeycomb structure was realized using material extrusion additive manufacturing technology. 
Two different materials, acrylonitrile butadiene styrene and carbon fiber-reinforced polyamide were adopted. The technique 
of digital image correlation was implemented during the tensile test to evaluate over the time and in different areas of 
specimens the strain behavior of the auxetic structure for both investigated materials. The measured negative Poisson’s ratio 
confirmed the auxetic behavior of the designed structure. The comparison between the two investigated materials showed a 
different trend of negative Poisson’s ratio.
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1 Introduction

Auxetic materials are a special class of materials that have 
Poisson’s ratio (ν) with negative values compared to the 
conventional materials [1]. In fact, the term “auxetic” was 
used for the first time by Evans [2] to define the behavior of 
materials that exhibited a negative Poisson’s ratio (NPR).
They are able to expand/contract transversely while ten-
sioned/compressed in the longitudinal direction [3]. This 
main characteristic enables to realize structures or materials 
with excellent mechanical properties. Lakes demonstrated 
that auxetic materials show an higher shear modulus [4], 
higher fracture toughness [5], a higher indentation resistance 
[6] and higher energy absorption [7], in particular for some 
application fields where these properties are requested as the 
aerospace, automotive and biomedical.

The NPR is due to the geometry of materials that 
are inspired by mineral and biological forms like 
α-cristobalite, silicone-dioxide polymorph [8, 9] or human 

spongy bone [10]. The complexity in the production of 
these types of structures has required the application of 
unconventional manufacturing technology as the additive 
manufacturing (AM). One of the main advantages of addi-
tive technologies is the possibility to realize, more easily, 
complex shapes and products with a relative low cost and 
flexibility, which are not either possible or cost effective 
to manufacture through conventional manufacturing tech-
niques [11, 12]. Indeed, the advent and benefits from the 
enormous progress of AM technologies have contributed 
to increase the research about complex structures as the 
auxetic ones and their fabrication from metals and poly-
mers even composites [13, 14] and can immensely help 
in the production of small and intricate parts for sophisti-
cated applications such as sensors, soft robotics, and other 
similar applications [1]. However, AM technologies suffer 
from a strong anisotropy, in particular for parts made by 
powder bed fusion (PBF) [15] and by material extrusion 
additive manufacturing (MEX) [16]. The manufacturing 
defects are one of the disadvantages that influence the 
aspect, the quality and the mechanical performance of the 
printed part. Gaps between thin walls, blobs, scars on the 
top layer, stringing, over-extrusion, and under-extrusion, 
residuals of sintered powder and staircase effect for small 
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features are some defects reported in literature for MEX 
[17, 18] and PBF [19].

Several 2D/3D auxetic structures and their differ-
ent mechanism deformation [20] are studied in the open 
library. The 2D re-entrant type was the first example with 
the honeycomb based [2, 4]. The triangular based [21] and 
the double arrowhead [22] are other types of re-entrant-
based structures. The re-entrant honeycomb-based struc-
ture showed a ν value, depending on the number of cells, 
in a range of − 0.40 ≤ ν < − 0.10 [3]. Chiral structure is a 
typical 2D honeycomb structure, having three, four, and 
six ligaments attached to them, which can also be divided 
into chiral and antichiral honeycombs according to the 
rotation direction. Several geometries can be considered 
chiral based [23, 24] and in general, the values are com-
prised in a range of − 1.0 ≤ ν < − 0.5.

The NPR is mainly affected by geometrical parameters 
such as the circumferential struct number, radius of the 
struct, ligament angle, and the consequent variation in 
the stent length, re-entrant angle, thickness of the struct 
[1, 25]. Literature offers several examples of works that 
explain how geometrical parameter can affect the deforma-
tion behavior and mechanical properties of auxetic struc-
tures. Yang et al. [19] compared two 3D auxetic structure 
realized in Ti–6Al–4V with different geometrical aspects 
as re-entrant angle and ratio between vertical length (h) 
and re-entrant strut (l). For large re-entrant angle as well 
as the h/l ratio, the negative Poisson’s ratio became bigger. 
Liu et al. [21] compared five different auxetic structures 
for soft elastomeric capacitor (the re-entrant hexagonal 
honeycomb, re-entrant triangular-shaped honeycomb, re-
entrant star system, chiral truss, and zigzag triangular net-
work patterns) with the aim to understand which kind of 
structure enhance sensing properties. Wan et al. [25] pro-
posed a theoretical approach for re-entrant cell subjected 
at large deformation and they showed that geometrical 
aspects as the h/l and re-entrant angle have a very sig-
nificant effect on the magnitude of the Poisson’s ratio. Fu 
et al. [26] proposed a novel chiral 3D isotropic structure, 
studying the relation between equivalent elastic parameter 
and geometric variables. Wang et al. [27] paid attention on 
the influence of strut thickness variation on the deforma-
tion mechanism of the structure. Wang et al. [28] observed 
for the Poisson’s ratio of a composite auxetic 3D re-entrant 
structure a parabolically depends on the re-entrant angle 
with a marked auxetic behavior than a steel structure used 
as comparison. Moreover, increasing the angle from 35° 
to 70°, the NPR varied from about − 1.2 to − 0.5.

The experimental evaluation of Poisson’s ratio were gen-
erally carried out with image-based methods by adopting a 
digital image correlation (DIC) technique [18, 29, 30] which 
requires a monitoring in-process or an image processing 
software through a post-processing analysis [13, 23, 31].

Meeusen et al. [13] investigated five different geometries 
of re-entrant honeycombs and tested four structures for kine-
siology tapes application. The determination of the Poisson’s 
ratio was derived with a post-processing method using the 
photos acquired. Riva et al. [23], using a post-processing 
method, evaluated the NPR of chiral and re-entrant honey-
comb structure realized with two different technologies of 
AM, as fused filament fabrication (FFF) and stereolithogra-
phy (SLA), processing three different materials. The epoxy-
resin structures showed a more auxeticity than the other two 
thermoplastics. Bronder et al. [29] investigated, using the 
DIC technique, the mechanical characteristics of the two 
auxetic models. Authors concluded how thin struts lead 
to relatively high Poisson’s ratios but poor energy absorp-
tion capacity, whereas thick struts will increase the energy 
absorption capacity but lower the auxetic effect. Zhang 
et al. [30], using the experimental test with DIC and finite 
element analysis, carried out the mechanical properties of 
3D-printed auxetic structures realized in epoxy-resin and 
stainless-steel. Authors found how during the entire test, the 
auxetic behavior is respected up to a certain value of strain, 
beyond the Poisson’s ratio became positive. Ling et al. [31] 
explored the Poisson’s ratio for different metamaterials at 
large magnitude.

In the present work, a 2D re-entrant honeycomb cell was 
designed and printed using the material extrusion additive 
manufacturing technology (MEX). Two different materials 
were considered and compared. One is the most common 3D 
printing material, acrylonitrile butadiene styrene (ABS); the 
second is a carbon fiber-reinforced polymer (CFRP). This 
is a proprietary material of Markforged Inc. called Onyx™, 
polyamide-6 (PA6) with micro carbon fiber chopped. Onyx 
has about twice the elongation at break and about three times 
the impact strength of ABS [32, 33]. These characteristics 
make it interesting for automotive applications and safety 
devices, indeed it is an excellent material for absorbing 
energy during deformation.

DIC system allowed to monitor during the entire tensile 
test, the deformations along both axial and transversal direc-
tion. The analysis was carried out by measuring the defor-
mation of the specimen along three lines in transversal direc-
tion (near the mobile grip, in the middle of the specimen and 
near the fixed grip) and along one line in axial direction (in 
the middle of specimen). This analysis allowed to derive 
the correlation between the Poisson’s ratio and axial strain 
detecting exactly the moment in which the structure exhibits 
an auxetic behavior. Moreover, DIC system was exploited to 
observe the influence of the investigated zone of the speci-
men on the value of Poisson’s ratio and transversal strain.
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2  Materials and methods

2.1  Cell design

Using the commercial software nTopology (nTopology 
Inc.), a 2D re-entrant honeycomb cell was designed. As 
discussed in Sect. 1, the Poisson’s ratio is affected by geo-
metrical aspects, in particular for the design of the cell 
are fundamental: horizontal length (L), vertical length 
of the cell (h), strut thickness (t), re-entrant strut (l) and 
re-entrant angle (θ). The L and t parameters are set equal 
to 5 mm and 0.8 mm, respectively, to obtain a sufficient 
printing quality and respecting the technological limits of 
the process. Consequently, importing the mesh on GOM 
Inspect software, the other parameters were derived: 
h = 3.63 mm, l = 2.69 mm and θ = 68.20°. In Fig. 1a, a 
sketch of the 2D re-entrant cell is shown. In Fig. 1b, the 
model of the specimen composed by 4 × 12 cells and two 
squared heads with the side of 20 mm is illustrated. The 
heads are realized for the clamping of the specimens on 
the tensile test machine. The nominal dimensions of the 
entire specimen are 100 × 20.80 × 4.80  mm3.

2.2  3D printing phase

Once the specimen realized, the model is exported on the 
stereolithography (STL) format for the 3D printing phase. 
A same STL file was used for both the 3D printer: Zor-
trax M200 (Zortrax©, Poland) for the ABS material and 
MarkTwo (Markforged Inc., USA) for the Onyx. To obtain 
a part with same characteristics, it was necessary uniform 
the main 3D printing parameters on the slicer software. Few 
parameters can be varied on the respective slicer software 
(Z-Suite and Eiger, respectively). For the replication of the 
3D-printed part, the printing parameters are reported in 
Table 1. The building plate of the ABS 3D printer is auto-
matically heated, once the print is launched, instead the 
Onyx 3D printer is not equipped with a heating building 
plate.

The print of each part in ABS and Onyx required 2 h 
and 21 min, although they have different slice heights, the 
build time is the same because only Zortrax (ABS material) 
builds 6 layers of interface support (raft). In MarkTwo, the 
raft was not necessary. Three replications for each material 
were realized. To evaluate the feasibility of printing of this 
kind of structure, using a precision caliber, the three main 
dimensions of length, width and thickness were measured.

Fig. 1  a Design parameters of 
the re-entrant honeycomb cell. 
b Specimen used for the charac-
terization

Table 1  Printing parameters for 
both materials

Material Nozzle tempera-
ture (°C)

Nozzle diam-
eter (mm)

Layer height 
(mm)

Infill density 
(%)

Printing 
direction

Heated 
build 
plate

ABS 235 0.40 0.09 100 XY Yes
Onyx 275 0.40 0.10 100 XY No
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2.3  Tensile testing and DIC

The tensile testing was performed using the universal testing 
machine, Instron 4458 (load cell of 200 kN) and the DIC 
system ARAMIS 3D for measuring the strains on the entire 
structure with an acquisition frequency of 1 Hz. Before 
each test, the specimens were prepared for the deformation 
acquisition. Specifically, black specimens (Onyx ones) were 
sprayed with a random white speckle pattern, instead the 
gray specimens (ABS ones) were first tinted with a white 
matte layer background to avoid reflection and then sprayed 
with a random black speckle pattern. A crosshead speed of 
5 mm/min was selected for the tensile test according to the 
standard ISO 527-1:2019 “plastics—Determination of ten-
sile properties—part 1: general principles”.

The Poisson’s ratio was analyzed considering three lines 
in three different areas of structure (near the mobile grip, 
in the middle of the specimen and near the fixed grip) and 
a single line in the middle of the specimen for both materi-
als. The three lines were drawn in the transversal direction 
(X-axis) and the single line in the axial direction (Y-axis).

For each line, using the DIC system, the variation of 
their length was calculated. Consequently, the transversal 
and axial strains were derived according to the Eqs. 1 and 
2. The Poisson’s ratio for each line (νj) was calculated using 
the Eq. 3

The li,j is the length at time step ith of the number line j, 
while l0,j is the initial length of the number line j. The vari-
able εtransversal,j is the transversal strain of the number line j, 
while εaxial is the axial strain.

In Fig. 2, an example of the analysis method for studying 
ν value is reported.

3  Results and discussion

3.1  Preliminary results of 3D‑printed cell

Preliminary tests showed how using a L lower than 5 mm 
caused several defects on the 3D-printed cells for both mate-
rials. In Fig. 3a, b, using a L equal to 3.5 mm, it can be 

(1)�transversal,j =
li,j − l0,j

l0,j
,

(2)�axial =
li − l0

l0
,

(3)νj = −
�transversal,j

�axial

.

observed these defects such as many re-melted zones, areas 
with different geometry compared to the designed one, blobs 
and lack of adhesion between the wall lines. These manu-
facturing defects observe for small features confirmed what 
reported in [17].

As a consequence, as reported in Sect.  2.1, L equal 
to 5  mm was set for the specimens adopted for these 
experiments.

3.2  Dimensional analysis

The dimensional analysis of each specimen was carried out 
by measuring their weight, length, width and thickness. 
Three measurements were taken for each quantity. The 
dimensions of the specimens realized in ABS and Onyx are 
reported in Table 2.

Figure 4a shows the specimens 3D printed with the two 
different materials. The cells reported in Fig. 4b–c confirmed 
the feasibility of manufacturing these types of structures 
using the MEX technology. The structure in ABS reported 
an excess of material extruded on the struts and re-entrant 
angle. Some re-melted zones were observed due to the 
nozzle passage for the realization of the layer. Instead, the 

Fig. 2  Example of lines considered for the measure of Poisson’s ratio
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structure realized in Onyx showed a better surface quality 
with no significant defects.

According to the work of Wan et al. [25], it is possible to 
define the relative density (R) of the auxetic structure using 
the geometrical aspect (t, h, l and θ) of the cell (Eq. 4). Using 
an optical microscope and an image analysis software such 
as ImageJ, it was possible define an approximate measure 
of the geometrical aspects of cell required by the formula..

Fig. 3  Defects of preliminary 3D-printed cell for a ABS and b Onyx

Table 2  Dimensional values. The weight was evaluated using a preci-
sion balance (d = 0.005 g)

Material Weight (g) Length (mm) Width (mm) Thickness (mm)

ABS 7.36 ± 0.02 99.69 ± 0.02 20.81 ± 0.02 4.85 ± 0.03
Onyx 7.22 ± 0.06 99.35 ± 0.04 20.59 ± 0.02 4.66 ± 0.02

Fig. 4  a Auxetic specimens realized in ABS (gray one) and Onyx (black one). Focus using an optical microscope on cell realized in b ABS and 
c Onyx



466 Progress in Additive Manufacturing (2024) 9:461–469

1 3

Considering the nominal value of h, l, t and θ defined in 
this work, the R estimated was 38%. After the image analy-
sis, the R estimated for ABS and Onyx were, respectively, 
43% and 39%. The increment of R for ABS was due to an 
excess of extruded material during the 3D printing phase. 
This is confirmed by the mean measured value of the strut 
thickness was 1.06 mm, about the 33% more compared to the 
nominal value (0.80 mm) and 20% compared to the thick-
ness of Onyx strut (0.88 mm).

3.3  Evaluation of Poisson’s ratio

Tensile tests on the two investigated materials showed a 
greater elongation at break (A%) for Onyx; instead, their 
ultimate tensile strength (UTS) was comparable; therefore, 
Fig. 5a shows an example of strain/stress curves for ABS and 

(4)R =

t

l
× (

h

l
+ 2)

2 × cosθ × (
h

l
− sinθ)

.

Onyx where the UTS are 5.35 MPa and 5.45 MPa, respec-
tively. The mean value of A% for Onyx was approximately 
24% and for ABS about 5%. Less relevant the difference on 
the average UTS, that was equal to 5.51 MPa and 4.51 MPa 
for Onyx and ABS, respectively.

Figure 5b shows, as an example, the broken specimens 
for the investigated materials. In each replication, a central 
fracture was observed for ABS, while for Onyx the fracture 
was localized near to the fixed grip.

To observe the auxetic behavior in both cases, the capa-
bility of DIC system was exploited. Three transversal lines 
near the mobile grip (line 1), on the middle (line 2) and near 
the fixed grip (line 3) were defined on the specimens using 
ARAMIS software. First, the transversal strain was evalu-
ated over the time for each material and different regions by 
adopting the Eq. 1. The derived trend was observed, for all 
replications, in Fig. 6a for ABS and Fig. 6b for Onyx.

From Fig. 6a, the transversal strain of ABS specimen 
tends first to decrease slightly and then to increase; therefore, 
the auxetic behavior occurs from the moment the εtransversal 

Fig. 5  a Example of stress vs strain curve of ABS and Onyx; b ABS and Onyx broken specimens

Fig. 6  Transversal strain meas-
ured next to the mobile grip 1), 
middle 2) and fixed grip 3) for a 
ABS b Onyx
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start to increase. For Onyx specimen (Fig. 6b), instead, tends 
to increase and then to decrease. For this material, the aux-
etic behavior can be observed already from the beginning 
of the tensile test.

The maximum percentage increase of strain in X-direc-
tion, in the moment that the materials exhibit an auxetic 
behavior, was recorded for ABS and Onyx in correspondence 
of the area where the fracture occurs (line 2 for ABS and line 
3 for Onyx). These values of transversal strain approached to 
on average 0.4% for ABS and an average value of 1.1% for 
Onyx. Considering the strain in Y-direction, a linear trend 
was observed for both materials. The axial strain increases 
up to about 6% for ABS and about 35% for Onyx.

To highlight that the auxetic behavior begins when the 
transversal strain increase, the graphs in Fig. 7a for ABS and 
Fig. 7b for Onyx were plotted. Here, both the Poisson’s ratio 
and εtransversal as a function of εaxial are shown. As expected, 
when the transversal strain assumes positive values, the 
Poisson’s ratio exhibits negative values. By comparing the 
Poisson’s ratio for both material, Onyx kept an NPR approxi-
mately for the entire test (0 < εaxial < 30%), while tends to 
change from negative to positive at the end of the tensile test, 
as confirmed in previous works on 2D re-entrant honeycomb 
[13, 25, 30]. On the other hand, ABS presented an NPR in 
the range of axial strain between 3 and 6%.

The Poisson’s ratio was evaluated in correspondence of 
the three considered lines as a function of the axial strain. 
The results were reported in Fig. 8a for ABS specimen and 
Fig. 8b Onyx specimens.

With the aim to confirm that the different trend of NPR 
for both materials did not affect by the printing resolution, 
other specimens with greater size were printed and the rela-
tive density was kept constant compared to the small speci-
mens (39% and 43% for Onyx and ABS, respectively). Fig-
ure 9 compares the small and large broken specimens. It can 
be observed that the breakage occurs always in the same way 
for all specimens independently from its size. Moreover, the 
DIC data demonstrated that the NPR trend does not change 
with the specimens dimensions both for Onyx and ABS. 
An absence of printing defects was observed for the large 
specimens compared to the small ones reported in Fig. 4a. 
In the large specimens, the mean value (1.58 mm) of the 
strut thickness was 1.25% lower than nominal value (e.g., 
1.60 mm) for Onyx, instead for the ABS, it is more than 
16.9% (1.87 mm). The difference in the strut thickness was 
about the half of what found on the small specimen (33%).

For the structure in ABS, the mean value of NPR ranges 
between − 0.06 and − 0.02; instead, Onyx structure reported 
a mean value of NPR between − 0.13 and 0. The trends 
reported, on the different investigated regions of ABS, are 

Fig. 7  Poisson’s ratio and 
εtransversal as a function of 
εaxial for a ABS and b Onyx
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closed to that reported by Riva et al. [23]. In the present 
work is confirmed how the structure made in ABS tends 
to lower values of Poisson’s ratio increasing the axial 
strain. The Onyx structures follow the same behavior as 
those shown by Meeusen et al. [13] on TPU and Ling et al. 
[31] on Nylon. How Fig. 8b shows, the negative values of 
ν are maintained up to a certain value of strain, then the 
structure loses its auxeticity up to the break. Therefore, the 
Onyx could be suitable for personal protective equipment 
and automotive applications thanks both to its capability 
to keep an auxetic behavior at high strain and a good stiff-
ness (2.4 GPa of tensile modulus as reported technical data 
sheet). TPU structures showed a similar trend of NPR at high 
strain, as recorded in Onyx but a low stiffness equal to 0.25 
GPa. Confirming the results already explained for Fig. 6, 
the greater values of negative Poisson’s ratio were recorded 
near the line corresponding to the breaking point (Fig. 8a, b).

4  Conclusions

The results described in the present work allowed to provide 
the follow considerations:

• The geometrical aspects of the structure (t, h, l and θ) 
confirmed the auxetic behavior for ABS and Onyx mate-
rial.

• Tensile tests allowed to observe a greater ductility of 
structures printed with Onyx (≃ 25% of A%) compared 
to the ABS (≃ 5% of A%) but not relevant differences 
for the UTS.

• The material has a great influence on the auxetic behavior 
of the same structure. In fact, the Poisson’s ratio of ABS 
tends to be negative at the end of the tensile test for an 
axial strain between 3 and 6%. Instead, Onyx exhibits 
an NPR for the whole tensile test. Material affects the 
trend of Poisson’s ratio and its value. In fact, for ABS 
− 0.06 < ν < − 0.02, while for Onyx − 0.13 < ν < 0.

• The Onyx structures follow the same behavior of 
those in TPU, with different scale of values, but Onyx 
material has a tensile strength 960% higher than TPU. 
Therefore, auxetic structures made with CFRP could 
be used in applications where it is important to have 
objects capable of absorbing energy before breaking.

• The choice of the material and the geometrical aspects 
is strongly influenced by the application field and by the 
manufacturing technology. The manufacturing defects in 
the auxetic structures that can rise for a thinner strut or 
too small features are related to the technologic limits of 
the process. Increasing the size of the cell, a substantial 
decrease in printing defects was found.

• New studies will be carried out on the realization of 
auxetic structures with three-dimensional development 
that can only be realized with AM technologies. New 
engineered materials and other AM technology could 
be considered for the characterization of these NPR 
shapes according to the application field.
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