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Abstract A re-entrant hexagonal structure is the most popularly-used auxetic metamate-
rial providing unique deformation behavior with a negative Poisson’s ratio. In the re-entrant
auxetic structure, the Poisson’s ratio varies depending on the design of the re-entrant shape
and the order of deformation. In this study, the deformation behavior of re-entrant auxetic struc-
tures was investigated through experimental and numerical analyses, with a variation of the re-
entrant angle. The experimental results showed that the Poisson’s ratio increased as the re-
entrant angle decreased, and the auxetic property was maintained only while a re-entrant cell
remained in a concave shape. Finite element analyses (FEAs) were also conducted to investi-
gate the deformation behavior of the re-entrant structures, using 1D-beam and 2D-continuum
elements. Compared to the experimental findings, the 2D-FEA showed similar results both in
the concave and convex deformation regimes whereas the 1D-FEA showed a reliable predic-
tion only in the concave regime. Additionally, consideration of the cell curvature in the 2D-FEA
provided better simulation accuracy by appropriately describing the transformation from the
concave to convex regimes. The relevant Poisson’s ratio data were then statistically analyzed
to obtain a bilinear regression equation as a function of the axial strain and re-entrant angle,
which provides insights into the deformation behavior of re-entrant structures.

1. Introduction

Metamaterials are artificially designed micro-architectures that possess unique and excep-
tional physical properties. The initial investigations into metamaterials have primarily concen-
trated on the changes in optical or electromagnetic characteristics, such as a negative refrac-
tive index in a transparent cloak [1, 2]. The idea of metamaterials was expanded upon to
achieve exceptional mechanical properties, yielding materials referred to as mechanical meta-
materials [3].

Mechanical metamaterials exhibit unusual mechanical properties by means of microscale ar-
chitectures: auxetic metamaterials characterized by a negative Poisson’s ratio [4, 5], penta-
mode metamaterials characterized by an extremely high bulk modulus compared to its shear
modulus [6], and 3D chiral metamaterials characterized by compression-twist behaviors [7].
These mechanical metamaterials have complex micro-architectured geometries and thus can-
not be fabricated by the traditional manufacturing processes. In the past decade, additive
manufacturing (AM) has been used to fabricate various mechanical metamaterials with ex-
treme mechanical properties [8]: ultralight and ultrastiff structures [9], an extremely high bulk to
shear modulus [10], and extreme compliance differences [11]. Whereas these mechanical
metamaterials realized unique structural properties, microscale architectures have also been
studied to derive unique thermal properties such as negative thermal expansion [12], adjust-
able heat flux [13], and achievement of the two conflicting objectives of thermal resistivity and
cooling capabilities [14].

The objective of the present study is to investigate the deformation behavior of auxetic
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metamaterials, focusing on their capability of a tunable Pois-
son’s ratio. More specifically, deformation behaviors of re-
entrant auxetic structures are investigated numerically and
experimentally. The re-entrant structure is the most popularly-
used auxetic structure [15], and has advantages in terms of
enhanced impact resistance [16] and energy absorption char-
acteristics [17] besides the auxetic property itself. The deforma-
tion behavior of the re-entrant structure was numerically inves-
tigated using a finite element analysis (FEA), mostly using 1D
finite element (FE) models for computational efficiency [18, 19].
Although a full-3D FEA was also performed using 3D contin-
uum elements, discretization of microscale ligaments requires
a high computational load [20], and hence a simplified FE
model such as computational homogenization is required [21].

In this study, numerical analyses for 2D re-entrant auxetic
structures were conducted to investigate deformation behavior
with a variation of the re-entrant angle. Two types of FEAs using
1D-beam and 2D-continuum elements were used in discretizing
a number of periodic re-entrant cells. In the case of the 2D-FEA,
two FE models were used depending on whether the natural
curvature is considered at every junction. Three FEA cases
were then conducted and compared with experiments in terms
of the lateral deformation and the relevant Poisson’s ratio. In
particular, the computational accuracy was discussed in terms
of describing the shape transformation from the concave to
convex regimes. The relevant Poisson’s ratio data were then
statistically analyzed to obtain a bilinear regression equation as
a function of the axial strain and re-entrant angle.

2. Deformation behavior of re-entrant aux-
etic structures

2.1 Design of re-entrant auxetic structure

Auxetic metamaterials are defined by a negative Poisson’s
ratio, which is generally known to have a positive value in typi-
cal materials [22]. The most popularly used auxetic structure is
the re-entrant hexagonal structure. Fig. 1(a) presents a sche-
matic illustration of a re-entrant auxetic structure, the deforma-
tion of which is dominated by the re-alignment of the cell
hinges [4]. Accordingly, its stretching deformation along the
vertical direction induces horizontal expansion, and the result-
ing apparent Poisson’s ratio (" ) becomes negative according
to the definition of Eq. (1):

vi=-— (1)

where £ and ¢, denote the apparent strain components
along the horizontal (x) and vertical (y) directions, respectively.

Fig. 1(b) shows a unit cell of the re-entrant structure with a
cell size of /. Here, the re-entrant angle (8) was set to a design
parameter, and four control points (P to P,) were set to the
midpoint of each ligament. These control points were fixed at
the //4 locations from the corner points of the unit cell, and 6
was varied to generate different re-entrant shapes. The rele-
vant lengths of an inclined ligament () and a vertical ligament
(b) were then determined depending on 6, as in the following
equations.

/
a=
2cosf

(2)

b=é(1+tan¢9) . 3)

Fig. 1(c) shows the change of the re-entrant unit cells ac-
cording to the variations of 8, from 0 to 30° with an increment of

(a) ' Vertical elongation (b)

s )

Fig. 1. Definition of a re-entrant auxetic structure: (a) deformation behavior of a re-entrant structure; (b) unit cell with design parameters; (c) unit cells with

different re-entrant angles; (d) design of a tensile specimen (6 = 20°).
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10°. In all designs, the cell size (/) and ligament width (w) were
set to 5.0 and 0.3 mm, respectively. Fig. 1(d) shows the re-
entrant structure for a tensile test specimen including 8 x 12 re-
entrant cells with a 20° re-entrant angle. The outer dimensions
of this specimen are 40 x 75 x 10 mm including additional solid
regions for proper gripping.

2.2 Additive manufacturing

The designed tensile specimens were additively manufac-
tured using a DLP 3D printer (IMD, Carima Inc., Korea). This
printer uses a UV lamp (405 nm wavelength) at a power of
500 mW and a high-definition digital micromirror device chip
(1920 x 1080 pixels). A photo-curable polyurethane resin
(CUTKO05B, Carima Inc., Korea) was used as a printing mate-
rial, which is composed of diluted urethane acrylate, photoini-
tiator (Irgacure 819), and black color pigment. In the resin state,
its density and viscosity are 1.10 g/cm® and 365 cps, respec-
tively. After photocuring, this photopolymer has a 1.2 GPa elas-
tic modulus and 54.8 MPa tensile strength [23]. The layer
thickness, irradiation time per layer, and UV irradiation energy
density were set to 50 um, 3.1 s, and 6.4 mWi/cm?, respectively.

To remove the residual photopolymer resin after AM, addi-
tively manufactured specimens were rinsed with 99.5 % iso-
propyl alcohol in an ultrasonic cleaning machine (SD-250H,
Mujigae Co. Ltd., Korea). These specimens were then addi-
tionally cured using a UV-curing device (CL300, Carima Inc.,
Korea), the power and curing time of which were set to 300 W
and 15 s, respectively.

Fig. 2(a) shows the additively manufactured tensile speci-
mens with a 20° re-entrant angle. Fig. 2(b) is a microscopic
image of the specimen, showing that microscale re-entrant
cells were printed without defects. It was observed that natural
curvatures were formed at the joints of the re-entrant ligaments.
These natural curvatures originated from the curing of the re-
sidual photopolymer resin at the joint regions. The radii of the
curvatures at the concave (R;) and convex (R,) edges were
measured to be 0.153 and 0.803 mm, respectively, and the
relevant effect on the accuracy of the FE analysis will be con-
sidered in Sec. 3.

Fig. 2. Additively manufactured auxetic structures (6 = 20°): (a) photograph
of a tensile specimen; (b) magnified image with the radius dimensions (unit:
mm).

2.3 Tensile deformation behavior

Tensile tests were conducted to investigate the deformation
behaviors of the re-entrant specimens. Fig. 3(a) shows the
experimental setup for the tensile test. A tensile specimen con-
taining a number of re-entrant cells was installed on the grip-
pers of the tensile-test equipment. The test equipment then
elongated the specimen with a stepwise stroke of 2 mm. A 3D
scanner (C500, Solutionix Corp., Korea) was installed on top of
the equipment and scanned the deformed shape of the speci-
men at every step. Fig. 3(b) shows a photograph of a tensile
specimen under vertical elongation (6 = 30°). It can be seen
that the specimen laterally elongated as the re-entrant cells
were expanded both in the vertical and horizontal directions.

Fig. 3(c) plots the amounts of lateral deformation with an in-
crease in axial deformation. It can be seen that the lateral de-
formation decreases to have negative values when the re-
entrant angle is zero (i.e. a rectangular unit cell without a re-
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Fig. 3. Tensile experiment results for different re-entrant angles: (a) experi-

mental setup; (b) deformed shape of a re-entrant specimen (6 = 20°); (c)
lateral deformation; (d) the resulting Poisson'’s ratio.
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entrant feature). This indicates that this specimen did not show
auxetic behavior because a rectangular cell cannot be re-
garded as a re-entrant structure.

On the contrary, the other three cases with positive re-entrant

angles show auxetic behaviors with positive lateral deformations.

However, they show different deformation behaviors according
to the size of the re-entrant angle. First, the amount of lateral
deformation increased as the re-entrant angle increased. Sec-
ond, the 10 and 20° cases showed local maximum values, as
marked in Fig. 3(c), and then decreased after these points.
These trends are different from the 30° angle case, which
shows a monotonic increase until the 20 mm axial deformation.
To investigate this difference, deformed shapes at the critical
points (i.e., 10 mm axial deformation for the 10° angle case and
16 mm axial deformation for the 20° angle case) are included in
Fig. 3(c). It is notable that both cases show nearly rectangular
shapes at the critical location, which indicates that the auxetic
behavior of the re-entrant structure is valid as long as the re-
entrant cells maintain the concave shape.

Fig. 3(d) shows the corresponding changes in the Poisson’s
ratio. The 0° angle case shows positive values in the entire
deformation range, whereas the Poisson’s ratios remain nega-
tive when the re-entrant angle is 20 and 30°. When the re-
entrant angle is 10°, on the contrary, the Poisson’s ratio transi-
tions from negative to positive as the axial displacement in-
creases. These results indicate that the re-entrant angle must
be designed to be sufficiently high to ensure auxetic behavior:
higher than 20° in the current deformation range.

3. Finite element analysis of re-entrant auxetic
structures

FE analyses (FEAs) were conducted using ANSYS Work-
bench (ANSYS Inc., USA) to investigate the deformation be-
haviors of the re-entrant structures. A quarter model of each
tensile specimen was taken into account by considering the
geometric symmetry. As a boundary condition, a vertical dis-
placement of 20 mm was imposed, with an increment of
0.2mm. Two types of FE elements, 1D-beam and 2D-
continuum elements, were used in the simulations, and the
relevant results are discussed in the following subsections.

3.1 FE analysis using 1D-beam elements

For computational efficiency, the re-entrant auxetic structures
were discretized by a number of 1D-beam elements. The dis-
placement field of a beam element (v) is described by the fol-
lowing equation:

V(u):Sl(u)V]+S2(u)01+S3(u)VZ+S4(u)6’2 @)

where v; and 6; denote the nodal displacement and rotation for
the i-th node, respectively. The functions S(u) are the corre-
sponding Hermite blending functions, expressed as the follow-
ing cubic form of a parameter u (0 < u < 1).

Table 1. Summarization of 1D FE models with different re-entrant angles.

Re-entrant angles (°) 0 10 20 30
No. of nodes 6657 7723 8373 8607
No. of elements 3429 3962 4287 4404
(a) t t (b) ' '

T
T

P T S S . A J’I\‘/I\‘/l
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Fig. 4. FE models using 1D-beam elements for various re-entrant angles:
(a) 0°% (b) 10°; (c) 20°; (d) 30°.

S (u)=1-3u"+2u", (5a)
S, (u)=3u’*-2u°, (5b)
Sy(u)=u-2u"+u’, (5¢)
S,(u)=—u’+u’. (5d)

Figs. 4(a)-(d) show the discretized FE models for different re-
entrant angles, wherein 1D mesh structures in four unit cells
(i.e., 2 x 2 cells) are displayed for visibility. The mesh size was
set to 0.5 mm, and the resulting numbers of the nodes and
elements for each FE model are summarized in Table 1. For
convenience, this 1D-FEA is referred to as case 1, distin-
guished from the 2D-FEAs to be introduced in the next section.

Fig. 5(a) shows the variations of lateral deformations with in-
creased axial deformation. Overall, the simulation results show
similar trends to the experimental results; the amount of lateral
deformation increased as the re-entrant angle increased. How-
ever, the degree of similarity between the simulation and ex-
periment showed a different tendency depending on the re-
entrant angle. First, the simulation and experimental results
tend to be almost identical when the re-entrant angle is 30°.
For the cases of the 10° and 20° re-entrant angles, the differ-
ences between the simulation and experimental results in-
crease with an increase in axial deformation. More specifically,
these differences increase significantly from the marked critical
points (i.e., 10 mm for the 10° angle case and 16 mm for the
20° angle case).

Fig. 5(b) shows the obtained Poisson’s ratios compared to the
experimental findings, showing linearly increasing trends with an
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Table 2. Comparison of the ranges of Poisson’s ratio (1D-FE simulation).

Re-entrant angle (°) 0 10 20 30
2mm 0.0171 -0.1627 | -0.3454 | -0.5184
Simulation | 10mm | 0.0888 | -0.0912 | -0.2645 | -0.4304
20mm | 0.1914 | -0.0075 | -0.1718 | -0.3241
2mm 0.0918 | -0.0897 | -0.2592 | -0.5147
Experiment | 10mm | 0.1653 -0.0717 -0.2074 | -0.4118
20mm | 0.2938 0.0628 | -0.1037 | -0.2779

Lateral deformation (mm)
o
T

e Experiment * §
4 ——Simulation (Case1) *

0 2 4 6 8 10 12 14 16 18 20 22 24
Axial deformation (mm)

(b)

06

® Experiment
04 ——Simulation (Case1)

Poisson's ratio
& o
(=) [X)

o
[

S
IS

-0.6

0 2 4 6 8 10 12 14 16 18 20 22 24
Axial deformation (mm)

-0.04
-0.12
-0.20
-0.28

-0.36

Fig. 5. FE simulation results using 1D beam elements: (a) comparison of
lateral deformation; (b) comparison of Poisson’s ratio; (c) deformed shape
at 10 mm elongation (6 = 10°); (d) deformed shape at 10 mm elongation (6
=0°). In (c) and (d), color contours denote the lateral displacements (unit:
mm).

increase in axial deformation. The resulting Poisson’s ratios are
compared in Table 2, in a range of axial deformations between
2 and 20 mm. The Poisson’s ratio showed positive values in the
0° angle case, with a monotonic increasing trend from 0.0171 to

1.914. Other cases with positive re-entrant angles show nega-
tive Poisson’s ratios, showing a minimum value of -0.5184 when
the 30° angle case was elongated by 2 mm. These simulation
results are slightly lower than the experimental findings. The
difference between the simulation and experiment is the small-
est when the re-entrant angle is 30°, whereas the difference is
the largest when the re-entrant angle is 0°.

Fig. 5(c) is the deformed shape of the 10° angle specimen
after 10 mm elongation, which corresponds to the critical de-
formation. Here, the color contour indicates the amount of lat-
eral deformation. The left side of the specimen shows negative
deformation while the right side shows positive deformation,
indicating that the specimen undergoes lateral expansion. Ac-
cordingly, this specimen exhibits auxetic behavior with a nega-
tive Poisson’s ratio. It is also notable that the re-entrant cells
are transformed from concave shapes into nearly rectangular
shapes at this stage, showing a similar result to that of the
experiment.

Fig. 5(d) presents the deformed shape of the 0° angle
specimen after 10 mm elongation, showing that a rectangular
cell is transformed into a convex honeycomb shape. Further-
more, the left side shows positive deformation while the right
side shows negative deformation, and the resulting Poisson’s
ratio is positive in this regime. Considering that the simulation
result shows the largest error in this case, the transition from a
concave regime to a convex regime cannot be accurately pre-
dicted through the 1D-FEA.

3.2 FE analysis using 2D-continuum elements

For better prediction of deformation behaviors of re-entrant
structures, a FE analysis was also conducted using 2D-
continuum elements. Four-node quadrilateral elements were
used for the 2D FE simulation. In this element, a position vector
P(x, y) can be represented by linear interpolation using a natu-
ral coordinate (, n) in the range of [-1, 1]:

X

SN (&) (62)

y=3N(En)y, ()

where N{§ n) is the isoparametric shape function for a four-
node quadrilateral element, given by the following equation:

N,-(é,n)=i(1+§é)(1+m7,-)- (7)

Four re-entrant tensile specimens with different re-entrant an-
gles were then discretized using 2D quadrilateral elements. The
element size was set to 0.08 mm, and the resulting mesh struc-
tures for four unit cells are shown in Figs. 6(a)-(d). This 2D FE
model without consideration of the natural curvature is referred
to as case 2. For further discussion of the curvature effect, the
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Table 3. Summarization of 2D FE models with different re-entrant angles.

Re-entrant angles (°) 0 10 20 30
Case 2 No. of nodes 95360 | 104882 | 114751 | 123388
No. of elements | 76828 85576 93606 | 100593
Case 3 No. of nodes 108646 | 105393 | 114121 | 132677
No. of elements | 91848 86620 93872 | 109919
(a) (b)

Fig. 6. FE models using 2D quadrilateral elements for various re-entrant
angles (case 2): (a) 0°; (b) 10°; (c) 20°; (d) 30°.

(a) - Ry=0601 (b)

Fig. 7. FE models using 2D beam elements for various re-entrant angles
(case 3, unit: mm): (a) 0°%; (b) 10°; (c) 20°; (d) 30°.

2D models were modified to have curvatures at the junctions of
the re-entrant cells, as mentioned in Sec. 2.2 (Fig. 2(b)).

Figs. 7(a)-(d) show the 2D mesh structures of four unit cells
when the radii of curvatures (R, and R,) were considered.
These radius values were measured from the specimen pho-
tographs, and the average values from all junctions were calcu-
lated. This 2D FE model is referred to as case 3, and the re-
sulting numbers of nodes and elements are listed in Table 3.

The results of the 2D-FEA without the curvature considera-
tion (case 2) are demonstrated in Figs. 8(a) and (b). Fig. 8(a)
shows the variations of lateral deformations compared to the
experimental results. Overall, the simulation results show simi-
lar trends to the 1D-FEA results in Fig. 5(a); the simulation and
experimental results are similar when the re-entrant angle is
30° while the zero re-entrant angle case shows the largest
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Fig. 8. FEA results using 2D-continuum elements: (a) lateral deformation
(case 2); (b) Poisson’s ratio (case 2); (c) lateral deformation (case 3); (d)
Poisson’s ratio (case 3).

difference. Fig. 8(b) compares the resulting Poisson’s ratios
with those of experiments, showing similar trends with the re-
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sults of the 1D-FEA, the difference between the simulation and
experiment is the largest when the re-entrant angle is 0°.

The results of the 2D-FEA with consideration of the curvature
(case 3) are shown in Figs. 8(c) and (d). It is notable that the
simulation results are similar to those of experiments even when
the re-entrant angle is 0°, as exhibited in Fig. 8(c). As illustrated
in Fig. 8(d), the resulting Poisson’s ratios show better predic-
tions than those of case 2 (Fig. 8(b)). These results indicate that
the 2D-FEA with consideration of the curvature predicts the
deformation behavior of a re-entrant auxetic structure more
accurately, especially in the regime of convex deformation.

3.3 Comparison of deformation behaviors

For further discussion of the simulation accuracy, the de-
formed shapes of the 20° re-entrant angle case were com-
pared in detail. Figs. 9(a)-(c) compare the deformed shapes of
unit cells for three FEA cases, at 10 mm vertical elongation.
Here, the lower junction regions were magnified, and the rele-
vant deformation profiles are plotted as dotted lines. It can be
seen that the deformation profiles of cases 1 and 2 are almost
identical, showing that the two ligaments are connected sharply
at the junctions. In contrast, case 3 shows a smooth connec-
tion at the junction owing to the consideration of the rounded
geometry, and hence provides better prediction of the real
deformation behaviors [24].

This difference in the deformation profile further increased
when the axial elongation was increased to 18 mm, as exhibited
in Fig. 10. Overall, the deformed unit cells were transformed into
rectangular shapes at this stage. However, cases 1 and 2 ex-

(@) (b)

() [unit: MPa]
165

Fig. 9. Deformed shapes and stress distributions of re-entrant unit cells at
10 mm elongation (6 = 20°): (a) case 1; (b) case 2; (c) case 3.

[unit: MPa]
165

—
$[ ;0

(a) I (b) I (c)

Tf:l

Fig. 10. Deformed shapes and stress distributions of re-entrant unit cells at
18 mm elongation (6 = 20°): (a) case 1; (b) case 2; (c) case 3.

hibit locally concave profiles at the junctions, as shown in Figs.
10(a) and (b). These locally concave profiles prevent an appro-
priate transformation from the concave to convex regimes,
which resulted in simulation errors of these two cases in the
convex regime, as shown in Figs. 5(@) and 8(a). In contrast,
case 3 shows a nearly horizontal profile with a smooth connec-
tion, thus providing a reliable prediction of the shape transfor-
mation of a re-entrant unit cell into a convex hexagonal shape.

4. Discussion
4.1 Comparison with experimental results

Fig. 11(a) compares the results of lateral deformations of vari-
ous cases when the re-entrant angle is 0° because this speci-
men showed the largest deviations between the simulation and
experimental results. It can be seen that case 3 shows the most
reliable prediction with the smallest deviations whereas case 1
shows the largest deviations. Considering that the rectangular
unit cells (i.e., 6 = 0°) transform into convex hexagonal shapes,
the deformation behavior in the convex regime could not be
appropriately described by 1D-beam elements. Although the
2D-FEAs showed better predictions than the 1D-FEA in this
regime, the radius of curvature at each junction must be consid-
ered to obtain better simulation accuracy [25].

Fig. 11(b) shows the lateral deformations of the 30° re-
entrant angle case, where all specimens are deformed in the
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Fig. 11. Comparison of lateral deformations for different re-entrant angles:
(@) 8 =0% (b) 8 =30°.
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Table 4. Comparison of the bilinear regression coefficients.

Coefficients Co ¢ o s R
Case 0 0.0819 0.1866 -0.0185 | 0.00052 0.985
Case 1 -0.0035 0.1798 -0.0178 | -0.00090 0.999
Case 2 0.0469 0.1533 -0.0179 | 0.00082 0.996
Case 3 0.0955 0.1490 -0.0193 | 0.00103 0.987

concave regime. It can be seen that the three simulation re-
sults show similar trends with those of the experiment, within
the error-bar ranges. This indicates that the deformation be-
havior in the concave regime can be reliably predicted by the
1D-FEA because a concave unit cell remains concave without
a transformation into a rectangular or a convex shape. Accord-
ingly, the 1D-FEA is advantageous in terms of computational
efficiency in the concave regime because the number of nodes
of the 1D-FEA (8607) is much smaller than those of the 2D-
FEAs; 123338 nodes for case 2 and 132677 nodes for case 3.

4.2 Statistical analysis

As shown in Figs. 5 and 8, Poisson’s ratios of the re-entrant
structures show linear relationships with the amount of axial
displacement (i.e., elongation). To analyze these relationships
statistically, a regression analy§is was conducted to express

the apparent Poisson’s ratio (v ) as a bilinear function of the
axial strain (€) and re-entrant angle (8):

V' (e,0)=c, +ce+c,0+cel (8)

where ¢, to ¢; are coefficients of the bilinear regression equa-
tion.

Through the regression, the regression coefficients for all
cases were calculated as listed in Table 4. For the experimen-
tal results (case 0), the coefficient of determination (R’ value)
for this regression equation was calculated to be 98.5 %, show-
ing a high correlation. However, the FEA results show different
regression coefficients as compared in Table 4. Among the
three simulation cases, case 3 shows the most similar coeffi-
cients to those of case 0. Moreover, the corresponding R
value was 98.7 % whereas those of the other simulations (i.e.,
cases 1 and 2) are nearly 1. This slightly low R? value of case 3
indicates that a slight nonlinearity exists in the deformation
behavior, which is similar to the experimental findings.

5. Conclusions

In this study, the deformation behaviors of re-entrant auxetic
structures were investigated through experimental and numeri-
cal analyses, with variations of the re-entrant angle. For the
experiment, the designed re-entrant structures were additively
manufactured using a DLP 3D printer, and tensile tests were
performed to measure the lateral deformations. The resulting
Poisson’s ratios showed negative values when the concave re-

entrant cells maintained concave shapes, and their magnitudes
increased as the re-entrant angle increased; the lowest Pois-
son’s ratio in this concave regime (i.e., the highest magnitude)
was -0.5147 when the re-entrant angle was 30°, which is sig-
nificantly outside of the range of the usual Poisson's ratio (be-
tween 0 and 0.5). In contrast, the Poisson’s ratio showed posi-
tive values (0.0918 - 0.2938) when the re-entrant angle was 0°
because the rectangular unit cells transformed into convex
hexagonal shapes in this regime.

Numerical analyses were conducted to investigate these de-
formation behaviors using three FEA models: 1D-FEA (case 1)
and 2D-FEAs without and with consideration of the natural
curvature (cases 2 and 3). The FEA results of all cases
showed similar trends with the experimental results in the con-
cave regime. In the convex regime, however, cases 1 and 2
showed large deviations from the experimental results, while
case 3 provided the most reliable prediction. Therefore, the
natural curvature at each junction should be considered to
improve simulation accuracy, by appropriately describing the
transformation from the concave to convex regimes. Mean-
while, the 1D-FEA is still advantageous in the concave regime
because it provides allowable accuracy with significantly re-
duced computational loads.

Furthermore, regression analyses showed that the Poisson’s
ratio could be expressed as a bilinear function of the axial
strain and re-entrant angle with a high correlation, in which
case 3 showed the most reliable prediction with the most simi-
lar coefficients to those of the experiments. These findings
provide insights into the deformation behavior of re-entrant
auxetic structures, which can be applied to the design of vari-
ous re-entrant structures by providing tunable Poisson’s ratio. It
is anticipated that further studies will be able to extend the use
of re-entrant structures to the design of functional components,
in which the developed FEA schemes can be usefully applied.
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Nomenclature

v : Apparent Poisson'’s ratio
£ : Apparent strain

g : Re-entrant angle

a : Inclined ligament length
b : Vertical ligament length
/ : Cell size

w : Ligament width

Ry : Concave edge round

R> : Convex edge round
P(x,y) : Position vector

Cn : Coefficients of the bilinear regression equation
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