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In this study, a novel self-similar re-entrant auxetic metamaterial (SREAM) was designed to improve its me-
chanical performance compared with the conventional re-entrant structure (CRS). Experimental and numerical
analyses were carried out to investigate their mechanical performance under quasi-static compression. The
mechanical effects of key geometric parameters of inner re-entrants have also been symmetrically investigated to
provide the modeling basis for SREAMs’ geometric optimization. It was found that SREAM do well in both

stiffness and auxeticity simultaneously. The mechanical performance of SREAMs is highly adjustable via proper
configuration on geometric parameters. The proposed SREAM possibly provides superior auxeticity and high
stiffness, with adjustable performance.

1. Introduction

Auxetic mechanical metamaterials (AAMs) exhibit extraordinary
negative Poisson’s ratio (NPR) properties because of their unique
cellular auxetic geometric configurations. According to their geometric
designs, typical AAMs can be divided into several types, such as re-
entrants [1], honeycomb [2-4], chiral [5,6], lozenge, and origami [7,
8]. These auxetics show a significant lateral contraction under vertical
compression, whereas they present a transverse shrinkage during ten-
sion. Such unusual deformation helps achieve the superior mechanical
performance of AAMs in terms of energy absorption [9-11], shear
resistance [12], negative stiffness [13,14], and fracture resistance [15],
thereby gaining potential applications in smart materials, dowels [16],
medical implants [17], fasteners, and automotive engineering [18].

As a branch of auxetic metamaterials, conventional re-entrant
structure (CRS) has gained more attention due to its superior aux-
eticity, mechanical performance [19], and flexible geometrical sche-
matics. According to Liu et al. [20], the typical CRS may show a higher
energy dissipation property under the dynamic crushing tests than a
hexagonal topology. Qi et al. [21] designed a novel 3D re-entrant hon-
eycomb with superior crushing performance under low- and high-speed
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crushing tests. Zhang et al. [22] proposed another derivative re-entrant
honeycomb as cylindrical meta-structure tubes. Such new asymmetrical
re-entrant metamaterials show promising auxeticity under quasi-static
compression. Other studies may also focus on the mechanical behavior
of re-entrants in multiple boundary conditions and loading modes, such
as incline loading [23], quasi-static crushing [24], and in-plane impact
[25]. Prosperity can be seen in terms of the practical applications of CRS,
such as the anti-collision fence, dowel, bumper, and even smart wear-
able devices, considering the aforementioned superior properties.
Although CRS presents good potential in both properties and appli-
cations, there are instinctive defects hindering its development. Being a
typical cellular structure, excessive porosity may diminish the overall
stiffness of CRS [26], hence limiting its applicability in structural, me-
chanical, and other domains where stiffness is of paramount importance.
Firstly, a possible consequence of the diminished stiffness is that CRS
may exhibit a lower level of strength, which could affect its bearing
capacity as a structural component. For instance, Cheng et al. [27]
presented the typical collapse of steel-made CRS due to low structural
stiffness, along with limited compression strength and restricted energy
absorption performance. Another issue is that CRS manufactured from
flexible materials with viscoelasticity or hyper-elastic properties are
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prone to exhibit structural instability due to their diminished stiffness. It
may further cause undesired mechanical responses, namely, buckling,
collapse, and stress concentration. For example, Zhang et al. [28]
revealed the typical buckling behavior of CRS under quasi-static
compression, where the high cellular CRS topology obviously weak-
ened the stiffness and caused unstable deformation modes. The afore-
mentioned disadvantages of CRS inevitably make its popularization and
deployment challenging, particularly for specific application scenarios
with unique requirements, such as ultrasensitive intelligent sensing
equipment, high security required civil constructions, etc.

As aresult, considerable studies concentrated on ways to enhance the
stiffness, i.e., the effective Young’s modulus. Ruan et al. [29] proposed
an innovative antichiral-reentrant hybrid intravascular stent combining
the synergistic mechanical benefits of chiral and reentrant structures. Lu
et al. [30] proposed a modified re-entrant structure with each unit cell
topology adding a narrow rib in the well-known re-entrant cellular
structure. The analytical and numerical study showed a consistently
enhanced strength and Young’s modulus. By changing the basic CRS
configurations, specifically adding the extra parts or replacing partial
components, geometric modifications such as hybrid [31-33], ribbing
[34,35], sandwich [36,37], and optimization [38-40] may produce
more innovative structures with high stiffness. Finally, the prosperity of
new CRS structures has promoted their applications in various fields
[41-44].

However, there are still two main problems when enhancing the
stiffness via the aforesaid geometric rebuilding and modifications. First,
it should be emphasized that the stiffness and auxeticity of CRS may
often conflict with each other. Although excessively materializing the
empty regions of CRS shall produce composites with enhanced stiffness,
it may result in a distinct decline in auxeticity. Furthermore, it may
hinder the application of CRS where the negative poison’s ratio property
is of equal significance to the specific strength in the large deformation
process. It is indeed necessary to make an appropriate compromise be-
tween the stiffness and NPR. Apart from making such balance, it is also
expected to achieve a high degree of tunable stiffness for the newly
produced structure used in various conditions. The structure with
tunable stiffness may have better adaptability due to its more flexible
mechanical responses, especially in conditions where safety and sensi-
tivity are highly concerned. For instance, soft robotics with adjustable
stiffness may achieve a good human-machine interaction performance
due to its better safety than rigid robotic arms. To solve the above
problems, previous research [45] has paid more attention to achieving a
tunable enhanced stiffness by optimizing geometric designs or materials
[46]. By employing 4D printing technology, H. Yousuf et al. [47] enable
the CRS to obtain a wide-range stiffness ranging from 0.179 to 0.242
kN/mm while collecting the in-plane Poisson’s ratio from —0.33 to
+0.69. Cheng et al. designed a novel CRS with tunable stiffness
following a variable stiffness factor (VSF) method, and the results pre-
sented its both consistent auxetic properties and self-adjusting stiffness.

Although many efforts [42,48-51] have been paid to solve the
aforesaid problems, the geometric concept of self-similarity is now
gaining special attention. In the first place, it has already been proven to
achieve high efficiency in stiffness enhancement while keeping superior
auxeticity simultaneously. For instance, Lin et al. [52] conducted nu-
merical studies on a self-similar auxetic star honeycomb structure, and
the result reveals it obtains an improved energy absorption performance
while maintaining superior negative Poisson’s ratio property under
impact. Another issue is that the self-similar structure could present a
highly adjustable stiffness. One typical example concerns the natural
self-similar structures that may perform well in resisting various natural
enemies and environments. Inspired by coconut palm, for example,
Jiang et al. [53] proposed a self-similar concentric auxetic re-entrant
honeycomb (CARH) whose geometry consists of two concentric
re-entrants. And such bio-inspired design has helped CARH gain a
relatively superior crashworthiness at around 258.9% higher mean
crushing stress than CRS. Apart from the enhancement effect, it may
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offer a more universal geometric design strategy rather than being
constrained by a certain initial geometry. In other words, the self-similar
geometries may be more compatible with each other and rarely limited
to one certain topology. Contrarily, it may be challenging only by
introducing or replacing simple components [54] in other geometries
like chiral outer, although it did a superior job of the expected tunable
stiffness in CRS.

Inspired by the concept of self-similarity, this study introduces a type
of novel self-similar re-entrant auxetic metamaterial (SREAM) to ach-
ieve a good balance between tunable enhanced stuffiness and auxeticity.
To compare the mechanical behavior of SREAM and the CRS, a quasi-
static compression test was conducted. Herein, the deformation and
strain distribution, and the equivalent Young’s modulus of the above
structures were tracked and computed via a digital image correlation
(DIC) technique and FEM methods. Subsequently, the experimental re-
sults were verified by a numerical simulation using the commercial
numerical software Abaqus. The mechanical effects of vital geometric
parameters, namely the thickness, lateral pitch, height, and connection
of inner re-entrants for corresponding SREAMs, were discussed to pro-
vide possible geometric optimization solutions.

2. Methods
2.1. Geometric design

Fig. 1 presents the geometric schematics of the proposed SREAM-#
and the CRS. As shown in Fig. 1(a), each CRS unit can be completely
defined by the following parameters: the unit’s horizontal side w = 36
mm, the unit’s height h = 24 mm, the thickness of the inclined strut t =
2.29 mm, and the included angle a = 45°. Based on the concept of self-
similarity, the geometry of the proposed SREAM-# (Fig. 1(b)) may
consist of two similar parts: the outer re-entrant structure and the nested
re-entrant structure. The shape of outer re-entrants is totally the same as
CRS in Fig. 1(a), with the same thickness (t = 2.29 mm) for all sides or
corners. For the nested part in Fig. 1(b), it is composed of two fan blades
separated from each other, showing a trend of mutual clasp in the
horizontal direction. Compared with two trusses directly opposite each
other, hinges may help the two parts transversely contract tightly
because of the larger surface area. Such an enlarged surface may offer
better geometric tolerance while rarely boosting rotations of the two
sides around the hinge center. This is due to the fact that the vertical
trusses of the nested re-entrant shall be compacted immediately after the
closure, severely limiting the possible rotations, as illustrated in Fig. 4.
The specific geometric parameters of this part are defined as follows: the
diameter of the hinge d = 3 mm, the vertical distance between the two
hinges g = 0.86 mm, the height of each nested unit = 14.49 mm, and the
width of each unit = 19.07 mm. Besides, to keep shape similarity, the
included angle  between sides h and w keep constant at 45°. According
to Fig. 1 (a) and (c-e), the size of each unit cell of both SREAM-# and
CRS is set constant as w x h = 36 x 24 mm, and their total dimension is
kept as W x H =180 x 120 mm.

2.2. Materials and manufacturing

The above specimens in Fig. 1 were fabricated by the Fused Depo-
sition Modeling (FDM) method using a 3D printer (Ender-5, Creality). A
type of commercial TPU (Thermoplastic Polyurethane) was used with a
filament size of 1.75 mm. To investigate its mechanical property, the
dumbbell-shaped TPU samples were also prepared in the specific di-
mensions (Fig. 2(a)) and tested via a tension test (Fig. 2(b)) according to
ASTM D412-16. The hyperelastic properties of the proposed TPU were
thus presented in Fig. 2(c). During the printing process, the raw fila-
ments were squeezed through the heated nozzle (~210 °C) with a
diameter of 0.14 mm. The printing speed was set constant at 20 mm/s.


astm:D412
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Fig. 1. Geometric schematics of the proposed structures: (a) CRS unit, (b) the enlarged view of the nested re-entrant unit, (c) SREAM unit, (d) CRS, and (e) SREAM-#.
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Fig. 2. Uniaxial tensile test on the TPU samples: (a) standard size of dumbbell-shape TPU samples, (b) uniaxial tensile test setup, and (c) the representative stress-
strain curve of samples.

2.3. Quasi-static compression test mm. The deformation behavior was tracked by a digital Camera [55],
while the stress-strain curves were automatically recorded by the
A quasi-static compression test was carried out using a universal controller of the testing machine.

testing machine (WANCE ETM-104 B, China) to investigate the me-
chanical performance of SREAM-# and CRS. A downward velocity load
was applied to the specimens with a compression rate of 7.2 mm/min.
The test was aborted until it reached a total compression distance of 60

2.4. Numerical simulation

To verify experimental results, the mechanical behavior of the pro-
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posed SREAM and CRS were also compared and analyzed via a numer-
ical simulation method by the commercial finite element software
Abaqus. An Explicit analysis was conducted. The hyperelastic model of
TPU in Fig. 2(c) was entitled to the instance where it was meshed by the
8-node linear brick element with reduced integration (C3D8R). Subse-
quently, the meshed models were placed between two analytical rigid
plates. The general contact [54] was employed in the aforesaid models,
with the normal behaviors as ‘Hard’ contact and tangential behaviors
frictionless of 0.2, respectively. A reference point [56] was then set in
the center of the top rigid plate and assigned a ‘Kinetic Coupling’
constraint to collect the reaction force (F) of the structure along with
loading. The downward velocity load was applied on the reference point
via a compression rate (Vjy,q) of 7.2 mm/min and lasted until reaching a
total displacement of 60 mm. In this study, the nominal strain was
defined as ¢ = AH/H = Vo,qt/H, where H (~120 mm) is the original
height of structures. Similarly, the nominal stress can be obtained via
o = F/A, where A was the area of the top surface.

2.5. Poisson’s ratio calculation

To calculate the Poisson’s ratio of both structures, totally 12 label
Points were marked on the fabricated structures, as illustrated in Fig. 1,
and their displacement information was thus obtained. According to an
image processing method, the computing equations of the equivalent
Poisson’s ratio are shown in formulas (1-8):

En
Va1 934; 1 (@)

where v, is the Poisson’s ratio of the labeled area A1, €, and 5));1 are the
average strain of Al in the transverse direction (X-axis direction) and
vertical direction (Y-axis direction).

&, = % @
Ay, — (05 = X5) £ (% = Xo)] — [0 = X1) + (2 = Xo)] 3)
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3 (€3]

U
where AU, is the average transverse deformation of the labeled area A1,
x; is the instantaneous x coordinate of point P;, X; is the original x co-
ordinate of point P;, and U is the original length of A1 in the transverse
direction.

Similarly, the vertical strain of labeled area A1l can be defined as
follows.

AV,

9X1:71: )
AV, = [0 = ¥) + (5 — ¥5)] ; (2 = Y2) + (v — Y6)]’ )
Vl:Y1+Y5—Y2—Y6~ ()

2

where &}, is the vertical strain of labeled area A1, y; and Y; demonstrate
the instantaneous y coordinate and original y coordinate of point P;,
respectively.

And the Poisson’s ratio of the whole structure in Fig. 1 can be defined
as

1
VZEZUAi:(l <i<6), ®

where v4; represents the Poisson’s ratio of labeled area A;.
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2.6. Geometric optimization

According to the geometric design of SREAMs, several geometric
parameters may determine their configurations, further, the mechanical
performance. In this way, it is necessary to explore the effects of the key
parameters of SREAMs to help optimize structural designs. Several main
geometric parameters, namely, the thickness, the height, the lateral
pitch, and connections of inner re-entrants for SREAMs, are thus selected
and concerned, as illustrated in Fig. 3(a). In Table 1, a total of 8 SREAM
samples have been proposed, which conclude the variable parameters
and their corresponding relative density.

The relative density of porous SREAMs can be determined by Eq. (9).

_ Vsre
P= Vmal (9)

where Vggg is the volume of SREAMs listed in Table 1, Vp, is the
matrix’s volume, and V,,; = 1296000 mm?® in this study.

To investigate the influence of inner re-entrant connection, a fixed
joint inner re-entrant based SREAM sample, namely, the SREAM-CO, has
also been presented in Fig. 3(b). Herein, the auxeticity and deformation
patterns were further studied via the numerical method according to
Sections 2.4 and 2.5.

3. Results
3.1. Deformation behaviour

Fig. 4 demonstrates the deformation pattern and strain distribution
of the above structures under compression, with the nominal strain
growing from O to 0.5. It is easy to recognize that experimental and

numerical results show good consistency for both CRS and SREAM, in
which the SREAM presents better mechanical stability than CRS.

tins
h;
lins ins

(b)

Fig. 3. Schematics of SREAMs: (a) typical geometric parameters, (b)
SREAM-CO.
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Fig. 4. Deformation behavior of the structures during compression process: (a) CRS, and (b) SREAM.

Table 1

The parameter investigation of SREAMs.
Samples tins (mm) Lins (mm) hjps (mm) (mm®) p E; (MPa) E, (MPa) E; (MPa)
SREAM-# 2.29 0.67 14.49* 533144.05 0.4114 0.244 9.931 20.029
CRS - - - 290843.37 0.2244 0.157 0.040 0.520
SREAM-T1 1 0.67 14.49* 422911.70 0.3263 0.179 8.256 16.230
SREAM-T3 3 0.67 14.49 578165.84 0.4461 0.327 12.667 20.292
SREAM-LO 2.29 0 14.49 527054.99 0.4067 0.176 8.426 16.230
SREAM-L1.43 2.29 1.43 14.49 537925.87 0.4151 0.366 12.761 16.720
SREAM-H14 2.29 0.67 14 530107.36 0.4090 0.232 8.882 16.125
SREAM-H18 2.29 0.67 18 556704.09 0.4296 0.284 12.559 20.287
SREAM-CO 2.29 2 14.49 502199.75 0.3875 0.205 0.862 6.499

Specifically, the CRS shows obvious buckling after strain reaching
around 0.1, and its asymmetric transverse deformation gradually in-
creases with loading. Contrarily, from the deformed configurations
(Fig. 4(b)), the proposed SREAM may show a more balanced deflection
pattern than CRS, with almost symmetric deformation in the whole
compression process. Such stable deformation patterns can be contrib-
uted to the geometric enhancement of the inserted re-entrants for
SREAM. Two joint hinges of the nested re-entrants in SREAM trans-
versely contacted and consequently compacted after strain = 0.1, in
which more rugged triangular-like configurations present with better
stiffness and firmness. Apart from better deformation behavior, the
typical auxeticity of SREAM is another issue, as presented in Fig. 4(b).
According to Fig. 4(b), we may see a slight lateral contraction under the
compression, which rarely presents excessive buckling, suggesting su-
perior structural stability. The auxetic property can be further quantified
and analyzed in Section 3.3. Overall, the proposed SREAM shows a good
mechanical response, namely, improved mechanical stability and aux-
eticity during the compression process.

3.2. Quasi-static compression properties

Fig. 5 reveals typical quasi-static compression properties of both CRS
and the proposed SREAM, with each curve dividing into three distinct
phases. According to Fig. 5(a), the stress-strain curve of CRS may consist
of the elastic phase (0-P.,), the plateau phase (P.j,-Pp1,), and the densi-
fication phase [57]. The CRS firstly shows a liner elastic increase before

strain reaching around 0.078, suggesting an elastic deformation process
in low strains. Afterward, it enters a typical plateau phase ranging from
P, (strain0.078) to Py, (strain0.293), where the stress remains nearly
constant at around 0.035 MPa, but no obvious growth with strain. The
unstable deformation, namely, buckling of CRS, as presented in Fig. 4
(a), may contribute to the aforesaid plateau phase. In this phase,
excessive lateral deformation greatly slows down the growth rate of
stress. Eventually, the stress of CRS dramatically grows because it is
compacted along with the compression process after it reaches P,,. The
dense structure of compact CRS thus offers higher stuffiness, rising in
stress in the densification phase.

The SREAM may show a different closure phase, although it includes
a similar elastic phase (0-P.,,) and densification phase (after P ) with
CRS. Different from the plateau phase of CRS, a slight increase can be
seen from the start point P, (strain0.109) to the end point P,
(strain0.266) in the closure phase (Fig. 5(b)), suggesting a mildly
increased stiffness of SREAM. It can be illustrated that the compaction
process of the inner re-entrants may increase the transitive stiffness
starting from the two hinges transversely contact (P.,,) to vertical
compact (P.,), with the deformation process of nested blades in Fig. 5
(b). After the two blades compact, the inner self-similar re-entrants are
eventually completed, which almost increases the geometric symmetry
and transverse stiffness, thus avoiding unstable buckling (Fig. 4). It is
then quickly compressed into dense after strain reaching 0.266 at P.
Finally, in the densification phase, the earlier densification and much
higher stress in Fig. 5(b) can be contributed to a denser geometric
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Fig. 5. Nominal stress-strain responses of two kind of structures: (a) CRS, and
(b) SREAM.

schematic of SREAM than CRS. The results reveal that the SREAM shows
a higher stiffness and better stability, especially along with the forma-
tion of self-similar inner re-entrants in the closure phase and
densification.

Generally, it may present a generally similar trend between the nu-
merical and experimental results in Fig. 5, which verified the consis-
tency of the above results. There are still some differences between
experimental and numerical results, as illustrated in Fig. 5. According to
Fig. 5, it can be seen some fluctuations occurred in the numerical results,
especially after the strain reached around 0.372. These errors are mainly
caused by anisotropy for the samples prepared via the 3D printing
technique which may fail to conform to the assumption of homogeneity.
Specifically, the interlayer defects and pores during the printing process
cannot be avoided, which disrupts the homogeneity of produced speci-
mens on a micro/macro scale. Besides, the samples produced via addi-
tive manufacturing technology will lead to great anisotropy due to
different printing paths, which inevitably make the mechanical prop-
erties different between experimental and numerical results. Similar
errors may generally be reported in previous research [54].

3.3. Auxeticity

Fig. 6 presents Poisson’s ratio of both CRS and the proposed SREAM.
It is easy to recognize that the experimental results show good
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Fig. 6. Poisson’s ratios of two kinds of structures: (a) CRS, and (b) SREAM.

consistency with numerical ones. For CRS, the Poisson’s ratio increased
dramatically when the strain reached around 0.138 in Fig. 6(a), sug-
gesting a declined auxeticity caused by buckling. It can also be verified
in Fig. 4(a), where buckling happens at strain ~0.1. When the structure
tends to be compact, the general Poisson’s ratio approximates zero when
the transverse deformation is gradually restored.

Contrarily, the SREAM may obtain a general increase in Poisson’s
ratio with rare fluctuations in Fig. 6(b). The difference is due to the
enhanced the overall stiffness of SREAM [54], which helps avoid
structure buckling. It could be judged via both the equivalent Young’s
modulus and Maxwell’s stability criterion [58-61]. According to
Table 1, the equivalent Young’s modulus of SREAM is generally higher
than that of CRS. For instance, the E; of SREAM-# reaches around 9.931
MPa, much higher than that of CRS (~0.040 MPa). Such enhanced
stiffness may help the structure avoid the possible buckling referring to
the deformation mode as presented in Fig. 4(b). The relative smooth
curve in Fig. 6(b) may demonstrate a stable deformation response due to
the addition of nested re-entrants. Similar to CRS, SREAM keeps its
auxeticity during the compression process, although the negative value
almost vanishes at the end.

The results may verify that SREAM keeps its instinct auxeticity,
mainly because it can almost avoid confusion from buckling.
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3.4. Stiffness

The stiffness enhancement of SREAMs can be characterized by a
typical metric, namely, the equivalent Young’s modulus (E;) of SREAMs.
It can be defined as the slope of the stress-strain curves in their three
strain phases, i.e., elastic phase, closure, and densification. The equiv-
alent Young’s modulus for the three phases is listed in Table 1 and
remarked as E;, E;, and Es, respectively.

It is also highly expected that the denser structures may have rela-
tively higher stiffness, making it difficult to evaluate or compare their
mechanical performance directly. In this way, it is significant to
compare the mechanical performance between CRS and SREAM in their
relative density regard. And this study thus establishes a metric, namely,
the relative Young’s modulus factor (YF;), comparing the stiffness dif-
ference while excluding the effect of different relative densities.

The definition of YF; can be presented as follows:

p

where E; is the equivalent Young’s modulus in three phases, i ~1, 2 and
3, and p is the relative density of CRS or SREAM. Fig. 7 presents the
relative Young’s modulus factor of CRS and SREAM with their relative
density (p) ~ 0.224 and 0.411, respectively. It can be easily recognized
that the SREAM obtains a higher YF; than that of CRS in each strain
phase, suggesting a superior stiffness enhancement efficiency when
adding more extra geometry in the CRS. The gap of YF; on CRS and
SREAM is dramatically widening especially on the YF, and YF;, where
the YF3; of SREAM (~48.685 MPa) is more than 43 times that of CRS
(~2.317 MPa). On the contrary, the CRS and SREAM have rare differ-
ences on YF;, keeping a relatively constant value at around 0.59 MPa.
The increasing gap demonstrates that the relative density mainly posi-
tively influences the closure and densification phases.

The aforesaid analysis indicates that the SREAM obtains higher
stiffness per volume than CRS, suggesting its higher efficiency on
keeping structural stability.

4. Discussion
4.1. Parameter investigation

4.1.1. The effect of inner re-entrant thickness (tis)

Fig. 8 reveals the effect of inner re-entrant thickness (t,;) on the
corresponding SREAMs’ mechanical behavior. As shown in Fig. 8(a), all
the SREAMs follow similar patterns on Poisson’s ratio, declining before
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the strain at around 0.02 and finally growing along with the loading
process. Similarly, almost all SREAMs show good auxeticity before the
strain reaches 0.41. However, the thinner inner re-entrants (SREAM-T1)
may be prone to endure its auxeticity compared with a thickness of 3
mm (SREAM-T3), where it almost maintains negative Poisson’s ratios
during the loading process. Furthermore, the Poisson’s ratio values of all
the proposed SREAMs are inversely proportional to the inner re-en-
trant’s thickness. In summary, the higher thickness may be not good for
the SREAM’s auxeticity, although it may increase the stiffness and
strength of the structure, as shown in Fig. 8(b). The dramatically
increasing strength of SREAM-T3 can be attributed to a denser structure
with a density of 0.4461, where it is easier and earlier to be totally
compacted in the densification phase.

Table 1 shows the effect of t;,; on the equivalent Young’s modulus in
terms of SREAM-T1, -#, and -T3. Each SREAM specimen’s equivalent
Young’s modulus may exhibit an increasingly dramatic trend over the
course of the three strain phases, indicating a pronounced stiffness
improvement. Compared with SREAM-#, the denser inner re-entrant
thickness of SREAM-T3 may lead to a universal improvement, with
the values of E;, E;, and E3 increasing at around 0.327, 12.667 and
20.292, respectively. The boosted equivalent Young’s modulus can be
accounted for the higher relative density (p) of SREAM-T3, whose stress
distribution has been proven to show a consistent increase with the
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equivalent Young’s modulus, as seen in Fig. 8(b). 4.1.2. The effect of inner re-entrant height (h;,s)

In summary, the higher t,; may benefit the overall stiffness while Fig. 9 presents the mechanical effect of inner re-entrant height (hj,s)
suppressing the auxeticity, suggesting it is a tendentious factor for on the proposed SREAMs. Compared with those with lower heights, the
adjusting the performance of SREAMs. higher inner re-entrant (SREAM-H18) may show obviously lower Pois-

son’s ratios before the strain reaches around 0.48, and it subsequently
grows to around 0.04601 in the end. The aforesaid difference may be
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also verified via the deformation patterns in Fig. 9(a), where four typical
moments were especially concerned, namely the initial point (P;,), Peak
point (Py), local collapse point (Py), and Total densification point
(Pioq). It can be identified that at the Peak point (Pyx), the vertical inner
hinges may be contacted with outer re-entrants before their transverse
hinges contract with each other. Afterward, an approximately stable
structure composed of simplified triangles (as illustrated in Fig. 9(b))
was subsequently formed, which obtained higher stiffness and strength.
It may further hinder the auxeticity of SREAM-H18, where the Poisson’s
ratio increased quickly from —0.22468 to —0.06035 at the local collapse
point (Pjo.). In the end, the continued local collapse may lead to an ac-
celeration of structure degradation, with Poisson’s ratio rising rapidly to
around 0.04601 at P,,4. Contrarily, there are much the same in Poisson’s
ratios between SREAM-H14 and SREAM-# because of a slight difference
in thickness.

Fig. 9(c) demonstrates the stress-strain response of the SREAMs with
three different h;,. It can be recognized that the stress is generally
proportional to the h;,; compared with SREAM-H18, -H14, and -# in
Fig. 9(c). There are similar trends in the curves of SREAM-# and SREAM-
H14 due to rare differences in inner re-entrant height. However, it seems
to show an earlier closure phase after the strain reaches around 0.174
when it turns to SREAM-H18, with the slope of the curve increasing
dramatically in Fig. 9(c). The earlier closure phase of SREAM-H18
mainly contributes to the earlier vertical compaction of the inner re-
entrant core, where its vertical blades may quickly contact the trans-
verse edges of outer re-entrants along with the loading process. After the
quick closure, the strain may quickly fall and gradually recover after
strain ~0.257, as remarked in the dotted box in Fig. 9(c). The reduced
strain is mainly caused by the local collapse of the above vertical wedges
in the nested re-entrants. After that, it goes into a densification phase
whose strain grows dramatically with an increased relative density. In
this way, the higher hj,; may benefit the strength of SREAMs due to
earlier closure.

The stiffness enhancement of specimens with different inner heights
(h;ns), namely, SREAM-H14, SREAM-#, and SREAM-H18 are further
compared according to Table 1. It can be identified that the equivalent
Young’s modulus grows in line with h;,;, where the E2 of SREAM-H18
grows to around 12.559 MPa compared with that of 8.882 MPa in
SREAM-H14. The consistent growth of the equivalent Young’s modulus
can be attributed to the earlier vertical contract of inner re-entrant spans
in SREAM-H18.

In this way, the increasing inner re-entrant height may help SREAM
obtain a clear auxetic effect with a higher absolute peak value because it
may form relatively stable structures composed of simplified triangle
structures during the deformation process.

Overall, the h;,, shows the typical promoting effects on both aux-
eticity and stiffness. Specifically, it is proportional to the stiffness and
the auxeticity of SREAMs simultaneously.

4.1.3. The effect of the lateral pitch of inner re-entrants (lns)

The effect of the inner re-entrant’s lateral pitch (I;,;) can be shown in
Fig. 10. Total of three SREAMs with different lateral pitches was selected
and compared, namely SREAM-LO, SREAM-#, and SREAM-L1.43. Ac-
cording to Fig. 10(b), there were little different trends among these
samples, suggesting it may show less influence on stress distribution.
Apart from the stress-strain curves, the SREAM-LO may obtain generally
higher Poisson’s ratio than SREAM-# and SREAM-L1.43 in Fig. 10(a). It
indicated that Poisson’s ratio values were inversely proportional to the
lateral pitch.

Besides, it is easy to recognize that the [, is proportional to the
equivalent Young’s modulus compared with the samples with various
inner re-entrant lateral pitches, such as SREAM-LO, SREAM-#, and
SREAM-L1.43. For instance, the values of E; may range from 0.176 to
0.366, along with the increased [,s from 0 to 1.43 mm, as illustrated in
Table 1. As a result, increasing the value of [, is also one of the effective
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Fig. 10. The effect of the lateral pitch of inner re-entrants: (a) Poisson’s ratio,
(b) Stress-strain curves.

means to boost the overall stiffness.

It has been proven that the [, is also a key factor which may posi-
tively boost the overall stiffness while limiting the NPR of the proposed
SREAMs.

4.2. The effect of connection

The fixed joint of the inner re-entrant in the SREAM structure was
also studied. As is shown in Fig. 11(a), the fixed joint has been proven to
show better auxeticity, whose Poisson’s ratios were generally lower than
SREAM-#. It may be accounted that the fixed joint method could help
the SREAM structure benefit from higher geometric integrity, thus,
better performance in auxeticity. However, such fixed joints may fail to
improve the transverse stiffness, which causes more obvious buckling, as
illustrated in Fig. 11(b). There was serve buckling at the strain reaching
around 0.1 from Fig. 11(b), suggesting an unstable deformation pattern.
Compared with the relatively stable deformation patterns in Fig. 4(b),
SREAM-CO may appear premature asymmetric deformations which
would do harm in conditions where balanced boundaries are necessary.

To sum up, the fixed joint of inner re-entrants in SREAM may help
obtain better auxeticity due to improved geometric integrity. However,
it may fail to eliminate buckling, as verified by its unstable deformation
patterns after being compared with SREAM-#.
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5. Conclusion

This paper proposed a type of hybrid self-similar re-entrant auxetic
metamaterial (SREAM). The compression properties, namely, auxeticity
and stress-strain response, were investigated via both numerical analysis
and experimental tests. The main geometric parameters in the inner-re-
entrant part have thus been discussed to explore their effects on the
mechanical behaviour and further optimize their geometries, especially
the auxeticity, deformation patterns, and stress-strain response. The
main conclusions can be summarized as follows:

(1) The proposed SREAMs achieve a good balance between the
tunable stiffness and auxeticity. Compared with CRS, SREAMs
obtain superior mechanical stability due to enhanced stiffness
while maintaining the relatively good negative Poison’s ratio
property.

The three-phase stress-strain response is obtained for SREAMs,
which consists of the elastic phase, closure, and total densifica-
tion. The enhanced stiffness of SREAM in the above phases has
been verified via both the equivalent Young’s modulus and the
relative Young’s modulus factor, in their absolute and relative
density regards, respectively.

(2

—

Strain=0.4

StrainZOE

(b)

Fig. 11. The effect of connection: (a) the Poisson’s ratio, (b) the deformation patterns.
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(3) The parameters, such as lateral pitch and the thickness of inner
re-entrants are proportional to overall stiffness while reversely
related to their auxeticity. Contrarily, the increased inner re-en-
trant’s height may promote its auxeticity and stiffness
simultaneously.

(4) The fixed joint of inner re-entrants is proven to show serve
buckling, although it may present good auxetic performance.
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