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• A new class of two-component compos-
iteswith auxetic structures are designed
and fabricated using 3D printing tech-
nique.

• The auxetic lattice reinforced compos-
ites exhibit enhanced stiffness and
energy absorption under uniaxial
compression.

• The degree of auxetic behavior can be
used to tune the stiffness and energy ab-
sorption of the composites.

• The re-entrant honeycomb reinforced
composite exhibits a nearly linear scal-
ing relation.
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Auxetic materials exhibiting a negative Poisson's ratio are shown to have better indentation resistance, impact
shielding capability, and enhanced toughness. Here, we report a class of high-performance composites in
which auxetic lattice structures are used as the reinforcements and the nearly incompressible soft material is
employed as the matrix. This coupled geometry and material design concept is enabled by the state-of-the-art
additive manufacturing technique. Guided by experimental tests and finite element analyses, we systematically
study the compressive behavior of the 3D printed auxetics reinforced composites and achieve a significant en-
hancement of their stiffness and energy absorption. This improved mechanical performance is due to the nega-
tive Poisson's ratio effect of the auxetic reinforcements, whichmakes thematrix in a state of biaxial compression
and hence provides additional support. This mechanism is further supported by the investigation of the effect of
auxetic degree on the stiffness and energy absorption capability. The findings reported here pave the way for de-
veloping a new class of auxetic composites that significantly expand their design space and possible applications
through a combination of rational design and 3D printing.

© 2018 Elsevier Ltd. All rights reserved.
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1. Introduction

Materials exhibiting a negative Poisson's ratio, also called auxetic
materials [1], are a new type of mechanical metamaterials which will
).
contract (expand) transversally when they are axially compressed
(stretched). Since the 1980s, auxetic behavior has been reported in
many two-dimensional (2D) and three-dimensional (3D) structures of
natural systems, including cubic metals [2], zeolites [3,4], natural
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layered ceramics [5], silicon dioxides [6], single-layer graphene [7,8],
and 2Dprotein crystals [9]. Since the auxetic behavior potentially equips
materials with improved properties, including shear modulus [10], in-
dentation resistance [11], fracture toughness [12–14], and energy ab-
sorption ability [1,15–19], there are significant interests in the
development of negative Poisson's ratio materials because of their po-
tential applications, such as textile [20–23], automotive [24], military
[25,26], biomedical [27,28], and aerospace engineering [29]. Research
in this area has begun from the computational works of Wojciechowski
[30] as well as the development of 3D polymeric foams with isotropic
auxetic behavior by Lakes [10]. Subsequently, several geometries and
mechanisms have been proposed to achieve a negative Poisson's ratio
and a significant body of man-made auxetic materials and structures
has been fabricated and synthesized from themacroscopic down tomo-
lecular levels. Among them, there are in planar foams [31], honeycombs
with inverted cells [32–34], 2D and 3D chiral lattices [35–40], rigid
rotating hexamers or squares [41–44], origami/kirigami based
metamaterials [45–50] and hierarchical metamaterials with fractal
cuts [51–53]. Recently, theoretical models indicate the possibility to
achieve auxeticity in some colloidal crystals [54]. A detailed analysis of
the deformation mechanisms of 2D and 3D auxetics can be found in
Ref [55]. Due to the bending or rotation deformation nature of the
ligaments/elements in these auxetic materials, however, they usually
have relatively low stiffness, limiting their applications where light-
weight, high stiffness, strength, and energy absorption are simulta-
neously desired.

Composite materials with rationally designed structures and com-
positions could overcome this limitation. In a two-phase composite,
each constituent phase can contributes its own properties in a quite in-
dependentmanner to the overall performance of the composites syner-
gistically. For example, composite materials where auxetic lattice
structures are used as the reinforcements and the nearly incompressible
soft material is employed as amatrix have great potential in achieving a
design to combine these prominent mechanical properties. Conceptu-
ally, by harnessing the negative Poisson's ratio effect of the auxetic rein-
forcement, the soft matrix will be in a state of biaxial or triaxial
compression, resulting in a synergistic improvement in the mechanical
response. Indeed, composites materials with auxetic reinforcements
have been designed and fabricated in the past few decades. The auxetic
fibers embedded in the composite as the reinforcement would expand
when stretched and prevent the occurring of fiber pullout, therefore,
the load required to cause structural failure will significantly increase
[56–58]. In addition, composites using 3D auxetic textile structures as
the reinforcement have been fabricated and exhibited strong auxetic
behavior [59]; however, relatively poor mechanical properties are ob-
served as compared with non-auxetic composites [60]. Composites
with elliptic inclusions exhibit auxetic effectwith relative lower Young's
modulus compared with the non-auxetic composites as evidenced by
the finite element analysis [61]. It should be pointed out that these un-
desiredmechanical properties of compositematerials with auxetic rein-
forcements are partially due to the limitation of conventional
manufacturing techniques. In this regard, additive manufacturing tech-
niques have shown unparalleled advantages, as they enable us to fabri-
cate complex topologies with fine features quickly, cheaply, and at a
large scale, and offer a multitude of materials with varying mechanical
properties [62,63]. For example, auxetic structures fabricated using se-
lective laser sintering and filled with strain rate sensitive material ex-
hibit slightly increased energy absorption ability during impact tests
[64]. Despite considerable efforts have been devoted to designing and
synthesizing composites with auxetic reinforcements, the quantitative
understanding of the interplay between the auxetic behavior and the
other mechanical properties such as stiffness, strength, and toughness
is still elusive. For example, systematic studies onmechanical properties
of the compositeswith auxetic reinforcements in comparisonwith non-
auxetic reinforcements have not been largely explored [15,57,65]. Fur-
thermore, the effect of negative Poisson's ratio on the mechanical
properties such as stiffness, strength, and energy absorption of the
auxetic composites is still not clear.

In this work, we design a group of composite materials consisting of
two types of auxetic reinforcements and a nearly incompressible soft
elastomer as the filledmatrix. The coupled geometry andmaterial design
concept is realized by an advanced 3D printing technique, which enables
the fabrication of bimaterial composites with various geometries and
material selections. Uniaxial compression tests are conducted to investi-
gate themechanical properties of these compositematerialswith auxetic
reinforcements. Finite element simulations are performed to provide ad-
ditional insights into the underlying mechanisms responsible for the ob-
served unusual mechanical performance. Moreover, parametric analyses
are conducted to quantitatively understand the effects of Poisson's ratio
and volume fraction of the auxetic reinforcements on the mechanical
properties of the auxetic reinforced composites.

2. Materials and methods

2.1. Design of auxetic lattice reinforced composites

Themodel system of the auxetic reinforced composites studied here
is based on microstructures which combine the lattice structures and
their inverse domains. Here two types of auxetic lattice structures are
considered including a re-entrant honeycomb and a chiral truss, as
shown in Fig. 1(a). For the purpose of comparisons, two types of regular
lattice structures exhibiting a non-negative Poisson's ratio are also de-
signed (Fig. 1(a)). By filling the inverse domains of each lattice structure
with another material as the matrix, we can design the lattice structure
reinforced composites. The symmetry and volume distribution in these
structures can be precisely controlled by tailoring the thickness of liga-
ments in each lattice structure. Fig. 1(b) displays the proposed re-
entrant honeycomb reinforced composites, chiral truss reinforced com-
posites, regular honeycomb reinforced composites, and truss reinforced
composites, where the volume fractions of the reinforcing phase are all
set to 20%. In our designs, the phase of lattice structures is set as the re-
inforced domain, which is fabricated with a glassy polymer
(VeroWhite), and the inversed phase is set as the matrix domain,
which is fabricated with a rubber-like material (TangoPlus).

2.2. Sample fabrication

The specimens are fabricated using an Objet Connex260 multi-
material 3D printer (Stratasys, Ltd),which allows simultaneous printing
of two different materials. The specimens for compression tests consist
of 4 × 4 unit cells, resulting in prototype dimensions of 40 mm × 40
mm,which are shown in Fig. 1(c). Focusing on the 2D in-planemechan-
ical behavior of these structures, we, therefore, design the thickness of
the specimens as 20 mm to avoid the out-of-plane deformation. The
minimum geometric size of the lattice reinforcement in the composites
is around 200 μm,which is at least one order of magnitude greater than
theminimum resolution (16 μm) provided by the 3D printer. Consider-
ing the anisotropic nature of the 3D printing, all the specimens are
printed along the same orientation to avoid the influence of the layer
orientation on the mechanical properties of the material. The as-
fabricated specimens are kept at room temperature for 7 days to allow
for the saturation of the curing.

2.3. Mechanical testing

To capture the mechanical response of the 3D printed constituent
materials (VeroWhite and TangoPlus), the uniaxial compression tests
of cylinder samples are performed based on ASTM D695 standard. The
uniaxial compression tests for cylinder samples and the cubic composite
samples are performed using a MTS mechanical tester (C43) with a 10
kN load cell. All the experiments are conducted in a quasi-static regime
with a constant strain rate of 0.001 s−1. The load-displacement curves



Fig. 1. Schematics of (a) lattice structures, (b) lattice reinforced composite structures and (c) 3D-printed lattice reinforced composite specimens consisting of 4 × 4 unit cells with re-
entrant honeycomb, chiral truss, honeycomb, and truss structures.
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measured from the uniaxial compression tests are then transferred into
nominal stress-strain behaviors based on the measured dimensions of
the specimens. Young's modulus is calculated from the initial linear re-
gion of the nominal stress-strain curves. The energy absorption is com-
puted as the work under the nominal stress-strain curve before 25%
uniaxial compressive strain for each composite sample. Images of the
specimens at various loading conditions are taken at a rate of 1 FPS
(Vic Snap, Correlated Solution). The deformation and displacement con-
tours of the samples are tracked by using DIC (Vic-2D, Correlated Solu-
tion). The image processing software (ImageJ 1.49 q) is used to
determine the displacement of the center area of the specimens in
order to calculate the Poisson's ratio at each level of applied
compression.

2.4. Finite element analysis

The numerical simulations related to themechanical response of the
lattice reinforced composites under uniaxial compression are conducted
using the commercial FE package ABAQUS/Standard (Simulia, Provi-
dence, RI).Modelswith 4 × 4 unit cells are used in all of the simulations.
All models are generated by plane strain elements CPE4R and meshed
after a convergence test. In addition, geometric and material nonlinear-
ities are taken into consideration to enable the large deformation of the
structure. Due to the layer by layer manufacture process of 3D printing,
the mechanical properties of the printed samples strongly depend on
the printing directions [66]. While in our numerical simulations, an iso-
tropicmaterialmodel is adopted. The constituent phases are taken to be
a glassy polymer and an elastomer material. The stress-strain behavior
of the glassy polymer is captured using an elastic-viscoplastic model
which is exported from the true stress-strain relation of VeroWhite as
shown in Fig. 2. The elastomeric stress-strain behavior of TangoPlus is
modeled as a hyperelastic material based on the Arruda-Boyce
hyperelastic model [67] with an initial shear modulus of 0.213 MPa
and locking stretch of 1.90. To simulate the experimental conditions in
the numerical analysis, a uniaxial displacement loading is applied on
the top surface, while the bottom is fixed along the vertical direction.

3. Results and discussion

3D printed constitutivematerials are firstmechanically tested under
uniaxial compression by following the ASTM D695 standard. Fig. 2
shows the compressive stress-strain responses of the two constitutive
materials and the mechanical properties extracted from these stress-
strain curves are presented in Table 1. For the 3D printing material
VeroWhite, the stress-strain behavior exhibits initial linear elasticity,
yielding, post-yield, strain softening, and subsequent strain hardening
at larger strains (see Fig. 2(a)). While for 3D printing material
TangoPlus, the stress-strain curve is J-shape indicating a hyperelastic
behavior. These measured mechanical responses and extracted data
will be implemented in the commercial finite element software.

3.1. Mechanical response of auxetic lattice reinforced composites

We first examine the compressive behavior of the auxetic lattice re-
inforced composites from an experimental standpoint. Four types of
architected lattice reinforced composites with re-entrant honeycomb,
chiral lattice, regular honeycomb, truss lattice topology are fabricated
using 3D printing (Fig. 3(a)). Here, we use the same volume fraction
of reinforcement phase of 20%. The stress-strain curves show good re-
peatability for each composite as can be seen in Fig. 3(b). The re-
entrant honeycomb reinforced composites demonstrate clear superior-
ity over the other three composites. A sudden drop in the stress-strain
response of the re-entrant honeycomb reinforced composites is ob-
served after the stress reaches its maximum. This is because of the



Fig. 2. The stress-strain response of the (a) VeroWhite (reinforcement phase) and
(b) TangoPlus (matrix phase) materials used in this study.
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instability of the re-entrant honeycomb structures during compressive
deformation which will locally maximize the stress, resulting in a cata-
strophic failure. While the curves of the chiral lattice, regular honey-
comb, and truss honeycomb reinforced composites exhibit smooth
curved transition up to a strain of 0.3, which is due to the stability of
the structures. Fig. 3(c) quantitatively shows that the Young's modulus
of the re-entrant honeycomb reinforced composites is four times larger
than that of the chiral truss and regular honeycomb reinforced compos-
ites, and five times larger than that of the truss reinforced composites.
Moreover, the energy absorption at a strain of 25% of the re-entrant
honeycomb reinforced composites is three times larger than that of
other three types of composites. Because the re-entrant honeycomb lat-
tice [68] and the chiral lattice [36] are two typical auxetic structures
with negative Poisson's ratio effect (see in Fig. 4(e)), these results
clearly show the advantage of employing auxetic lattice geometries es-
pecially re-entrant honeycomb structures in enhancing the mechanical
properties of lattice reinforced composites.

Fig. 4 shows a series of images that exhibit the deformation behavior
of these four lattice reinforced composites at different strain levels. It is
clear that at a small compressive strain (b0.05), the re-entrant honey-
comb reinforced composites exhibit a lateral shrinkage in average,
which indicates that the auxetic lattice reinforced composite still has
auxetic behavior at small deformation, as shown in Fig. 4(a). However,
the instability of re-entrant honeycomb reinforced composite can be
Table 1
Mechanical properties of the 3D-printed constitutive materials.

Material Young's
modulus
(MPa)

Compressive
yield
strength (MPa)

VeroWhite 1513 50.5
TangoPlus 0.77 –
observed starting from the strain of 0.1, resulting in a peak stress in
the stress-strain curve as seen in Fig. 3(b). Moreover, the instability of
the structures under continuous compressive loading causes a local
stress concentration, leading to the failure of the re-entrant honeycomb
reinforced composite at a strain of around 0.3. Although the chiral lattice
is also an auxetic structure, the chiral lattice reinforced composites do
not exhibit obvious auxetic behavior at small deformation, as shown
in Fig. 4(b). This is because thematrix elastomer as the inverse phase in-
hibits the rotation of the chiral reinforcement phase, resulting in a re-
duced lateral shrinkage. In contrast to the auxetic lattice reinforced
composites, both the regular honeycomb and the truss reinforced com-
posites exhibit a clear lateral expansion during the deformation in Fig. 4
(c)–(d). Fig. 4(e) shows the experimental and numerical study of the
Poisson's ratios for all four lattice reinforced composites and their corre-
sponding cellular counterparts under uniaxial compression tests. To
quantify the deformation taking place in the composites during the ex-
periments, we calculate the deformation change by identifying four
points in the center avoiding the deformation near the four edges of
the specimen under the influence of boundary conditions, see in Fig. 4
(f). Here, the rectangular frames represent the original edges of the
specimens before the compressive deformation. One can notice the lat-
eral shrinkage of the re-entrant honeycomb reinforced composite,
slightly lateral shrinkage combinedwith the rotation of the chiral lattice
reinforced composite and the lateral expansion of the honeycomb and
truss reinforced composites at a macroscopic compressive strain of
0.05. Experimental and numerical results related to the Poisson's ratios
are in excellent agreement for the four types of composites. Note that,
for non-auxetic structures (truss and regular honeycomb), the Poisson's
ratios of the composites and the corresponding cellular counterparts are
almost identical, indicating no change in terms of deformation mecha-
nism. However, for the chiral lattice, the Poisson's ratios of the compos-
ite are negative and much larger than that of the cellular counterpart.
This is because the matrix phase obstructs the rotation of the chiral lat-
tice, which decreases the auxetic behavior of structures. Moreover, for
re-entrant honeycomb, the Poisson's ratio of the composite is slightly
larger than that of the cellular counterpart, indicating that the matrix
phase has minor effects on the shrinkage of re-entrant honeycomb lat-
tice. Therefore, the re-entrant honeycomb reinforced composites also
have as strong auxetic behavior as the re-entrant honeycomb cellular
counterpart. This auxetic behavior of the composites contributes the en-
hancement of mechanical properties of the auxetic lattice reinforced
composites.

To further understand the compressive behavior of these lattice re-
inforced composites and explain the superior mechanical properties of
re-entrant honeycomb reinforced composites, we use Digital Image
Correlation (DIC) (VIC-2D, Correlated Solutions) to analyze the experi-
mental displacement contours. The images in Fig. 5 exhibit the horizon-
tal displacement contours of four lattice reinforced composites at a
vertical compressive strain of 0.05.We notice that the re-entrant honey-
comb reinforcement phase exhibit shrinkage in the horizontal direction
which increases the load transfer between the glassy polymer and the
elastomer in Fig. 5(a). The chiral lattice reinforced composite has the
asymmetry displacement contours on the surface, as shown in Fig. 5
(b), due to the rotation mechanism when deformed. Compared with
auxetic reinforced composites, the regular honeycomb, and the truss re-
inforced composite exhibit clear homogeneous horizontal expansion
both in reinforcement phase and matrix phase, as shown in Fig. 5(c)–
(d). It is clear that in non-auxetic reinforced composites the elastomer
Ultimate
compressive
strength (MPa)

Toughness
(J/m3)

Energy absorption
(strain = 0.25)
(J/m3)

187.5 42.3 11.0
~2.1 0.38 0.02



Fig. 3.Mechanical response of the 3D-printed lattice reinforced composites during uniaxial compression tests. (a) The 3D-printed composites with a re-entrant honeycomb reinforced,
chiral truss reinforced, regular honeycomb reinforced, and truss reinforced designs. (b) Nominal stress and strain curves for various designs. For each design, three specimens are
tested to validate the repeatability. (c) Calculated Young's modulus from the initial linear region of the nominal stress-strain curves and computed energy absorption as the work
under the nominal stress-strain curve before 25% uniaxial compressive strain for each composite sample.
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matrix phase is only compressed in the vertical direction. By contrast,
the elastomer matrix phase of the auxetic reinforced composites, espe-
cially the re-entrant honeycomb reinforced composite, is squeezed in
both vertical and horizontal directions, indicating a state of biaxial com-
pression. Therefore, the auxetic reinforced composite exhibit signifi-
cantly enhanced mechanical properties during uniaxial compressive
deformation.

3.2. Comparisons between auxetic lattice and auxetic lattice reinforced
composites

It is known that typical cellularmicrostructures are used to achieve a
negative Poisson's ratio, so that as expected the stiffness is not that high
[28,69]. And based on different deformation mechanisms, existing
auxetic cellular solids can be roughly classified into two categories:
symmetric units with re-entrant angles, and asymmetric units that ro-
tate when deformed. The deformation mechanism for them is mostly
rotation induced bending-dominated. However, some cellular struc-
tures such as honeycomb, octet, Kagome, etc., have stretching-
dominated deformation mechanism, therefore, exhibiting higher effec-
tive stiffness. We have shown that by exploiting the negative Poisson's
ratio lattices into the composite design, improved mechanical proper-
ties such as stiffness and toughness can be achieved. To further show
the superiority of the auxetic lattice reinforced composites, we compare
themechanical properties of lattice reinforced composites and their lat-
tice cellular counterparts under uniaxial compression tests (Fig. 6). The
stress-strain curves combined with the experimental deformation im-
ages of the composites and their counterpart cellular structures at the
compressive strain of 0.25 are also shown in Fig. 6(a)–(d). For the re-
entrant honeycomb and chiral cellular structure, the local instability
occurs layer by layer with increasing strain, which makes the stress
level keep on a plateau. For the regular honeycomb and truss cellular
structure, buckling of some local ligaments also makes the stress level
on a plateau. By contrast, these composites exhibit a strain hardening ef-
fect under theuniaxial compression. This is because the elastomericma-
trix phase provides the additional support in these structures, which
further increases the stress level. Moreover, combining the lattice
phase of glassy polymer with the matrix phase of rubber-like polymer
enables the deformation mechanism from the local deformation to the
global mechanism. This is because the matrix phase spreads the defor-
mation and decreases both the stress concentration and the local defor-
mation. Therefore, the mutual constraints between two phases of the
composites change the local instability to a global instability (auxetic
lattices) or local buckling to a global non-catastrophic dissipative
event (non-auxetic lattices). The calculated Young's modulus and en-
ergy absorption for each composite and its cellular counterpart are pre-
sented in Fig. 6(e)–(h). As expected, the typical auxetic cellular
structures including re-entrant honeycomb and chiral lattice both ex-
hibit lower stiffness and lower energy absorption comparing to regular
honeycomb and truss, as seen in Fig. 6(e) and (g). Because the negative
Poisson's ratio of the auxetic cellular structure is obtained through
bending and/or rotation inside the microstructure, this also reduces
their stiffness as compared to the case of non-auxetic cellular structure
with stretching-dominated ligaments. Interestingly, when we use the
auxetic lattice structure as a reinforcement phase in a composite, the
auxetic behavior will enforce both the stiffness and energy absorption
of the composites. For re-entrant honeycomb reinforced composites,
the enhancements of stiffness and energy absorption are 9 and 18
times larger than that of the re-entrant honeycomb cellular structures,
respectively. However, little enhancement of stiffness is observed in



Fig. 4. Experimental images of (a) re-entrant honeycomb reinforced composites, (b) chiral truss reinforced composites, (c) regular honeycomb reinforced composites, and (d) truss
reinforced composites at different levels of macroscopic strain: 0, 0.05, 0.1, 0.15 and 0.2 during uniaxial compression tests. (e) Experimental and numerical results of the Poisson's
ratios for lattice reinforced composites and the corresponding cellular counterparts under uniaxial compression tests. (f) Experimental images at a macroscopic strain of 0.05 for each
composite. The rectangular frames represent the original edges of the specimens before the compressive deformation.
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thenon-auxetic reinforced composites comparing to their cellular coun-
terparts (see Fig. 6(f)).

To further understand this, finite element simulations are performed
on the four types of lattice reinforced composites and the corresponding
lattice cellular structures, as shown in Fig. 7. It is clearly noticed that the
elastomer phase in the auxetic reinforced composites contributes more
significantly to the stress response (and hence enhance the stiffness)
than that of the non-auxetic reinforced composites (Fig. 7(a)). The
stress level in the elastomer phase in the non-auxetic reinforced com-
posites is much lower, indicating the little contribution of the matrix
phase in the load resistance. However, in auxetic reinforced composites,
elastomer phase can suppress the bending and rotation of the glassy
polymer ligaments, making them more difficult to deform. Further-
more, when comparing the stress contour of lattice structures in the
composites and the cellular structures, we clearly find the difference be-
tween the auxetic structures and the non-auxetic structures (see Fig. 7
(b) and (c)). In auxetic composites, the ligaments exhibit larger stress
comparing with those in auxetic cellular structures, indicating the con-
tribution of them to resist compression loading. In non-auxetic compos-
ites, the ligaments show almost the same stress level as those in their



Fig. 5. Experimental displacement contours of (a) the re-entrant honeycomb reinforced composites, (b) the chiral truss reinforced composites, (c) the regular honeycomb reinforced
composites, and (d) the truss reinforced composites using digital image correlation at a macroscopic strain of 0.05 during uniaxial compression tests.
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counterpart cellular structures, indicating the deformation mechanism
for non-auxetic lattice is almost the same both in the composites and
cellular structures. Therefore, the mutual constraints between two
phases of the auxetic lattice reinforced composites enable enhanced
stress resistance by additional support of thematrix phase to the lattice
phase. These results suggest the possibility to tailor the auxetic lattices
as the reinforcement phase in a composite to achieve enhanced me-
chanical properties.
Fig. 6. The comparison of mechanical properties for the lattice reinforced composites and the l
(a) the re-entrant honeycomb, (b) the chiral truss, (c) the regular honeycomb and (d) the trus
For each structure, the deformation images of the composite and its counterpart cellular structu
estimated energy absorption for each specimen. The relative enhancement of (f) Young's m
counterparts.
3.3. Effect of negative Poisson's ratio

We have demonstrated that the auxetic lattice reinforced compos-
ites exhibit enhanced mechanical properties such as stiffness and en-
ergy absorption capability compared with non-auxetic lattice
reinforced composites. These improved mechanical properties are at-
tributed to the rational structural design of the lattice reinforcement
combined with the material selections for the reinforcements and
attice counterpart structures are shown. The uniaxial compressive stress-strain curves for
s lattices for reinforced composites and the corresponding cellular structures, respectively.
re at the compressive strain of 0.25 are shown. (e) Calculated Young's modulus and (g) the
odulus and (h) energy absorption of the reinforced composites to their cellular lattice



Fig. 7. The von Mises stress distribution in the lattice reinforced composites and the corresponding cellular structures at a nominal compressive strain of 0.05. (a) The von Mises stress
distribution in elastomer phase and (b) the reinforcing phase of glassy polymer in reinforced composites. (c) The von Mises stress distribution in the cellular counterparts of a glassy
polymer.
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matrix phases. In particular, the negative Poisson's ratio in the auxetic
reinforcements is crucial to the unusual combination ofmechanical per-
formance. To quantitatively understand the effect of Poisson's ratio on
the other mechanical properties such as the stiffness and toughness of
the lattice reinforced composites, we experimentally explore the re-
sponse upon compressive tests of the composites reinforced by honey-
combs with different Poisson's ratios achieved by varying lattice
structure designs. Here we use the same unit cell size as h = l = 10
mm, as shown in Fig. 8(a). By assuming the value of Poisson's ratio of
each cellular structure as vyx, we calculate that θ= arctan (νyxl/h), H
= (h − l tan θ)/2 and L = l/2 cos θ, based on Gibson's model [68,70].
Here, the volume fraction of honeycomb reinforcement phase is 20%
for each design for a fair comparison. The results reported in Fig. 8
(b) indicate that the enhanced mechanical properties are achieved in
the presence of the honeycomb designs with the negative Poisson's ra-
tios. Fig. 8(c) shows the corresponding design of honeycomb reinforced
composites with Poisson's ratio from −0.9 to 1. Note that when the
Poisson's ratio of the composites is zero or positive, the nominal
stress-strain curves show a rubber-like hyperelastic behavior; when
the Poisson's ratio of the composites is negative, a peak force is observed
in the nominal stress-strain curves because the instability occurs in the
composites with negative Poisson's ratios. Moreover, the calculated
Young's modulus for each composite shows that the honeycomb rein-
forced composites with lower Poisson's ratios exhibit higher Young's
modulus, as shown in Fig. 8(d). For example, the Young's modulus of
the composite with a Poisson's ratio of −0.9 is 10 times larger than
that of the composite with a Poisson's ratio of 1. Furthermore, the en-
ergy absorption at a strain of 0.25 for each composite shows that the
honeycomb reinforced composites with negative Poisson's ratios have
better energy absorption than the honeycomb reinforced composites
with positive Poisson's ratios (Fig. 8(e)). Differently, the composite
with a Poisson's ratio of−0.2 exhibits the largest energy absorption ca-
pability. This is because the composites with Poisson's ratios smaller
than −0.2 have instabilities in earlier strain region and it results in
smaller peak stress, leading to lower energy absorption capability. Fi-
nally, it is clear that the composites with auxetic reinforcement phase
exhibit enhanced mechanical properties comparing to the composites
with non-auxetic reinforcement phase. These results offer a complete
picture of the effect of Poisson's ratio on the mechanical response of
the lattice reinforced composites.

3.4. Effect of volume fraction

While the results reported in Figs. 3–8 are all for compositeswith the
volume fraction of the reinforcement phase as 20%, further tunability
can be achieved by altering the volume fraction of the reinforcement
phase. Fig. 9 presents the experimental results on the stress-strain re-
sponse of the four lattice reinforced composites at five different volume
fractions from 10% to 50%. The stress-strain curves show an increase in
the overall mechanical properties as the volume fraction increases. The
results indicate that the auxetic reinforced composites, including the re-
entrant honeycomb and the chiral lattice reinforced composites, show
clear higher stress level over the non-auxetic reinforced composites
from low to high volume fraction of the reinforcement phase.Moreover,
when the volume fraction of the reinforcement phase is increased, all
the stress-strain curves have a transition froma rubber-like hyperelastic
behavior to a highly nonlinear behavior followed by brittle fracture of
the reinforced composites. This is because the slenderness ratio of liga-
ments increases with the increase of the volume fraction of the rein-
forcement phase, making the reinforcement lattices more brittle.
Therefore, continuous loading leads to the local catastrophic failure,
resulting in a dramatic drop in the stress-strain curves.

The Young'smodulus and energy absorption at a strain of 0.25 calcu-
lated from the stress-strain responses are plotted versus the volume
fraction of the reinforcement phase in Fig. 10. The re-entrant honey-
comb reinforced composite has the highest Young's modulus and



Fig. 8. Effect of Poisson's ratio on the mechanical properties of various honeycomb reinforced composites during the uniaxial compression test. (a) The unit cell geometry and the
coordinate system used for regular honeycomb and re-entrant honeycomb. Here, h and l are the unit cell lengths; H is the length of the vertical cell wall and L is the length of the
inclined cell wall; t is the thickness of the cell walls; θ is the angle and for re-entrant honeycomb, the value is negative. (b) The nominal stress-strain curves. (c) The geometry design
for honeycomb reinforced composites with different Poisson's ratio of the reinforcement honeycombs. (d) Calculated Young's modulus and (e) the estimated energy absorption as a
function of the Poisson's ratio of the reinforcement honeycombs.
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energy absorption capability comparing to the other three composites,
especially at low volume fraction (below 40%) of the reinforcement
phase. The chiral lattice reinforced composite is the second best
performing composites in general for overall mechanical properties.
The non-auxetic lattice reinforced composites exhibit relativeweakme-
chanical properties comparing to auxetic lattice reinforced composites.
Generally, the Young's modulus of the cellular materials, such as metal
foams and lattice structures, can be described by a scaling law between
the mechanical property and the relative density [70,71]. Since the me-
chanical property of lattice reinforced composites is dominated by the
reinforcement phase, we use a scaling law to describe the response of
these composites in this study. For the Young's modulus, Ec of the com-
posite can be described as a function of the modulus of material for re-
inforcement phase, Er and the volume fraction of the reinforcement
phase, Vr/Vc, via Ec = C1Er(Vr/Vc)n where C1 and n can be obtained by
fitting the experimental data. Similar relation for energy absorption,
UcisUc = C2Ur(Vr/Vc)mwhereUris the energy absorption of the bulkma-
terial of the reinforcement phase at the same strain level, presented in
Table 1; C2 and m can be obtained by fitting the experimental data.
The parameters C1, C2, n and m are listed in Table 2. The scaling expo-
nent close to 1 indicates a stretch-dominated deformation behavior
whereas an exponent of 2 typically indicates bending-dominated
deformation. It is also established that structures governed by a
stretching-dominated deformation offer higher stiffness and strength
per unit weight than those governed by bending-dominated deforma-
tion. In our lattice reinforced composites, the scaling exponent for re-
entrant honeycomb reinforced composites are found to be n= 1.369
and m=1.174. While for the other composites, the scaling exponents
are larger or close to 2. These results indicate that the re-entrant honey-
comb reinforced composites are close to stretch-dominated deforma-
tion in overall while the other composites are close to bending-
dominated during uniaxial compressive loading. Moreover, this trend



Fig. 9. The stress-strain responses of four types of composites at different volume fractions of the reinforcing phase. (a) Re-entrant honeycomb reinforced composites, (b) chiral truss
reinforced composites, (c) regular honeycomb reinforced composites, and (d) truss reinforced composites.
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can be noticed in the local analyses of the composites (Fig. 7). Notice
that in the honeycomb and the truss composites, the matrix has
neglectable effects on the deformation mechanism of the lattice struc-
tures. We believe that the deformation mechanisms of non-auxetic
composites and cellular structures are more bending-dominated. How-
ever, in the re-entrant and the chiral truss composites, the matrix pro-
vides additional support and suppresses the bending and rotation of
the ligaments of the lattice structures,making themmore difficult to de-
form, changing the deformation mechanism to more stretching-
dominated. As a result, the deformationmechanism significantly affects
the mechanical response of the lattice reinforced composites. This
nearly linear scaling relation of the re-entrant honeycomb reinforced
composites indicates that we can design light weight yet stronger com-
posites. These results suggest great potentials to tailor the geometric
features of the lattice reinforced composites to achieve tunablemechan-
ical properties.

4. Discussions

In the previous sections, we focus on the 2D lattice structures and
demonstrate that 2D auxetic lattice reinforced composites exhibit en-
hanced mechanical properties. Recently, 3D auxetic systems consisting
of networks of buckliball [72], chiral-like structures [73], orthotropic
laminated open-cell frameworks [74], and lattice metamaterials with
curved beams [75–77] have been designed. Indeed, most of these 3D
auxetic structures are porous thus are very suitable to serve as rein-
forcements in composites. Conceptually, under uniaxial compression,
the softmatrixwill be in a state of triaxial compression, thereby leverag-
ing the overall mechanical performance of the composites [78–80].

In this study, we focus on demonstrating the effect of geometric fea-
tures of auxetic reinforcements on the mechanical behaviors of the
designed composites, however, the selection of materials for each
phase of composites is still an important issue. Due to the limitation of
our 3D printer, we use the glassy polymer as the reinforcement phase
and a rubber-likematerial as thematrix. Recently, additivemanufactur-
ing enables the fabrication of not only polymeric but also metallic and
ceramic materials with intricate cellular architectures [62]. Cellular ma-
terials, such as lattice structures, can easily be fabricated bymetal pow-
der bed fusion [81,82]. Although given the high melting point of
ceramics, a few 3D printing systems could print ceramics either by se-
lective curing of a photosensitive resin that contains ceramic particles,
by binder jetting or by selective fusion of a powder bed with a laser
[83,84]. Moreover, post-pyrolysis of 3D printed polymer precursors
can fabricate carbon [85,86] or ceramic materials [87] with architected
structures. Therefore, as newmethods are emerging and maturing, fab-
rication of more and more complex cellular architectures especially
auxetic structures will be enabled. Such development will facilitate fab-
ricating auxetic reinforced composites with various materials as the re-
inforcement phase for a wide range of applications and further creating
multifunctional materials.

Finally, the dynamic response of the auxetic reinforced composites
will be of great interest despite we have studied the quasi-static com-
pressive behaviors here. For example, improved impact resistance has
been recently observed in 3D-printed bioinspired composites with hier-
archical conch shell structures using the same material systems as ours
[88]. Indeed, the dynamic effects including the micro-inertial effect,
shockwave effect, and strain rate effect of thematerials have significant
influences to the mechanical behaviors of the 3D-printed composites.
For instance, the yield strength of the glassy polymer VeroWhite clearly
increases as the strain rate increases. In the future work, the dynamic
behaviors of the auxetic reinforced composites under different levels
of strain rates will be systematically investigated.



Fig. 10. Comparison of mechanical properties of the lattice reinforced composites as a
function of the volume fraction of reinforcement phase: (a) Young's modulus,
(b) energy absorption.
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5. Conclusions

In summary, we have investigated the macroscopic mechanical re-
sponses of the auxetic lattice reinforced composites through a combina-
tion of 3D printing, experiments, and numerical analyses. We have
shown that auxetic lattice reinforced composites have enhanced me-
chanical performance, achieving a unique combination of stiffness and
energy absorption, compared with the non-auxetic lattice reinforced
composites. In particular, by harnessing the negative Poisson's ratio
Table 2
The relations of the Young's modulus and energy absorption at a strain of 0.25 to the vol-
ume fraction of the reinforcement phase for the lattice reinforced composites.

Lattice reinforced composites Young's modulus Energy absorption

C1 n C2 m

Re-entrant composite 0.100 1.369 0.186 1.174
Chiral composite 0.204 2.340 0.349 1.817
Honeycomb composite 0.075 1.877 0.138 1.303
Truss composite 0.206 2.630 0.186 1.676
effect in the lattice reinforcements, we find that the mutual constraints
between the auxetic reinforcement and matrix enable enhanced me-
chanical properties by gaining additional support from the matrix
phase. We further quantify the effect of Poisson's ratio on the other me-
chanical properties of various honeycomb reinforced composites, indi-
cating that the degree of auxetic behavior could be used to tune the
stiffness and energy absorption of the lattice reinforced composites. Fi-
nally, we use scaling law to evaluate the effect of volume fraction of the
reinforcement phase in the composites, showing that the re-entrant
honeycomb reinforced composite exhibit nearly linear scaling. These re-
sults provide guidelines for engineering and developing a new class of
auxetic reinforced composites with enhanced mechanical performance
for a wide range of applications and further creating multifunctional
materials.
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