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We present a lattice structure defined by patterns of slits that follow a rotational symmetry (chiral) con-
figuration. The chiral pattern of the slits creates a series of hinges that produce deformation mechanisms
for the lattice due to bending of the ribs, leading to a marginal negative Poisson’s ratio. The engineering
constants are modeled using theoretical and numerical Finite Element simulations. The results are bench-

Keywords: marked with experimental data obtained from uniaxial and off-axis tensile tests, with an overall excellent
Lattice agreement. The chiral hinge lattice is almost one order of magnitude more compliant than other config-
Metamaterial urations with patterned slits and - in contrast to other chiral micropolar media - exhibits an in-plane
Chiral shear modulus that closely obeys the relation between Young’s modulus and Poisson’s ratio in homoge-
Elasticity neous isotropic linear elastic materials.
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1. Introduction

Lattice metamaterials are currently being developed to create
unusual deformation mechanisms and multifunctional capabilities
(Lee et al., 2012; Christensen et al., 2015) in a vast range of ap-
plications, from energy absorption through microbuckling instabil-
ities (Frenzel et al., 2016; Kang et al., 2013) to wave propagation
and vibration transmissibility reduction effects (Phani et al., 2006;
Tang et al., 2015; Zhou et al, 2014) A subset of lattice metama-
terials is constituted by solids with negative Poisson’s ratio, also
known as auxetic (Lakes, 1987; Evans et al., 1991; Yasuda and
Yang, 2015). The unusual auxetic behavior is essentially achieved
using specific cell topologies as re-entrant units, rotating rigid/semi
rigid units, as well as chiral systems. Wojciechowski (1989) has
first suggested an auxetic chiral configuration based on rotat-
ing disks and nearest neighbor inverse nth power interactions.
Prall and Lakes (1996) have formally developed a chiral structural
honeycomb providing a theoretical and experimental in-plane Pois-
son’s ratio of —1. This configuration consists in ligaments connect-
ing two cylinders located on the opposite sides and ends, with
each cylinder having 6 tangent ligaments at regular 60° intervals.
Chiral cellular solids have shown some peculiar features over con-
ventional hexagonal honeycombs, because of the out-of-plane par-
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tial decoupling between compressive and transverse shear behav-
ior between the cylinders and the ligaments (Lorato et al., 2010;
Spadoni et al., 2005). Alternative chiral topologies consisting of
rectangular or other geometrical forms, as well as 3-, 4- and 6-
connected ligaments in chiral and anti-chiral lattices have been
reported and investigated in recent years, both from a mechan-
ical quasi-static and dynamics perspective (Scarpa et al., 2007;
Hassan et al., 2008; Grima et al., 2008; Miller et al., 2010; Alderson
, 2010; Spadoni and Ruzzene, 2012; Liu et al., 2012; Chen et al.,
2013; Chen et al., 2014; Chen et al., 2014; Bacigalupo and Gam-
barotta, 2014; Mousanezhad et al., 2016; Alderson et al., 2010;
Liu et al., 2011). Auxetic topologies of perforation and cuts have
also risen to prominence with a plethora of perforation patterns,
ranging from circular holes to ellipses or cuts, which may con-
vert two-dimensional conventional materials into negative Pois-
son’s ratio metamaterials. Bertoldi et al. (2010) and Grima and
Gatt (2010) have developed pilot studies on auxetic metamate-
rials with circular and diamond shape perforations, respectively.
Cho et al. (2014) have generated continuous pattern transforma-
tions in a thin sheet of material by introducing fractal cuts with
different motifs through rigid unit rotation. Gatt et al. (2015) have
proposed a novel auxetic hierarchical system based on the rotat-
ing rigid units mechanism that exhibits a wide range of properties
including different sized pores that can open to various extents.
Inspired by ancient geometric motifs arranged in square and trian-
gular grids, Rafsanjani and Pasini (2016) has introduced a class of
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switchable architected materials exhibiting simultaneous auxeticity
and structural bistability by using a network of rotating units con-
nected with compliant hinges. The use of slits/cuts following de-
terministic Kagome-types and various center-symmetric topologies
(Slann et al., 2015; Taylor and Francesconi, 2014; Mizzi et al., 2015;
Billon et al., 2017), as well as random patterns (Grima et al., 2016)
has also been adopted to create 2D mechanical metamaterials.

In this paper, we present a lattice configuration with patterns
of cuts that generate internal rotations through the creation of
hinges and a structural chiral configuration. Chiral topologies are
commonly developed by connecting ribs tangentially to cylinders
or quadratic units (Prall and Lakes, 1996; Grima et al., 2008). This
involves the use of relatively complex manufacturing techniques,
ranging from 3D printing (Lorato et al., 2010) to composites bond-
ing techniques (Bettini et al., 2010). Moreover, the relative porosi-
ties of these chiral lattices are quite large, and most of the struc-
tural chiral honeycombs have maximum relative densities around
12% (Cicala et al,, 2012). By contrast, the new 2D chiral lattice
hinge configuration presented in this work is created by a self-
similar generation of a series of cuts, which resembles the first
iteration of a Peano’s curve (Peano, 1890). The pattern proposed
in this work also follows the layout of the cross-chiral topology
(Dos Reis and Ganghoffer, 2012). In this lattice the hinge effects
are due to flexure of the ribs. The width of the perforations used
in this lattice is negligible compared to the shortest length of the
unit cell, and that allows creating a structure with chirality and
extremely low porosity. The presence of a pattern of cuts leads
to the use of laser or other more traditional cutting techniques,
and also to a broad range of two-dimensional material substrates
for producing the new lattice topology. In this paper, the equiva-
lent in-plane engineering constants of the lattice are modeled us-
ing a combination of theoretical and finite element numerical tech-
niques. The models are validated by experimental results obtained
from uniaxial tensile and shear tests performed according to ASTM
standards.

2. Theoretical model
2.1. Geometry

The fundamental unit cell of the chiral hinge lattice is shown in
Fig. 1. The square configuration can be described by using the pa-
rameters q, b, t and h. The parameter a represents the total length
of the unit cell, b is thickness of the ribs, t is the width of the slit
and h is the out-plane thickness of the unit cell (not indicated in
the figure). The total length of the unit cell is a = nx (b+t), where
n is an even integer (10 in cell represented in Fig. 1). For simplifi-
cation, the value of the gap t is neglected in the theoretical model
developed in this work. For the purpose of the numerical model
described later, the gap t is equal to b/10 and consistent with the
cutting parameters adopted in the fabrication of the experimental
samples.

2.2. In-plane tensile modulus

The lattice structure is considered as behaving as an equiv-
alent isotropic and linear elastic in-plane material. The square
representative unit cell (RUC) of the lattice structure is consti-
tuted by 36 beam Euler-Bernoulli components. For the case of
the in-plane uniaxial tensile loading, the boundary conditions are
representative of a clamp located at the corner, and a uniform
load intensity q applied to the interface with an adjacent cell
(Fig. 2(a)). To simulate the deformation of the chiral hinge lat-
tice, the whole unit cell is represented as a closed, sequential
and statically indeterminate beam structure, in which the uniform
loading q is substituted by a concentrated force P (Fig. 2(b)). To
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Fig. 1. (a) Chiral hinge lattice panels made out of laminate wood. (b) Geometry of
chiral hinge unit cell.

solve for the internal forces within the resulting closed and hyper-
static beam structure, the corner between the beam components
1 and 36 is cut open; the boundary condition is then set as a
fixed end of beam number 36 (Fig. 2(c)). The calculation of inter-
nal force equations for the whole RUC starts at beam number 1.
The recurrent formulas for the internal normal (Fy;) and shear (Fg;)
forces and bending moments M; are:Fy;(xy)=—Fy,Fs(x1)=—Fx,
M;(x1)=M — Fx x x1. The other beam components can be then cal-
culated from the previous beams in the sequence of elements. As
an example, for the case of the configuration corresponding to a
= 10b (Fig. 2), the axial force and shear forces of the ith beam
are expressed as: Fyi(x;)=Fs_1, Fsi(x;)=Fyi_1, Mi(x;)=M;_1(l; _1)
+ Fyi_1 x x; (with i = 2..18,18a..20..36). For this particular configu-
ration, one can also state that Fyi9(X19) = Fn1ga» Fs19(X19) = Fs18¢ — P,
and Myg(X19) = M1g4(l18q) — Fs18q < X19 + P x X19. As a consequence,
three complementary conditions (8% = 0,8’1’ = 0,819 =0) are im-
posed to solve the unknown internal forces Fy, Fy, M of the beam
element in the hyperstatic structure.

We then apply Castigliano’s theorem by simultaneously consid-
ering three types of strain energies associated to bending, tensile
and shear loading:

" (M)
U= L_~d
Z( o 2B T
i=1
In (1) E is the Young’s modulus of core material, G

is the shear modulus of the material (G=E/(2(1+V)))k=
[10(1 +v)]/(12 + 11v)is the Timoshenko shear coefficient for a

bER () VER ()
Ni Si
| 2EA dX+k/o 2CA dx (1)
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Fig. 2. Schematic illustration of theoretical modelling of the unit cell (a = 6b): (a) element division; (b) structure simplification; (c) statically determinate structure with

complementary conditions.

rectangular cross section with core Poisson’s ratio v (Cowper,
1966), I, = hb3/12 is the second moment of area and A=bh is the
area of the cross section of each beam element. Within the context
of this work, we define as core the substrate material of the lattice.
According to the Castigliano’s theorem, the displacement of a
beam under the influence of a force P may be expressed as:
au
0= += 2
op @)
Therefore, the total strain energy of the chiral hinge cell under
a uniaxial tensile loading P is obtained as:

U = sz X 722:03“)1:
Eh 2, Gui

Where B; and C; are constants. From Eq. (2), displacement &
under the uniaxial tensile loading P is obtained as

3)
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The effective Young’s modulusE;is defined as the ratio between
the nominal stress and the strain:
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in which Ly, Ly, h and A are the initial lengths along the x and y
directions, the out-plane thickness and the cross-sectional area of
the unit cell structure, respectively.

Therefore, the homogenized non-dimensional effective elastic
modulus of the chiral hinge lattice along the loading direction is
given by:

E_ 1 YiGv
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E

2.3. In-plane Poisson’s ratio

The overall Poisson’s ratio vy is defined as the ratio between the
transverse strain and the longitudinal one along the direction of
the tensile loading and is then written as (Salit and Weller, 2009):

b By G2 1 Le(By1 — b) 7)
X & L, 8y/Ly OxLy

In Eq. (7), 8xis the tensile displacement along the x direction;
dy1 and §y, are the average displacements for the nodes at the
bottom and top ends along the y direction. Both 8, and §yare
scalars. From Eq. (2), the vertical displacements generated by the
bending moment and the axial and shearing forces at each single
beam of the RUC can be calculated as follows:

WUs2Uw) ;_5 45,... 36,184
aP (8)
i=1,3,5,...,35

% =%1 au,

oP’
The total vertical displacements on the upper and lower edges
of the unit cell are obtained as 8,, =Xdy;i=1, ..., 18, 18a and

yir

dy1=23;,j=19, ..., 36. Substituting the values of §,; and §,, into
Eq. (7), the overall effective Poisson’s ratio v is obtained as:
1 5 D
v = 1 Zizo DV (9)
2 YiloBvi

Where B; and D; are constants.
2.4. In-plane shear modulus
Three major types of fixtures are used to simulate an in-plane

shear test: (a) uniaxial loading (loaded in diagonal tension), (b)
biaxial (under tension and compression loads) and (c) tangential



W. Zhang et al./International Journal of Solids and Structures 141-142 (2018) 254-263 257

R

\ PICTURE FRAME
SHEAR FIXTURE

]
¥ i
BIAXIAL DIAGONAL TENSION
c [ | BEAM_SHEAR
‘ F IXTURE J
A A
d CANT I LEVER e THREE POINT

Fig. 3. Typical shear-test fixtures (Salit and Weller, 2009, Fig. 5).

(cantilever and Wagner beams, rail shear fixture), shown in Fig. 3.
However, only biaxial loading introduces as close as possible a pure
shear deformation field (Salit and Weller, 2009). We therefore use
in this paper biaxial shear loading for both the theoretical model-
ing and the FE simulations.

In analogy to the uniaxial tensile modeling, the biaxial shear
RUC for a = 10b consists of 36 beams with uniform loading gx,
qy, and boundary conditions as shown in Fig. 4(a). To simulate the
deformation of the square unit cell each beam neutral axis is con-
nected to create a closed, sequential and statically indeterminate
single beam structure. Taking again as an example the chiral hinge
lattice configuration of a = 6b, the boundary conditions are fur-
ther simplified as fixed-ends to beams 1 and 36. These BCs lead to
the solution of the internal axial forcesFy, the shear force Fs and
bending momentM. The uniform loading qx, gy are substituted by
concentrated forces Py and Py (Fig. 4(b)). In a similar fashion to
the uniaxial tensile case, complementary equations(6f = 0,851' =0,
819 =0 and 85 =0, 5%/3 =0) are imposed to obtain the unknown
internal forces Fy,Fy, M of the beam #1, as well as the unknown
reaction forces Fypg,Fypgin beam #28.

The total strain energy of the chiral unit cell under the biaxial
loading Px and Py is given by:

1
U:hEx(

Where «; B; y; ¢; are constant and y 4, =0. From Eqs. (10) and
(2) the displacements dyanddyalong the x and y directions are then
determined. The expression for the effective shear modulus is rep-
resented as (Cicala et al., 2012):

Bttt 15 o

q ;o
Yico GV

T Ox — Oy PLy—PBLy

GC=—= =
y  2(ex—¢&y) 2h(6xLx — L))

(11)

From Eq. (11), the homogenized non-dimensional effective
shear modulus of the chiral lattice hinge microstructure is ex-
pressed as:

41 )
G
g _ (Pc+PB) g(:) ' (12)
E- " 2 “|= 4
> (iPx + APV

i=0

Where ¢;, n; and A;are constants.
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Fig. 4. Schematic illustration of theoretical model for the chiral unit cell (a = 10b)
under biaxial shear modelling: (a) elements division; (b) statically determinate
structure with complementary conditions.

3. The finite element model

To validate the in-plane linear elastic properties of the chiral
hinge lattice structure, Finite element simulations have been per-
formed using the commercial software ANSYS Rel. 14.0. The models
have been developed using PLANE183 elements with 8 or 6 nodes
and two translational degrees of freedom. The elements are well
suited for modeling irregular meshes (Kohnme, 2003). The FE RUC
has a length of 20 mm with the width of the slits of 0.2 mm. The
dimensions of the slits are the same of the nominal ones created
through laser cutting the experimental samples. Boundary condi-
tions are shown in Fig. 5 for in-plane simulation.

Convergence test was also applied with four different types of
models, in which different overall element sizes and different mesh
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Table 1
Comparison for the models and results.

Model  Overall element size (mm)  Refinement at corners

Total DOFs for one cell E*x Vi

Absolute value (MPa) Relative value  Absolute value  Relative value

0.3 No 27,704
. Yes 43,806
0.1 No 224,304
0.1 Yes 242,648

gnw>
=]
W

3.2179
3.1975
3.1975
3.1903

1.0086
1.0023
1.0023
1.0000

—0.02129
—0.02327
—0.02145
—0.02268

0.9387
1.0260
0.9458
1.0000

!
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Fig. 5. Boundary conditions for (a) the tensile and (b) the biaxial shear loading.

methods at corners have been developed, shown in Fig. 6. Because
of its symmetry, the moduli of elasticity and the Poisson’s ratio are
determined using one quarter of the RUC structure.

A detailed description for the models and the corresponding
results are shown in Table 1. Model D (the one with the highest
number of DOFs) is taken as the benchmark for all the other con-
figurations (‘Relative value’ in Table 1). Considering both the accu-
racy and the computational efficiency, the model B is chosen for
the ensuing simulations. The cell related to Model B is also used
to determine the sufficient number of cells to generate a lattice
array and obtain accurate results. Fig. 7 shows that the values for
bothE;andv; tend to converge for increasing numbers of unit cells,

and a model consisting of 8 x 8 Model-B cells is considerate ade-
quate for the full-scale FE simulations at this stage.

4. Manufacturing and experimental tests

The lattice specimens have been produced by using a laser cut-
ting facility to pattern PMMA substrates (World Lasers LR1612 laser
cutter with a 40 W CO, laser). The elastic mechanical properties
of the PMMA material have been determined following the ASTM
D638-08 standard. The tests have been performed using a Shi-
madzu Machine (10 KN load cell, 1 mm/min) with dog-bone spec-
imens (Type I, T=6 mm). The PMMA specimens have a Young’s
modulus of 2.23 GPa and a Poisson’s ratio v = 0.37 + 0.02. These
properties have been used both for the analytical and FE simula-
tions. A CAD model of the chiral hinge lattice has then been ex-
ported to the laser cutting machine to generate a 2D rotational
symmetric chiral configuration. The dimensions of each RUC have
a width b = 2 mm and thickness h = 6 mm. The dimensions of
the uniaxial tensile test samples are 190 mm x 100 mm x 6 mm
(Fig. 8(a)). An off-axis 45° tensile test has been performed to de-
termine the homogenized in-plane shear modulus following the
ASTM D3518/D3518M-13 standard. The dimensions of the shear
test samples are 243 mm x 108 mm x 6 mm (Fig. 10(b)). At least
five unit cells along the width and length of the samples have been
included in the design of the two classes of specimens.

The in-plane tensile tests of the chiral hinge lattice samples
were performed using a Shimadzu test machine with a 1 kN load
cell and a constant displacement rate of 2 mm/min. An Imetrum
video gauge system was used to track the strain fields along the
loading and the transverse directions. Speckle patterns were placed
on the samples with a black marker pen as tracking targets to im-
prove the accuracy of the data acquisition from the video gauge
system. We use in this work the incremental Poisson’s ratio defini-
tion (Sanami et al., 2014):

de
U]z — _ transverse (13)

dslongitudinal

As the unit cell is a square configuration of rotational symme-
try, the tensile test along the x direction is the same as that along
the y direction. The in-plane shear modulus is calculated from the
following expression (Salit and Weller, 2009; Huang et al., 2016):

B

G = 2bh (e — &)

(14)
in which b and h are the width and the thickness of the chi-
ral hinge lattice specimen. The loading force is Py, exandeyare the
strains along loading and transverse directions.

The determination of the in-plane Poisson’s ratio follows the
procedure outlined in Sanami et al. (2014), from which it is pos-
sible to calculate the variations of the cell dimensions. Firstly, the
original raw experimental data of the transverse and longitudinal
Strainse transverseand e,ongimdma,related to one unit cell are obtained
using a video gauge (Fig. 9(a)). Due to the resolution of the images
extracted from the video gauge system noise is present in the data,
a quadratic polynomial curve was fitted to eliminate the noise and
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Fig. 6. FE models used for the convergence test. (a) 1/4 Model A; (b) 1/4 Model B; (c) 1/4 Model C; (d) 1/4 Model D.
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Fig. 7. Effect of the cells number on the convergence.

allow the Poisson’s ratio to be sampled (Fig. 11(b)). The R? val-
ues of the fitting related to the four specimens are close to 1. Data
from Specimen 1 have been discarded because of outliers. Then,
Poisson’s ratios of the four specimens were calculated according
to Eq. (13). The final effective Poisson’s ratio behavior of one cen-
tral unit cell with corresponding standard deviation for the four
specimens was then obtained and shown in Fig. 10. Poisson’s ra-
tio is a ratio of transverse strain (Fig. 9) to longitudinal strain. The
transverse strain values contain noise. Therefore noise related ex-
perimental uncertainty in the calculated Poisson’s ratio (Fig. 10) is
larger at small strain than at large strain.

5. Results and discussion

Table 2 shows the comparisons between the theoretical mod-
eling, the FE homogenization and the experimental results from
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Fig. 8. Specimen for (a) tensile and (b) off-axis 450 shear tests.

the uniaxial and off-axis tensile loading. The experimental incre-
mental Poisson’s ratio has been derived for a tensile strain of 1.7%.
The analytical tensile modulus E; differs from the experimental re-
sult by 2.6%, while the FE ones are 6.5% softer than the modulus
derived from the tensile tests. The experimental Poisson’s ratio is
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Table 2
Comparisons of the homogenized in-plane engineering constants from the analytical, numerical and experimental.
Effective elastic modulus E*y (MPa)  Poisson’s ratio v*y Effective shear modulus G*; (MPa)
Analytical 3.55 —0.041 1.64
FEM 3.26 -0.039 1.70
Experimental ~ 3.49 + 0.15 —0.038 + 0.01 179 + 0.1
a 1.52% lower than the theoretical value, and even less when con-
0.010 4 Original video gauge experimental data sidering the FE rfesult. For short specimens, .there might b.e some
Seci ] ‘ concern about Saint Venant end effects, but since the magnitude of
n . . . . ..
e - SS:E:QZE 5 the Poisson’s ratio is rather small such effects are likely minimal.
A Specimen 3 Tl_le expe.rimental.value.s for the in-pl_ame shear modulus G} show
£ o6 ¥ Specimen 4 higher discrepancies with the theoretical model (8.4%) and the FE
7 results (5%). The theoretical in-plane shear modulus also shows a
B Gosad 3.5% difference with the results from the FE simulations. Uncer-
% tainties affecting the results among the three sets of data can be
& 00024 ascribed to a variety of reasons. Aside from the uncertainties as-
= sociated with the boundary conditions effectively applied to the
olco] experimental model, the main discrepancy related to the shear is
the difference between the biaxial loading and the off-axis experi-
01002 mental tensile test performed. Even when the fixtures produce a
pure shear deformation as closely as possible to the ideal case,
T ¥ T g T Y T X T 1) T L T h: T z T ¥ . . .
000 001 002 003 004 005 006 007 008 009 there are still differences between a pure shear deformation and
Longitudinal strain an approximated one (Cicala et al.,, 2012). Viscoelastic effects may
b be pertinent as well; a given displacement rate corresponds to dif-
0.014 e e = = = s ferent strain rate in specimens Fhat are not the same length and
 value Emor  Value Emor  Vaue  Emor  AdjRSg geometry. Nonetheless, it is possible to observe a general very good
0.012 Longitudinal Strain -7.64587 2.96835E -0.08724 0.0017 2.38532 0.02035 0.95445 . .
Longitudinal Strain  -3.14746 2.42708E -0.01831 0.00165 210114 002275 0.97688 agreement between the different models and the experimental re-
Longitudinal Strain  1.3747E- 7.90137E -0.08912 4.46283E 2.10236 0.00521 0.99447 . . .
0,010 | LLongiudinal Strain_ 406091 2244628 00108 000193 328071 00353 097543 sults, and this gives confidence to the theoretical framework devel-
- } oped.
T o008 Fitting curves of one unit cell By inspecting , Egs. (6), (9) and (12) it is possible to evince
e E': g““’e; a dependency and sensitivity of the engineering constants versus
& 0006~ F:t C:z: 3 the Poisson’s ratio of the core material, as well as the width b and
@ — FitCurve 4 thickness h of the chiral hinge lattice. A sensitivity analysis ver-
|s_“3 0.004 1 sus the latter two geometry parameters indicate - as expected -
0.002 that the width and thickness do not provide any contribution to
' the stiffness and Poisson’s ratio of the lattice. The dependency ver-
0.000 4 sus the core material Poisson’s ratio v is more marked. The non-
dimensional Young’s and shear moduli E}/E and G}/E tend to de-
-0.002 crease linearly from a maximum value at v = 0, but exhibit a drop

—
-0.01 0.00 0.01 002 0.03 004 005 0.06 007 008 0.09 0.10
Longitudinal strain

Fig. 9. Experimental data processing for effective Poisson’s ratio (a) Transverse vs.
longitudinal strains (b) fitting curves.
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Fig. 10. Effective Poisson’s ratio vs the longitudinal strain with corresponding stan-
dard deviation.

of only 1.85% when passing to v = 0.5. The effective Poisson’s ratio
of the chiral lattice v; has however an opposite behavior with the
variation of v. For v = 0 one obtains a more negative Poisson’s ra-
tiov; = —0.042, while for v = 0.5 the effective Poisson’s ratio of the
chiral lattice increases to —0.041. All these values however show
that the dependency of the engineering constants versus the core
Poisson’s ratio is weak. The lattice exhibits a more significant de-
pendence versus the aspect ratio a/b of the internal slits to ribs
(Fig. 11).

A comparison of the analytical and FEA simulations related to
the non-dimensional effective moduli are presented in Fig. 12(a)-
(c). Within the analytical results we differentiate the contribution
of the axial (A), shear (S) and bending (B) deformations in the ribs
composing the chiral hinge lattice. The FEA results are related to
the 8 x 8 cells model. From Fig. 12 it is possible to evince that the
analytical model provides consistent results with the high-fidelity
FE simulations for aspect ratios a/b higher than 6. In terms of non-
dimensional stiffness, the shear deformation within the ribs tends
to be responsible for higher Young's and shear moduli values. This
is particularly evident for the lowest aspect ratio considered in this
work (the a/b = 6 structure), in which the neglect of the bending
deformation gives rise to an increase of the Young’s modulus by a
factor of ~3.1 compared to the FE case, and by ~2.7 times for the
shear modulus. High aspect ratios lead to a decrease of the stiff-
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Fig. 11. Three types of RUC with different aspect ratios of slit to ribs: (a) a/b = 6, (b) a/b = 10, (c) a/b = 14.
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ness, with the natural logarithm of E}/E and G;/E linearly propor-
tional to (a/b)~!. Regarding the Poisson’s ratio, it is interesting to
notice that the shear deformation contributes to maintain a ~0 v;
effect; on the contrary, the bending tends to increase the negative
Poisson’s ratio effect at lower a/b ratios (Fig. 12(c)) (Gibson et al,
1982). It is worth noticing that by considering bending and axial
deformations only, one can already obtain an excellent agreement
with the FE results for a/b higher or equal than 10. Also in this
case, discrepancies with the high-fidelity FE appear for the case
a/b = 6, for which bending and stretching tend to provide a very
low shear stiffness and negative Poisson’s ratio behavior that coun-
teracts the stiffening effect given by the shear deformation mech-
anism.

The chiral lattice hinge structure is marginally auxetic. The neg-
ative Poisson’s ratio effect is created through the hinging of the
ribs, in a similar manner to the one observed in cross-chiral con-
figurations (Gaspar et al., 2011). The magnitude of the Poisson’s
ratio is extremely small (and close to zero) for the a/b range con-
sidered, but its negative value puts the lattice structure described
in this work within the wider class of negative Poisson’s ratio
materials. This is not surprising, because the lattice configuration
has similarities with chiral structural topologies that exhibit an
in-plane negative Poisson’s ratio behavior (Wojciechowski, 1989;
Prall and Lakes, 1996; Spadoni and Ruzzene, 2012; Alderson et al.,
2010). Zero in-plane Poisson’s ratio has been observed in cross-
chiral configurations made from slender beams (Dos Reis and
Ganghoffer, 2012), for which the uniaxial-rotational coupling is the
main deformation mechanism. It is worth noticing here that the
marginal near zero Poisson’s ratio is effectively encountered in the
configurations corresponding to the presence of the slenderest ribs.
On the contrary, for lower a/b values the main deformation mech-
anism of the ribs is the shear deformation of the cross section.
The decrease of the stiffness provided by the patterns of cuts on
the planar bulk material is also remarkable (~0.16% of the core
for a/b = 10). The chiral hinge lattice is therefore more compli-
ant than the slit perforated systems with deterministic and ran-
dom patterns, which exhibit non-dimensional stiffness between
~4% and 14% (Taylor and Francesconi, 2014; Mizzi et al., 2015).
Another aspect worth mentioning is the behavior of the in-plane
shear modulus. Under isotropic Hooke’s law the shear modulus
can be expressed asGy = E;/[2(1 + v})]. Although the material is
structurally cubic, it is elastically isotropic; the chiral elastic aspect
has not been evaluated. By using the analytical values obtained
for the equivalent Young’s modulus and Poisson’s ratio E; and v;
one obtains a shear modulus G; = 1.85 MPa, which is 11% stiffer
than the modulus predicted through biaxial shear. These differ-
ences between the homogenized shear modulus and the one cal-
culated by assuming an isotropic linear elastic behavior of the lat-
tice is however significantly lower than the one observed in struc-
tural chiral systems. Hexagonal and tetra-tessellated chiral lattices
have equal uniaxial Young’s moduli along the lattice coordinates
and an in-plane Poisson’s ratio close to —1 (Prall and Lakes, 1996;
Alderson et al.,, 2010). By using concepts of Poisson’s ratio and
Young’s modulus, a continuum view of the material is implicitly
assumed. If the structural elements are sufficiently small compared
with the specimen, as is the case with common materials such as
steel and aluminum, classical elasticity is the appropriate contin-
uum approach in the linear regime. If the structural elements are
sufficiently large, moments transmitted through them are of suf-
ficient magnitude that they cannot be neglected. Cosserat or mi-
cropolar elasticity (Cosserat and Cosserat, 1909; Eringen, 1968) is
then an appropriate continuum elasticity theory that, in contrast
to classical elasticity, contains a length scale. Cosserat solids such
as foams (Eringen, 1968) exhibit size effects in torsion and bending
in which deformation gradients give rise to net moments. Simple
tension or compression of normal cellular solids gives rise to mo-

ments in the ribs (Rueger and Lakes, 2016) that must be analysed,
but these moments sum to zero in tension of such solids. Chiral 2D
lattices (Prall and Lakes, 1996) have been analysed (Spadoni and
Ruzzene, 2012; Chen et al., 2014; Chen et al., 2014; Bacigalupo and
Gambarotta, 2014) in the context of Cosserat elasticity. Chiral 3D
solids exhibit stretch-twist coupling (Lakes and Benedict, 1982;
Ha et al., 2016), but no such effects are observed in the present
2D solids.

From a structural integrity perspective, questions may arise
from the use of a pattern with cuts and slits in a 2D material sub-
strate. The edges of the cuts do create localized regions of stress
concentration, and those would affect the overall structural perfor-
mance and deformation behaviour of the chiral hinge lattice. Al-
though the current work is concerned with the in-plane homoge-
nized linear elastic constants of this lattice, it is worth discussing
some consideration about the impact provided by the presence of
the slits. Within the PMMA samples fabricated in this work, brittle
failure was indeed observed, with cracks originated at the corners
of the slits and roots of the ribs. Although the lattice is very com-
pliant, the use of a brittle substrate would limit the elastic range of
deformations, and in that case the use of an elastomeric substrate
would be advisable, as adopted in other perforated metamaterials
(Bertoldi et al., 2010; Cho et al., 2014). The use of a metal substrate
with an elasto-plastic mechanical behavior would lead to the for-
mation of plastic regions in the corners of the cuts prior to failure.
The localized plastic regions would create equivalent plastic hinges,
and therefore increase the coupling between uniaxial deformation
and in-plane rotation during the loading. Further mechanical tai-
loring could involve the rounding of the corners to ameliorate the
stress concentration. In any case, the efficient engineering use of
this lattice topology would involve a careful selection of the sub-
strate material, as well as the manufacturing technology to control
the dimensions and features of the slits patterns.

6. Conclusions

In this work, a novel chiral hinge lattice with a marginal in-
plane negative Poisson’s ratio is designed, modeled and experi-
mentally evaluated. The square lattice has been produced by ro-
tationally symmetric patterns of slits. The theoretical and numeri-
cal models show good agreement with the experimental data. For
large slits to ribs aspect ratios of the unit cell, the bending and
axial deformations provide the main contribution to the elasticity
of the lattice. The Poisson’s ratio of the core material has a negli-
gible effect on the homogenized stiffness and equivalent Poisson’s
ratio of the lattice. The chiral hinge lattice shows a very high com-
pliance compared to other structures defined by patterns of slits,
and a high in-plane shear stiffness with a quasi-isotropic behavior
compared to other structural chiral configurations.
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