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Origami metamaterials are known to display highly tunable Poisson’s ratio depending on their folded
state. Most studies on the Poisson effects in deployable origami tessellations are restricted to theory
and simulation. Experimental realization of the desired Poisson effects in origami metamaterials
requires special attention to the boundary conditions to enable nonlinear deformations that give
rise to tunability. In this work, we present a novel experimental setup suitable to study the Poisson
effects in 2D origami tessellations that undergo simultaneous deformations in both the applied and
transverse directions. The setup comprises a gripping mechanism, which we call a Saint-Venant fixture,
to eliminate Saint-Venant end effects during uniaxial testing. Using this setup, we conduct Poisson’s
ratio measurements of the Morph origami pattern whose configuration space combines features
of the Miura-ori and Eggbox parent patterns. We experimentally observe the Poisson’s ratio sign
switching capability of the Morph pattern, along with its ability to display either completely positive
or negative values of Poisson’s ratio by virtue of topological transformations. To demonstrate the
versatility of the novel setup we also perform experiments on the standard Miura-ori and the standard
Eggbox patterns. Our results demonstrate the agreement between the theory, the simulations, and
the experiments on the Poisson’s ratio measurement and its tunability in origami metamaterials.
The proposed experimental technique can be adopted for investigating other tunable properties of
origami metamaterials in static and in dynamic regimes, such as elastic thermal expansion, and wave
propagation control.
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1. Introduction

Origami engineering attracts exponentially increasing inter-
est among researchers due to its interdisciplinarity combining
knowledge from mathematics, material science, computational
and experimental mechanics. In fact, the optimal design of
origami-inspired metamaterials requires the development of
cutting-edge analytical modelling, advanced numerical simula-
tions and sophisticated experimental tools [1,2]. The extreme
deployability of origami patterns, usually governed by just one
kinematic parameter, makes them a source of inspiration for
designing innovative structures with a wide range of applications
in several fields, including physics, engineering, material sci-
ence, space structures, chemistry, biology, architecture, robotics,
biomimetic engineering [3,4]. The static and dynamical mechan-
ical properties of origami metamaterials mainly depend on the
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geometrical properties of their microstructure [5,6]. One of the
most investigated mechanical properties from a theoretical, nu-
merical and experimental point of view is the Poisson’s effect
of artificially-made architected materials [7]. Since its introduc-
tion [8,9], huge effort has been put by researchers to invent
new metamaterials exhibiting an auxetic behaviour, usually by
changing the geometrical design of their constituent 2D [10-
17] and 3D unit cell [18-20]. Within this framework, origami
metamaterials, being able to vary their geometrical configuration
continuously from folded to unfolded states, and vice-versa, lead
to an extreme tunability of their mechanical response depending
on the folding state [21-26]. For instance, it has been theoretically
and numerically demonstrated that the Poisson’s ratio (v) of
origami patterns can be always negative (Miura-ori [21], v €
(—o0,0]), positive (standard Eggbox [21], v € [0, +00)), or
even switches from positive to negative and vice-versa (Morph
pattern [27], v € R). The standard Miura-ori is a developable
origami pattern made from parallelogram shaped panels, and
is a deployable single degree of freedom (SDOF) system when
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Eggbox pattern

Fig. 1. Geometry of (a) Morph origami patterns, (b) standard Miura-ori, and (c) standard Eggbox. The mountain and valley creases of the isolated unit cells are
shown in solid blue and dashed red lines, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version

of this article.)

all the panels are considered rigid [21]. The standard Eggbox is
also made from the parallelogram shaped panels and is a non-
developable SDOF origami pattern when the panels are rigid [21].
The Morph origami pattern is a recently discovered metamate-
rial [27] which can undergo a change in the mountain-valley
assignment of its creases, unlike the standard Miura-ori or stan-
dard Eggbox patterns where crease topology is fixed. A single
Morph pattern can transform into hybrid states formed from a
heterogeneous combination of unit cells in contrasting modes,
and therefore, can exhibit a wide range of trends associated with
tunable Poisson’s ratios [28]. Similar to standard Miura-ori and
standard Eggbox, the Morph pattern is also an SDOF system when
all the panels are assumed to be rigid. In practice, however,
the panels have finite rigidity and therefore pose a problem in
experimental realization of the origami metamaterial properties
that are theoretically described using rigid panel assumption. The
actual realization of origami-based devices required a deep un-
derstanding on the factors that can induce discrepancies from the
mechanical properties predicted from the theory and those found
experimentally, such as the effect of boundary conditions [29],
manufacturing process [30-32], panels rigidity and thickness
accommodation [33,34]. Although several studies have dealt with
the experimental validation of Poisson’s ratio effect of archi-
tected metamaterials and kirigami-based structures [35-39], only
few provide an equivalent investigation in the case of origami
metamaterials [23,40-42]. Here, we propose a new experimen-
tal setup to determine the mechanical properties of deployable
origami metamaterials during the entire folding/unfolding pro-
cess. The gripping system, called Saint-Venant fixture, has been
carefully designed to allow the complete deployment of the
tested metamaterials in the transverse direction, preventing sam-
ple frustration at the constrained regions. Usually, uniaxial testing
experiments on metamaterials require very long samples to en-
sure a sufficiently large area in the centre of the sample without
boundary effects [37]. In fact, standard gripping devices induce
stress concentrations in the bonded areas, giving the tested meta-
material a dog bone shape that is symptom of a non-uniform
transverse deformation. The novel setup proposed here breaks
the limits of standard gripping mechanisms eliminating Saint-
Venant end effects and thus permitting the testing of short
samples. We have proved the efficiency of the new gripping
mechanism by performing uniaxial testing experiments on sev-
eral origami patterns that exhibit great Poisson’s ratio variability.
In particular, we have tested a Morph pattern in four different
hybrid states, the standard Eggbox, and the standard Miura-ori
patterns. Videos of the Poisson’s ratio experiments performed on
the Morph pattern (Movie SM1) and the Standard Miura-ori and

Eggbox patterns (Movie SM2) are available as complementary
material. Through our proposed experimental setup, we describe
how the deployable (SDOF) deformations of the origami patterns
can be realized despite the apparent non-rigidity of the panels
that are fabricated. We then apply it to obtain the Poisson’s ratios
of the origami patterns at a continuum of folded (deformed)
states to validate their theoretically predicted tunable nature. This
article is organized as follows. We first review the theoretical
background to describe the Poisson’s ratios and their tunability
parameter of the origami patterns under consideration. We then
present the experimental setups that will be used for the uniaxial
tests required for the Poisson’s ratio study. We also provide
details on the fabrication of the origami specimens used for the
study. Finally we present a comparison and discussion of the
tunability of Poisson’s ratios obtained from theory, experiment,
and simulation performed by MERLIN software [43,44].

2. Poisson’s ratio of origami metamaterials

Poisson’s ratio for a material is defined as the negative of the
ratio of transverse and applied strains, during a uniaxial deforma-
tion experiment. Since origami metamaterials can undergo large
deformations due to nonlinear folding mechanisms, we calculate
a tangential Poisson’s ratio at each folded state by taking the ratio
of the infinitesimal (Cauchy) strains along the two directions of
the tessellation. Using the infinitesimal strain theory, we define
axial strain of a segment with length S as s = dS/S. Noting
that the length S is a function of the folded state represented
by a folding-angle ¢, we can write es(v) = (dS/dy )(dy/S).
The dependency of the strains and correspondingly the Poisson’s
ratios of the origami metamaterials on the folding-angle ¢ gives
rise to tunability.

In this section, we review the mathematical expressions for
the Poisson’s ratios of the Morph, the standard Miura-ori, and
the standard Eggbox patterns. Schematics of these patterns and
their unit cell geometries are shown in Fig. 1. We denote the
dimensions of the two-dimensional patterns as W’ and L’ and the
number of cells along the corresponding dimensions as n,, and n,,
respectively.

2.1. Morph pattern

Let « and B denote the panel angles of the Morph unit cell.
The panel dimensions, denoted as a and b, are constrained to
satisfy b = ¢a in order to ensure the orthorhombic nature of
the unit cell, where ¢ cosa/ cos B. Unlike standard Miura-
ori or standard Eggbox patterns, the Poisson’s ratio of the Morph
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pattern could be different from that of its unit cell depending
on the hybrid state it exists in. Hybrid states are heterogeneous
configurations of the Morph pattern that consist of the Miura
mode and the Eggbox mode cells simultaneously. Fig. 1(a) shows
a Morph pattern in its hybrid state consisting of two Eggbox
mode cells and one Miura mode cell. Other possible hybrid states
can also be obtained by changing the proportion of the number
of Miura mode cells (n,) or the number of Eggbox mode cells
(n, — ny,) along the L’ dimension of the structure (see Fig. 1(a)).

For ¢ € [0, 2], the dimensions of the pattern are calculated

as
W' () = n,W(y) = 2n,asin(y/2), (1)
L/(lﬁ) = (nl - nm)Le + nmLm
= (ng — Np)aPe(Y¥) + npadp (V) , (2)
where b
Po(Y)= 142 —2¢cosg,, (3)
Pn(Y¥) = 1+¢% =2 cosm, (4)
with ¢e = ¢e(¥) and ¢m = Pm(Y) given by
B 1 cos o 1 cos B
Pel¥) = cos cos(yr/2) +cos cos(y/2) (5)
_ _1 cos o _ _1 cos B
(V) = cos cos(y//2) cos(y/2) (6)

The Poisson’s ratio of the Morph pattern in a hybrid state, is given
by

) = =220 = platw), @
where
) = cosa sin® £ (8)
[(ne = 1) Pe(V) + N ®im(yr)] cOs B cos® &~
and
cos o (ng — ny)sing,  nysingy
W= et o) @) V)
n cos B8 (ng — ny)sin ¢, _ N sin ¢,
sin((¢e — ¢m)/2) De(V) Pm(V)

(9)

Depending on the choice of n, and n,,, the Morph pattern can
exhibit any real value of Poisson’s ratio, i.e. —co < v",'",L(tp) < o0.
Note that Eq. (7) also gives the Poisson’s ratio of the homogeneous
states of the Morph pattern when (n, — n,;) or ny, is equal to 0.

2.2. Standard Miura-ori pattern

Let B8 denote the panel angle of the Miura-ori unit cell. For ¢ €
[0, 28], the dimensions of the Miura-ori pattern are calculated as

W'(¢) = n,W(¥) = 2n,asin(y/2), (10)
L'(y) = nL(y) = 2neasin(¢/2), (11)
where
_ o cos B
¢ =¢(¢¥)=2sin sy /2) (12)

The Poisson’s ratio of a Miura-ori unit cell (and also the pattern)
is given by

el(y)
ew(¥)
Note that —oo < vjfl (¥) < 0.

= —tan®(y/2). (13)

V‘%L(‘/’) = -
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2.3. Standard Eggbox pattern

Let @ denote the panel angle of the Eggbox unit cell. For
Y € [0, 2« ], the dimensions of the Eggbox pattern are calculated
using the same equations (Egs. (10) and (11)) as that of Miura-ori
except for the expression of angle ¢, which is given by

cos«
= =2cos! ——— . 14

¢ = 9(¥) cos(0/2) (14)
The Poisson’s ratio of an Eggbox unit cell (and also the pattern)
is given by

e(yr) cos® o tan?(v /2)
() = ———= = — — (15)

ew(¥)  cos?(y/2) — cos? o
Note that since ¢ < 2«, the denominator in the above expression
is always non-negative, and therefore, 0 < v“fVL(mp) < 00.

3. Fabrication of the origami metamaterials

We have manufactured three types of origami metamateri-
als made up of 8 x 3 unit cells, namely the Morph, the stan-
dard Miura-ori, and the standard Eggbox patterns, as shown in
Figs. 2(a), 2(b) and 2(c), respectively.

The Morph tessellation was created by assembling single unit
cells obtained by cutting a black 1 mm thick Polypropylene sheet
with a 3-axes CNC milling machine (EGX-600 by Roland, accuracy
10 mm), as shown in Fig. 2(a). The unit cell is generated by folding
its flat configuration and using just one bond. Specific seats and
extensions were realized on the unit cell panels to permit a
rapid assemblage of the whole tessellation shown in the right
part of Fig. 2(a). The standard Miura-ori pattern was generated
from a one-piece of white Polypropylene sheet (1 mm thick) by
the same milling machine used to create the Morph pattern, as
shown in Fig. 2(b). Mountain and valley folding lines were created
respectively on the top and bottom surface of the Polypropylene
sheet to limit conflict issues during the folding process due to
panels thickness. The dimension of the sample in its flat con-
figuration is 514 x 538 mm. The standard Eggbox pattern was
obtained by assembling the strips of 3 x 1/2 unit cells depicted
in the inset (1) of Fig. 2(c). Each strip was milled from a yellow
1 mm thick Polypropylene sheet by the milling machine. Specific
seats and extensions were designed on the panels of the strips
to permit the perfect assembly of the 2D tessellation shown in
the right part of Fig. 2(c) and to make the arrangement highly
modular. The folding lines of all the investigated origami patterns
were realized by a ball end mill (radius 1 mm) mounted on the
milling machine and had an average thickness of 0.25 £+ 0.05 mm
(e.g. see inset (2) of Fig. 2(c)). The bonded junctions between each
element of the tessellation were obtained usin%the Loctite™ 406
(by Henkel) in combination with the Loctite™ 770 primer (by
Henkel). With reference to the symbols reported in Fig. 1, the
geometrical parameters of the investigated origami patterns are
o = 60°, B = 40° n, = 8, and n, = 3. The dimensions of the
panels sides are a = 49.2 mm, b = 32.1 mm for the Morph pat-
tern, and a = 50 mm for the standard Miura-ori and the standard
Eggbox patterns. The dimensions of each assembled pattern at the
rest configuration are reported in Fig. 2 (right part). We note that
the Poisson’s ratios of the origami metamaterials discussed in this
work are independent of the actual length dimensions (a or b) of
the panels.

4. Experimental setup for the Poisson’s ratio study
We have performed systematic quantitative Poisson’s ratio

experiments on the Morph, the standard Miura-ori, and the stan-
dard Eggbox origami metamaterials to investigate the influence
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Fig. 2. Milling machine in action during the manufacturing the origami metamaterials. (a) Milling of the Morph pattern unit cells depicted in the left inset. Right
part: the Morph pattern after its assemblage. (b) The standard Miura-ori pattern, shown in the right part, is obtained by folding a 1 mm thick Polypropylene sheet
milled with the CNC machine. The dimension of the sample in its flat configuration is 514 x 538 mm. (c) Realization of the strips 3 x 1/2 unit cells used to assemble
the standard Eggbox pattern. The inset (1) shows a stack of 3 x 1/2 strips prior the assemblage, while the inset (2) depicts the realization of the folding line by a
ball end mill (radius 1 mm) mounted on the milling machine. Right part: Eggbox pattern after its assemblage.

of boundary conditions on experimental measurements. To this
purpose, two types of setups, shown in Figs. 3(a) and 3(b) and
hereafter called, respectively, setup A and setup B, were pre-
cisely designed to perform tensile tests on the deployable origami
metamaterials. The setups were conceived to monitor the in-
plane longitudinal and transverse displacements of the tested
metamaterials. The whole experimental apparatus was arranged
horizontally to prevent the gravitational effect and reduce out-
of-plane instabilities that could arise during the execution of
the tests. The main difference between the two setups concerns
the fixture mechanisms (gripping system) used to connect the
origami metamaterial to the loading frame machine that is thor-
oughly discussed in the following sections. The analysis of the
experimental data, discussed in Section 5, has shown that the
choice of the gripping system influences Poisson’s ratio measure-
ments since it modifies the boundary conditions imposed on the
origami pattern ends.

4.1. Setup A

This is the first setup we have developed. This setup was
used to perform the first experimental campaign on the Morph
origami metamaterial. The tested sample is constrained on the
two shorter sides with a L-shaped aluminium profile located
above the degree-4 vertex of the 3 unit cells of the pattern end
rows, as shown in Fig. 3(a). This fixing device was designed
to prevent its relative longitudinal displacements with the con-
strained sample leaving the transverse motion sufficiently free.
The L-shaped profiles used to constrain the origami patterns
were covered with a 3 mm thick Teflon (ETFE) plate to reduce
the friction with sample and were mounted, in turn, on two
aluminium profiles 40 x 40 mm. The latter were used to fix one

end of the metamaterial to an optical table (from Thorlabs) and to
connect the other to a loading frame machine by a circular metal
stinger of length 650 mm. A Teflon plate was also placed beneath
the sample to reduce the friction with the PMMA plate that
supports the pattern during the execution of the tests. The tensile
tests were performed by applying a constant speed of 4 mm/s at
one end of the metamaterial with a Messphysik p-strain loading
frame machine (0.01 mm stroke measurement resolution). Load
P and global longitudinal displacement § were acquired with
a AEP TYPE F1-1kN load cell and with a displacement trans-
ducer mounted internally to the testing machine. Such data were
recorded with a Ni-cDaq 9188 acquisition system interfaced with
a PC through a code developed in LabVIEW 2020.

4.2. Setup B - Saint-Venant fixture

We have thoroughly revised and improved the gripping sys-
tem of setup A to mimic as much as possible the boundary
conditions underlying the theoretical formulation and achieve
best agreement between experiments and theoretically predicted
Poisson’s ratio. Photo and schematics of setup B are reported in
Fig. 3(b). The substantial difference with setup A, concerns the
replacement of the L-shaped aluminium profiles with a more
sophisticated gripping mechanism that eliminates the sample’s
frustration at its constrained ends permitting the complete de-
ployment of the origami metamaterial during the folding/
unfolding process. In this case, the gripping mechanism used to
connect the metamaterial ends to the two aluminium profiles
40 x 40 mm, one fixed on the optical table and one connected
to the loading frame, consists of a linear slide system (purchased
from MiSUMi Europe) composed of several sliders inserted into a
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4K HS camera
aluminium
profile 40x40
gripping system loading frame
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non-uniform transverse deformation
(dog-bone shape)
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Setup B - Saint-Venant Fixture
(b)

Saint-Venant Sliqer
fixture 4K HS camera rail
aluminium
profile 40x40
I markers loading frame

rail slider I I

uniform transverse deformation

Fig. 3. Details of the experimental setups designed and realized to perform the Poisson’s ratio experiments. (a) Photo (upper part) and schematics (middle part) of
setup A. The sample is constrained with an L-shaped profile placed above the degree-4 vertex of the 3 unit cells of the sample end rows. Such constraints induce
a non-uniform transverse deformation, as evidenced by the dog-bone shape assumed by the sample (bottom part). (b) Photo (upper part) and schematics (middle
part) of setup B. The sample is constrained with a linear slide system that comprises several sliders inserted into a rail, namely the Saint-Venant fixture. The inset 1
of the top figure depicts the connection between the panels of the pattern to the slider through the fishing wire, while the inset 2 shows the detailed view of the
linear slide system composing the Saint-Venant fixture. The Saint-Venant fixture allows a completely free sample deployment, avoiding the dog-bone shape (bottom

part).

rail. Each slider can slide without friction against a perfectly fit-
ting rail constraint through four rolling bearings and is equipped
with a position locking system. The locking system is used to
block one of the sliders inserted in the rail to avoid rigid motion
of the metamaterial during the execution of the uniaxial testing
experiments. This gripping system is very versatile since the
number of the sliders can vary depending on the type of experi-
ment and the dimension of the sample to be tested. The slide rail
system permits the perfect fixing of the sample while leaving free
the transverse movement during the folding/unfolding process. A
two-pieces (PMMA black) connecting device has been designed
and realized with a CNC milling machine to allow an easy con-
nection of the sample to each slider by a 0.65 mm in diameter
fishing wire, as shown in the detail of Fig. 3(b). The fishing wire
is carefully tensed to keep the panels of the tested patterns con-
nected to the sliders during the whole folding/unfolding process,
as depicted in the inset 1 of Fig. 3(b). Such a device also permits a
fine-tuning of the connection point of the sample to the slider in
the vertical direction. The fine adjustment of the connection point
is fundamental when: i) the samples to be tested have different
heights or ii) the experiments involve origami metamaterials that
exhibit a change of height during the folding/unfolding process.
The efficiency of the novel fixture is evident comparing the two
snapshots reported in the bottom part of Fig. 3. The same Morph
pattern (n, = 2) is subjected to uniaxial testing experiments
by using setup A (left) and setup B (right). The gripping system

of setup A induces a non-uniform transverse deformation to the
pattern as indicated by its dog-bone shape. By contrast, the novel
fixture, called Saint-Venant fixture, permits a free deployment of
the tested origami pattern characterized by a uniform transverse
deformation, avoiding stress concentration in the constrained
region of the metamaterial and thus eliminating Saint-Venant
end effects. In the case of Setup A (standard gripping system),
the total specimen length must be at least four times longer than
the length of the central area with uniform deformation to avoid
the local effects of constraints (bottom part of Fig. 3a), which
might be quite impractical from an experimental point of view.
Conversely, the Saint-Venant fixture permits the testing of very
short samples, which are reliable in the sense of representing a
true periodic system without violating the underlying theoretical
hypothesis (bottom part of Fig. 3b).

The tensile experiments on the origami metamaterials were
carried out at a constant speed of 4 mm/s applied at one end
of the sample by a Messphysik MIDI-10 loading frame machine
(0.05 mm stroke measurement resolution). During the execution
of the experiments, load P and global longitudinal displacement §
were acquired respectively with a DBSSM-100 kg (by Leane Inter-
national) load cell and with a displacement transducer mounted
internally to the testing machine. Such data were recorded with
a Ni-cDaq 9188 acquisition system interfaced with a PC through
a code developed in LabVIEW 2020. By using the setup B, we
have performed the second experimental campaign on the Morph
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