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Tunable sequential pathways through spatial
partitioning and frustration tuning in soft
metamaterials†

Asma El Elmi and Damiano Pasini *

Elastic instabilities have been leveraged in soft metamaterials to attain novel functionalities such as

mechanical memory and sequential pathways. Pathways have been realized in complex media or within a

collection of hysteretic elements. However, much less has been explored in frustrated and partitioned soft

metamaterials. In this work, we introduce spatial partitioning as a method to localize deformation in sub-

regions of a large and soft metamaterial. The partitioning is achieved through the strategic arrangement of

soft inclusions in a soft lattice, which form distinct regions behaving as mechanical units. We examine two

partitions: an equally spaced layer partition with mechanical units connected in series, and a cross

partition, represented by interconnected series of mechanical units in parallel. Sequential pathways are

obtained by frustrating the partitioned metamaterial post-manufacture and are characterized by tracking

the polarization change in each partition region. Through a combination of experiments and simulations,

we demonstrate that partitioning enables tuning the pathway from longitudinal with weak interactions to a

pathway exhibiting strong interactions rising from geometric incompatibility and central domain rotation.

We show that tuning the level of uniform lateral pre-strain provides a wide range of tunability from

disabling to modifying the sequential pathway. We also show that imposing a nonuniform confinement

and altering the tilting of one or two of the domain edges enables to program the pathway, access a

larger set of states, and tune the level of interaction between the regions.

1. Introduction

Mechanical metamaterials can expand the range of properties and
functionalities offered by conventional materials. Of interest,
here, are elastic instabilities in soft metamaterials1–4 that have
been leveraged to elicit transition waves5–9 and large reversible
deformation.10–12 When triggered, elastic instabilities can make
the metamaterial switch between multiple stable, or metastable
states,13 which can be utilized to encode and process
information14–16 and to form sequential pathways.17–20

Multistep pathways in complex media often show hysteresis
caused by abrupt readjustments in their internal architecture.17,18

As a result, their state depends on the history of the driving field
and the state transitions experienced by the system. A collection of
state transitions is often modeled as a system of hysteretic
elements with two-state degrees of freedom,20,21 namely hyster-
ons. Under a change of a driving field, U, the system can undergo
a binary behavior: an increase to a given threshold U+ makes the

system switch from state 0 to 1, whereas a decrease to a threshold
U� leads to a switch from state 1 to 0. If U�o U+, the transition is
hysteretic, and the state of the element for a driving field between
the two thresholds can only be determined by tracking the
deformation history.13 In the absence of coupling, a collection
of hysterons exhibit Preisach pathways.21–23

Interactions between hysterons have been studied numeri-
cally, showing avalanches and transient memories.24–26 Experi-
mentally, their control and tuning, have been a challenge,
especially in disordered systems such as crumpled sheets27–29

and amorphous media.27,30,31 Only recently has the tuning of
sequential pathways been studied under compression in corru-
gated sheets20 leading to Preisach18,20 and scrambled pathways.20

Sequential pathways have also been studied lately in a complex
system of bistable beams embedded in a biholar lattice32,33 (i.e., a
periodic arrangement of alternating small and large holes in a 2D
rubbery slab) interacting with pushers.18 The attainment of the
sequential pathways, in these studies,18,20 has been accomplished
by manipulating the geometry of the hysterons, which are orga-
nized in parallel. However, not much has been realized to attain
sequential pathways in a large soft metamaterial featuring series,
or complex arrangement of hysterons, subsequent to its fabrica-
tion. This area remains unchartered, yet a rich territory to explore
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despite some challenges attributed to uncontrollable geometry,
resulting in additional degrees of freedom, and to the challenge of
experimentally characterizing and tuning hysterons properties.

In this work, we present spatial partitioning as a simple yet
effective method to localize deformation and create mechanical
clusters in a large soft metamaterial domain. We focus on the
biholar lattice and partition it by embedding soft inclusions at
specific locations departing from periodicity. Two partitions are
examined. The first, namely equally spaced layer partition,
consists of two evenly spaced layers of soft inclusions that are
in series. The second, cross partition, comprises soft inclusions
embedded in the form of a cross, hence creating intercon-
nected series of mechanical units connected in parallel.

To obtain a hysteretic response in the metamaterial regions,
we generate frustration post-manufacture by applying a combi-
nation of lateral confinement33 and tilting. We experimentally
determine the states of the metamaterial regions by tracking
the polarization in individual regions of the domain. We find
that spatial partitioning of frustrated metamaterials enables
sequential pathway tuning from a longitudinal pathway with
weak interactions to a pathway displaying strong interactions
arising from geometric incompatibility and internal rotation.
Our work shows that a post-manufacturing strategy that uses
lateral confinement and angle tuning of one or two of the
clamping edges enables tuning the pathway and the intensity of
regions’ interaction.

2. Biholar domain, soft inclusion
patterns, and applied loadings

We start by defining our domain, a biholar lattice,32,33 consist-
ing of a 2D rubber array of alternating large and small circular
holes with diameters D1 = 10 mm and D2 = 7 mm (Fig. 1a). The
effective dimensions are W and H, with nW = 9 and nH = 11
denoting the number of holes in the horizontal and vertical
directions, and P = 10 mm the distance between the centers of
the holes. When combined, it yields W = P(nW � 1) + D1 and H =
P(nH� 1) + D1. We extend the upper and lower boundaries by P/2
(Fig. 1a) simply to ensure a uniform application of the loading at
the top and bottom of the sample. The structure is characterized

by biholarity X ¼ D1 �D2

P
¼ 0:3 and filaments thickness t =

1.5 mm.
As per the loading application and sequence, we first con-

straint the domain horizontally by imposing a horizontal strain

ex ¼
Lx � Lx0

Lx0

(horizontal arrows in Fig. 1b) where Lx and Lx0

represent the current and the initial distance between the sides
of even rows, respectively (Fig. 1a). We then apply a uniaxial
compression–decompression loading in the form of ey (vertical
arrows in Fig. 1b). One goal of this work is to investigate the
unexplored distributions of soft inclusions, beyond ensembles
of parallel connections, that can lead to complex arrangements
of interacting hysterons. To create soft inclusions, we simply fill
selected holes in the periodic lattice with our base material,

Elite Double 8 silicone rubber, and report results from two
types of soft partitions, among others we investigated.

In the first, namely equally spaced layer partition, we embed
two layers of soft inclusions (Fig. 2a) that define 3 regions, as
shown in Fig. 2b and c, the latter depicting the manufactured
specimen. Fig. 2d is a sketch of the structural analog we adopt
in our analysis, where each biholar region is condensed into a
biholar unit and connected in series to the adjacent through
layers of soft inclusions. In the second partition, namely the
cross partition, we embed a cross of soft inclusions (Fig. 2e),
defining 5 regions in the geometric domain of Fig. 2f and the
manufactured specimen of Fig. 2g. The partition possesses a
central symmetry centered at point O (Fig. 2f). Analogous to
Fig. 2d, Fig. 2h depicts our structural analog where soft inclu-
sions form a cross segregating and connecting condensed
biholar units at five locations, 4 cross-bracing and one central.

3. Experimental and numerical
methods
3.1. Experimental methods

Our samples are manufactured by pouring Zhermack Elite
Double 8 (E = 220 kPa, n = 0.5) into a mold 3D-printed using
Ultimaker PLA filament (E = 2.3 GPa) and a commercial 3D
printer (Ultimaker 3). After manufacturing, we carefully
removed any rubber sliver arising from the molding process.
The samples are 40 mm thick to prevent out-of-plane buckling
and were tested a week after manufacturing allowing the
completion of the aging process and the stabilization of the
material properties.

To apply lateral confinement, we glued 1/1600 ER308L weld
wire electrode bars of 50 mm length at the even edges of the
sample and inserted laser cut 1.5 mm plexiglass plates in each
face of the sample to constrain the positions of the bars at
desired levels of confinement. The specimens were tested

Fig. 1 (a) Schematic of the biholar domain: H and L denote the effective
dimensions, D1 = 10 mm and D2 = 7 mm are the diameters of the large and
the small holes, P = 10 mm is the distance between the centers of the
holes, and t = 1.5 mm is the thickness of the filaments. The four black
boundaries depict primitive rectangles of the underlying mechanism.31 (b)
Schematic of applied loadings: a preload is first applied to even rows by
enforcing a horizontal strain ex followed by a uniaxial loading ey applied on
the top of the sample while keeping the bottom fully constrained.
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under uniaxial compression–decompression loading using
an Admet (model eXpert 5000, MA, USA). To clamp specimens,
we glued them onto wooden clamps that were fixed to the tester
fixtures.

Our experimental acquisition protocol involves measuring
the force displacement while capturing snapshots of the
deformed sample. We considered a moderate displacement
rate equal to 0.1 mm s�1 to avoid any viscoelastic or creep
effects that could stem from an overly slow or overly fast rate of
the applied displacement. We used a 150 lbf load cell with a
resolution above 10 mN to measure the force. During testing,
snapshots of the samples were captured using a Sony RX
100 VII camera facing the samples. The snapshots and the
testing machine data acquisition were synchronized at 2 Hz. A
Wiener filter enabled the removal of noise from snapshots
where we tracked the positions and the geometrical parameters
of ellipses using MATLAB (R2020b, MA, USA).

3.2. Numerical methods

Nonlinear finite element analysis was carried out with the
commercial software ABAQUS 2020 (Dassault Systèmes Simulia
Corp) with Standard Implicit Dynamics solver and geometric
nonlinearity (NLgeom). We used moderate dissipation to
ensure convergency in the presence of contact. The rubber base
material was modeled with a nearly incompressible neo-
Hookean law described with the following energy function:

W ¼ m
2

det Fð Þ�
2
3tr FFT
� �

� 3

� �
þ K

2
det Fð Þ � 1ð Þ2

where m is the shear modulus, K is the bulk modulus, and F ¼
@x

@X
is the deformation gradient tensor, x and X being

the deformed and undeformed coordinates. We set material
properties consistent with those experimentally measured

(n = 0.499, E = 220 kPa). The structures were discretized with
quadratic plane stress triangle elements CPS6, and a systematic
mesh convergence enabled to reach a mesh size of t/4 allowing
four elements in the thinnest filaments. The simulation is
performed in two steps. The first consists of applying lateral
confinement, tilting, and gravity forces to the specimen. The
second step consists of applying uniaxial loading.

4. Weak interaction pathways in
equally spaced layer partition

In this section, we examine pathways in the equally spaced layer
partition, which corresponds to a metamaterial composed of
units in series. We first explore the phenomena under uniform
lateral confinement, study the impact of varying its level, then
tune its level locally in given regions of the domain.

4.1. Collective buckling and sequential switch of polarization

To explore the phenomena occurring in the equally spaced
layer partition, we apply a uniform confining strain ex = 0.12 to
even rows of the metamaterial, followed by a uniaxial compres-
sion–decompression cycle (Fig. 3a). Fig. 3b shows the force–
displacement curve obtained numerically (solid line) and
experimentally. The dashed line corresponds to the response
of a representative specimen and the shaded area to the
dispersion of results. Fig. 3b shows that state (1) highlighted
on the solid curve corresponds to the initial state of the
experimental metamaterial under lateral confinement applied
before the vertical compression; whereas states (2)–(4) and (5)–
(7) correspond to instability events triggered by compression
and decompression respectively. Snapshots of corresponding
polarization distribution are represented in Fig. 3c where the
color code corresponds to the intensity of the hole polarization.

Fig. 2 Systems of soft inclusions forming two types of partitions: (a) design domain of equally spaced layer partition enabling the separation of (b) three
regions in series; (c) manufactured sample and (d) corresponding analog model with three mechanical units in series. (e) Design domain of cross partition
defining (f) 5 regions with central symmetry centered at point o; (g) manufactured sample and (h) relative analog model comprising interconnected series
of mechanical units in parallel.
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We recall that the polarization of each hole is characterized

by fitting an ellipse and is defined as O ¼ � 1� p2=p1

� �
cosð2fÞ

where p1 and p2 are the major and minor axes respectively, and
f the angle between the major axis and the x-axis.33 We set the
polarization to be positive (y-polarized, red tint) when the major
axis of the large ellipse is aligned with the x-axis, and to be
negative when it is perpendicular to it (x-polarized, green tint).
We observe a good agreement between the experimental and
the numerical force–displacement curves. Deviations can be
attributed to the manual application of lateral confinement,
material stickiness, and sample imperfections rising from
fabrication. Unlike an unbounded periodic lattice with perfect
geometry, where instabilities occur randomly in the domain
(see S1, ESI†), a partitioned lattice exhibits a sequence of
regional and collective buckling of ligaments within each
region (Fig. 3d), a behavior that is dependent on the asymmetry

of the applied preload. This leads to a sequential change of
polarization in the partition regions (Fig. 3c) and to the
observed drops/jumps in the solid curve in Fig. 3b.

Fig. 3f displays the force–time curve for a single compres-
sion–decompression cycle (Fig. 3e), where force drops (2–4) and
jumps in force (5)–(7) are highlighted. The polarization in each
partition region (yellow, orange, and blue regions in Fig. 3a) are
represented with yellow, orange, and blue curves in Fig. 3g.
Since the deformation is concentrated in the center of each
region (Fig. 3c), the regional polarization curves (Fig. 3g) corre-
spond to the polarization of the large hole located at the right of
the central small hole of each region as pictured in Fig. 3a. The
noise observed in the polarization curves is due to numerical
artifacts during the tracking of ellipses positions and para-
meters. We can find that each force drop/jump in Fig. 3f
corresponds to a sudden change of polarization in each parti-
tion region (Fig. 3g).

Fig. 3 (a) Schematic of the specimen under a horizontal confinement (ex) and a vertical displacement (Uy). Partition regions are highlighted in yellow
(region 1), orange (region 2), and blue (region 3) with polarization holes (i.e., where polarization is extracted) represented with dashed circles. (b) Force
displacement curves – offset for clarity – for a confining strain ex = 0.12 obtained numerically (solid line) and experimentally. Dashed line displays the
response of a representative specimen and filled area shows the dispersion of results. (c) Polarization distribution snapshots corresponding to (1)–(7) in
the experimentally acquired force displacement curve with polarization colour code. Global state S = {s1 s2 s3}, shown on the top of each snapshot: si = 0
for x-polarized state and si = 1 for y-polarized state where i = 1, 2, 3. (d) Experimental snapshots corresponding to (1)–(7). (e) Displacement Uy versus time
curve (f) force time curve of the representative specimen showing three sharp jumps at compression and decompression. (g) Polarization as function of
time in the experimental partition regions: yellow, orange, and blue curves correspond to yellow, orange, and blue regions.
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The polarization at a given time t can be represented by

Ot ¼

O1

O2

O3

0
BB@

1
CCA

t

where O1, O2, and O3 represent the polarizations

in regions 1, 2, and 3. Under uniform confinement, the speci-
men shows an x polarization (negative, green tint) throughout
the domain (snapshot 1, Fig. 3c).

Initially, the polarization in the confined structure can be

represented by Ot¼0 ¼

�0:25
�0:29

�0:21

0
BB@

1
CCA . The polarization difference

between regions can be attributed to the positioning of soft
inclusions, the weight of the sample, and sample boundary
conditions. Region 1 is characterized by its proximity to the
location of the uniaxial load, while region 3 is distinguished by
the clamped bottom layer. In contrast, region 2 is surrounded
by two frustrated inclusion layers resulting in its greatest level
of frustration.

The distribution of the polarization intensity is correlated
with the sequence of polarization switches that occurs in the
structure. Low polarized regions change polarization before their
highly polarized counterparts as the level of frustration is lower in
these regions and allows an easier polarization switch.

Under applied compression and due to gravity forces, region
3 changes polarization first (turning red, y-polarized) and
generates a new polarization distribution (snapshot 2,
Fig. 3c). Under continuous compression, the structure densifies
leading to an increase in force as observed in Fig. 3f until
region 1, which has a lower negative polarization than region 2,
changes polarization (snapshot 3, Fig. 3c). Lastly, the highly
polarized region 2 changes polarization leading to a y polariza-
tion (positive, red) throughout the domain (snapshot 4, Fig. 3c).
Continuous compression makes the structure denser with a
close and high polarization in the regions. Such sequence has
been validated numerically (see S2 in the ESI†), for a prescribed
level of preloading identical to that experimentally applied. On
the other hand, if the simulation is performed without gravity,
the outcome varies. Region 1 changes polarization prior to
region 3 due to its proximity to the loading forces and the
absence of body forces (see S2 in the ESI†).

Under decompression, the regions change polarization
sequentially (snapshot 5-6-7, Fig. 3c) until reaching an x-
polarized state where all regions show an x-polarization. Due
to the location of the decompressing load, contact friction
caused by densification, and frustration distribution, region 1
switches polarizations first, followed by region 3 and the highly
frustrated region 2.

The mechanical characteristics of the metamaterial arise
from the interplay between the intrinsic mechanism behaviour
(represented by the rotating rectangle mechanism33 shown in
Fig. 1a) and conventional elasticity, which involves the bending
and buckling of ligaments. As the domain size increases, there
is a greater propensity for the mechanism behavior to diminish,
resulting in the emergence of randomly distributed events of

distortion and localized buckling. For this reason, the study of
regions of larger size is beyond the scope of this paper since it
would cause inhomogeneities that no longer pertain to the
study of hysterons in a mechanical metamaterial.

4.2. Hysteretic transitions and sequential pathways

As observed in the previous section, embedding soft inclusions
leads to a spatially localized hysteretic change of polarization in
each region of the partition for a confinement ex = 0.12. The
hysteretic regions 1, 2, and 3 can, therefore, be considered as
mechanical units with states denoted as s1, s2, and s3. Each
region i in {1, 2, 3} possesses two distinct states: si = 0 for an x-
polarized state and si = 1 for a y-polarized state. The whole
specimen is characterized by a global state S = {s1 s2 s3}, as
reported at the top of each snapshot in Fig. 3c.

By tracking state changes and interactions, we can generate
a directed graph that shows the deformation pathway in the
metamaterial. This is shown in Fig. 4a. Here, the global states
are represented by nodes (rounded rectangles), while the tran-
sition between them, under compression/decompression, is
represented by red/blue arrows respectively. The color of the
rectangle surrounding the global state specifies the color of the
region where the change of polarization has occurred. The grey
rectangle denotes the initial state.

For each region i in {1, 2, 3}, we denote the displacement
threshold at the sudden change of polarization as Ui

+ for the
hysteretic transition from state 0 to state 1 and as Ui

� for the
transition from state 1 to state 0 (Fig. 4b). The hysteretic range
Ui
�o U o Ui

+ corresponds to a state 0 or 1 and depends on the
loading history. In our analysis, the main pathways (denoted as
P+ and P�) are representative of the sequential transitions
observed during compression (P+) and decompression (P�).
We can describe this as a numerical list denoting the order of
polarization changes within the regions enclosed in brackets
(Fig. 4a).

For the structure in Fig. 3, starting from the initial state
{000}, the continuous monitoring of force and polarization

Fig. 4 (a) Transition graph for a confinement ex = 0.12 with 6 nodes
representing the states. Transitions in compression (decompression)
represented by red (blue) arrows. Main pathways in compression and
decompression coded in red and blue respectively on the right of the
graph and corresponding displacement thresholds displayed over the
graph arrows. (b) Schematic of the mechanical unit with two states 0
(white) and 1 (grey). The dashed area corresponds to the hysteretic range
Ui
� o Ui o Ui

+ (i = 1, 2, 3) where the state is either 0 or 1 depending on
history.
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shows the following sequence {001} - {101} - {111}, leading
to P+ = [3,1,2] in compression. During decompression, the
specimen starts from the fully y-polarized state {111} and
exhibits the following sequence: {011} - {010} - {000}, lead-
ing to P� = [1,3,2]. Since weak interactions exist between the
partition regions, the order of the switching events is indepen-
dent of the state of other hysterons.

4.3. Impact of lateral confinement level

The previous section has shown that the incorporation of soft
inclusions induced an uneven degree of frustration within the
domain regions due to boundary conditions and weight, lead-
ing to a sequential change of polarization when subjected to a
uniform confinement ex = 0.12. This section examines the
impact of distinct levels of uniform confining strain on the
force–displacement curves and sequential alterations in shape.

Fig. 5 illustrates the force–displacement curves pertaining to
specific lateral confining strains, accompanied by snapshots of
the specimen at given sample states. The corresponding path-
ways are depicted on the right-hand side of the curves. The
polarization switch between the x and y states exhibits either
non-hysteretic or hysteretic behavior contingent upon the mag-
nitude of the lateral confinement. Non-hysteretic behavior is
observed for lateral confinement 0 r ex o 0.08, and hysteretic
behavior is observed for lateral confinement 0.08 r ex r 0.18.

For ex o 0.08, the polarization switch is not sequential but
occurs simultaneously and smoothly in all domain regions
leading to a smooth shape transformation {000} - {111}
represented with double arrows in Fig. 5. For ex = 0.08, the
response is nonmonotonic and non-hysteretic for the first and
third transitions but is hysteretic for the second transition as
the most confined region leads to hysteresis, inducing the
following pathways {000} - {001} - {011} - {111} and
{111} - {011} - {001} - {000} during compression and
decompression respectively.

The pathway that was observed in the previous section is
obtained for 0.1 r ex r 0.18. For 0.14 r ex r 0.18, however,
the force signal is characterized by the emergence of multiple
peaks that are attributed to local instabilities resulting from the
amplification of inhomogeneities caused by the high lateral
confinement.

4.4. Tunable pathways through inhomogeneous confinement

Uniform confinement, when applied to even rows in our
biholar domain, can generate a non-uniform level of frustration
characterized by dissimilarity in the switching fields during
compression and decompression. We now take a step forward
to tune and program pathways by imposing a locally varying set
of boundary conditions, where our baseline of comparison is
the domain with uniform confinement ex = 0.12.

To generate non-uniform confinement, we prescribe a con-
fining strain, ex = 0.12, to each row embedding soft inclusions,
and enforce a selected strain ei (i in {1,2,3}) to the remaining
biholar regions from the range 0.1 r ei r 0.14 that has shown,
in the previous section, to induce a hysteretic sequential
response in the partitioned metamaterial without the emer-
gence of inhomogeneities. We examine six cases (Fig. 6b). In
the first three cases, we tune a single confining strain while in
the other three cases, we apply distinct confining strains to
each region. This results in six frustration distributions, each
characterized by an initial polarization vector (Fig. 6b). The
frustration distributions define six pathways, characterized by
P+ and P�, as well as displacement thresholds U+ and U� in
compression (red) and decompression (blue), represented at
the bottom of each transition graph.

For the case e1; e2; e3ð Þ ¼ ex;
5

6
ex; ex

� �
; region 2 is the first to

change polarization in compression as it becomes the least polar-
ized followed by a change of polarization in region 3 and region 1,
leading to P+ = [2,3,1]. In decompression, there is a flip of the
switching order of region 2 and region 3, leading to P� = [1,2,3 ].

For the case e1; e2; e3ð Þ ¼ 7

6
ex; ex; ex

� �
, where the confining

strain of region 1 is increased, we observe a swap of the
switching order of region 1 and 2, leading to P+ = [3,2,1]. In
decompression, a sequence like that of uniform confinement
appears, leading to P� = [1,3,2].

The case e1; e2; e3ð Þ ¼ ex; ex;
7

6
ex

� �
induces a gradient of

frustration that increases from the location of applied load to
the clamped bottom edge. This enables access to a large set of

Fig. 5 Mechanical response of the equally spaced layer partition under
increasing lateral confinement ex = 0 to 0.18, with discrete increment of
0.02. Non-hysteretic regime for 0 r ex o 0.08 and hysteretic regime for
0.08 r ex r 0.18, where grey shade indicates hysteresis. Curves are offset
upward for clarity and are accompanied by snapshots of the specimen at
given metamaterial states where x and y polarized holes are highlighted in
green and red respectively. Transition graphs corresponding to confine-
ment 0 r ex o 0.08, ex = 0.08, and 0.08 o ex r 0.18 are exhibited on the
right-hand side. Double arrows indicate a simultaneous change of polar-
ization in partition regions.
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states (Fig. 6b), and programs the switching fields based on the
regional frustration level, leading to P+ = P� = [1,2,3].

In the first three cases, we tuned a single value of regional
confining strain which resulted in a frustration distribution
that induces frustration programmability in compression. This
was altered at decompression due to contact friction18 resulting
from densification and to the location of decompressing load.
In the next three cases (Fig. 6b), we apply distinct strains to the
regions and showcase the programmability of the switching
sequence with respect to the applied regional strains. This
results in a heightened disparity in frustration between the
regions, exceeding that observed in the preceding cases.

For e1; e2; e3ð Þ ¼ ex;
5

6
ex;

7

6
ex

� �
; we obtain the pathway

P+ = [2,1,3]. In decompression, however, the sequence is P� = [1,2,3].

For e1; e2; e3ð Þ ¼ 7

6
ex;

5

6
ex; ex

� �
; in compression, we obtain the

following main pathway P+ = [2,3,1], whereas, in decompres-
sion, the sequence follows P� = [2,1,3] with the second region
being the first to change polarization as region 1 possess a high
frustration.

In the preceding two cases, the pathway could be pro-
grammed during compression by adjusting the strain level
within each region. Nevertheless, the programmability during
decompression is altered because of contact friction caused by
densification as well as the location of the decompressing load.

In the last case of Fig. 6b, we program the pathway in
compression and decompression by applying a gradient of

lateral strains e1; e2; e3ð Þ ¼ 5

6
ex; ex;

7

6
ex

� �
. Applying an increas-

ing lateral strain from the location of decompressing load to
the clamped bottom edge induces P+ = P� = [1,2,3].

While non-uniform confinement enables significant tuning
of pathways in the metamaterial regions, the metamaterial with
equally spaced layer partition exhibits weak interactions. To
achieve strong interactions, we consider, in the next section, a

cross partition obtained by separating 5 regions using soft
inclusions. Although the observed pathway depends on the
asymmetry of the preloading and the interaction through the
rotation of the central region, other strategies can be equally
effective for pathway tuning, such as variations in the ligament
thickness and other geometric parameters of the biholar lattice.

5. Strong interaction pathways
5.1. Protection, rotation, and symmetrical shape changes

To explore interactions between metamaterial regions, we need
a partition with a stronger coupling between regions. Specifi-
cally, this requires that a change of state in one region results in
a switch of state in another region.20 To achieve this, we embed
a cross of soft inclusions that divides the domain into 5 regions
(Fig. 7a). Similar to the equally spaced layer partition, we subject
the cross partition to a uniform confinement ex = 0.12. Since the
specimen has a central symmetry, a y1 = �11 rotation is applied
to the clamping stage at the bottom of the sample as shown in
Fig. 7a during experiments and simulations to trigger the
deformation from one side of the sample.

Fig. 7b shows the force–displacement curve obtained
numerically (solid line) and experimentally. The dashed line
corresponds to the response of a representative specimen and
the shaded area to the dispersion of the results. We observe a
good agreement between the force–displacement curves
with deviations mainly arising from specimen imperfections,
stickiness, and the manual application of confinement. Experi-
mental snapshots of states (1–8) highlighted on the experi-
mental curve and their corresponding polarization distribution
snapshots are represented in Fig. 7c and d respectively.
Similar snapshots were obtained numerically as shown in S3
in the ESI.†

Under applied compression and decompression (Fig. 7e),
the confined specimen exhibits a sequence of regional and

Fig. 6 (a) Schematic of the metamaterial with tuned regional confinement (e1, e2, e3): ei, i in {1, 2, 3}, expressed as function of ex. (b) Transition graphs for
each heterogenous confinement case with transitions at compression (decompression) represented by red (blue) arrows. Initial polarization vectors, as
well as main pathways, and corresponding displacement thresholds at compression and decompression depicted beneath each transition graph in red
and blue respectively.
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collective buckling of ligaments within each region (Fig. 7c),
leading to a sequential change of polarization in the partition
regions (Fig. 7c and d), and to the observed drops/jumps in the
force–time curve (Fig. 7f).

Since the central region (region 5, Fig. 7a) contains four
large holes and one small hole, and is protected by a ring of soft
inclusions, the square mechanism (highlighted in yellow in
snapshot 1, Fig. 7c) is surrounded by a thick, soft layer, that
lowers its deformation and polarization intensity, which inhi-
bits its sudden change of polarization (Fig. 7c and d). However,

we observe that region 5 rotates with an angle that is plotted as
a function of time in Fig. 7g. This result is obtained by tracking
the orientation of the smallest square that can be enclosed at
the boundaries of region 5. We arbitrarily set the rotation to be
positive in the counterclockwise direction.

During the compression–decompression cycle, we observe a
correlation between the abrupt polarization change of indivi-
dual metamaterial regions and the sudden rotation of the
protected region 5. The correlation is through two phenomena,
a buckling-induced rotation (BR) and a rotation-induced

Fig. 7 (a) Schematic of the structure under applied loadings: horizontal confinement (ex), and vertical displacement (Uy). Cross partition regions
highlighted in blue (region 1), orange (region 2), yellow (region 3), and purple (region 4) with central holes represented with dashed circles. (b) Force
displacement curves for a confining strain ex = 0.12 obtained numerically (solid line) and experimentally. Dashed line displays the response of a
representative specimen and filled area shows the dispersion of results. Curves are offset for clarity. (c) Experimental snapshots corresponding to (1)–(8)
in the experimentally acquired force displacement curve. Protected mechanism in region 5 highlighted in yellow and snapping units a and b highlighted in
blue in snapshot 1. Global state S = {s1 s2 s3 s4}, shown on the top of each snapshot: si = 0 for x-polarized state and si = 1 for y-polarized state where i = 1,
2, 3, 4. The sequence of subevents leading to each state is highlighted and numbered in each snapshot. (d) Snapshots of polarization distribution
corresponding to (1)–(8) in the experimentally obtained force displacement curve with polarization colour code. (e) Displacement Uy versus time curve.
(f) Force time curve obtained experimentally under uniaxial loading Uy. (g) Rotation angle of the protected region as function of time with arbitrary
positive direction highlighted. (h) Polarization in the experimental partition regions as function of time: yellow, orange, blue, and purple curves
correspond to yellow, orange, blue, and purple regions. (i) Transition graph with states represented by the nodes, and transitions in compression
(decompression) represented by red (blue) arrows. Main pathways in compression and decompression coded in red and blue respectively on the right
of the graph and corresponding displacement thresholds displayed over the arrows of the pathway. Pathway obtained for decompression from Uy = 22.8
coded in green.
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buckling (RB). The former describes the rotation of region 5
due to a change of polarization (highlighted in brown at force
drops/jumps in Fig. 7f) and the latter describes the change of
polarization due to a rotation of region 5 (highlighted in pink at
force drops/jumps in Fig. 7f).

To track the shape changes in the remaining partition
regions (blue, orange, yellow, and purple regions in Fig. 7a),
Fig. 7h plots the polarization of the central large hole of each
partition region (Fig. 7a) with blue, orange, yellow, and purple
curves respectively. At a time, t, the metamaterial is character-

ized by Ot ¼
O1

O2

O3

O4

0
B@

1
CA

t

where O1, O2, O3, and O4 represent the

polarization of regions 1, 2, 3, and 4, respectively. Due to the
stage inclination, boundary conditions, and the self-weight of
the sample, we initially observe close but non-uniform regional

polarizations characterized by O0 ¼
�0:43
�0:46
�0:39
�0:48

0
B@

1
CA.

Under uniaxial compression and due to geometric incom-
patibility generated by lateral confinement, region 3 which
possesses the lowest polarization intensity, changes first polar-
ization (jump 1 in Fig. 7h). This leads to the sudden rotation of
region 5 in the clockwise direction (state 2, Fig. 7g and snap-
shot 2 in Fig. 7c) and to the drop in the force–time curve (state
2, Fig. 7f). In the presence of lateral confinement, the buckling
induced rotation of region 5 (highlighted in brown in state 2 in
Fig. 7f) changes the frustration distribution within the speci-
men causing the decrease of frustration in the centrally
mapped region 1 and the rotation-induced change of its
polarization (jump in the blue curve, Fig. 7h). The coupling
between the change of polarization of region 1 and region 3
through the rotating region 5 shows the interaction between
the two regions, which will be observed to be stronger during
decompression due to friction. The RB event is correlated with
the drop in force (state 3 highlighted in pink in Fig. 7f) and
induces a symmetrical distribution of polarization around the
central symmetry of the domain (snapshot 3 in Fig. 7c and d).

Further compression leads to a continuous rotation of
region 5 in the clockwise direction and to the decrease of
polarization of region 2 till its sudden change of polarization
(jump in orange curve, Fig. 7h) and to the snapping of the
ligaments in the connecting bi-square unit a (highlighted in
blue in snapshot 1, Fig. 7c). Without this unit, the polarization
change of region 2 is prevented and the rotation of region 5 in
the negative direction would have continued, leading to the
metamaterial densification. In contrast, the sudden change of
polarization in region 2 leads to a sudden counterclockwise
rotation of region 5 (state 4, Fig. 7g), to the third force drop in
force (state 4 highlighted in brown, Fig. 7f), and to the snapshot
4 in Fig. 7c (highlighted in the snapshot are the sequence of
events that occur in the structure).

Additional compression leads to a change of polarization of
region 4 (jump in purple curve, Fig. 7h), causing the snapping
of the bi-square unit b (also essential here for the same reasons

explained for unit a), and the sudden counterclockwise rotation
of region 5 (state 5, Fig. 7g). The sequence of subevents is
highlighted in Fig. 7c (snapshot 5) and lead to the fourth force
drop (state 5 highlighted in brown in Fig. 7f).

When we unload the metamaterial, the domain frustration
decreases and region 5 smoothly rotates in the clockwise direc-
tion inducing a decrease of polarization of region 2 (located
closer to the decompressing load), until it abruptly changes
polarization (drop in orange curve, Fig. 7h). This results in the
abrupt clockwise rotation of region 5 (state 6, Fig. 7g) and the
force jump (state 6 highlighted in brown, Fig. 7f).

Further decompression causes a change of frustration in the
centrally symmetric region 4 to region 2, which abruptly changes
polarization (drop in the purple curve, Fig. 7h), resulting in a
force jump (BR state 7 highlighted in brown, Fig. 7f) and a
structure again with a centrally symmetric polarization distribu-
tion (snapshot 6, Fig. 7c). Continuous decompression causes a
change in polarization of region 3 (drop in yellow curve in
Fig. 7h) and its centrally symmetric region 1 (drop in blue curve
in Fig. 7h), nearly simultaneously. This is due to the strong
interaction between the two centrally symmetric regions which is
more intense now due to friction in the dense structure.

5.2. Sequential pathways and impact of maximum loading
displacement

The sudden and sequential change of polarization observed
during the uniaxial compression–decompression cycle attests
to the hysteretic nature of these regions, i.e., they behave as
hysteretic units with binary states denoted as s1, s2, s3, and s4.
Similar to Section 4.2, we specify the global state of our speci-
men as S = {s1 s2 s3 s4}, and generate a transition graph that
shows its sequential pathway (Fig. 7i) under a confinement ex =
0.12. Starting from the initial state {0000}, the continuous
monitoring of force and polarization shows the following path-
way P+ = [3,1,2,4] in compression. In decompression, the speci-
men starts from the fully y-polarized state {1111} and exhibits
the following sequence: {1111} - {1011} - {1010} - {0000},
leading to P� = [2,4,[3,1]]. The rotation-induced events, high-
lighted in pink in Fig. 7f, show an interaction between the
centrally symmetric regions which is strong during decompres-
sion due to friction. Such transitions are depicted with double-
blue arrows in Fig. 7i.

We notice that, if we unload as soon as state {1111} is reached
(Uy = 22.8), we observe a different sequence (highlighted in green
in Fig. 7i): {1111} - {1011} - {0011} - {0001} - {0000}. Such
discrepancies occur due to decreased contact when regions are
less compressed and decreased central rotation. As a result,
region 2, then region 1 change sequentially polarization, fol-
lowed by its centrally symmetric region 3, then region 4. Dis-
crepancies in the sequences {1011} - {0011} and {0011} -

{0001} are highlighted with green double arrows in Fig. 7i.

5.3. Impact of lateral confinement

In this section, we examine the impact of distinct levels of
uniform confining strain on the response of the cross partition.
Fig. 8 illustrates the force–displacement curves for specific
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lateral confining strains, accompanied by snapshots of the
specimen at given states of the sample. The corresponding
pathways are displayed on the right hand side of the curves.
Depending on the value of the lateral confinement, the change
of polarization between the x and the y states can be either non-
hysteretic for 0 r ex o 0.08, or hysteretic for 0.08 r ex r 0.16.

For ex o 0.08, the change of polarization is not sequential
but occurs simultaneously and smoothly in all domain regions.
The corresponding transitions are highlighted with double
arrows in Fig. 8. For ex = 0.08, the confinement is still minor
therefore the region 4 with higher polarization changes first,
leading to the slight rotation of the protected region 5, the
sudden change of polarization of region 3, and to the first
hysteresis in the force–displacement curve (Fig. 8). Regions 1
and 2, being less confined, change polarization in turn. This
leads to the following sequence at compression: {0000} -

{0001} - {0011} - {1111}. At decompression, region 1 and
2, the least confined and closest to the decompressing load, are
the first to change polarization, followed by region 3 and region
4, leading to the sequence: {1111} - {0011} - {0001} -

{0000}. For ex = 0.1, the change of polarization is hysteretic.
Unlike ex = 0.12 (discussed previously), stronger interactions are
observed between region 3 and region 1, which simultaneously
change polarization, followed by region 4 and its centrally
symmetric region 2. At decompression, we observe the follow-
ing sequence: {1111} - {1011} - {1010} - {0000}. For ex =
0.14, unit b becomes overly confined preventing the change of
polarization in region 4 and leading to the sequences {0000} -
{0010} - {1010} - {1110} and {1110} - {1100} - {1000} -

{0000} at compression and decompression, respectively.
For ex = 0.16, unit a and unit b become both overly confined,

preventing the change of polarization of regions 2 and 4. This

Fig. 8 Mechanical response of cross partition under increasing lateral confinement ex = 0 to 0.16 with a discrete increment of 0.02. Monotonic regime
for 0 r ex o 0.08 and hysteretic regime for 0.08 r ex r 0.16, with hysteresis shaded in grey. Curves are offset upward for clarity and are accompanied by
snapshots of the specimen at given metamaterial states where x and y polarized holes are highlighted in green and red respectively. Transition graphs
corresponding to confinement 0 r ex o 0.08, ex = 0.08, 0.1, 0.12, 0.14, and 0.16 are exhibited on the right-hand side. Double arrows indicate a
simultaneous change of polarization in the partition regions.
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leads to the sequences {0000} - {0010} - {1010} and {1010} -
{1000} - {0000} at compression and decompression, respectively.

5.4. Impact of tilting and non-uniform lateral confinement

Pathways and interactions between regions can further be tuned if
gradient of vertical prestrain as well as nonhomogeneous horizontal
prestrain are applied to the metamaterial. The desired prestrains
can be attained by modifying the inclination of one or two of the
specimen boundaries in the case of the former prestrain, and by
implementing non-uniform lateral confinement in the latter.

The lateral confinement is denoted by a set of three para-
meters (e1, e2, e3), where e1 pertains to the uppermost layer, e2 to
the three middle layers, and e3 to the lowermost layer, as
illustrated in Fig. 9a. The variables e1, e2, and e3 are defined as
a function of ex = 0.12. The lower and upper boundaries’
inclinations are indicated by y1 and y2 (Fig. 9a), respectively,
and are arbitrarily considered to be positively oriented in the
counterclockwise direction. The process of preloading is suc-
ceeded by uniaxial compression and subsequent decompression.

We analyze a total of eight preloading cases (as depicted in
Fig. 9b) and compare them to the baseline investigation that
was previously conducted for a uniform confinement ex = 0.12
and (y1, y2) = (0, �1). The different preloading scenarios lead to
distinct distributions of frustration, each being characterized
by an initial polarization vector, depicted underneath initial
experimental snapshots in Fig. 9b. Eight pathways are char-
acterized by distinct transition graphs in Fig. 9b. The main
pathways, P+ and P�, as well as the displacement thresholds, U+

and U�, are shown in compression (red) and decompression
(blue) underneath each transition graph (Fig. 9b).

The first four instances of preloading pertain to (y1, y2) =
(0,10) which leads to a polarization switch of region 3 (shown in
the four snapshots in Fig. 9b), and to distinct pathways
depending on the applied lateral confinement.

For uniform and low confinement e1; e2; e3ð Þ ¼ 5

6
ex; ex; exð Þ;

regions 1 and 2 exhibit a similar low frustration while the
frustration in region 4 differs due to the presence of tilting
(Fig. 9b). As a result, the polarization switch of regions 1 and 2
takes place concurrently and is independent of the polarization
switch in region 4, leading to the following pathway {0010} -
{1110} - {1111} at compression and {1111} - {1110} - {0010}
at decompression. Such decoupling between the upper and
lower regions can also be observed for tilting (y1, y2) = (0, �1)
and in the presence of non-equal confinement between regions
(1,2) and regions (3,4).

At higher confinement (e1,e2,e3) = (ex,ex,ex), however, geo-
metric incompatibility induces an increase in interaction
between the centrally symmetric regions. The y-polarized state
in region 3 induces a high polarization in region 1 (Fig. 9b),
preventing its change of polarization and promoting only its
densification during the compression–decompression cycle.
On the other hand, region 4 and region 2 exhibit lower
polarization and, under compression/decompression cycle,
the least polarized region changes polarization first leading to
{0010} - {0011} - {0111} in compression and to {0111} -

{0011} - {0010} in decompression.

Applying e1; e2; e3ð Þ ¼ 5

6
ex; ex; ex

� �
to the metamaterial

induces less frustration in the upper layer of the metamaterial
in comparison with the bottom layers. Under applied compres-
sion, the y-polarized region 3 densifies prompting the change
of polarization of the centrally symmetric region 1 (which only
densified in the previous case). This is succeeded by the change
of polarization in region 4 and its centrally symmetric region 2,
leading to the following pathway {0010} - {1010} - {1011} -
{1111}. Under decompression, the centrally symmetric region 2
and region 4 change successively of polarization, followed by
region 1, leading to the following pathway: {1111} - {1011} -
{1010} - {0010}.

Fig. 9 (a) Metamaterial with tilted boundaries (y1, y2) and tuned lateral confinements (e1, e2, e3) elicit distinct pathways represented by (b) transition graphs
with transitions at compression (decompression) represented by red (blue) arrows. Initial polarization vectors, main pathways, and corresponding
displacement thresholds at compression and decompression displayed under each pathway in red and blue, respectively.
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For e1; e2; e3ð Þ ¼ 5

6
ex; ex;

5

6
ex

� �
; the regions change of polar-

ization depending on their level of frustration. Region 4 is the
least frustrated and changes polarization, followed by its cen-
trally symmetric region 2, then region 1 which possesses the
higher frustration, leading to the following pathway {0010} -

{0011} - {0111} - {1111}. During decompression, the switch
also depends on the initial frustration distribution, leading to a
change of polarization of region 4 followed by the change of
polarization of region 2 and region 1.

In the next four cases, we apply a symmetric tilting char-
acterized by (y1,y2) = (10,10) to amplify interactions among
regions. In the first two cases, we study the impact of applying
uniform confinement.

For e1; e2; e3ð Þ ¼ 5

6
ex; ex; exð Þ and under a large centrally sym-

metric tilting angle, centrally symmetric regions possess very
close frustration, which is highly discernable between the pairs
(Fig. 9b). This leads to an amplification of interaction between
the centrally symmetric regions (1, 3) and (2, 4) and to their
quasi-simultaneous change of polarization at compression and
decompression. As a result, the following pathways emerge
{0000} - {1010} - {1111} and {1111} - {1010} - {0000} in
compression and decompression, respectively.

For a higher uniform confinement (e1,e2,e3) = (ex,ex,ex), the
polarization difference between region pairs intensifies and
leads to the change of polarization of the least confined regions
only, and to the densification of the highly frustrated regions.
This leads to the pathways {0000} - {1010} and {1010} -

{0000} at compression and decompression, respectively. The
two previous cases attest that under large centrally symmetric
tilting, uniform confinement leads to strong interactions
between centrally symmetric regions.

In the next two cases, we explore the impact of non-uniform
lateral confinement for the same tilting configuration.

For e1; e2; e3ð Þ ¼ ex; ex;
5

6
ex

� �
; region 1 becomes highly fru-

strated and therefore only densifies during compression. Because
the four upper layers are more frustrated than the bottom layer,
the transmission of deformation through the rotating region 5
decreases. As a result, the change of polarization occurs first in
regions 3 and 4, and is decoupled from region 2, which is the
last to change polarization. This leads to the following pathway
{0000} - {0010} - {0011} - {0111} in compression and
{0111} - {0011} - {0010} - {0000} in decompression.

For
5

6
ex; ex;

5

6
ex

� �
; we observe a similar pathway to the one

observed for e1; e2; e3ð Þ ¼ 5

6
ex;

5

6
ex;

5

6
ex

� �
with a difference: the

change of polarization is distinct rather than quasi-simultaneous
and induces the following pathways {0000} - {1000} - {1010} -
{1011} - {1111} in compression and {1111} - {1011} - {1010} -
{0010} - {0000} in decompression.

6. Conclusion

In this work, we introduced a system of experimentally observa-
ble hysterons in a large soft metamaterial by simply partitioning

and frustrating a metamaterial domain. We first designed a
biholar lattice beyond its conventional periodic arrangement of
holes by embedding soft inclusions at strategic locations.

Sequential pathways are defined through the post-
fabrication frustration of the partitioned metamaterial. We
show that the response of the partitioned metamaterial is
strongly dependent on the level of applied pre-strain which
can generate distinct responses, from a smooth non sequential
to a multi-step hysteretic response.

Unlike amorphous media27,30,31 and crumpled sheets27–29

where it is challenging to track pathways, this work has
presented a straightforward strategy to track the deformation
history and transition states in specific regions through the
recording of regional polarization changes.

Partitioning enables tuning the sequential pathway from a
longitudinal pathway with weak interactions via an equally
spaced layer partition to a pathway with strong interactions
triggered using a cross partition that exhibits protection and
rotation of its central region rising from geometric incompat-
ibility. Our work also emphasizes that a post-manufacture
strategy that uses non-uniform lateral confinement and angle
tuning of one or two of the clamping edges enables to tune the
pathway as well as the intensity of regions interaction.

Overall, the results obtained in this paper rely on the
asymmetry of loading induced from the lateral confinement,
tilting, and gravitational forces applied to the specimen. Tun-
ing the loading distribution enables to tune the switching fields
in the partitioned regions and the resulting pathway as demon-
strated both in our simulations (under ideal settings with
neither manufacturing imperfections nor load misalignment),
and experiments. The physics unveiled in this work as well as
our experimental results are thus reproducible as long as (i)
manufacturing-induced variations of the geometric parameters
of the structure are minimized during fabrication and (ii) a
proper application of loading is ensured with no misalignment
between the specimen and the direction of the applied loading.
Any deviations from the conditions described above can
alter the observed pathways. Such sensitivity parallels that
of a previous study32 documenting the sensitivity of the
uniaxial mechanical response of a periodic biholar meta-
material to variations of both filament thickness and hole
diameters.

As works on experimentally observed pathways in more
ordered systems start to emerge,18,20 we hope that our work
will open venues for the exploration of more complex path-
ways that can arise from the response of the base material
including field responsivity and nonlinearity, such as plasti-
city. We also foresee that other methods for domain partition-
ing through the local change of geometric parameters, the
design of complex patterns as well as the adoption of field
responsive materials,34–36 could enrich the design space and
the range of attainable functionalities. Our strategy can
be leveraged to partition the domain that makes up a soft
machine,37,38 hence holding the potential to expand the
palette and complexity of motions currently achievable by
existing soft robots.
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