
Toward mechanical
proprioception in
autonomously reconfigurable
kirigami-inspired
mechanical systems

Weijian Jiao1,2,3, Hang Shu1, Qiguang He1,4 and

Jordan R. Raney1

1Department of Mechanical Engineering and Applied Mechanics, University of
Pennsylvania, Philadelphia, PA 19104, USA
2School of Aerospace Engineering and Applied Mechanics, Tongji University,
Shanghai 200092, People’s Republic of China
3Shanghai Institute of Aircraft Mechanics and Control, Shanghai 200092, People’s
Republic of China
4Department of Mechanical and Automation Engineering, The Chinese University
of Hong Kong 999077, Hong Kong

 JRR, 0000-0001-5329-9980

Mechanical metamaterials have recently been
exploited as an interesting platform for information
storing, retrieval and processing, analogous to
electronic devices. In this work, we describe the
design and fabrication a two-dimensional (2D)
multistable metamaterial consisting of building
blocks that can be switched between two distinct
stable phases, and which are capable of storing
binary information analogous to digital bits. By
changing the spatial distribution of the phases, we
can achieve a variety of different configurations
and tunable mechanical properties (both static and
dynamic). Moreover, we demonstrate the ability
to determine the phase distribution via simple
probing of the dynamic properties, to which we refer
as mechanical proprioception. Finally, as a simple
demonstration of feasibility, we illustrate a strategy
for building autonomous kirigami systems that can
receive inputs from their environment. This work
could bring new insights for the design of mechanical
metamaterials with information processing and
computing functionalities.
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This article is part of the theme issue ‘Origami/Kirigami-inspired structures: from
fundamentals to applications’.

1. Introduction
Mechanical metamaterials have drawn significant interest in recent years because they allow
facile control of a wide range of mechanical properties [1–3], including static properties, such
as the Poisson’s ratio (including negative Poisson’s ratio), and dynamic properties, such as band
gaps. Despite these intriguing properties, most mechanical metamaterials have a fixed set of
mechanical properties, meaning that a new system must be designed and fabricated if different
properties are desired. However, a subset of mechanical metamaterials are reconfigurable,
allowing state changes to occur after fabrication, leading to a range of tunable properties [4–10].
Origami- and kirigami-inspired mechanical metamaterials are chief among these. First, they
allow a large range of mechanical properties to be selected based on a few simple fold and cut
patterns [11–15], including enhanced stiffness [13], negative Poisson’s ratio [15] and multistabil-
ity [12,16,17]. These principles have been adopted in various engineering applications such as
robotics [18] and reconfigurable structures [19]. Second, the internal creases and/or cuts often
allow reconfiguration of shape and mechanical properties via simple static loads [19].

Beyond the common properties of interest mentioned above, such as control of stiffness,
Poisson’s ratio and band gaps, recent research has begun to explore whether such mechani-
cal metamaterials can be used to control more exotic properties, including the processing of
information itself (i.e. mechanical computing) [20,21]. That is, just as traditional mechanical
properties such as stiffness, strength and linear wave propagation can be varied in mechanical
metamaterials via the control of relevant design parameters such as cut patterns, nodal mass,
hinge thickness, etc., can the static configuration or dynamic properties of such systems be used
to process, and sometimes store, information [22–24]? In some cases, binary mechanical digits
can be represented by bistable mechanisms, which can be achieved in practice in beam-based
[23,25–28], origami [29] and kirigami [30] designs, among others. These mechanisms support
two (or sometimes more) equilibrium states, which can be abstracted as information states that
one may label as ‘0’, ‘1’, etc. Because bistable mechanisms maintain their state even after a
mechanical load is removed from the system, such mechanical bits can also be thought of as
stable memory [31] to store information. In other cases, such mechanical metamaterials are
designed to perform information processing tasks such as counting mechanical driving cycles
[32], forming a network of logic gates [33] and sequential encoding of information through
external stimuli [34].

While there have been many demonstrations, as above, of the design of mechanical
metamaterials, including origami and kirigami designs, that can process information, it is
still unclear how such systems should be interfaced with their environment, and how one
should read the ‘output’ of a computational event. Unlike conventional digital electronics,
when a mechanical system computes, it is often associated with a change in shape and, often,
mechanical properties. Utilizing the deformation of kirigami structures in response to exter-
nal stimuli, e.g. forces, researchers have developed strain [35], pressure [36] and multimodal
sensors incorporated with electronic components to achieve sensing and monitoring capabilities
[37,38].

Here, we build on the above work from the research community to numerically and
experimentally consider the design of a kirigami-based multistable metamaterial that is capable
of autonomously performing simple information state changes based on the environment.
These state changes are associated with changes in state of bistable building blocks that can
autonomously switch between two distinct stable phases. To achieve this, we incorporate
stimuli-responsive materials with the local bistable units, allowing them to sense the local
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environment and, if defined conditions are met, to change state in response. Moreover, we
consider a strategy for ‘reading out’ the information state of the system: as the local bistable
states change, the global structure itself changes, which is associated with changes in mechan-
ical properties such as stiffness and linear wave propagation. Hence, there is potential to
determine the phase distribution via simple probing of the mechanical properties (e.g., the
dynamic response), which we refer to as mechanical proprioception. This could allow one to
read the encoded information even if the metamaterial is operated in an environment where
visual observation or optical characterization is not feasible.

First, we describe the design of the multistable kirigami, which is based on the rotating-
squares mechanism [39–42]. Here, the building block consists of 4 × 4 squares connected by
thin hinges (see schematic in figure 1a). Permanent magnets are inserted into each square with
alternating polarization. If the squares are subjected to rotation with respect to one another,
the competition between the strain energy of the hinge and the interaction of the magnets
can lead to three stable angles (phases) of the building block: one open phase and two closed
phases. The closed phases have identical mechanical properties but are obtained via opposite
rotations of the squares. For simplicity, we only consider one of the closed phases in this study.
Multiple building blocks can be joined together to form a larger two-dimensional (2D) kirigami
metamaterial. The metamaterial comprises 4 × 4 such building blocks connected with the
pattern shown by the black bars in figure 1a. If instead the building blocks are joined together at
all possible squares, the mechanical coupling is sufficiently high that the entire 2D metamaterial
takes on the same phase (see, for example, [43]). The decreased mechanical coupling obtained
by removing some of the connections between squares in adjacent building blocks allows each
individual building block to have its own phase independent of neighbouring building blocks.
As a result, different phase distributions can be realized in the mechanical metamaterial. For the
experiments, we fabricated the specimens by three-dimensionally printing a mould (MakerGear
M2, polylactic acid) and then cast a silicone precursor (Dragon Skin 10) into it. The specimens
where then cured and extracted from the mould; a photograph of the metamaterial prototype is
shown in figure 1b.

To quantify the effects of different design parameters, we rely on a discrete model estab-
lished previously for similar systems [43,44]. Each square has side length L and is assumed to
be a rigid body with mass M and moment of inertia J (L = 12 × 10−3 m, M = 2.501 × 10−3 kg andJ = 60.024 × 10−9 kg⋅m2 for the metamaterial prototype). As shown in figure 1c, each square has
two translational degrees of freedom (u and v) and one rotational degree of freedom (θ). Each
hinge is modelled by three springs: a linear longitudinal spring with stiffness Kl, a linear shear
spring with stiffness Ks and a nonlinear torsional spring with potential energy Eθ(Δθ) expressed
as (the explicit expressions for the potentials of the longitudinal and shear springs are given in
electronic supplementary material, note 1)

(1.1)Eθ(Δθ) = 1
2Kθ(Δθ)2 + VMorse(Δθ),

(1.2)

VMorse(Δθ) = A e2α(Δθ − 2θM) − 2eα(Δθ − 2θM)

+ A e−2α(Δθ + 2θM) − 2e−α(Δθ + 2θM) ,

where the first term on the right-hand side of equation (1.1) captures the linear bending
behaviour of the hinge (Kθ is the linear torsional spring constant and Δθ is the relative angle of
the hinge), and the second term, VMorse, is the Morse potential, used to empirically describe the
nonlinear magnetic interactions between squares. In equation (1.2), A and α define the depth
and width of the Morse potential, respectively, and ±θM determines its equilibrium angles. To
obtain these parameters for the discrete model, we conducted a series of experimental tensile
tests using a commercial quasistatic test system (Instron model 68SC-5) with custom fixtures
that are designed to allow the squares to rotate during the tests (see electronic supplementary
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material, note 2, for details). Using the experimentally obtained parameters (Kl ≈ 3.958 × 102

N/m, Ks ≈ 58 N/m, Kθ ≈ 2.5 × 10−4 N⋅m/rad, A ≈ 2 × 10−4, α ≈ 8.5, θM ≈ 45∘) we calculated the
multistable energy landscape from equation (1.1), which exhibits three distinct phases at anglesθ = 0, ±θ1, as shown in figure 1d. Note that θ1 can be slightly different from θM as a result of the
interaction between the linear torsional spring and the Morse potential.

Next, we experimentally and numerically demonstrate the reconfigurability of the metama-
terial, which is achieved by changing the phases of the building blocks (i.e. phase distribution).
As shown in figure 2, a variety of configurations are experimentally achieved by forcing certain
blocks from the initial open phase into the closed phase, ranging from two blocks closed
at the top centre (figure 2a) to all-closed blocks (figure 2f). The numerical results obtained
from full-scale simulations agree well with the experimental demonstrations. Specifically, we
performed the full-scale simulations by numerically solving the equations of motion (EoMs) of
the system using the fourth-order Runge–Kutta method (see electronic supplementary material,
note 1, for the derivation of the EoMs and the detailed set-up of the numerical simulations).
A phase transformation from the open to a closed phase is associated with a large decrease in
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Figure 1. (a) Schematic of the multistable metamaterial. The red box indicates a building block consisting of 4 × 4 squares.
(b) A photograph of the metamaterial prototype. (c) An experimental image of a building block (with magnets at the
centres of the squares). A discrete model is developed for this system by treating the hinges as springs and accounting for
multistability via an empirical torsional spring component.(d) Torsional energy landscape of the ligament, exhibiting an open
phase (0) and two closed phases (1).
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area. This induces internal forces that render certain phase distributions unachievable (e.g. a
closed block in the interior surrounded by all open blocks). Interestingly, under impact loading
the metamaterial can transform into some simple configurations (e.g. two blocks closed at
the exterior) via nonlinear dynamics, which were captured by a high-speed camera (Photron
FASTCAM Mini AX; see Movie).

We now focus on the mechanical properties of the multistable kirigami, and especially
on how these properties can be tuned by reconfiguring the structure with different phase
distributions. First, we experimentally investigated the static properties of four different
configurations of the metamaterial sample, as reported in electronic supplementary material,
note 3. Then, we used the discrete model to numerically investigate how the dynamic prop-
erties can be influenced by the spatial distribution of different phases. It is expected that
different phases can exhibit distinct dynamic behaviours, and, therefore, that different phase
distributions may result in distinct global dynamic behaviours of the system. This enabled
us to do the reverse: to determine the phase distribution via simple probing of the dynamic
properties. Here, we considered a metamaterial following the same design but with a differ-
ent set of parameters: M = 2 × 10−3 kg, J = 46.6 × 10−9 kg⋅m2, L = 20 × 10−3 m, Kl = 287.2 N/m,Ks = 68.8 N/m, Kθ = 1.7 × 10−4 N⋅m/rad, A = 2.1 × 10−4, α = 5.5, θM = 44∘. We deliberately chose
the above parameters to obtain the desired dispersion relations, which exhibit distinct disper-
sive characteristics for open and closed phases (see electronic supplementary material, note
4, for the complete band diagrams obtained via unit cell analysis). For illustrative purposes,
we consider the following configurations of the metamaterial and their possible variants: the
all-open configuration, the all-closed configuration, a configuration with 2 × 2 blocks closed
at one corner and a configuration with 2 × 4 blocks closed at one edge. The configurations
considered here are shown in electronic supplementary material, figure S6.

Next, we performed a steady-state vibration analysis for each configuration. Specifically, a
harmonic moment M = M0ei2πft (M0 denotes the amplitude of the moment and f denotes the
excitation frequency) was prescribed as an input to the square at the left-bottom corner, and
the rotational responses Θp(f), p = 1,2,3 were measured from the squares at the other three
corners, i.e. the three outputs indicated in figure 3. As detailed in electronic supplementary
material, note 5, a steady-state response U(f) (note that Θp(f) are the components of U(f) that
correspond to the rotational degrees of freedom of the three outputs) is obtained by solving the
following equation:

(a) (b)

–45° 45°0

θ
(c)

(d) (e) (f)

Figure 2. Reconfigurability of the multistable metamaterial (photographs are from experiments, and coloured images are
from numerical simulations). (a) A configuration with two blocks closed at the top centre. (b) A configuration with 1 × 4
blocks closed at the top. (c) A configuration with 2 × 2 blocks closed at the top-right corner. (d) A configuration with 3 × 2
blocks closed at the top-right corner. (e) A configuration with 2 × 4 blocks closed at the top. (f) All-closed configuration.
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(1.3)−ω2M + K(ū) U(f) = F0,

where M, K, F0 and u‾ are the mass matrix, stiffness matrix, external force/moment ampli-
tude vector and current displacement vector, respectively. Moreover, the stiffness matrix K(u‾)
depends on the current displacement vector u‾. It is obvious that different configurations are
associated with different u‾ and K(u‾). Therefore, in principle, different phase distributions
would exhibit distinct steady-state responses.

In figure 3, we report the magnitude of the frequency response |G(f)| = |Θp(f)/M0| as a
function of the excitation frequency f for all possible phase distributions. When |G(f)| < 1 for a
frequency range, we may identify the existence of a cut-off frequency or a bandgap (a clean one
is highlighted in purple, while a less clean one is highlighted in pink). From the outputs given
in figure 3a,b, we find that the all-open configuration has a much lower cut-off frequency than
that of the all-closed configuration. Also, the all-closed configuration has a very narrow band
gap near f = 140 Hz. Interestingly, the three outputs are different from one phase distribution
to another, which gives rise to a unique correspondence between the dynamic behaviour and
the phase distribution. This correspondence allows the reverse task, i.e., determining the phase
distribution via probing its dynamic properties, which we term mechanical proprioception. As
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Figure 3. Mechanical proprioception: determining spatial phase distribution via probing dynamic properties of the
metamaterial. For an input fixed at the bottom-left corner, magnitude of the frequency response is obtained at the rest three
corners (i.e. fixed output 1, 2, 3) for (a) all-open configuration, (b) all-closed configuration, (c–f) four possible variants of a
configuration with 2 × 4 building blocks closed, (g–j) four possible variants of a configuration with 2 × 2 building blocks
closed. Frequency ranges highlighted in purple (or pink) indicate the existence of clean (or slightly blemished) band gaps. It
can be observed that the three outputs of one variant exhibit dynamic properties that are noticeably different from any other
variants, a step toward mechanical proprioception.
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expected, this concept can, in principle, be used to determine arbitrary phase distributions.
For example, we performed a steady-state analysis for a more complex phase distribution
involving two different closed states for which the frequency responses were different from
those presented in figure 3, as reported in electronic supplementary material, figure S7.

In addition to the above relationships, which could potentially allow one to read the ‘output’
of a computational event via measurements of the metamaterial’s mechanical properties (rather
than viewing it optically to explicitly characterize the distribution of phases, for example),
we conclude by considering how the mechanical system might also autonomously receive
inputs from the environment. Here, as a simple demonstration of feasibility, our basic strategy
for achieving this is to incorporate responsive materials, such as liquid crystal elastomers
(LCEs) and silicones, into the kirigami-inspired metamaterial. These materials locally deform
in response to temperature and non-polar solvents, effectively acting as sensors for these
environmental parameters. Figure 4a shows several examples of mechanisms by which these
materials can be incorporated into the kirigami pattern and thereby translate the material-spe-
cific response to a particular stimulus into a structural change of the kirigami. Schematic (i)
shows a mechanism that acts like an ‘OR’ operation, where exposure to either heat or light will
move the local state of the kirigami from open (0) to closed (1). The mechanism illustrated in

(i)

(a) (b)
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Figure 4. Autonomous phase transformations in a 2D multistable kirigami metamaterial with stimuli-responsive materials.
(a) Schematics showing the integration of stimuli-responsive materials and associated mechanisms with the rotating
squares, enabling transformation between open and closed states in response to different environments (heat, light, and
solvents). (b) Experimental images of an 8 × 8 multistable kirigami structure with the mechanisms of (a) incorporated into
different regions of the structure.(c) Experimental images of the kirigami in different configurations; the labels and arrows
indicate how introduction of different stimuli affect the structure. Scale bars in (b) and (c): 1 cm.
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(ii) is similar, but acts as an ‘AND’ operation for this stimuli (i.e. requiring both stimuli to be
present to close the kirigami). Schematics (iii–v) show mechanisms that will move the local state
from closed (1) to open (0). Additional information can be found in electronic supplementary
material, figures S8 and S9, describing the state change with respect to time.

In these examples, the integrated responsive materials include LCEs, carbon nanotube
(CNT)-doped LCEs and PDMS-glass fibre composites, which actuate in response to heat,
light/heat, and non-polar solvents, respectively. For example, LCEs undergo a nematic to
isotropic phase transition if the temperature is increased above a threshold, causing anisotropic
contraction [45]. If the CNTs are included in the LCEs, a photothermal effect is enabled [46],
with the CNTs absorbing light and locally raising the temperature, allowing the composite to
actuate in response to heat or light. The PDMS-glass fibre composite swells anisotropically in
the presence of non-polar solvents, such as hexane and toluene [27].

The type and placement of responsive materials, together with the type of mechanism
(e.g. figure 4a), determine the local and global changes in the kirigami metamaterials that
occur in the presence of different stimuli [47]. As an example, figure 4b shows experimental
images of an 8 × 8 structure and indicates the locations of the different mechanisms in the
structure (and their associated effects). Based on this arrangement of mechanisms, figure 4c
provides experimental images showing how this structure autonomously rearranges when
different stimuli are applied. Here, ‘global’ indicates that the associated stimulus is applied
to the entire specimen, while ‘local’ means that the associated stimulus is only applied where
indicated. ‘Force’ indicates that the phase distribution in the structure is manually changed via
a mechanical force. For example, if we apply heat globally, the kirigami changes shape from
configuration 1 to 3, with units on the left- and right-hand side closed. As another example,
the bottom part of the structure transitions from closed (1) to open (0) if heat or light is
applied. Additional configuration changes are indicated in figure 4c. Finally, as described earlier
(e.g. figure 3), different configurations (phase distributions) can be associated with different
mechanical properties. In principle, the combined strategy of (i) incorporating stimuli-respon-
sive materials with kirigami to act as sensors and (ii) mapping configuration changes to changes
in mechanical properties could enable the development of intelligent kirigami metamaterials
that can perform simple operations autonomously, serving as a demonstration of mechanical
logic.

In summary, we have designed a 2D reconfigurable, multistable kirigami metamaterial
that can encode binary information via the spatial distribution of its phases. The mechanical
properties of the system vary according to this spatial distribution. Since the mechanical
properties thereby correspond to the information state of the system, the information state
can, in principle, be read out by simply probing the static and dynamic properties, which we
term mechanical proprioception. This concept, along with the proposed strategy for incorporat-
ing stimuli-responsive materials, could be utilized in applications in information processing,
mechanical computing and physical intelligence.
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