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Designing flexible mechanical metamaterials
with complex functionalities

GaryP.T. Choi

M Check for updates

Atechnique has been developed for
automatically discovering mechanical
metamaterials with desired nonlinear dynamic
responses.

Mechanical metamaterials are artificially engineered materials with
highly unusual physical and mechanical properties. In recent years,
the design of mechanical metamaterials has been extensively studied™”
for achieving various advanced functionalities such as topological
protection?, cloaking* and focusing’. However, most previous design
approaches have focused on only asingle functionality and operatein
the linear regime. Now, writing in Nature Materials, Giovanni Bordiga
and colleagues® propose an inverse design framework for creating
flexible mechanical metamaterials with different target nonlinear
dynamic responses and reconfigurable functionalities.

The proposed inverse design framework considers rigid units
connected by flexible ligaments in afixed topology, such as agrid-like
topology or a kagome-like topology (Fig. 1a). It then uses the shape
of the rigid units as the design space to search for a metamaterial
geometry with the desired nonlinear dynamic responses. Specifically,
the design space is parameterized by the coordinates of the vertices
of the units in the reference configuration. Constraints on the edge
lengths, the vertex angles of the rigid units and the angles between
neighbouring units are further imposed to avoid infeasible designs.
Then, one can set different objective functions based on the desired
effects and solve the constrained optimization problem to obtain the
optimized geometry. Here, unlike most previous gradient-based’
and gradient-free® methods for material design, the authors utilize
automatic differentiation®" for the optimization.

The main benefit of the inverse design framework reported by
Bordiga and colleagues is the wide range of nonlinear dynamic tasks
that the metamaterial design can achieve. For instance, it is possible
to optimize the metamaterial design to direct the kinetic energy pro-
vided by an input pulse towards a target region, thereby achieving
energy focusing (Fig. 1b). Specifically, this can be done by maximizing
the time integral of the kinetic energy at the target region over the
coordinates of all vertices. Conversely, it is also possible to achieve
energy splitting using the proposed inverse design framework (Fig.1c),
where the metamaterial geometry is optimized such that the energy
provided by adynamicboundary excitationis splitbetween two target
regions. The key is to formulate an objective function / = w, J; + w, /,,
where J; and J, are the time integrals of the kinetic energy at the two
target regionsrespectively, and w; and w, are the weighting parameters
with w; € [0, 1] and w, = 1 - w, and then perform the constrained
optimization.

In many real-world problems, it is desirable for metamaterial
structures to show different behaviours under a simple change of

certain conditions. Here, using the high deformability of mechanical
metamaterials, it is possible to achieve such tunability in an optimized
metamaterial design. Specifically, one can reprogramme the energy-
focusing location under different levels of applied pre-compression
(Fig. 1d) using the proposed inverse design framework. This is done
by formulating an objective function J = wlj(e + wzj( ” where w;
and w, are the weighting parameters, 2 and Qtz and the two target
regions, and j( &) and j( Jare the time integrals of the kinetic energy

at the two target regions with the structure pre-compressed at two
different pre-compressionlevels, €; and ¢€,, respectively. Another pos-
sible multi-task effect that canbe achieved by the inverse design frame-
workis multi-input energy focusing (Fig. 1e). The optimized metamaterial
architectureis capable of focusing energy atagiven target region when
excited at multiple independent boundary locations. The optimal
design is identified by maximizing the sum of all time integrals of the
kinetic energy at the target region corresponding to the different
boundary excitations.

Using the inverse design framework, one can also reprogramme
the functionality of the designed metamaterials to perform antago-
nistic tasks such as focusing/protection switching (Fig. 1f). Here the
metamaterial architectureis optimized to maximize kinetic energy at
atarget region under an applied pre-compression, while simultane-
ously minimizing the energy at the same region under adifferent level
of applied pre- com;)ressmn This is done by maximizing an objective
function J = wl o, T W Q , where (2, is the target region, ¢, is the
level of applied pre-compression for which the kinetic energy is desired
to be maximized and ¢, is the other level of pre-compression for
which the kinetic energy is desired to be minimized. The weighting
parameters are set to be w; € [0,1]and w, = w; — 1 € [-1,0] so that
maximizing J would achieve the two antagonistic tasks of energy
maximization and minimization simultaneously.

While the above-mentioned tasks are primarily about energy-
focusing and some related controls, it is also possible to utilize the
proposed inverse design framework for other tasks such as nonlinear
motion conversion (Fig. 1g), in which the metamaterial architectureis
optimized to transformatime-harmoniclinearly polarized input excita-
tioninto a circularly polarized motion at a target region. The key is to
formulate an objective function containing the angular momentum of
therigid units withrespect to the midpoint of the target region. Then,
by maximizing (or minimizing) the objective function, one can obtain
adesired anticlockwise (or clockwise) circularly polarized motion at
the targetregion.

Alltogether, Bordiga and colleagues have developed an efficient
computational framework for designing reprogrammable nonlinear
dynamic metamaterials, thereby demonstrating the capability of
mechanical metamaterials for abroad spectrum of nonlinear dynamic
tasks and functionalities. It would be of great interest to further
investigate the theoretical properties of the proposed design
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Fig.1|Inverse design of reprogrammable nonlinear dynamic metamaterials.
a, Given astructure consisting of rigid units connected by flexible ligaments,
suchasarotating-square pattern or a kagome pattern with spacing sand
ligament length [,, the proposed framework optimizes the shapes of the rigid
units to obtain a metamaterial design with the target nonlinear dynamic
responses. b, The task of energy focusing, where the goal is to focus the energy
provided by a dynamic excitation at a target region. A, amplitude; f, frequency;

T, period. ¢, The task of energy splitting, where the goal is to split the energy
provided by a dynamic excitation between two target regions. d, The task of
tunable focusing location, where the goal is to reprogramme the energy-focusing

location with different static pre-compressions. e, The task of multiple-input
focusing. Here the metamaterial design is optimized to focus the energy of
multiple independent boundary excitations at a target region. f, The task of
focusing/protection switching. Here the metamaterial is optimized to maximize
kinetic energy at a target region under a certain static compression and minimize
the energy at the same region under a different static compression. g, The task

of nonlinear motion conversion. Here the metamaterial design is optimized to
encode circularly polarized motion at a target region with a linearly polarized
large-amplitude harmonicinput U, Figure adapted fromref. 6, Springer
Nature Ltd.

framework, such as the effect of the metamaterial topology on the
performance of the various nonlinear dynamic tasks, the performance
of the tunable focusing location and multiple-input focusing tasks
for target regions with different sizes and shapes, and the limitations
in performing antagonistic tasks. A natural next step is to apply the
inverse design framework to robotics to enhance the performance
of soft robots in complex tasks. For instance, the ability to transform
simple excitations into some desired motionsin specific regions could
potentially reduce the need for complex controls in soft robots. The
nonlinear dynamic metamaterials obtained by the framework can
also be naturally used for energy harvesting and impact mitigation
applications.
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	Fig. 1 Inverse design of reprogrammable nonlinear dynamic metamaterials.




