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Anyone who has ever flipped a light switch has an innate
understanding of mechanical bistability whereby a mechan-
ical system possesses two stable equilibrium states. With
sufficient energy input, the system will transition from one
stable state to the other and vice versa. While common place
in mechanical devices such as light switches, it would seem
strange for a material (e.g., rubber) to exhibit bistability. Yet
numerous investigations have demonstrated bistability in
artificial materials or “metamaterials” by manipulating the
geometry of the constituent units. These bistable metama-
terials exhibit a number of useful properties such as energy
absorption (1) and shape change (2). In these works, the sta-
bility landscape (e.g., how much energy is required for state
transition) is engrained in the material architecture upon
fabrication and can no longer be altered. In PNAS, Pal and
Sitti (3) demonstrate a bistable mechanism whose stress-
strain behavior is programmable in-field. They achieve this
by permanently magnetizing flexible beams with particular
magnetization profiles. By changing the external magnetic
field strength during testing, they demonstrate that the
mechanical behavior and the stability landscape of the
curved beams can be predictably programmed on-demand.
An array of these beams in turn are used to demonstrate
programmable computational logic by varying the external
fields.

The notion of programmability forms the foundation of
modern computers. Devices such as field programmable
gate array and EEPROM allow reprogrammable digital infor-
mation processing. This capability in turn fueled the digital
revolution in the 20th century. Of late, researchers in mechan-
ics of materials have begun investigating whether physical
characteristics of a material can be similarly reprogrammed.
Specifically, recent works are proposing simple and reversi-
ble means to “program” mechanical behaviors such as stiff-
ness, strength, or geometry on-demand. Examples include
liquid evaporation to change lattice topology (4), magnetic
interaction to control the shape of a surface (5), and manip-
ulating pressure to tune stiffness (6).

In the past few years, there has been a flurry of activities that
utilize magneto-mechanical bistability to achieve advanced
forms of material-based programmability (7). When we think
of magnets, we imagine a metallic cylinder that attracts to
metallic surfaces. Permanent magnets like these can be formed
by sintering neodymium-iron-boron (NdFeB) alloys. This pre-
cursor is then magnetically saturated under a strong magnetic
field (in a magnetizer). Given the hysteric behavior of NdFeB, a
remanent magnetization is imparted. One limitation is that the
magnetizers themselves typically offer rather simple magneti-
zation profiles (bipolar, quadrupolar, and so on). As NdFeB is a
brittle material, engineers do not usually regard magnets as
being deformable. Recently, magnetorheological elastomers
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(MREs) fabricated using 3D printing demonstrated extreme
deformability while maintaining magnetization. While the
underlying physics remains the same, the deformability of
MREs enables previously infeasible design freedom. MREs are
fabricated by impregnating ferromagnetic particles (e.g., NdFeB)
in an elastomeric matrix (8) (Fig. 1A). This MRE precursor allows
the design of arbitrarily complex magnetization profiles (9).
Combining this with a tunable external magnetic field may ena-
ble intricate deformation behaviors.

With the goal to achieve programmable bistability using
MREs, Pal and Sitti impose two different magnetization pro-
files onto flat silicone beams, 1) parallel and reversed, and
2) orthogonal to surface (Fig. 1 B and C). Once magnetized,
the beams are clamped at the two ends and placed in a static
and uniform magnetic field of strength |B|. To characterize
the mechanical response, a vertical indentation is applied at
the apex (Fig. 1A shows the fabrication and testing of profile
#1). One can visualize the magneto-elastic interaction as the
turning of the magnetization vectors within the material
toward being parallel to the external magnetic field vector.
Given that the magnetized particles are bonded to the sili-
cone, they collectively apply a torque 7 to the elastic beam.

In the first profile (Fig. 1B), also proposed by Abbasi et al.
(10) in a recent publication, a prescribed lateral shortening
causes the initially flat beam to “pop-out” into a curved shape
(Fig. 1B). Under the vertical indentation, the beam transitions
from an up-curve to a down-curve or vice versa. The rota-
tional direction of the magnetically induced torque does not
change under this deformation. Rather, a change in the
external field strength |B|results in a predictable vertical shift
in the force displacement curve and causes one equilibrium
state to be more energetically favorable than the other. With
a sufficiently large field, the system loses bistability entirely.

In the second profile (Fig. 1C), no shortening is pre-
scribed. Rather, the imposition of the external field causes
the clamped flat beam to be at an unstable equilibrium. The
magnetization vector in the material is exactly antiparallel
to the external field vector; consequently, the particles do
not know whether to turn clockwise or counterclockwise to
align with the field. Physically, with a small perturbation,
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Fig. 1.

Magnetically programmable bistability in curved beams. (A) The fabrication of the beams begins by impregnating a soft material matrix with ferromagnetic

particles. This precursor is then cured and magnetized in a strong field to form the MRE. The resulting structure is then mechanically characterized under a
magnetic field. (B) A parallel magnetization is used to demonstrate tunable bistability. The magnetic field applies a distributed torque to the beam, biasing
it toward one (of the two) equilibrium states. (C) An orthogonal magnetization is used to instill bistability. Under a magnetic field antiparallel to the material
magnetization, the otherwise monostable beam becomes unstable in the flat state and spontaneously buckles up or down. (D) An array of curved beams is
connected together in series to demonstrate the propagation of a mechanical signal. By placing permanent magnets to locally control the field around each
beam, the propagation characteristics (speed and direction) can be programmed on-demand.

the beam spontaneously “snaps” to one of the states, curv-
ing up or down. Both the geometry at the stable states and
the energetic cost of transition become a function of the
field strength. An indention applied to the system results
in a familiar bistable strain energy curve that is indistin-
guishable from a naturally bistable curved beam. This is
significant as, without the magnetic field, the beam is not
curved or bistable at all!

Going one step further, Pal and Sitti tile beams magnet-
ized in profile #1 in a linear array to demonstrate pro-
grammable mechanical wave propagation (Fig. 1D). The
notion that bistability can be used to stably propagate a
mechanical signal was first explored by Raney etal. (11)
By connecting multiple asymmetric bistable elements in
series and placing each in the less-stable state, energy is
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stored in each element. When the first element is triggered
(via a mechanical impulse) to transition into the more sta-
ble (of the two) state, energy is released to trigger the next
element in the series, causing a cascade of transitions
(Fig. 1D.2). Two limitations were stated in this seminal
work, namely both the direction and the speed of propa-
gation were fixed after manufacturing and can no longer
be changed without physically modifying the system. Here,
by installing permanent magnets with each curved beam,
Pal and Sitti were able to control both the speed and direc-
tion smoothly. By increasing the external field strength in
the direction of the beam magnetization (Fig. 1D.7), the
propagation speed increases as one of the states becomes
less and less favorable, until the beam loses bistability.
Conversely, the speed is reduced when the field strength
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isincreased in the other direction until both states become
equally favorable and the propagation stops (Fig. 1D.3).
With further increases, the direction of propagation
reverses as the previously unfavorable state becomes the
more favorable one under the field (Fig. 1D.4). Using this
programmability, Pal and Sitti demonstrate a mechanical
logic block that can behave as an AND or an OR gate. By
locally controlling the magnetic field, the logic block may
propagate the signal with a mechanical impulse on both
inputs (AND) or when only one of the inputs is triggered
(OR). This is reminiscent of a configurable logic block
which is a fundamental component of field-programmable
gate array.

In PNAS, Pal and Sitti demonstrate a bistable
mechanism whose stress—strain behavior is

programmable in-field.

Pal and Sitti demonstrate the impressive ability to
remotely program the bistable mechanics of an otherwise
static material. This is an important addition to the nascent
field of material-based programmability. At an abstract
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level, the proposed device is a form of volatile mechanical
memory as it requires the presence of a magnetic field dur-
ing operation. While energy intensive, these devices are
rapidly refreshable. In terms of design, the authors provide
a means to smoothly tune the mechanical response using
the field strength as a continuous variable. This is in con-
trast to combinatorial design frameworks (12-14) and may
potentially enable reduced-order simulations and
gradient-based optimizations (15). While the information
density in this and other material-based programmable
systems is far lower than their digital counterparts, one may
argue that Moore's law may apply equally well here. More
explicitly, the goal of this collection of work may be to use
material-based intelligence to process mechan-
ical information (e.g., earthquake as a mechan-
ical signal) and optimize mechanical response
(e.g., reducing stiffness) while bypassing digital
controllers all together.
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