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Multistable order parameters provide a natural means of encoding nonvolatile information in spatial
domains, a concept that forms the foundation of magnetic memory devices. However, this stability
inherently conflicts with the need to move information around the device for processing and readout. While
in magnetic systems, domains can be transported using currents or external fields, mechanisms to robustly
shuttle information-bearing domains across neutral systems are scarce. Here, we experimentally realize a
topological boundary ratchet in an elastic metamaterial, where digital information is encoded in buckling
domains and transported in a quantized manner via cyclic loading. The transport is topological in origin:
neighboring domains act as different topological pumps for their Bogoliubov excitations, so their interface
hosts topological boundary modes. Cyclic loading renders these modes unstable through interdomain
pressure, which in turn drives the motion of the domain wall. We demonstrate that the direction of
information propagation can be controlled through adjustable mechanical constraints on the buckling
beams, and numerically investigate buckling-based domain-wall logic circuits in an elastic metamaterial
network. The underlying tight-binding structure with low-order nonlinearities makes this approach a
general pathway toward racetrack memories in neutral systems.
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The separation ofmemory and computation, known as the
vonNeumann bottleneck [1], represents amajor inefficiency
in modern computer architectures and has been estimated to
account for up to 90%of the energy cost of contemporaryAI
training [2]. Efforts to overcome this bottleneck by integrat-
ing memory and computation have motivated the develop-
ment of racetrack memories [3–8]. In these devices,
information is stored in magnetic domains or skyrmions
and can be transported and manipulated using injected
currents or external fields. Moving to neutral, nonmagnetic
systems, such coupling to external fields is missing, and
topological pumping [9–13] arose as a mechanism for
controllable information transport. However, such pumps
adiabatically move linear excitations, which are short-lived
[14–16]. Hence, mechanisms to transport persistently stored
information in a controllable way are still missing.
Our experiment involves a nonlinear elastic metamaterial

[17–22] that persistently stores information, and robustly
transports it under an external cyclic load. This process is
driven by sequential instabilities occurring in localized

modes at the boundaries between spatial domains. Our
racetrack memory is a chain of interconnected beams
[Figs. 1(a) and 1(b)], which were cut from a thin polymer
sheet. We create a sublattice potential on the chain by
applying a strong compressive displacement β1 at one end of
every alternate beam. These beams exhibit two stable
buckling states, labeled as 0 and 1, which can store
information. Beams experiencing lower compression β2
do not store information, and serve instead as variable
couplings.We refer to the beams under high compression as
main beams and those under low compression as coupling
beams. The racetrack can support different spatial domains,
where a domain corresponds to a region in the chain with all
the main beams uniformly assuming the values of 0 or 1.
Between these regions, domain walls appear. By soliton, we
dub a domain of 1 surrounded by two domains of 0.
To introduce directed soliton motion, we apply an

additional compressive displacement in the beams, of the
form �α sin ½θðtÞ� [Fig. 1(a)]. This force alternates sign
every two sites, being positive in one pair of coupling-main
beams, and negative in the next. This time-dependent
compression spatially repeats every four sites, defining a
four-site unit cell. When the lattice is modulated, by
increasing θ over time, domain walls and therefore solitons
are transported through the system [Fig. 1(c) and
Supplemental Material [23], movies 1 and 2], demonstrat-
ing the elastic racetrack memory functionality. If the static
compressive displacements β1 and β2 are exchanged, the
direction of propagation reverses [Fig. 1(d)], providing a
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mechanism to read out the information by changing the
boundary conditions. In our experiment, the time-depen-
dent compression is applied by clamping the alternating
ends of the beams to a moving plate, that is driven by a
single motor [Fig. 1(b)].
Our soliton displacement stems from the motion of the two

domain walls defining it. Hence, we turn to investigate the
mechanism driving the domain wall motion. Our elastic race-
track memory [Fig. 1(a)] is a nonlinear perturbative metama-
terial [34,35] governedby the tight-bindingpotential [Fig. 2(a)]
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with center displacementqn;j of the j th beam (j∈ f1; 2; 3; 4g)
in the n th unit cell, quartic nonlinearity λ, and harmonic
potential with natural frequency ω0. The system is spatially
modulated by the constant compressive displacements β,
which introduce tight-binding potential terms a0;j ¼ �γβ
due to geometric nonlinearity, quantified by γ [36].
Similarly, the pumping phase (θ)-dependent compressive
displacements introduce tight-binding potential terms of the
form a1;jðθÞ ¼ �γα sinðθÞ. Figure 2(b) shows the resulting
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FIG. 1. Observation of quantized information transport in an
elastic racetrack memory. (a) Sketch of the metamaterial con-
sisting of beams coupled with arced connections. The beams are
subject to a constant (dc) and a time-varying (ac) compression
(pink and green arrows, respectively). Every four sites, the
compression pattern repeats, forming a unit cell. The beams
under higher compression are bistable most of the time and have
two stable buckling shapes (red and blue). These two configu-
rations can represent binary digits 0 and 1, allowing the beams to
store information like bits in a memory array. (b) Polymer sheet
assembled on the setup, the pink rectangle marks the unit cell of
the structure. (c),(d) Measured normalized displacements at the
centers of the beams (q̄) as the ac compression is varied, for two
different dc compression βj. The pumping starts from a con-
figuration containing one soliton. After a full cycle of the external
compression pattern, the soliton is shifted by one unit cell.
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FIG. 2. Theory of soliton movement. (a) Sketch of the tight-
binding model corresponding to the experiment in Figs. 1(a)–1
(c), described by Eq. (1), including a domain wall (black vertical
line in the middle). Gray circles stand for monostable sites while
red (blue) circles depict bistable sites initialized in the 1 (0) state.
(b) Onsite potentials (black lines) of the 4 sites of the unit cell as θ
is varied. The effect of larger a1;1 (a1;2) on the main (coupling)
beams is marked as green (yellow) dashed lines. Horizontal black
lines display coupling between the potentials. (c) Band structure
(gray) of Bogoliubov excitations on top of the red domain from
(a) during one pump cycle of θ, with a1;1 ¼ a1;2 ¼ − sinðθÞ for a
racetrack of 80 sites with λ ¼ 1, c ¼ 0.25, ω2

0 ¼ 2, a0;1 ¼ −3,
and a0;2 ¼ −0.5. Boundary mode frequencies when coupled to
vacuum (dashed red) and to the second domain (red dots).
Regions where the frequencies coupled to the second domain
turn imaginary (unstable) are marked in blue. Encountering
instabilities shifts θ by π (purple dashed arrow). (d) Mode shape
jAn;jj (see Supplemental Material [23]) for a localized fluctuation
mode of the unperturbed red domain from (a) for 10 sites and
θ ≈ 1.1π marked with a black cross in (c). Site 0 corresponds to
site qN;1. (e) Instability phase diagram for same parameters as in
(c) for a racetrack of 16 sites. Red (blue) regions indicate where
the blue (red) domain becomes unstable. The dark purple line
shows the pump trajectory in our system, where θ advances by π
when reaching an instability due to modified boundary conditions
(dashed arrow). Hence, the pump cycle never reaches a part of the
pump cycle (dotted line). Exchanging β1 and β2 effectively leads
to a new pump cycle on top of the instability diagram (light
purple).
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modulation of the local potential as θ is varied. Nearest
neighbors are attractively coupled with constant c > 0. For
compact notation, we let l index all pairs of i and j, with lþ 1
corresponding to the next site in the racetrack. The static
compressive displacements are chosen such that a0;1 ¼ a0;3
and a0;2 ¼ a0;4. The quadratic term of each site,
1
2
ða0 þ a1ðθÞ þ ω2

0 þ 2cÞq2i , is negative (positive) for the
first and third (second and fourth) site of the unit cell. As a
result,main (bistable) and coupling (monostable) sites alternate
along the racetrack. In the experiment,wevary the compressive
displacements with the pumping phase such that a1;1 ¼ −a1;3
and a1;2 ¼ −a1;4 [cf. Figs. 1(a) and 1(b) with Fig. 2(b)]. In the
following theory analysis,we first assume thata1;1 anda1;2 can
be independently tuned.
The metamaterial model (1) can be viewed as a nonlinear

extension of a topological pump, owing to the four-site
periodic modulation of the local harmonic potential
[10–16,37]. We investigate the domain wall motion mecha-
nism by calculating the Bogoliubov modes of the system,
the spectrum of linearized fluctuations around a many-body
equilibrium configuration. On a single domain, the
linearized Bogoliubov excitation modes can acquire a
nontrivial Chern number when a1;1ðθÞ and a1;2ðθÞ are
varied independently (see Supplemental Material [23]).
One might therefore expect the quantized soliton motion to
originate from the topology of the Bogoliubov modes,
cf. Refs. [38,39]. However, when a1;1ðθÞ and a1;2ðθÞ are
tuned simultaneously as in the experiment, the Bogoliubov
bulk bands close during the pump cycle and the Chern
number becomes ill-defined, see Fig. 2(c). Nonetheless, at
points along the pump cycle, where the excitation gaps
remain open, boundary modes still manifest in the gaps
[Fig. 2(d)] due to nonvanishing bulk polarization that
develops as θ is varied [40].
To trace the origin of soliton motion, we numerically

simulate a system with a single domain wall [Fig. 2(a)].
For each point in the a1;1–a1;2 plane, the system is
initialized in a single-domain-wall state and allowed to
relax to equilibrium. The wall displacement is quantified by
qd ¼ ðqN−1;3 þ qN;1Þ=2 [Fig. 2(e)]. Values near zero indi-
cate stability, while values approaching �0.7 mark domain
wall motion: the wall relaxes to a shifted single-wall state,
with the sign of qd determining the direction. This identifies
a so-called topological ratchet mechanism [41]. In this
mechanism, instabilities in the Bogoliubov spectrum result
in growing localized fluctuations that trigger domain wall
motion. This mechanism stands in contrast with the
adiabatic spectral flow, governed by the Chern number
transport, that characterizes traditional topological pumps.
Consequently, although the experimental scan of θ traces a
straight line in the a1;1–a1;2 plane (with bulk-band closings
at the origin), it encounters only a single instability,
enforcing unidirectional wall motion. This yields quantized
transport controlled by a single parameter. Furthermore,
reversing the boundary conditions (β1 and β2) as in

Figs. 1(c) and 1(d) interchanges main and coupling sites.
In tight-binding language, this maps a0;1 → a0;2 and
a0;2 → a0;1 and mirrors the unit cell. We therefore reverse
the propagation direction of the domain wall.
Although distinct from a conventional topological pump,

the ratchet mechanism remains topologically rooted.
Analyzing excitations on a racetrack with a domain wall
reveals boundary modes localized at the interdomain
boundary as θ varies. Unlike a vacuum boundary, the
opposing domain exerts an additional “pressure” [42],
which can destabilize the boundary mode (see
Supplemental Material [23] and Ref. [41]). As shown in
Fig. 2(c), this pressure softens the boundary-mode fre-
quency. If this softening is strong enough to induce an
instability on the boundary mode, the resulting unstable
dynamics cause the wall to shift by two sites (one main
beam, one coupling beam). Each displacement of the
domain wall modifies its boundary condition, equivalent
to advancing the pumping phase θ by π [Figs. 2(c) and 2(e)]
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FIG. 3. Experimental imaging of the Bogoliubov spectrum
during domain wall propagation. (a) Measured normalized
displacements of the beams with a varying compression dis-
placement. The initial configuration of the sample consists of a
single domain wall that propagates throughout the experiment.
(b) Buckling displacement (top) and the frequency response
(bottom) of the 10th beam in different stages of the experiment.
The inset zooms in on the region when the beam transitions (or
“hops”) between its two stable states. At this moment, the
frequency of the mode drops close to zero. (c) Mode shape
imaging of the structure at the moment of the 10th beam’s
transition, obtained using principal component analysis (PCA).
The mode is strongly localized at the transitioning beam,
confirming that the destabilization corresponds to a localized
mode, which allows the domain wall to move forward. (d) First
mode shape of the system, simulated using the finite element
method (FEM) at a selected moment corresponding to the 10th
beam’s transition. The simulation shows the same localization as
observed in (c).
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[11,41]. There are thus two essential ingredients for
topologically directed domain wall motion: First, the
presence of localized boundary modes of topological nature
at the domain walls, and, second, the existence of inter-
actions between domains that soften these boundary modes
causing instabilities for specific values of the pump angle θ.
The location of the boundary modes and when they can be
destabilized via pressure determine the direction of domain
wall and soliton motion (see Supplemental Material [23]).
To test this hypothesis, we designed a new experiment to

probe and observe the destabilization of the localized
boundary mode. We initialize the metamaterial in a
configuration containing two domains separated by a

domain wall [Fig. 3(a)]. Then, we measure the fluctuation
spectrum at the central beam (i ¼ 10), by introducing small
broadband excitations into the system and Fourier trans-
forming the resulting beam vibration (see Supplemental
Material [23] for experimental details). During the meas-
urement, we continuously increase θ, causing the domain
wall to propagate. The results are shown in Fig. 3(b). When
the domain wall is far away from the central beam, the
spectrum displays the Bogoliubov bulk bands on top of the
domain where the central beam resides; their frequencies
are modulated by the variable compression of the beam.
However, when the domain wall approaches the central
beam, we observe an additional peak in the spectrum,
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negative values correspond to logical 0. (b) Top: Tapered racetrack design enabling signal transfer from a softer input site to a stiffer
output site, which functions as buffer and amplifier. Bottom: Signal propagation through the racetrack. (c) Top: Tapered inverse
racetrack that inverts the transmitted signal from the input to the output. This is achieved by using an effective negative coupling between
the input and output sites, functioning as logical NOT gate. Bottom: Inverted signal propagation in the racetrack. (d) Top: Honeycomb-
shaped design of a half adder constructed from cascading the elastic logic elements, including buffer, NOT, and NAND gates. To form the
honeycomb layout, branching is introduced at selected points along the racetracks. Bottom: The corresponding symbolic logic diagram.
(e) Truth table of a half adder accompanied by the graphs illustrating computed normalized displacements of the input and the output
sites in the honeycomb-shaped design. The half adder takes two one-digit binary inputs [(A) and (B)] and adds them into a two-digit
binary output representing the sum (out) and carry. (f) 3D sketch of the device layout on a silicon wafer. This conceptual sketch
highlights that if the device is miniaturized at microscale, the layout remains planar and fabrication friendly.
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whose frequency goes to zero right before the domain wall
advances. A modal frequency going to zero is indicative of
the stiffness becoming negative, and provides an exper-
imental signature of the instability that drives domain wall
motion. To confirm that this additional peak corresponds to
a localized boundary mode, we perform a complementary
experiment, where the domain wall remains fixed at the
center site, and we measure the fluctuation response of each
individual beam. From this scanning measurement, we
reconstruct the mode profile using principal component
analysis [43,44]. The results reveal that the observed
additional peak is indeed localized at the domain wall
[Fig. 3(c)], and its existence can also be corroborated via
the finite element method simulations [Fig. 3(d)].
The racetrack memory introduced here enables the con-

struction of logic gates and circuits by forming branched
networks. Here, we will explore this possibility via numeri-
cal simulations. Although there is no fundamental limitation
to experimentally realizing racetrack logic circuits, our
tabletop demonstrator platform is too large to realize a full
circuit within our experimental capabilities. Figure 4(a)
illustrates the operation of a universal NAND gate. The gate
connects the last sites of two “input” racetracks to the first
site of an “output” racetrack via an effective negative
coupling in the tight-binding description. Such negative
couplings represent an inversion of themotion direction, and
do not imply the existence of negative energy or thermo-
dynamic instabilities. They have been realized, for example,
using appropriately placed levers [45] or via magnetic
elements [46]. These terms are essential for the realization
of universal logic: The output of certain gates, such as NOT,
NAND, or NORmoves in the opposite direction than the input,
requiring the presence of a displacement-inverting coupling.
To realize NAND behavior, the output site is biased toward
positive buckling, ensuring a logical 1 whenever the two
inputs oppose and cancel each other. Reliable operation
requires the output racetrack to be softer than the inputs;
otherwise, it would perturb their dynamics. We achieve this
by scaling its tight-binding parameters by 0.125. For
scalability, we implement a tapered transition between input
and output stiffnesses over 36 sites [Figs. 4(b) and 4(c)]. This
design allows arbitrary logic circuits, as any digital circuit
can be planarized using crossover gadgets [47]. We dem-
onstrate this by constructing a two-bit adder [Figs. 4(d) and 4
(e)]. Although these simulations are based on a tight-binding
model, negative couplings and branching geometries can be
physically implemented (see Ref. [35]), and the required
biases are experimentally accessible (see Supplemental
Material [23]).
Our results illustrate how a robust information transfer

mechanism, based on nonlinear topological ratchets, can
act as an enabler for novel forms of physical information
processing [48,49]. For example, in mechanical computers
[50,51], prior realizations of digital computations with
buckling elements required resetting the device after every

iteration [17,52,53] or, due to beam asymmetries, only
enabled the transmission of specific buckling states [17]. In
contrast, our metamaterial can operate on a continuous
input stream of information. Although our tabletop dem-
onstrator operates on timescales of seconds, its unique
ability to combine information storage and computing in a
single elastic structure can find applications in devices such
as zero-power event-counting sensors. Moreover, the
design introduced here is planar, and thus compatible with
conventional microfabrication processes [Fig. 4(f)], where
frequencies can be much higher [54], and the operation
energy is extremely low [55]; in fact, at small scales,
energies associated to buckling can approach the thermal
scale limit kBT [55]—providing a novel platform to study
the thermodynamics of computation. Since the physics of
our device is captured by a generic tight-binding model, we
anticipate that these capabilities can be extended to other
deformation modes, such as flexural and torsional defor-
mations [56,57]. In fact, it may even be possible to observe
similar information propagation mechanisms in photonic
systems, for example, by leveraging parametric bistabilities
[58] or multiple colocated degrees of freedom [59] as
binary variables.
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