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Topological metamaterials have robust properties engineered from their macroscopic arrange-
ment, rather than their microscopic constituency. They can be designed by starting from Dirac
metamaterials with either symmetry-enforced or accidental degeneracy. The latter case provides
greater flexibility in the design of topological switches, waveguides, and cloaking devices, because a
large number of tuning parameters can be used to break the degeneracy and induce a topological
phase. However, the design of a topological logic element—a switch that can be controlled by the
output of a separate switch—remains elusive. Here we numerically demonstrate a topological logic
gate for ultrasound by exploiting the large phase space of accidental degeneracies in a honeycomb
lattice. We find that a degeneracy can be broken by six physical parameters, and we show how to
tune these parameters to create a phononic switch that transitions between a topological waveguide
and a trivial insulator by ultrasonic heating. Our design scheme is directly applicable to photonic
crystals and may guide the design of future electronic topological transistors.

1 Topological insulators were first conceived as quan-
tum electronic materials with an insulating bulk and con-
ducting surface Dirac states, allowing for dissipationless
charge and spin transport along their boundaries. Their
central principle—the inversion of energy bands—is also
present in many classical lattice systems, inspiring the
design of photonic [1–3], phononic [4], and mechanical
metamaterials [5–7] with topologically protected trans-
port. These classical systems provide a platform to test
ideas in topological band theory, because they are more
tangibly understood than their quantum counterparts,
and their governing wave equations can be solved exactly.
Their robust properties have been used in many promis-
ing applications including zero- and negative-refractive-
index materials [8–12], cloaking [13, 14], and protected
waveguides for sound and light that outperform non-
topological alternatives [15–17]. A key remaining chal-
lenge is to control the topological phase in a way that
allows waveguides to toggle one another, paving the way
towards topological logic circuits with greater efficiency
than current CMOS technology [18–20].

2 A general design approach to achieve the band inver-
sion that defines a topological metamaterial is to start
from a bulk Dirac state, then intentionally break the
Dirac-point degeneracy to open a negative gap. This
approach can be broadly divided into two methods.
The first method starts from a symmetry-enforced Dirac
state, such as the K-point Dirac cone in graphene-like
honeycomb or triangular metamaterials, then opens a
gap by breaking a symmetry of the system. In systems
with broken time-reversal (T ) symmetry [21–25], the re-
sultant topological phase is analogous to the quantum
Hall effect, while those with broken inversion symmetry
[26–31] can realize an analog of the quantum spin Hall
effect. However, there is limited flexibility in the design
of these topological phases, as they can be tuned only

by a symmetry-breaking operation. On the other hand,
the second method searches for the accidental degener-
acy of three [8, 14, 32] or four [9, 33, 34] bands, produc-
ing a Dirac-like cone or double Dirac cones, respectively.
This method gives access to a far larger set of topological
phases because the accidental degeneracy can be broken
by several more-accessible tuning parameters while re-
taining inversion and T symmetry. Despite the utility
and flexibility of this second method, the complete space
of all topological phases has yet to be mapped for any
accidental degeneracy.

3 We start from a particular accidental bulk Dirac-
point degeneracy that gives rise to a topological state
analogous to a quantum spin Hall system. In a quantum
spin Hall system, the protection of the Dirac point is a
consequence of the spin-1/2 nature of electrons. Specifi-
cally, because T 2 = −1 for spin-1/2 states, Kramers the-
orem requires a degeneracy at all T -invariant points of
the Brillouin zone. However, spin-0 phononic and spin-1
photonic systems both have T 2 = +1, so Kramers the-
orem does not apply. Instead, designs typically rely on
mode hybridization to form a pseudospin-1/2 subsystem,
for example with the transverse electric and magnetic po-
larizations of light [2]. But transverse shear modes are
not available in airborne acoustics, so finding an anal-
ogy of Kramers theorem is challenging. In 2012, Sakoda
[33] addressed this issue and constructed a pseudospin-
1/2 system using the discrete symmetries of a triangu-
lar lattice, which was adapted to longitudinal acoustic
modes shortly thereafter [9, 34, 35], and subsequently
demonstrated experimentally [16]. In this scheme, a lat-
tice with C6v symmetry generates an accidental degener-
acy at the Γ point between doubly degenerate E1 and E2

modes that transform as (x, y) and (xy, x2−y2), denoted
(px, py) and (dxy, dx2−y2), respectively. These doubly de-
generate modes allow the formation of a pseudospin-1/2
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basis, with corresponding eigenstates p± = (px±ipy)/
√

2
and d± = (dx2−y2±idxy)/

√
2. The accidental degeneracy

between the p± and d± subsystems can be lifted without
breaking C6v symmetry, resulting in a topological phase
with helical edge modes protected by a pseudo-T sym-
metry, analogous to the quantum spin Hall state [16, 26].

4 Here we numerically investigate the topological phase
space for a Γ-point accidental degeneracy in a phononic
honeycomb lattice using commercial finite-element mod-
eling software comsol multiphysics. We find a mani-
fold of system configurations that host a bulk accidental
double Dirac cone, and we demonstrate that a topolog-
ical phase can be induced by gapping the Dirac node
with six independent physical parameters, which collapse
into a three-dimensional (3D) phase space. This vast
phase space guides the design of three topological cir-
cuit elements: a static-geometry waveguide, an externally
switchable device, and a universal logic gate. While we il-
lustrate each element using phononic metamaterials, the
same design principles apply to electronic and photonic
metamaterials.

5 A static-geometry topological waveguide is formed
at the interface between a lattice with normally or-
dered bands and one with inverted bands. This type of
waveguide was already demonstrated using two hexago-
nal phononic crystals of steel pillars in a fluid medium
with different filling ratios, r̃ = R/a [16, 34], where R
and a are the radius and spacing of the pillars, respec-
tively (see inset to Fig. 1(b)). When the filling ratio
is large, the band structure around the Γ point con-
tains doubly degenerate p± modes separated from d±
modes by a positive energy gap, ∆ > 0, as shown in
Fig. 1(a). At the critical filling ratio for a steel/water
system, r̃∗ = 0.371, the four modes become accidentally
degenerate and the bulk metamaterial hosts double Dirac
cones. Below critical filling, the p± modes have higher
energy than the d± modes, and the band structure con-
tains a negative energy gap, ∆ < 0. Topologically pro-
tected edge modes are confined to the interface between
a positive- and negative-gapped material, allowing the
design of topological waveguides that are pseudospin po-
larized and immune to defects including cavities, bends,
and lattice disorder [16].

6 Our first advance is a new mechanism to create an
externally switchable topological waveguide for sound,
providing a simple alternative to the existing schemes
[36–38]. In general, a topological switch hosts robust
transport when ‘on’, but is a trivial insulator when ‘off’.
It requires a tuning mechanism capable of changing the
sign of the band gap on the topological side, while leav-
ing the trivial side unchanged. We found that an external
vertical compression/extension can induce this behavior,
as it alters the radius of pillars, which can toggle the
topological phase (see inset to Fig. 1(b)). For materials
with a positive Poisson’s ratio, a topological waveguide
naturally switches ‘off’ when compressed, once the filling
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FIG. 1. An externally controlled topological switch
for sound. (a) The phononic band structure for a honey-
comb lattice of steel pillars in water passes through an acci-
dental degeneracy as the radius of the pillars is varied. This
degeneracy is between p± bands (red) and d± bands (blue),
and occurs at the critical filling ratio of r̃∗ ≡ R∗/a = 0.371
(middle panel). As the filling ratio is tuned away from this
value, a positive (right) or negative (left) band gap opens,
leading to a topological phase transition. (b) This transition
can be clearly seen by tracking the Γ-point eigenvalues as r̃
is tuned. (c) A topological waveguide is made by placing two
lattices with r̃L < r̃∗ and r̃R > r̃∗ next to each other (left
panel). When the pillars are compressed vertically, their ra-
dius expands such that both sides of the waveguide become
trivial insulators (right panel). This device is a topological
switch for sound that turns ‘off’ when compressed.

ratio of its topological side increases beyond r̃∗, as shown
in Fig. 1(c). In practice, rubber pillars are ideal for this
application as they are far more stretchable than metal
pillars, and have a higher Poisson’s ratio [39]. Advanc-
ing beyond static-geometry topological waveguides [15–
17, 28–31], this type of switch could be used to control
passive acoustic isolation systems, but the output of one
switch cannot sustain the macroscopic stretch required
to activate a second, similar switch.

7 Our second, more significant advance is to design a
phononically controlled acoustic switch—i.e. a topologi-
cal logic element. Like electronic field-effect transistors,
these switches may be connected together to form cir-
cuits. Here we rely explicitly on the flexibility granted
by the large phase space of accidental degeneracies in a
honeycomb metamaterial. In general, an accidental band
degeneracy can be lifted by tuning any lattice parame-
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ter, as it is not protected by symmetry. The relevant pa-
rameters in a phononic lattice define the acoustic wave
equation,

∇ ·
[

1

ρr(r)
∇p(r)

]
= −ω

2

v2m
· p(r)

v2r(r)ρr(r)
(1)

where p is the pressure, ω is the eigenfrequency, and
ρr(r) = ρ(r)/ρm and vr(r) = v(r)/vm are the relative
density and speed of sound, respectively. In total, there
are six physical parameters that can tune the resulting
eigenspectrum: R, a, ρp, ρm, vp, and vm, where the sub-
script refers to pillars or medium. First note that uni-
formly scaling ρp and ρm produces no change. Second,
uniformly scaling vp and vm scales all eigenfrequencies
of Eq. 1, but does not shift eigenfrequencies relative to
one another, and therefore cannot alter the topological
phase. We take this scaling into account by adopting
dimensionless units for frequency, ω̃ = ω

√
3a/2πvm. In

fact, the frequency-normalized band structure depends
only on three dimensionless ratios: r̃ = R/a, ṽ = vp/vm
and ρ̃ = ρp/ρm. In the example system of steel pillars in
water, we find that varying either ṽ or ρ̃ lifts the acciden-
tal degeneracy and can open a negative gap (Fig. 2(a-b)).
More generally, varying any combination of lattice pa-
rameters along a path in (ṽ, ρ̃, r̃) space that connects the
topological phase to the trivial phase must pass through
an accidental degeneracy. Consequently, there exists a
surface in (ṽ, ρ̃, r̃) space that separates the topological
phase from the trivial phase, on which there is accidental
degeneracy between p± and d± modes and a bulk double
Dirac cone. We numerically calculated the shape of this
surface, shown in Fig. 2(c), by recording the accidental
crossing point in an r̃ sweep for a discrete set of (ṽ, ρ̃)
points, at fixed (vm, ρm).
8 A key challenge in designing a topological switch is to
preserve overlapping bulk spectral gaps before and after
switching. For example, in the sweep shown in Fig. 2(a),
increasing ρ̃ causes both p± and d± modes to decrease
in frequency, leading to a band inversion because the d±
modes decrease faster than the p± modes. Yet, this tun-
ing parameter alone cannot be used to design a topolog-
ical waveguide because at any frequency there are bulk
modes in one of the two sides that mask the edge states,
unlike Fig. 1(b). The same accidental degeneracy can be
broken by varying ṽ, which causes both p± and d± modes
to increase in frequency (Fig. 2(b)), again precluding a
usefully overlapping gap. However, an overlapping bulk
gap may occur when tuning a combination of ṽ and ρ̃,
for instance, in a waveguide between two sets of pillars
with different materials but the same radius. In general,
each accidental degeneracy on the surface in Fig. 2(c)
can be used to construct a practical waveguide for a pa-
rameter sweep through some solid angle in (ṽ, ρ̃, r̃) space.
Schematically, such a waveguide combines two points in
parameter space connected by a path that punctures the
surface in Fig. 2(c). Consequently, a topological switch
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FIG. 2. Topological phase space for a honeycomb
phononic lattice. An accidental degeneracy between the
p± and d± modes in a steel/water system (green star in (c))
can be broken by tuning the ratio of (a) density while hold-
ing speed of sound and radius fixed; or (b) speed of sound
while holding radius and density fixed. (c) Each accidental
degeneracy is a point in (ṽ, ρ̃, r̃) space, colored according to its
crossing frequency (e.g. the steel/water system has a crossing
frequency of 90 kHz for a = 1 cm). Together, they separate
phase space into a topological and a trivial region. A topolog-
ical waveguide pairs configurations from different sides of this
surface (see solid line labelled ON), provided their bulk spec-
tral gaps overlap. Transmission through it can be switched
‘off’ by tuning to two configurations that occur on the same
side of the surface (see path labelled OFF).

combines four points in phase space, with three above
the surface (trivial) and one below (topological), e.g. the
square points in Fig. 2(c). Furthermore, a useful switch
requires the bulk to remain gapped and overlapping on
all four (ṽ, ρ̃, r̃) trajectories that connect these points,
except where they pass through the surface.

9 To enable the output of one switch to control the
next, our design for a phononically-controlled topologi-
cal switch uses a temperature increase delivered by ul-
trasonic phonons as its tuning mechanism. Each switch
contains a honeycomb lattice of steel pillars connect-
ing the source and drain terminals, attached to a base
plate made from a second material, in an air-tight con-
tainer, as shown in Fig. 3(c). The temperature increase
needed to toggle the switch is provided by a thermoa-
coustic converter connected to a third terminal (labelled
‘gate’ in Fig. 4(g-h), see [39]). The primary effect of
heating the device is to change the speed of sound in the
medium, which typically increases all eigenfrequencies of
the system (see dashed lines in Fig. 3(a)). Second, heat-
ing causes thermal expansion of the materials, increasing
both R and a, though not necessarily equally. If the
base plate and pillar materials are selected such that a
increases faster than R, the net result is to reduce all
eigenfrequencies of the system and induce a band inver-
sion (dotted lines in Fig. 3(a)). Finally, heating alters
the density of the air and the materials, which has been
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FIG. 3. Designing a temperature-controlled topolog-
ical switch. We consider a honeycomb lattice of steel pillars
(R1 = 3.5 mm, R2 = 4.1 mm, a = 8.5 mm) anchored to a
high-thermal-expansion base plate, in an air medium within
a sealed fixed-size box. (a) Heating this system has two main
competing effects: eigenfrequencies are increased by raising
the speed of sound in air (dashed lines), but decreased as the
base plate thermally expands (dotted lines). The latter effect
also tunes r̃ to induce a band inversion. These two effects
can be balanced by correctly choosing the thermal expansion
coefficient of the base plate (here 1.61 × 10−3 K−1), provid-
ing a temperature-tunable topological phase transition with
an overlapping spectral gap (solid lines). (b) A topological
switch combines two sizes of pillars: one side transitions from
trivial to topological as the switch is heated (R1), while the
other remains trivial throughout (R2). (c) Unlike the switch
design in Fig. 1 (c), which is triggered by tuning R at fixed a,
this switch is turned ‘on’ by increasing a at fixed R, and can
be actuated by phonon-delivered heat.

taken into account, but is insignificant. The first two
effects can be balanced to maintain a bulk gap through-
out the switching process, by fixing the ratio vm/a that
appears in the eigenfrequency of Eq. 1. Because the
base plate expands linearly with temperature, we seek
a medium where vm also increases linearly. For an ideal
gas at temperature T , vm increases as

√
T , but the trend

is almost linear near room temperature; as such, air is
a suitable medium. Consequently, to keep vm/a fixed as
the temperature increases from Ti to Tf , we seek a base
material with a coefficient of thermal expansion given by
α = 1/(Ti +

√
TiTf ). For the proof-of-principle switch

shown in Fig. 3(b), the required base-plate thermal ex-
pansion coefficient is 1.61 × 10−3 K−1, which is within
the range achievable by origami metamaterials [40]. Al-
ternatively, we empirically demonstrated an even larger
effective thermal expansion coefficient by thermally ac-
tuating using the shape-memory alloy Nitinol [39].

10 The advantage of a topological phononic switch can
be seen from the finite-sized calculations in Fig. 4. Unlike
a trivial waveguide, which experiences significant losses
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FIG. 4. Topological logic gates with ultrasound. (a)
Transmission through a trivial waveguide, like this channel
in an insulating steel/air phononic crystal, is disrupted by
disorder and bends. (b) The band structure of the corre-
sponding supercell (see inset) contains a bulk gap with trivial
edge states. (c) In contrast, a topological waveguide with the
same parameters as in Fig. 3, allows robust transport regard-
less of channel geometry; it can be used as the ‘on’ state of
a topological switch. (d) Its band structure hosts protected,
Dirac-like edge states (inset) due to a negative bulk gap on
one side. (e) When the system is cooled, it contracts and
both sides become trivial insulators, preventing transmission.
(f) Excitations at frequencies within the gap decay exponen-
tially as they enter the device. (g) A topological and gate,
constructed from two switches in series, requires both con-
trol signals (A and B) to be high to register an output. (h) A
topological not gate uses a base plate with a negative thermal
expansion coefficient; it contracts to turn ‘off’ when heated
(left), and expands to turn ‘on’ when cooled (right).

induced by disorder and bends (Fig. 4(a-b)), the topolog-
ical switch acts as a robust pseudospin-dependent waveg-
uide when ‘on’ due to a Dirac cone between the two sides
(Fig. 4(c-d)). As it is cooled, the pillars contract around
the input terminal; both sides become trivially insulating
and block transmission, turning the switch ‘off’ (Fig. 4(e-
f)). Our topological switch is stable against mild temper-
ature changes provided its operational frequency remains
within the spectral gap (see Fig. 3(a)). Such temperature
variations alter only the localization of the edge states,
not their presence or absence [39].

11 Our proof-of-principle temperature-controlled
phononic switches can be linked to form a universal
nand gate with two main segments. First, we design
a topological and gate by connecting two switches in
series (Fig. 4(g)). This device requires both control
signals (A and B) to be ‘on’ to heat each switch and
allow information to propagate [39]. Second, to design
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a topological not gate, we utilize a base plate material
that has a negative coefficient of thermal expansion;
that is, it shrinks when heated. At room temperature
(control is ‘off’), the not gate is a topological waveguide
that transmits information, but when the control is ‘on’,
the device heats and shrinks, transitioning to a trivial
insulator. To maintain an overlapping bulk gap through-
out this transition, we require a medium where the
speed of sound decreases with increasing temperature,
a behavior commonly observed in oils [41]. Specifically,
a device using steel pillars in sunflower oil requires a
coefficient of thermal expansion of −2.0 × 10−3 K−1 to
keep the ratio vm/a fixed, a value recently demonstrated
[40].

12 The design of topological metamaterials based on
a broken accidental degeneracy is extremely versatile
due to the large number of tuning parameters available.
Specifically, for a phononic honeycomb lattice, the topo-
logical phase can be tuned by six independent parame-
ters, which collapse onto a 3D phase space. This phase
space guided a proof-of-principle design for a phonon-
ically controlled topological switch, the building block
of an acoustic logic gate. The macroscopic size and
moderate speed of our device makes it an ideal tool for
teaching and understanding topological materials. More
importantly, the same design process can be followed
for piezoelectric materials at mesoscopic length scales,
enabling switchable control of topologically protected
surface-acoustic waves for integrated phononics [42]. Fi-
nally, our approach directly applies to optical systems
under a simple mapping of variables [32], or to nano-
structured quantum materials [43], providing a new di-
rection for developing a field-effect topological transistor.
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ENGINEERING A HIGH THERMAL
EXPANSION COEFFICIENT

1 To function correctly, our topological switch requires
a base plate with an unusually high thermal expansion
coefficient of 1.61 × 10−3 K−1. Here we show that it is
possible to greatly exceed this value over a limited tem-
perature range with a shape-memory alloy (SMA), such
as nitinol. SMAs make excellent thermal actuators be-
cause they can be trained to remember different shapes
at different temperatures. For example, commercially
available SMA coils can have one length when cooled
and a different length when heated. The coil’s expansion
scales with its overall length, allowing virtually any ther-
mal expansion coefficient to be achieved. To illustrate
this potential, we built an expandable honeycomb lattice
and actuated it with inch-long Nitinol springs that have
a transition temperature of 45°C (see Fig. S1(a-c)). We
placed the lattice in a water bath to ensure an even tem-
perature distribution while heating. As we increased the
bath temperature from 24°C to 42°C, the lattice constant
expanded from 1.48 cm to 2.16 cm (Fig. S1(d-e) and sup-
plementary video), corresponding to a thermal expansion
coefficient of 26 × 10−3 K−1, a factor of 16 greater than
that required for our topological phononic logic design.

THERMOACOUSTIC CONVERTER

2 For the output of one switch to toggle the state of
another, we require a device to convert ultrasonic energy
into heat. We employ a thermoacoustic heat pump—
a resonant chamber containing a high-surface-area stack
(see right inset in Fig. S2(a)). During each acoustic cycle,
the gas within such a chamber expands and contracts, ex-
changing heat with the stack to generate a temperature
gradient across it. A thermoacoustic device can act as a
heat pump or a refrigerator depending on how the stack is
sunk to ambient temperature. Ultrasonic thermoacoustic
devices have demonstrated heat transfer up to 1 W and
coefficient of performance of 2-3 in cooling mode [1, 2];
in heating mode they will operate with even greater ef-
ficiency. Further improvements in performance could be
reached by increasing the Q factor of the resonator or
by raising the gas pressure. Our proposed heating stage,
shown in Fig. S2, uses a topological waveguide (white
pillars) to focus incoming ultrasound towards an array of
these thermoacoustic heat pumps (copper block). We es-
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FIG. S1. Honeycomb lattice with a high thermal
expansion coefficient. (a) Model of a honeycomb lattice
that can be rapidly expanded using SMA coils to create a
high thermal expansion coefficient. (b) Each unit cell is com-
pressed below the coil’s transition temperature. (c) But above
the transition temperature, the coils shrink dramatically to
pull the unit cell open. (d-e) To experimentally measure ther-
mal expansion, we placed the 3D-printed expandable lattice
in a water bath, which we gradually heated. The lattice ex-
panded by 46% during a 18°C temperature increase, resulting
in an effective thermal expansion coefficient of 26×10−3 K−1

(see supplementary video).

timate that a 50 W ultrasound transducer would provide
sufficient heat to turn ‘on’ a switch like the one in Fig. 4
in a few seconds. When the control signal is absent, the
switch will turn ‘off’ in a few seconds via natural cooling
controlled by the thickness of its thermal insulation. A



2

G

DS

Gate

DrainSource

Thermoacoustic cell
Ambient plate

Expandable
base plate

Heat exchanger

SMA coil

ΔT

Insulation

Topological 
switch

Thermoacoustic 
converter

a

b

FIG. S2. Thermoacoustic converter. To turn ‘on’ a topo-
logical switch, ultrasound arriving at the ‘gate’ input needs to
generate enough heat to actuate the SMA coils that expand
the base plate, and to adjust the medium’s speed of sound
accordingly. Our design uses a separate topological waveg-
uide (white pillars) to focus this incoming ultrasound onto an
array of thermoacoustic heat pumps (yellow). Each cell in the
thermoacoustic array contains a high-surface-area stack that
exchanges heat with the acoustic wave to generate a tempera-
ture gradient ∆T . The hot side of each stack is coupled to the
expandable topological switch above (gray pillars) through a
metallic heat exchanger, while the cold side is sunk to ambi-
ent temperature via a plate below. The switch is thermally
insulated on all other sides, which also provides a control-
lable means of cooling to turn it ‘off’. (a) Expanded and (b)
collapsed view of an ultrasound-controlled topological switch.

5-mm-thick sheet of polystyrene insulation provides ade-
quate cooling to balance the incoming heat at 90°C, but
the exact thickness should be tuned to account for un-
certainties in the incoming acoustic power, the thermoa-
coustic converter efficiency, the convective heat transfer,
and neglected losses.

MATERIAL SELECTION

3 The choice of materials for a topological waveg-
uide must satisfy three conditions. First, the two pil-
lar/medium combinations that form the waveguide must
appear on opposite sides of the topological phase bound-
ary in Fig. 2(c). Second, they must have overlapping
spectral gaps at the Γ point. Third, there should be
no intra-gap states elsewhere in the Brillouin zone. The
third condition begins to fail for small r̃ due to M -
point eigenmodes that infringe upon the gap, produc-
ing a band structure similar to that of a semimetal (see
Fig. S3(d)). Consequently, a functioning waveguide is
further restricted to configurations above the (ṽ, ρ̃, r̃)
surface where this semimetal behavior first begins (gray
points in Fig. S3(a))). In practice, this restriction is
nearly always satisfied by using pillars with a large ra-
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FIG. S3. Restrictions on topological phase space. (a)
The phase space for an acoustic honeycomb metamaterial is
separated into a region with normally ordered p and d modes
at the Γ point (above the colored points), and a region where
these modes are inverted (below the colored points). The
latter region is further divided based on whether there is a
complete or partial spectral gap between p and d modes (gray
points). (b-d) Schematic band structures for each region of
topological phase space.

dius of R & 0.2a. Thus a large volume of parameter space
remains viable for a successful design; several candidate
materials are listed in Table S1.
4 Among the viable material systems, a straightforward
choice for building an externally controllable topological
switch like the one in Fig. 1(c) is to use rubber pillars
in air. Vulcanized rubber can easily elongate by several
hundred percent, providing considerable tunability in the
pillar radius [3]. In addition, rubber has a Poisson’s ratio
ν = 0.5, implying that its density and longitudinal speed
of sound do not change under tensile strain. An example
design contains two sets of rubber pillars with radii R1 =
0.42 cm and R2 = 0.48 cm, height H = 1 cm, and spacing
a = 1 cm, which each initially form a trivial insulator
(‘off’ state). Stretching the pillars by an amount ∆H,
changes their radius by

∆R = −R
(

1 −
(

1 +
∆H

H

)−ν)
. (S1)

In our design, the waveguide turns ‘on’ when the pillars
are stretched by 30%, requiring an applied tensile stress
of 0.2 MPa [3]. This stretch reduces the pillar’s radii to
R1 = 0.37 cm and R2 = 0.42 cm, and the R1 pillars form
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Table SI. A pair of pillar/medium lattices with r̃ = 0.32
and 0.42 on either side of their boundary will function as a
viable topological switch if the two band structures contain
overlapping but opposite-sign gaps at the Γ point. This table
lists Γ-point eigenfrequencies for the (p±, d±) modes and the
total gap overlap (∆overlap) for several example systems, in
dimensionless units ω̃ = ω

√
3a/2πvm. Combinations in black

work, but those in red fail because the modes do not invert.

Pillar material

Medium Steel Aluminum Rubber HDPE

r̃
=

0
.3

2 Air 0.96, 1.03 0.96, 1.03 0.96, 1.03 0.96, 1.03

Diesel 1.01, 1.05 1.08, 1.10 1.11, 1.12 1.17, 1.20

Water 1.02, 1.06 1.10, 1.11 1.11, 1.13 1.18, 1.23

r̃
=

0
.4

2 Air 1.00, 0.96 1.00, 0.96 1.00, 0.96 1.00, 0.96

Diesel 1.08, 1.01 1.19, 1.09 1.16, 1.11 1.21, 1.34

Water 1.09, 1.02 1.22, 1.11 1.15, 1.12 1.23, 1.35

∆
o
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rl
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p Air 0.041 0.041 0.041 0.041

Diesel 0.037 0.005 0.005 -

Water 0.035 0.002 0.005 -

Topological
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FIG. S4. A topological switch made from rubber. The
calculated Γ-point eigenvalues for a hexagonal lattice of rub-
ber pillars in air with a = 1 cm contains an accidental degen-
eracy when the pillar radius is 0.39 cm. Vertically stretching
the pillars by 30% toggles an initial trivial waveguide, with
unstretched radii R1 = 0.42 and R2 = 0.48 cm, to a topolog-
ical waveguide with radii R1 = 0.37 and R2 = 0.42 cm.

a topological phase as their radius is smaller than the
critical value for a rubber/air system of R∗ = 0.39 cm
(see Fig. S4). The operational frequency of this device is
18.7 kHz, and it has a bulk spectral gap overlap of 500
Hz before and after switching.

ROBUSTNESS OF TOPOLOGICAL STATES

5 Topological materials are characterized by a Z2 index,
which predicts the presence of gapless boundary modes.
A widely applied approach to calculating the Z2 index
for photonic and phononic metamaterials is to apply k ·p
perturbation theory [4–8]. In this framework, the effec-
tive low-momentum Hamiltonian for our specific system
is similar to the BHZ model of the quantum spin Hall
effect in a two-dimensional topological insulator [9]. The

∆ss

∆bulk

a b

FIG. S5. Breaking C6v symmetry subtly gaps the
Dirac point. (a) When ‘on’, a steel/air topological switch
like the one in Fig. 4(c) hosts protected boundary states that
disperse linearly within the inverted bulk band gap (blue).
(b) These states are protected by a pseudo-time-reversal sym-
metry constructed from geometric rotations in the C6v point
group. At the interface, this symmetry is broken, leading to
a small unwanted gap in the Dirac spectrum (red). The in-
terface geometry can be optimized to reduce ∆ss with respect
to ∆bulk.

complete calculation is presented in Ref. [6], and predicts
non-trivial spin Chern numbers only when the p± and d±
bands are inverted, as expected for a topological phase.

6 Our logic gate exploits robust edge modes, protected
by a pseudo-time-reversal symmetry built from discrete
lattice rotations in the C6v group [4]. However, C6v sym-
metry is broken at the interface between two different
lattices, allowing states of opposite pseudospin to mix,
and opening a small gap around the Dirac point propor-
tional to the degree of symmetry breaking. In our system,
this mini-gap is about 7% of the bulk gap (see Fig. S5).
This issue was previously explored by He et al. [6], who
significantly reduced the mini-gap to less than 0.02% of
the bulk gap by introducing an additional row of pillars
at the interface. Importantly for us, they demonstrated
that the mini-gap can be optimized after selecting ma-
terial parameters because it is a property of the inter-
face, not the bulk. Improvements beyond their bench-
mark are possible, and designing an interface that most
effectively reduces the mini-gap is an important area of
further work.

7 The benefit of topological phononic logic is that
transport is relatively immune to defects, leading to more
efficient devices. In our example, defects that preserve
pseudo-time-reversal symmetry are unable to mix pseu-
dospin states, eliminating backscattering. It has been
shown previously that backscattering is negligible for
cavities, bends, and disorder [6]. On the other hand,
backscattering is present for defects that explicitly break
C6v symmetry, as they mix pseudo-spin states and open
a mini-gap in the spectrum; these should be avoided [10].
In practice, the most likely defects in our device are ran-
dom errors in the pillar’s positions arising due to fabri-
cation imperfections. Although these errors tend to fur-
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Fig. 1 | Edge states are largely immune to disorder. a, This simulation of a 
20 by 20 cm topological waveguide contains 544 steel pillars in air. A 27.5 
kHz point source excites waves that are localized to the interface between 
small and large pillars. b-d, The edge states remain fairly localized even if the 
pillars are allowed to move from their nominal positions by up to 7.5%, 
suggesting the metamaterial is robust to moderate fabircation errors.

a b

c d

0% disorder 2.5% disorder

5% disorder

-2 Pa  2 Pa 3 cm

7.5% disorder

FIG. S6. Edge states are largely immune to fabrica-
tion disorder. (a) This simulation of a 20 × 20 cm2 topo-
logical waveguide contains 544 steel pillars in air (R1 = 1.9
mm, R2 = 3.1 mm, a = 7.0 mm). A 27.5 kHz point source
(yellow star) excites waves that are localized to the interface
between small and large pillars. (b-d) The edge states re-
main fairly localized even if the pillars are allowed to move
from their nominal positions by up to 7.5%, suggesting the
metamaterial is robust to moderate fabrication errors.
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FIG. S7. Topological waveguides are efficient. (a)
Unless otherwise stated, our topological switch is simulated
using ideal materials that do not incur inherent losses due
to dissipation. It has a high transmission efficiency of 99%
over a long 50 cm section (arrow), demonstrating the absence
of significant backscattering. (b) The transmission efficiency
remains high even with realistic, lossy materials that include
the viscosity of 22 µPa·s for 90°C air and a damping coefficient
of 0.001 for steel.

ther break the C6v symmetry and enhance the mini-gap
in the edge spectrum, the device is surprisingly robust to
them. We simulated a realistic waveguide with varying
amounts of random disorder in the pillar’s position (see
Fig. S6). The highest reasonable amount of disorder is
about 5% of the lattice constant—anything higher and
the larger pillars begin to touch each other. The trans-
mission through our waveguide is virtually unaffected by
such moderate disorder, and it appears only mildly re-
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FIG. S8. Switching ‘on’ a topological and gate (a-
b) When either input to a topological and gate (gray area)
is low, no signal can propagate to its output. (c) Instead,
it scatters at the interface, due to an abrupt change in lat-
tice constant, and decays exponentially into the ‘off’ switch
(right), as shown in this simulation of two connected steel/air
topological waveguides, identical to those in Fig. 4(c) and (e).
(d-f) As the right-hand switch is heated, its band gap reduces
and the signal decays more slowly. (g-j) Above 50°C, the band
gap is inverted in the lower part of the second switch, yield-
ing topological edge modes that become more localized with
further heating.

duced even for unrealistically high disorder above 5%.
Other loss mechanisms are present in our device, such as
energy dissipation in the pillars and air, but they have a
minimal impact on its transmission (see Fig. S7).

PHONONIC LOGIC GATES

8 A topological and gate allows propagation only if
its two control signals are high. It is created from two
phononically controlled topological switches connected in
series, as shown in Fig. S8(a-b). If either control signal
is low, the corresponding switch will be at room tem-
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FIG. S9. Low-power logic gate. To reduce the power re-
quired to transition a topological switch, we designed a small
steel/argon waveguide operating at 106.9 kHz with param-
eters R1 = 0.687 mm, R2 = 0.82 mm, a = 1.7 mm, and
thermal expansion coefficient of the underlying base plate
α = 1.651 × 10−3 K−1. This design requires about 0.8 J
of heat to transition. Simulations of the (a) ‘off’, and (b) ‘on’
states of the low-power switch.

perature, with both of its sides in a trivial insulating
phase. The propagating signal is stopped at the first cold
switch that it meets, where it decays exponentially with a
length scale inversely proportional to the size of the band
gap (Fig. S8(c)). Transmission through the gate becomes
noticeable only after the cold switch transitions from a
trivial-trivial insulator to a topological-trivial insulator,
which happens at about 50°C (Fig. S8(f)). Heating be-
yond this point has two effects: it increases the size of the
band gap in the second switch, causing the edge states
to become more localized; and it reduces the backscat-
tering that results from the lattice constant changing
abruptly at the junction. Surprisingly, the gate can main-
tain stable transmission despite temperatures differences
of around 10°C between switches (Fig. S8(i)).

FASTER, LOWER-POWER LOGIC GATES

9 A key step to lower the power consumption of our
logic gates is to decease their total heat load by opti-
mizing their size, materials, and operating temperature
range:

• Reduce the total size. Our design is eas-
ily miniaturized because the governing topological
physics is scale invariant. Reducing the dimensions
by a factor of five is still within typical fabrication
tolerances, and yields a logic gate for ∼ 100 kHz
ultrasound. The size of this device can be further
reduced by removing unused pillars from the R2 re-
gion, where the insulating gap is large throughout
the transition (see Fig. 3(b)). As the waveguide
is a quasi-2D system, it can be as thin as possi-
ble, provided the pillar height is & λ. Combining
these constraints, we designed a miniature switch
with dimensions 6.6 cm × 7.0 cm × 0.3 cm (see
simulation in Fig. S9).

• Lower the operating temperature range. The
main issue with smaller temperature ranges is that
the insulating gap is reduced and hence the edge
state can delocalize. However, operating between
30°C and 70°C gives almost identical edge-state
localization to that at 20°C and 90°C (compare
Fig. S8 (c, d) and (h, j)). To keep the ‘off’ tem-
perature at 20°C, we can adjust the pillar radius
R1, which changes the filling ratio at each temper-
ature r̃ = R1/a(T ), where a(T ) is the temperature-
dependent pillar spacing. Specifically, our minia-
ture waveguide uses R1 = 0.687 mm to create equal
but inverted spectral gaps at 20°C and 60°C (see
Fig. S9). This smaller operating temperature range
of ∆T = 40 K requires a slightly higher thermal ex-
pansion coefficient of 1.651×10−3 K−1, compared
to 1.614×10−3 K−1 in our original design.

• Select materials with good thermal charac-
teristics. To toggle a switch, we require only the
gas medium and the SMA coils to reach the transi-
tion temperature, whereas the pillars and expand-
able base plate can be thermally insulated from the
temperature-sensitive components. We can further
reduce the heat load by selecting a working gas with
a low specific heat, such as argon.

With these collective improvements, we estimate that it
will take only 0.8 J of heat to actuate a miniature argon-
based switch with commercially available SMA micro-
springs.
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