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Abstract
In this work, we report the experimental observation of the topological phase transition in a
mechanical one-dimensional topological insulator using the Su-Schrieffer-Heeger (SSH)model. Our
mechanical systemwas composed of an elastic stringwithmetallicmasses emulating atomic sites and
the intra- and inter-cell interaction strengths controlled by the distances, d1 and d2 respectively,
between themasses.We observed a trivial phasewith a band gap of∼9.2Hz± 0.5 Hz for d2/d1= 3,
while themetallic phase closed the gap, d1= d2, to be reopened in the topological phase as∼8.7
Hz± 0.5 Hz, for d2/d1= 1/3, with two edge states located inside the band gap at∼15.6Hz± 0.5 Hz.
Our experimental observationswere supportedwith numerical and theoreticalmodels. Ourwork
creates the ability to study topological phase transitions inmechanical systemswithmaterials available
in any research lab and allows an understanding of phase transitions in a visual way.

1. Introduction

Topological insulators (TIs) are a special type ofmaterial that allows electrons to occupy energy states in the
band gap between the valence and conducting bands [1, 2]. These statescalled edge stateshave an exceptional
ability: they are not affected by perturbations of the crystal lattice, as long as such perturbations are notmagnetic
[1]. The observation of the edge states in TIs in quantum systems requires the use of very sophisticated
instruments and extreme conditions [3, 4]. Fortunately, it was recently demonstrated that topological phases
could exist even in classical systems under the appropriate conditions [5–10]. These conditions aremetwhen the
materials are engineered to emulate the properties of quantum systems, i.e. atoms interacting in a crystal lattice
by the interchange of electronic wave-functions, but with classical waves. Nowadays there are reports of
topological phases in acoustic [5, 6], photonic [7, 8], andmechanical systems [9, 10]. In the case of amechanical
topological insulator, a crystal lattice can be emulated by using an array of harmonic oscillators, where themass
plays the role of an atomwhile themechanical wave represents the electronic wave-function [9].

The simplest TI is composed of a one-dimensional chain of atomic sites that can support edge states [11]. It
was demonstrated that polyacetylene can exhibit exotic conduction behavior due to the existence of solitons
[11]. Su, Schrieffer, andHeeger proposed amodel to explain the existence of solitons in polyacetylene called the
SSHmodel that is currently a keymodel for the study of topology on such a structure [11]. It is important to
mention that in the SSHmodel, there are three unique topologies that are dependent on the values of the
intracell and intercell electron hopping probabilities, v andw respectively [2].When v> w, the system is an
insulatorwith a defined band gap. This is known as the trivial phase.When v= w, the so-calledmetallic phase,
the system is a conductor with no band gap. Finally, when v< w, the system is a topological insulator and there
exist edge states within the band gap. This configuration is known as the topological phase [2].

In this work, we demonstrate the existence of topological edge states in amechanical one-dimensional SSH
(1D-SSH)model composed of an elastic stringwith attachedmasses that emulate atomic sites.We confirm the
existence of edge states localized at the extremes of the device. In addition, we use numerical simulations and a
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theoreticalmodel to confirm that our experimental observations are correctly addressed.Ourmechanicalmodel
allows for easy construction and easy observation of topological edge states in a classical system. Additionally,
ourmodel can change configurations between trivial,metallic, and topological phases using one device by
making only slightmodifications to the system. Thismodel allows quantumwave functions to be studied
visually with a classical system.

2.Methods

2.1. Experimentalmethods
We implemented themechanical version of the 1D-SSHmodel by using an elastic string andmetallic pieces as
masses. Figure 1 shows a picture of the device, where A andB refer to the atomic sites represented in the SSH
model [11, 12].We consideredA andB together to be a cell, so the distance d1 fromA to B (moving right to left in
the direction of wave propagation)was the intracell distance, and the distance d2 fromB toAwas the intercell
distance. The distances d1 and d2 were proportional to 1/v and 1/w in the SSHmodel, respectively.We therefore
described our configurations using the ratio d2/d1, whichwas proportional to the ratio v/w in the SSHmodel. In
this configuration, we expected to observe the trivial phasewhen d2/d1> 1, themetallic phase when d2/d1= 1,
and the topological phase for d2/d1< 1.

We excited the first B site on the right side of the setup using amechanical vibrator, exciter infigure 1,
controlled by a function generator.We used a squarewave function at amplitude voltages between 6.0 V and
10.0V.We swept through frequencies and determined the resonant frequencies (modes) of the string by
identifying frequencies that corresponded to themaximumamplitude of oscillation for each normalmode [13].

In order tomodify the configurations between trivial,metallic, and topological phases, we kept the B sites in
place andmoved theA sites to change the values of the distances d1 and d2, see figure 1. The simplicity of this
setup allowed us to position the A sites anywhere in a continuumbetween the B sites.We could therefore achieve
any value of d2/d1, up to the uncertainty of ourmeasurements of each site’s position.However, as wewere
interested in demonstrating the topological edgemodes in our device, we only used two values of d2/d1 for the
trivial and topological phases. The corresponding configurations for the values of d1 and d2 are shown in table 1.
Note that these valueswere chosen for simplicity of the ratio d2/d1, though any other set of values could have
generated the same results.

We used a stroboscopic lamp flashing at the excitation frequency to identify the normalmodes of our system
and took pictures of eachmode using a camera in afixed position.We used an exposure time of 1 second to
capturemultiple periods of oscillation of each identifiedmode.

In order tomeasure the oscillation amplitudes of themetallicmasses at the edge states of the topological II
configuration, we used a tracking software and called y the vertical displacement of eachA site. Next, we

Figure 1.Experimental realization of themechanical 1D-SSHmodel using an elastic string. A andB represent the positions of the
emulated atomicmasses. The yellowdouble-headed arrow indicates the direction of excitation, and the purple arrow in the bottom
right indicates the direction of wave propagation. The present configuration corresponds to the topological II case.

Table 1.Values of d1 and d2 corresponding to the
trivial,metallic, and topological cases.

d1 (m) d2 (m) d2/d1 Configuration

0.112 0.338 3 Trivial II

0.150 0.300 2 Trivial I

0.225 0.225 1 Metallic

0.300 0.150 1/2 Topological I

0.338 0.112 1/3 Topological II
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calculated the energy of each site as: =E k yA
1

2
2, where kA= 75.0± 2.9 Nm−1 was the transverse elasticity

constant. This will be discussed in further detail in the Results section.

2.2. Numericalmethods
Inorder to supportour experimental results,weusedanumericalmodel that emulated the conditionsofour
experiment.WeusedCOMSOLMULTIPHYSICS for thenumericalmodelingofour system.Thematerial properties
of the elastic stringweremeasuredexperimentally, see the supplemental information (SI)availableonline at stacks.iop.
org/PS/97/035702/mmedia for furtherdetails, and found:Young’smodulusE= (4.40± 0.56)× 106 Pa,Poisson’s
ratioν= (1.30± 0.31)× 10−2, anddensityρ= (9.44± 0.05)× 102 kgm−3.Wealsoconsidered thematerial
properties of themetalmasses as:Young’smodulusE= 7.00× 109 Pa,Poisson’s ratioν= 0.340, anddensity
ρ= (3.52± 0.17)× 103 kgm−3,whereρwasmeasured experimentally, see SI, andE andν are thevaluesofbronze [14].

2.3.Mathematicalmethods
A further confirmation of our experimental results was provided by a theoreticalmodel resembling the
mechanical SSHmodel. A schematic representation of our device is shown infigure 2. The equations ofmotion
for the vertical displacement of the pthA site and pth B site, yp

A and yp
B, respectively, are derived in terms of the

massm of each site and the intracell (intercell) elasticity constant k1 (k2), distance d1 (d2), and string elongation
Δx1 (Δx2) as follows:
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It is well-known that equation (2) generates the dispersion relation of our system. It is important to notice
that the bands hadwinding numbers of 0 for d2/d1> 1 and 1 for d2/d1< 1, confirming the topological nature of
our system, see SI for further details.

We can rewrite equation (2) for each of our 10 sites as a 10× 10 eigenvalue problem [2]:
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Solving for the eigenvalues of equation (3) gave us angular eigenfrequenciesω2, whichwe converted to linear
frequencies to compare with the frequencies we observed experimentally.

3. Results

The phase transitions from trivial tometallic to topological phases are shown infigure 3. The experimental
(blackmarkers), numerically calculated (red lines), and theoretically calculated (bluemarkers) frequencies for
d2/d1 ratios of 3 (trivial II), 2 (trivial I), 1 (metallic), 1/2 (topological I), and 1/3 (topological II) are plottedwith
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the experimentally observed band gaps shown as shaded yellow regions. It is possible to see that the band gap had
amagnitude of 9.2Hz± 0.5 Hz in the trivial II case, figure 3(a), that decreased to 4.5Hz± 0.5 Hz for the trivial I
case, figure 3(b), and disappeared for themetallic case, figure 3(c), as expected. A 5.5Hz± 0.5 Hz band gap
reopened for the topological I casewith the appearance of two edgemodes at 14.6Hz± 0.5 Hz, figure 3(d), and
widened again to 8.7Hz± 0.5 Hz for the topological II case, with two edgemodes at 15.6Hz± 0.5 Hz,
figure 3(e). It is important to note that evenwhen therewere differences in the band gaps after the topological
phase transitions occurred, ourmeasured uncertainty allowed us to conclude that the values were
indistinguishable among them.

Our experimental findings confirmed that ourmechanical systempresented topological transitionswith the
existence of two edge states inside the band gap. As it is clear fromfigure 3, the numerically and theoretically
calculated frequencies differed from the experimental ones. This was likely a result of damping effects in the
experimental system that neither the numerical nor the theoreticalmodels accounted for. Regardless of the
specific frequencies of the highermodes, our three approaches showed a clear phase transition between
configurations and the existence of edge states in configurationswhere d2/d1< 1.

With the aimof performing a better observation of the shape of the normalmodes in the topological II case,
figure 4 shows the eigenfrequencies as infigure 3(e)with an image of each experimental and numerically
calculatedmode on the right side. In order to increase the visibility of themodes, we have doubled the height of
each picturewhile preserving their original width. Themodes showed in figure 4were excitedwith an amplitude
of 0.6 cm± 0.1, except for figures 4(g)–(i) that were excitedwith 0.75 cm± 0.1 cm for better observation. The
inset below each picture shows the corresponding numerically calculatedmode. The insets have the same
horizontal scale as the experimental pictures, but the transverse displacements for the numerically calculated
modes are on the order of 10−2m. It is clear that the numerical results for the frequencies and shapes of resonant
modesmatched finelywith the experimental ones.

Similarly, figures 4(e) and (f) show the left and right edge states, respectively. It is clear that the edge states
were localized to the excited side of the device. In a quantum1D-SSH system, the energyE of each edge state site

N is given by = -E Nexp ln v

w( )( ) , where v andw are the intracell and intercell electron hopping probabilities,

respectively [2]. Ourmechanical system clearly showed a trend described by this equation, i.e. therewas an
exponential decay in the amplitude of oscillation as thewavemoved away from the excited site.

In order to confirmour previous statement, we calculated the energy of eachA site of the topological II
configuration as =E k yA

1

2
2, which is shown infigure 5.Here kA and y are the transverse elasticity constant and

the transverse displacement of eachA site, respectively. It is clear that our experimental data fit an exponential
decay, shownby the red lines infigures 5(a) and (b), that depended on d2/d1, as expected.Ourmechanical

Figure 3.Experimental (blackmarkers), simulated (red lines), and calculated (bluemarkers) eigenfrequencies of themechanical 1D-
SSHmodel. From left to right, the configuration is (a) trivial II, (b) trivial I, (c)metallic, (d) topological I, and (e) topological II. The
solid blackmarkers represent experimentally observed edgemodes. The shaded regions signify the experimentally observed band gaps
for the trivial and topological phases inwhich either nomodes or only edgemodeswere found.

Figure 2.Diagram of amechanical 1D-SSHmodel withA andB sites separated by elastic string of intracell (intercell) length d1 (d2) and
spring constant k1 (k2). The purple arrow in the bottom left indicates the direction ofwave propagation.

4

Phys. Scr. 97 (2022) 035702 LThatcher et al



system therefore obeys a similar relationship between energy and site number in edge states as is found in
quantum1D-SSH systems [2].Moreover, we have calculated the critical exponent near the critical point and
found that the energy decay constant is proportional to the reciprocal of v− w, i.e. ν= 1, as expected in the SSH
model [15], see the SI for further details.

Finally, we determined the robustness of the edgemodes.We performed numerical simulations shifting the
excitation positionwith respect to thefirst A site from right to left infigure 1. The excitation positionwas shifted
from−3 cm to 3 cmwith 0 cm the position of the B site. As showed before, an edge state should show a
exponentially decay on its potential energy, see figure 5.We found that the potential energy decays
exponentially, nomatter the position of the excitation, see SI.

4. Conclusion

In conclusion, we have demonstrated phase transitions in a one-dimensionalmechanical topological insulator
based on the SSHmodel. Experimental evidence, supported by numerical and theoreticalmodels, showed that
our systempresented a trivial band gap that becomes a topological one by continuous deformation of the crystal
lattice. The existence of the two edge states, corresponding to each edge of the system, allowed us to determine
the topological nature of the device. In addition, we have proved the exponential decay of the energy of each site
when the edge states were excited, as predicted by a quantum1D-SSHmodel.We believe that all the presented
evidence is enough to conclude that the observed phenomenawere in fact the topological phase transitions of
our device. The simplicity and easily accessiblematerials used in our device allows for the construction and

Figure 4.Experimental (blackmarkers) and simulated (red lines) eigenfrequencies of the topological II case, as shown in figure 3(e).
The pictures to the right are the (a)first, (b) second, (c) third, (d) fourth, (e) left edge, (f) right edge, (g) sixth, (h) seventh, and (i) eighth
modes identified in themechanical 1D-SSHmodel. The insets below each picture represent the shape of the simulatedmodes. All
pictures have been doubled in heightwith respect to figure 1 for better observation.

Figure 5.Energy as a function of site number for the (a) left and (b) right edgemodes of the topological II case. The red lines represent
the numerical fits of the data. Pictures of the experimentally observed (c) left and (d) right edgemodes are shown below. The height of
the pictures has been doubledwith respect to figure 1 for better observation.
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observation of topological transitions in a very simple classical system that can be implemented in any research
and teaching lab.
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