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EXPERIMENTAL SETUP

FUNDAMENTAL MODES OF VIBRATION

Our biomimetic syrinx was built by attaching two pieces
of nitrile rubber (4cm × 4cm) along its lateral edges with
an adhesive, leaving an inflatable flat rectangular section
(0.25cm × 2cm) in the middle to form the vocal tract. The
device was then attached to a flow meter at the rear entry port,
and to two translation stages with strain gauges at the exit port.
The flow meter was also mounted on a third translation stage.
The three stages were used to apply pre-tensions on the device
(Fig S1,S2).
Typically, stereoscopic imaging techniques are used to capture three dimensional aspects of vibrating surfaces. However the small scale and high speeds required in our syrinx
(100µm,100kHz) rendered stereoscopic imaging too cumbersome to implement. Instead, we used a 12 x 12 optical
grid created by passing an expanded collimated beam of laser
light through an appropriate stencil that was projected on the
device.
The optical source was a 10mW laser pointer (from Dragon
Lasers), which was beam expanded to 4 times using a 4:1 telescopic setup. The expanded beam was then passed through a
grid (7mmx7mm; 12 holes on each side), made out of paper,
in which holes (d = 0.25mm; spacing 0.625mm) were cut
out using a Versalaser laser cutter. The grid was placed no
more than 5cm away from the device to prevent any diffraction rings from the holes, that might interfere with the imaging. The images of the grid projected onto the surface of the
membrane were reflected of a mirror (M1 in Fig S2a) and captured with a Phantom V7.3 high speed camera at 88kHz frame
rate (see Fig S1 and S2 for photographs of the actual setup).
The laser impinged on the rubber surface at 30o ; any out of
plane displacement of the device caused the projected grid to
deform in relation to a flat state (Fig S1,S2). The displacement
of each grid point from a reference flat state was proportional
to the local height, allowing us to reconstitute the entire surface by splining over the heights at the 144 sampled points.
The resolution is set by the total distance covered by the grid
divided by number of pixels used to sample the image which
in our case corresponds to 35 microns. A substantial advantage of this technique was that it only required a single camera
for three dimensional imaging.
.

As mentioned in the main text, when the system was allowed to spontaneously oscillate, three different states were
observed: sinusoidal, solitary and chaotic. The sinusoidal
regime was excited when the linear motor used to gently impinge on the device close to the mouth. This mode occupies
half the length of the tube and leads to traveling sinusoidal
waves as shown in Fig S3a, where one period of oscillation is
shown (see Video S1 showing this tonal mode of vibration).
When the linear probe was pushed further into the syrinx, we
observed a transition from the sinusoidal state to an excitable
solitary pulse phase. The probe locally stretches the membrane, and the applied tension allows the device to undergo
oscillations. However when the amplitude becomes large, the
device locally buckles and couples to solitary bending waves
that travel to the mouth and the cycle repeats after a rest period. These waves are deemed solitary since they appear as
localized depressions that travel with their own wave velocity
different from the air flow speed. Only when one wave has
passed is another depression created. Fig S3b depicts a sequence of 3d images associated with the formation and propagation of such a pulse. Fig S3c complements this with a
view of the height of the membrane at different points along
the length of the tube as a function of time. The cycle starts
with a traveling sinusoidal wave of the kind described above
(0−0.17ms, denoted by the bump A in Fig S3c) followed by a
larger depression that travels to the mouth(0.24ms − 0.38ms,
denoted by the bump B in Fig S3c), and then a refractory rest
period before the entire cycle repeats. Owing to the short duration of these temporal pulses, the sound produced is spectrally rich.
The wave speed showed only weak dependence on parameters like applied pre tension, flow speed, radius (see Fig S4a)
or z-position of the probe. We found within the accuracy of
our measurement that the solitary pulse traveled at the same
speed of ≈ 25 − 40m/s. Fig S4b shows that the fundamental frequency also depends on the z-position or depth of the
probe; it is possible to get a large change in frequency by applying a small change in strain values. There are two time
scales associated with this mode. The first is the wave speed
of the solitary bump and the second is the refractory period
of the solitary pulse. The observed changes in the frequency
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Figure S 1. Close up of the biomimetic syrinx shows a grid projected onto the device. C1 and C2 are clamps that are connected to strain gauges
S1 and S2 in order to measure the (static) longitudinal and lateral strains on the syrinx. The inset shows the pattern that was used to generate
the grid which was itself created by laser cutting holes of diameter 0.25mm using a Versalaser laser cutter.

of the emitted sound were determined primarily by the refractory period, which in turn were controlled by the position of
the probe. If the strain at the point of contact is  ∼ (z/r)2 ,
where z is probe depth and r is the p
radius of the tube. The
typical frequency then scales as ∼ E/ρ where E is the
Young’s Modulus and shows that ω ∼ z, and allows us to
explain the observed linear dependence of the frequency on
probe depth.
In Fig S4c, we show a reconstructed solitary pulse that proceeds through three distinct stages. First,(0.04 − 0.1ms) a
depression starts to form at the point of probe contact and
starts to move away from its point of origin. Second,(0.1 −
0.3ms) the depression travels to the mouth of the device and
finally(0.3−0.8ms) there is a rest period after which the cycle
repeats.
A final mode of oscillation that is particularly relevant to
mimicking songs of a zebra finch is associated with the coupling of the solitary pulses to localized modes at the mouth of
the device in response to the airflow without any probe. Fig
S4d shows an example of this induced by depicting the height

of the device 0.5cm from the mouth for various probe indentations. As the probe depth was increased (position b in Fig
S4d), a solitary pulse traveled to the mouth and exited the system, and was then followed by oscillations at the lip of the
device. The existence of this mode was visualized by simultaneous imaging of both the mouth of the cylindrical and the
surface (Video S5). Fig S4e is a spectrogram of the sound produced by this mode and shows the dense harmonic structure
that is characteristic of a zebra finch song motif.

DYNAMIC PRODUCTION AND CONTROL OF SONG

We discovered that by dynamically positioning the depth
of the probe, it was possible to turn on the different modes
described above while also controlling the frequency. This
allowed us to mimic simple songs across many song bird
species. To implement this protocol, we programmed the
linear motor to produces ”pulses” of motion, and the shape
of these pulses then controlled the spectrum and duration of
sound produced. Typically, we found that it was sufficient
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Figure S 2. Front and Side view of the measurement set up. C1 and C2 are clamps that are connected to strain gauges S1 and S2 in order to
measure the (static) longitudinal and lateral strains incurred by the device. P shows the linear motor that acts as an ”artificial muscle” and is
used to statically and dynamically probe the device. M1 and M2 are mirrors that are used to project the image of the grid on the device to a
high speed camera. At the bottom is a microphone used to record the sounds generated.

to keep the flow rate, pretensions, and x-position of the probe
constant and only pulse the linear motor to produce a complete
song. Fig S5 shows two simple songs along with the pulses
used to program the linear motor. In the first song, the ”notes”
were rapidly pressed and held down for 350ms while in the
second, a rapid sequence of sound pulses were produced. Not
only can the fundamental frequency of the sound produced be
controlled by the depth of the linear motor, dynamical transitions like transitions to period doubled sounds can also be
induced.

VIDEO CAPTIONS

Video S1: Tonal mode of vibration. The linear probe was
placed 1cm from the mouth and pressed 0.5mm into the it, the
flow velocity was set at 5m/s. The movie shows a traveling
wave of a sinusoidal nature that starts at the point of the linear
probe and travels to the mouth. The color legend shows the
height of the device in steps of 100µm.
Video S2: Period doubled mode. The linear probe was
placed 1cm from the mouth and the pressed 1mm into the it,
the flow velocity was set at 5m/s. The movie shows a traveling
wave of a sinusoidal nature that starts at the point of the lin-
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Figure S 3. (a) shows the 3d reconstructed image of the tonal mode of vibration. In this case the probe was placed 0.5cm away from the mouth,
and the tonal mode appeared as gentle undulations of the surface of the tube. (b) Period doubled mode- This mode shows a lower fundamental
frequency that than the corresponding tonal mode (not shown, the original tonal mode had time period 0.2ms), that arises because a shallow
solitary solitary wave (0.25 − 0.34ms) is created right after a sinusoidal variation has passed, thereby extending the total period of the mode.
(c) Shows a time trace of the height of the device at different points along its length, delineated by the white dots of the sketch of the device
(to the right of the plot). The sinusoidal variation is shown by the bump at A and the solitary pulse is shown in B. Note that in order to see this
mode one had to press the motor 1cm from the mouth. As a result the tonal mode did not make it all the way to the mouth.

ear probe but does not travel to the mouth, after which a wave
of a solitary kind is created from the position of the probe.
The bump created in this case is not as deep as a true solitary
mode. This cycle repeats after this.The color legend shows

the height of the device in steps of 100µm.
Video S3: Solitary pulse mode. The linear probe was
placed 1cm from the mouth and the pressed 2mm into the it,
the flow velocity was set at 5m/s. The movie shows a de-
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Figure S 4. (a) Wave speed of the solitary mode as a function of radius of device. For each radius flow velocity and push depth was changed
to generate the data points. The speed is measured by first extracting the midline from reconstructed 3d image from each time frame and place
next to each other to create a kymograph. The kymograph is the digitized and the solitary wave shows up as a straight line. The slope of this
line gives the wave speed. (b) Fundamental frequency of the solitary mode as a function of push depth. The frequency changes by a factor of
1.5 when push depth is changed by a factor of 2. This range is further increased when the sound is dynamically created. (c) 3d reconstructed
images of the solitary mode. A solitary bump is created close to the probe position (below the surface being imaged)which then travels to the
mouth. After the wave passes there is waiting period after which another pulse is created. The frequency is controlled by changing the time
interval of the waiting period. (d)Shows height at one point on the surface as a function of time for different push depths (increasing from a-d).
In a) sinusoidal mode is observed, b) a period doubled mode c)-d) higher period mode created by interaction between the solitary mode and
tension modes at the mouth of the device. The sound created by this mode is rich in harmonic content and some sample sounds are shown in
the spectrogram in (e).

6

Figure S 5. Simple Songs (a1) shows the the spectrogram of a simple song that was created by pressing down and holding a note for 0.35s and
(a2) shows the corresponding pulse sequence (position of the probe) used to program the song. (b1-2) shows the spectrogram and programmed
pulse sequence for a series of rapid pulses with high harmonic content. A transition to non-period doubled sound occurs when the probe
position is less than 0.5mm (shown by the white arrows)

Figure S 6. Spectrograms of i)Original, ii)mechanical and iii) computational songs of a representative song of a Red Eyed Vireo.
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pression being created at the location of the linear probe that
consequently travels to the mouth. This is followed by a short
rest period after which the cycle repeats. The color legend
shows the height of the device in steps of 100µm.
Video S4: Projected and deformed grid. This movie shows
a raw image of the deformable grid projected onto the vibrating device.
Video S5: Close up of solitary pulse mode. We see the
surface and mouth of the device imaged by placing a small
mirror in front of the mouth. The mode shown is similar to
the one described in the text where the solitary wave passes
followed by subsequent oscillations at the mouth, before the
next cycle repeats.
AUDIO CAPTIONS

Audio S1: This audio segment demonstrates a rapid transition from periodic to chaotic sound (see Main Text Fig 2b)
driven by a large change in the probe indentation depth.
Audio S2: (a) Vireo song. (b) Biomimetic Vireo song
(Main Text fig 2d) was created simply; in the first part the
notes were just pressed and held, while in the second part the
frequency was moderately swept. It was observed from the
sound spectrogram that the fundamental frequency roughly
followed the position of the probe. The probe was placed
0.5cm from the mouth, with sx = .1 and sy = 0.05 and U
=5m/s.
Audio S3: (a) Bengalese finch song. (b) Biomimetic Bengalese Finch song (Main Text fig 2e). To recreate this song
the device was first prepared deep in the solitary pulse phase.
Then the individual notes were created by probing the motor
to different depths. The song started with a short section of
sound followed by a series of short pulses slowly descending
in frequency, and ended with a short section where the fundamental frequency of the multiharmonic song varied a little.

To produce this song the linear motor was placed 1.2cm from
the mouth and the airflow set to 5m/s. The exact values of
pre-strains was not critical as long as it was finite (sx ∼ 0.1,
sy ∼ 0).
Audio S4: (a) Zebra finch song. (b) Biomimetic Zebra
Finch song (Main Text Fig 2f). It combines the high acceleration sweeps associated with the tonal song of the vireo along
with sudden changes in harmonic mode structure seen in the
Bengalese Finch. To capture this, we broke the song into 5
segments based on their features. Segment 1 starts with a
transition from an almost pure tone to a multi harmonic downsweep by accelerating the probe rapidly from rest in the presence of a minimal pretension sx < .1, and a flow speed of
≈ 5m/s. Segment 2 shows transitions to chaos with some
structure of a rapid downsweep. To mimic this section, the
flow velocity was increased to 7m/s to find a region of coexistence of the solitary pulse and chaotic modes, and then apply
a probe pulse sequence to approximate the downward sweep
in frequency. Segment 3 is similar to segment 2, except there
is a short wait before the downsweep. Segment 4 starts with
a rapid downsweep and then suddenly holds at a particular
frequency. This sudden acceleration and deceleration of the
motor driving the probe created many undamped transient responses both from the device and the linear probe itself; as
result of which the spectrogram had small undamped oscillations. Segment 5 is similar except there is a down-up-down
sweep at the beginning. Again the oscillations in the motor
did not allow us to wait steadily at one particular frequency.
Audio S5: (a) Vireo song. (b) Computational mimic of
Vireo song (See Main Text Fig. 3).
Audio S6: (a) Vireo song. (b) Biomimetic Vireo Song. (c)
Computational mimic of Vireo song (See Fig.S 6).
Audio S7: Trill sound. Produced by rapidly pulsing the
linear motor, that acts as a switch, turning on and off a periodic
song at a high rate (30Hz).

