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ABSTRACT
The microphone systems employed by smart devices such as cellphones and tablets require case penetrations that
leave them vulnerable to environmental damage. A structural sensor mounted on the back of the display screen
can be employed to record audio by capturing the bending vibration signals induced in the display panel by an
incident acoustic wave - enabling a functional microphone on a fully sealed device. Distributed piezoelectric
sensing elements and low-noise accelerometers were bonded to the surfaces of several different panels and used to
record acoustic speech signals. The quality of the recorded signals was assessed using the speech transmission
index, and the recordings were transcribed to text using an automatic speech recognition system. Although the
quality of the speech signals recorded by the piezoelectric sensors was reduced compared to the quality of speech
recorded by the accelerometers, the word-error-rate of each transcription increased only by approximately 2%
on average, suggesting that distributed piezoelectric sensors can be used as a low-cost surface microphone for
smart devices that employ automatic speech recognition. A method of crosstalk cancellation was also implemented
to enable the simultaneous recording and playback of audio signals by an array of piezoelectric elements and
evaluated by the measured improvement in the recording’s signal-to-interference ratio.

1 Introduction

As recent advances in display technology have allowed
devices such as smartphones and televisions to become
thinner and more lightweight, a need has arisen for
audio systems whose form-factors meet the space con-
straints of these devices. Recent developments have
been in the area of audio reproduction, where the dis-
play screen itself is used as a loudspeaker. Flat-panel
loudspeaker design methods [1, 2, 3, 4] have been
adapted to use moving-coil actuators [5, 6, 7, 8], or
piezoelectric actuators [9] to induce sound-producing
bending waves on the display surface.

In addition to producing sound, the display surface

may also be leveraged to capture audio by employing
a structural sensor to record the vibration signals in-
duced by an incident acoustic wave. The enclosure
of a surface audio system can be fully sealed as the
mounting of structural sensors inside the enclosure on
the back side of the display would eliminate the need
for case penetrations. This gives the proposed interface
an advantage over conventional MEMS microphones,
which require penetrations in the enclosure for the sen-
sor to record sound - making the device susceptible to
environmental damage. Though the resonant modes
of the display panel inevitably introduce reverberation
into the recorded audio signal, the quality of recorded
speech signals has been demonstrated to be sufficient
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for speech-to-text software to generate transcriptions
with similar accuracies to those produced by speech
recordings captured with high-quality measurement mi-
crophones [10]. This suggests that structural vibration
sensors may be used in place of traditional microphones
for smart devices that execute tasks when prompted by
key words detected in the transcription of a voice com-
mand.

The structural sensor used in [10] was a highly sensi-
tive, low-noise accelerometer. The inclusion of such
a sensor in a consumer-grade product would be cost-
prohibitive as opposed to using conventional MEMS
microphones. Distributed piezoelectric elements come
at a substantially reduced cost compared to the previ-
ously used accelerometers, and have had widespread
use as sensors in applications such as active vibration
control [11]. In this work, distributed piezoelectric
sensing elements were bonded to the surfaces of panels
made of several different materials and were used to
record acoustic speech signals. The speech signals were
then transcribed using an automatic speech recognition
(ASR) system. The accuracy of these transcriptions
was compared with those derived from the accelerom-
eters to determine if the quality of a signal recorded
by the distributed piezoelectric element is sufficient for
use with ASR systems.

In Section 2, we begin with an overview of panel me-
chanics to provide a mathematical foundation for the
ideas presented in the manuscript. In Section 3, we
explore the intelligibility of audio recordings made by
piezoelectric sensors affixed to various panels. In Sec-
tion 4, a method for crosstalk cancellation between
the panel’s inertial exciters and structural sensors is
analysed. Conclusions are discussed in Section 5.

2 Mechanics of Vibrating Panel Systems

Consider a thin, isotropic panel with Young’s Mod-
ulus E, Poisson’s ratio n , density r , thickness h,
and damping factor b. The out-of-plane displace-
ment w(x,y, t) in response to an external load p(x,y, t)
at time t and point (x,y) on the panel’s surface can be
computed following [12] and [13] with,

p(x,y, t) =

D—4w(x,y, t)+rhẅ(x,y, t)+bẇ(x,y, t), (1)

where —4 is the biharmonic operator expanded in two
dimensions, ẇ and ẅ are the first and second time
derivatives of w, and D is the bending stiffness of the
panel, given by,

D =
Eh3

12(1�n2)
. (2)

The panel’s out-of-plane displacement can be separated
into functions of space and time as,

w(x,y, t) = j(x,y)e jwt . (3)

The panel’s bending modes are an orthonormal basis
for the spatial function j(x,y), which can be expressed
via superposition as,

j(x,y) =
•

Â
r=1

arFr(x,y), (4)

where Fr(x,y) is the shape of the panel’s rth mode
excited with amplitude ar.

The panels used in the experimental portion of this
work are rectangular with dimensions (Lx,Ly), and are
fixed to wooden frames using two-part epoxy to create
fully clamped edges. For panels with these dimensions
and boundary conditions, the resonant frequency wr of
the rth mode can be found with an approximate formula
given in [14]. Fuller [11] shows that ar at frequency w
can be expressed as,

ar(w) =

4
rh(w2 �w2

r �
jwrw
Qr

)

Z Lx

0

Z Ly

0
P(x,y,w)Fr(x,y)dydx,

(5)

where P(x,y,w) is the magnitude of the pressure distri-
bution at point (x,y) and Qr is the quality factor of each
mode which describes the bandwidth of the mode’s res-
onance. The modal quality factor is shown by Fahy and
Gardonio to be inversely proportional to the material’s
damping factor [13], and is given by,

Qr =
wrrh

br
. (6)
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Table 1: Material and physical properties of the panels used in the experimental portion of this work

Material E (GPa) v r (kg m�3) h (mm) Lx (cm) Lx (cm) bavg (kg s�1)
Gatorboard 1.5 0.35 222 3 26 36 241.5

Acrylic 3.2 0.35 1180 2 26 36 2172
Gorilla Glass 71.5 0.21 2420 1.2 10.4 11.8 3120
Aluminum 68.9 0.33 2700 1 26 36 10270

The quality factor of each mode is difficult to determine
analytically as the effective damping, br, varies for each
of the panel’s bending modes. However, the average
damping factor of a panel can be expressed as

bavg =
2rh ln(2)

t1/2
, (7)

where t1/2 is the decay time for the impulse response of
the panel to reach one-half amplitude. Following [10],
a value for t1/2 for each of the panels used in this work
was determined experimentally. The material and phys-
ical properties of the panels are given in Table 1. The
materials were chosen to explore a wide range of damp-
ing coefficients. A tablet-sized Gorilla Glass panel was
also constructed to address the use case of the proposed
interface for mobile devices [3]. Note that the Alu-
minum panel is constructed of two sheets of aluminum
bonded together by a viscoelastic damping material to
introduce more damping into the system [15, 16].

3 Intelligibility of Recorded Vibrations

3.1 Experimental Setup

The experimental setup is shown in Fig. 1. Each of the
panels listed in Table 1 was placed in a semi-anechoic
environment with an affixed 35 millimeter diameter
7BB series piezoelectric element. A KEF LS50 loud-
speaker was placed on-axis, one half meter away from
the panel. The transfer function h1[n] from the loud-
speaker to the panel’s affixed sensor was recorded using
a maximum length sequence excitation with a sound
pressure level at the panel’s position of 71 dBSPL, to
approximate the sound pressure level of human speech
at this distance [17]. Additionally, a measurement was
taken with a calibrated PCB Piezotronics F130F20 free-
field microphone [18] as a reference.

Fig. 1: Experimental setup in which panels equipped
with piezoelectric sensors were placed in a
semi-anechoic environment. Vibrations are in-
duced on the panels by a loudspeaker at a dis-
tance of 0.5 meters.

As the deflection of the panel induced by incident
waves is small compared to the panel’s dimensions,
the panels vibrate in a linear region of operation [13].
Therefore, the signal model for this experimental setup
can be expressed as,

z(x0,y0)[n] = s[n]~h1[n], (8)

where ~ is the convolution operator, and z(x0,y0)[n] is
the panel’s displacement at position (x0,y0) at sam-
ple n induced by the signal from the loudspeaker, s[n].
Consistent with [10], s[n] in this experiment contained
recordings of Harvard sentences in accordance with the
IEEE Recommended Practice for Speech Quality Mea-
surements [19]. Using (8), convolution can be used to
simulate a corpus of 500 Harvard sentences as incident
to the panel.
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The accuracy with which an ASR system could tran-
scribe the recordings made by the piezoelectric sensor
was analyzed using a word error rate (WER) metric.
WER is given as a percentage by,

WER=
Insertions + Deletions + Substitutions

Number of Words in Reference
⇤100%.

(9)

The recordings made by each panel were transcribed
by IBM Watson’s speech-to-text service [20], and com-
pared to the known transcripts of the Harvard sentences
to determine the WER. The speech transmission in-
dex (STI) was also computed for each panel as an ob-
jective measure of speech quality preservation [21, 22].

3.2 Experimental Results

The STI and WER scores obtained from the recordings
made by each of the panels are given in Table 2 and
Table 3, respectively along with the scores obtained us-
ing the reference microphone. As discussed in Section
1, the results are compared to those from [10], which
employed a high-cost PCB Piezotronics U352C66 ac-
celerometer [23] affixed to each of the panels. The
motivating factor behind this comparison is cost, as
the piezoelectric elements are at least two orders of
magnitude less expensive than the PCB accelerometers.
Note that the results presented from the accelerometer
bonded to the Gorilla Glass panel were not presented
in the previous work.

All STI scores presented are greater than 0.75, and are
therefore deemed excellent in quality by the standard.
With regard to the WER metric, the results show a
greater reduction in transcription accuracy for record-
ings made by panels with less material damping. This
results from (6), as panels with greater damping ex-
perience fewer reverberant high-Q modes that hinder
intelligibility. However, at most a 6% increase in WER
relative to the reference microphone was observed in
recordings made by the piezoelectric sensor on the
Gatorboard panel, and as little as a 2% increase was ob-
served when using the highly-damped aluminum panel.
This suggests that recordings of speech made by piezo-
electric sensors bonded to panels are able to be tran-
scribed by modern ASR systems without a significant
reduction in accuracy when compared to recordings
made by traditional microphones.

Table 2: Comparison of the STI score achieved by
each panel when using a piezoelectric sen-
sor and an accelerometer.

STI Score
Material Piezo sensor Accelerometer

Gatorboard 0.908 0.918
Acrylic 0.920 0.920

Gorilla Glass 0.922 0.931
Aluminum 0.943 0.983

Ref. Microphone 0.980

Table 3: Comparison of the WER score achieved by
each panel when using a piezoelectric sensor
and an accelerometer.

Average WER (%)
Material Piezo Sensor Accelerometer

Gatorboard 15.3 13.6
Acrylic 14.6 11.5

Gorilla Glass 13.9 11.4
Aluminum 11.3 10.1

Ref. Microphone 9.33

It is also evident that there is some reduction in quality
when replacing the accelerometer with the piezoelec-
tric sensor. However, the WER increased by no more
than 3.1% when making this replacement. This magni-
tude of degradation is also observed when varying the
panels’ damping factor. For instance, the Gatorboard
panel with the accelerometer gave similar WER to the
Gorilla Glass panel with the piezoelectric sensor. This
suggests that the reduction in WER measured when
using piezoelectric sensors can be mitigated by using
more highly-damped panels. Therefore, material damp-
ing persists as an important design characteristic for
these panels where the intelligibility of recorded speech
is a functional priority.

4 Crosstalk Cancellation

In applications where the display panel is employed
as a duplex audio interface to simultaneously record
audio with sensors and reproduce audio with actua-
tors, the recorded signal will contain a mixture of vi-
bration induced by both the actuators and the user’s
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Fig. 2: Signal model for the recorded audio stream
with contributions from both the panel’s affixed
actuator and the user’s speech.

speech. A subtraction method for cancelling an iner-
tial exciter’s contribution to the audio stream recorded
by an accelerometer bonded to the panel was demon-
strated in [10]. In this work, the subtraction method
will be evaluated for audio streams recorded by the
low-cost piezoelectric sensors. The method will also be
evaluated on panels driven by piezoelectric actuators.

4.1 Experimental Setup

The signal model for an audio stream recorded by an
affixed structural sensor is shown in Fig. 2, where s[n] is
the acoustic speech signal, h1[n] is the transfer function
from the speaker to the sensor, x[n] is the signal being
played by the actuator and h2[n] is the transfer function
from the actuator to the sensor. Since the panel is
operating in a linear deflection region, the recorded
audio stream z(x0,y0)[n] can be expressed as,

z(x0,y0)[n] = s[n]~h1[n]+ x[n]~h2[n]. (10)

As the actuator and sensor are bonded to the same panel,
the audio stream will contain a larger contribution from
the actuator than from the acoustic speech signal when
both signals originate with the same power, as was the
case for this experiment.

An estimate of the contribution from the recorded
speech can be obtained using subtraction as,

z(x0,y0)[n]� x[n]~h2[n] = s[n]~h1[n]. (11)

A purely convolution approach is not possible for this
experiment, as the subtraction of a simulated vibra-
tional contribution would be trivial. Instead, a KEF
LS50 loudspeaker was placed in the far-field of each
panel, where s[n] consisted of Harvard sentences while
a different signal was simultaneously played through
the actuator affixed directly to the panel.
The actuators played white noise, classical music, and
synthesized speech to replicate common signals played
by a smart speaker, which act as interference to the
recorded speech signal. From (11), the desired sig-
nal after subtraction contains only the user’s speech.
Therefore, a signal-to-interference ratio (SIR) can be
reported as,

SIR (dB) = 10log10

✓
Ps

Px

◆
, (12)

where Ps and Px are the power of the signals in the
recorded audio stream from the incident acoustic waves
and the induced panel vibrations from the actuator,
respectively. The performance of each panel will be
evaluated by the improvement in the SIR of the audio
stream after the subtraction method is applied.

4.2 Crosstalk from Intertial Exciters

In a first experiment, an inertial exciter was affixed to
each of the non-glass panels and used to reproduce the
interference signal. These actuators can be modeled
as point forces on the panel at frequencies where the
bending wavelength is larger than the contact area. The
magnitude of the force distribution F(x,y,w) from an
actuator located at point (xi,yi) can be expressed as,

F(x,y,w) = F(w)d (x� xi)d (y� yi), (13)

where F(w) is the force applied by the actuator at
frequency w . Combining (13) and (5) give the response
of each mode ar(w) as,

ar(w) =

4
rhLxLy(w2 �w2

r �
jwrw
Qr

)
⇥

Z Lx

0

Z Ly

0
F(w)d (x� xi)d (y� yi)Fr(x,y)dydx

=
4F(w)Fr(xi,yi)

rhLxLy(w2 �w2
r �

jwrw
Qr

)
. (14)
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Fig. 3: Spectrogram of speech recorded by the piezoelectric sensor on the Gatorboard panel without an interference
signal being played.

Fig. 4: Spectrogram of dialog recorded while white noise was played by the exciter before and after cancellation.
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Table 4: Increase in SIR in the piezoelectric sensor’s
audio stream after cancelling each type of in-
terference signal being played by the inertial
exciter.

SIR Increase (dB)

Material
White
Noise

Classical
Music

Alexa
Speech Average

Acrylic 15.8 19.5 17.9 17.6
Aluminum 34.1 29.6 29.8 31.2
Gatorboard 17.2 19.2 17.4 17.9

The response of the panel to an interial exciter and
therefore the coloration of the interference signal
recorded by the sensor can be fully modeled with (4)
and (14).

A spectrogram of a speech segment recorded by the
piezoelectric sensor affixed to the Gatorboard panel
without an interference signal being played is shown
in Fig. 3. This spectrogram of speech in isolation be-
comes the target spectrogram when applying the can-
cellation method to a recording made in the presence
of an interference signal from the actuator. Spectro-
grams showing this speech segment in a mixture with
the white noise interference signal before and after can-
cellation are shown in Fig. 4, and the post-cancellation
SIR improvement among all panels are listed in Table 4.

After cancellation, the SIR increased an average of
17.6 dB on the acrylic panel, 31.2 dB on the aluminum
panel, and 17.9 dB on the Gatorboard panel. Note
that the sensor on the highly-damped aluminum panel
shows greater reliability in cancelling the interference
signal. This may be due to the long decay times of the
high-Q modes that are present on the lesser-damped
panels, which may cause signals to smear into adjacent
processing frames. Withstanding the apparent effect
of damping, the reported SIR improvements provide
experimental evidence of the feasibility of suppressing
an interference signal being played by an inertial exciter
when recorded by a piezoelectric sensor.

4.3 Crosstalk from Piezoelectric Exciters

In a second experiment, a rectangular piezoelectric el-
ement of dimensions 2.0 cm by 1.0 cm was affixed to
each of the panels and used to drive the interference

Table 5: Increase in SIR in the piezoelectric sensor’s
audio stream after cancelling each type of
interference signal being played by the piezo-
electric actuator.

SIR Increase (dB)

Material
White
Noise

Classical
Music

Alexa
Speech Average

Acrylic 17.2 12.9 11.2 13.8
Aluminum 18.5 20.9 17.5 19.0
Gatorboard 12.0 11.2 10.1 11.1
Gor. Glass 16.5 16.9 13.9 15.7

signal. If the piezoelectric element is bonded off of the
neutral axis of the panel, it will exert bending moments
on the panel at the edges of the actuator when a voltage
is applied across the actuator. The response of each
panel mode is scaled based on coupling between the ac-
tuator dimensions and the modal half-wavelength [24].
Since the piezoelectric element’s dimensions are small
compared to the dimensions of the panel, the force ex-
erted on the low-frequency modes of the panel is small
compared to the force exerted on the high-frequency
modes [3]. The result is a weaker bass response in
the reproduced audio compared with an inertial exciter
acting in the same location.

A spectrogram of a speech segment recorded by the
piezoelectric sensor affixed to the aluminum panel with-
out an interference signal being played is shown in
Fig. 5. Spectrograms showing this speech segment in a
mixture with a white noise interference signal played
through a piezoelectric actuator, are shown in Fig. 6
before and after cancellation. Table 5 lists the post-
cancellation SIR improvement among all panels. No-
tice that the noise power in Fig. 6 is weighted toward
high-frequencies in the uncancelled recording due to
the effects of the piezoelectric actuator.

Experimental results again suggest that the subtraction
method is viable for suppression of the interference
signal recorded by the piezoelectric sensor. After can-
cellation, the SIR increased an average of 13.8 dB
on the acrylic panel, 19.0 dB on the aluminum panel,
11.1 dB on the Gatorboard panel, and 15.7 dB on the
Gorilla Glass panel. It is again apparent that the highly-
damped aluminum and Gorilla Glass panels provide
a better medium for interference cancellation. The
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Fig. 5: Spectrogram of speech recorded by the piezoelectric sensor on the Gorilla Glass panel without an interfer-
ence signal being played.

Fig. 6: Spectrogram of dialog recorded while white noise was played by piezoelectric actuator before and after
cancellation.
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experimental results for crosstalk cancellation on the
tablet-sized Gorilla Glass panel suggest that a surface-
based duplex audio interface may be possible for smart
display devices using array of piezoelectric sensors and
actuators.

Comparing Table 4 with Table 5, the amount of re-
ported interference suppression is reduced when a
piezoeletric actuator is used. This may be due to the
frequency response of the actuator, which is visibly
characteristic of a high-pass filter as shown in Fig. 6.
It is possible that, even though the power contained in
x[n] was equal between the two experiments, the signal
power when coupled to the panel via h1[n] may not be
sufficient to achieve full cancellation. It may be neces-
sary in future work to develop a method of evaluation
that accounts for the relative power of s[n]~h1[n] and
x[n]~h2[n], instead of s[n] and x[n] directly.

5 Conclusions

The results presented in this work demonstrate the po-
tential of using piezoelectric sensors and actuators with
sub-$1 price points in place of high-cost accelerometers
and inertial exciters for surface-based audio interfaces.

Though recordings made using piezoelectric sensors
demonstrated a reduction in transcription accuracy
when compared to those made by accelerometers, the
magnitude of this reduction was similar to that observed
when switching from a highly-damped panel material
such as viscoelastically damped aluminum to a lesser-
damped Gatorboard material. Therefore, it may be
possible to compensate for the reduction in accuracy
introduced by the piezoelectric sensor by increasing the
damping in the panel material. As this experiment was
carried out in a semi-anechoic environment, it will be
necessary in future work to evaluate the transcription
accuracy of recordings made with structural sensors in
more typical, noisy environments.

For situations where the panel surface is simultaneously
employed to record and reproduce audio, a crosstalk
cancellation method based on subtraction was pre-
sented. Tables 4 and 5 show the viability of suppressing
the interference signal that is played by the actuators
bonded to the panel. An improvement in SIR was
observed when using both inertial exciters and piezo-
electric actuators.

Since smartphones and tablets represent a potential host
for this technology, one of the experimental panels was

made of Gorilla Glass - a material commonly used for
the screens of these devices. As with the other panels
used in these experiments, recordings made with the
tablet-sized Gorilla Glass panel were able to be accu-
rately transcribed by the ASR system, and crosstalk
cancellation was successful with an array of piezoelec-
tric sensors and actuators. The results from this work
suggest that it is possible to construct duplex audio
interfaces in a surface-based form factor using low-cost
piezoelectric elements.
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