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ABSTRACT

Devices from smartphones to televisions are beginning to employ dual purpose displays, where the display serves as
both a video screen and a loudspeaker. In this paper we demonstrate a method to generate localized sound-radiating
regions on a flat-panel display. An array of force actuators affixed to the back of the panel is driven by appropriately
filtered audio signals so the total response of the panel due to the actuator array approximates a target spatial
acceleration profile. The response of the panel to each actuator individually is initially measured via a laser
vibrometer, and the required actuator filters for each source position are determined by an optimization procedure
that minimizes the mean squared error between the reconstructed and targeted acceleration profiles. Since the
single-actuator panel responses are determined empirically, the method does not require analytical or numerical
models of the system’s modal response, and thus is well-suited to panels having the complex boundary conditions
typical of television screens, mobile devices, and tablets. The method is demonstrated on two panels with differing
boundary conditions. When integrated with display technology, the localized audio source rendering method may
transform traditional displays into multimodal audio-visual interfaces by colocating localized audio sources and
objects in the video stream.

1 Introduction

Though flat-panel loudspeakers possess clear advan-
tages over traditional cone loudspeakers in the areas of
weight, form-factor, and the potential to serve as low-
cost wave field synthesis arrays [1, 2], they have yet
to experience any significant integration into commer-
cial products. The development of the OLED display
for smartphones, tablets, and televisions has sparked a
renewed interest in flat-panel loudspeaker technology
in the display industry [3, 4, 5]. One or more force
actuators affixed to the back of an OLED display may
be employed to induce bending motion in the panel, so
that it radiates sound as a loudspeaker.

Recent studies on flat-panel loudspeakers demonstrated
that actuator array-based excitation methods produce
improved frequency response and directivity character-
istics [6], as well as higher preference ratings in percep-
tual evaluations [7] when compared to single-actuator
excitation methods [8, 9, 10]. A further advantage of
array-based excitation methods is the potential to local-
ize sound sources to a chosen region of the panel by
designing filters based on the actuator position and the
material properties of the panel, to control the magni-
tude and phase response of each actuator so that the net
force on the panel excites a prescribed vibration pro-
file [11]. On average, humans have a localization blur
of 3.6◦ for sources in the forward direction according
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to studies by [12] as presented in [13]. This implies
even small, handheld devices subtend a large enough
fraction of the viewing angle to provide spatial cues
for localized audio sources rendered on the screen of
the display and dynamically moved in real-time with
spatially aligned images on the screen [14].

The filter parameters for the array-based excitation
methods mentioned above are derived from theoretical
models using ideal boundary conditions, which may
not apply in practical settings such as display screens
for tablets, televisions, and mobile devices, where the
boundary conditions do not allow for a simple analyti-
cal representation of the modal response. One possible
alternative is to derive the actuator filters from the em-
pirically measured response of the panel. Li et al.
[15] used a scanning laser vibrometer to obtain the
vibration profile of the panel, and localize vibrations
by designing filters to maximize the contrast in the
kinetic energy between the vibrating region, and the
non-vibrating region of the panel. While this method
is effective at isolating vibrations to particular regions
on the panel, the sound radiation qualities of these lo-
calized regions can exhibit irregularities in frequency
response and directivity, as no specification is made
regarding the vibration amplitude or spatial response
within the vibrating region.

In this paper, a series of filters derived from empiri-
cal acceleration response measurements is applied to
an array of actuators distributed on the surface of the
panel to render localized sound sources. The magni-
tude and phase response of each actuator is determined
by minimizing the mean squared error (MSE) between
the reconstructed vibration profile of the panel and a
specified target acceleration profile. Experiments on
two panels with different boundary conditions demon-
strate that this method may be used to localize sound-
sources to specific regions of the panel below the spatial
Nyquist frequency of the actuator array. This technique
may be combined with existing methods of vibration lo-
calization to render sound sources for broadband object-
based audio on displays [16].

2 Theoretical Development

The method for localizing sound-sources to specific
vibrating regions of a panel is outlined in this section.
In this analysis, the moving coil actuators are assumed
to approximate point forces on the panel. Let a panel
of surface area S, thickness h, and density ρ have a

complex spatial acceleration response ϕ̃i(x,y,ω) when
a complex excitation signal F̃e jωt is applied to an actu-
ator located at position (xi,yi).

Following Fuller [17] each spatial acceleration re-
sponse is decomposed as a weighted superposition of
resonant modes,

ϕ̃i(x,y,ω) =
∞

∑
r=1
−ω

2F̃α̃irΦr(x,y), (1)

where Φr(x,y) is the spatial response of each resonant
mode, and α̃ir is the frequency dependent amplitude of
each mode. As the boundary conditions of the system
are unknown in the analysis, the spatial response of
each mode may not be further specified. From [18],
the amplitude of each mode may be expressed in terms
of the actuator location, the resonant frequency of the
mode ωr, and the quality factor of each mode Qr as,

α̃ir =
4Φr(xi,yi)

ρhS(ω2
r −ω2 + jωrω/Qr)

. (2)

The total response ϕ̃(x,y,ω) of a panel excited by an
array of N actuators, is given by the superposition of
the responses to each actuator individually,

ϕ̃(x,y,ω) =
N

∑
i=1

ϕ̃i(x,y,ω) =
N

∑
i=1

∞

∑
r=1
−ω

2F̃α̃irΦr(x,y),

(3)

The modal amplitudes Ar of a specified target spatial ac-
celeration profile Ψ(x,y) may be determined by Fourier
series expansion,

Ar =
4
S

∫∫
S

Ψ(x,y)Φr(x,y)dydx, (4)

From (3) the total response of a panel excited by an
array of N actuators may be expressed as a sum of the
modal excitations due to each actuator individually. A
filter H̃i(ω) with magnitude |H̃i(ω)| and phase θi may
be applied to the signal sent to each force actuator so
that the weighted sum of the modal amplitudes of the
panel’s spatial acceleration profile match the modal
amplitudes of Ψ(x,y),

N

∑
i=1

α̃ir|H̃i(ω)|e jθi ≈ Ar. (5)

In reality, a finite number of N actuators can physically
be employed on the panel surface. This means that
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the reconstruction of Ψ(x,y) given in (5) is spatially
band-limited to N modes, and thus, some reconstructed
mode amplitudes are an approximation of Ar.

Combining (3) and (5) gives the spatial response of the
reconstructed acceleration profile.

ϕ̃(x,y,ω) =
N

∑
i=1

∞

∑
r=1
−ω

2F̃α̃ir|H̃i(ω)|e jθiΦr(x,y)

=
N

∑
i=1

ϕ̃i(x,y,ω)|H̃i(ω)|e jθi . (6)

The filters for each actuator H̃i(ω) are determined so
that the MSE between the acceleration response mag-
nitudes |ϕ̃(x,y,ω)| and Ψ(x,y) is minimized for all
frequencies. Each spatial response was discretized into
M subregions, each with area ∆x∆y. The MSE is given
by,

MSE =
1
M

M

∑
m=1

[|ϕ̃(xm,ym,ω)|−Ψ(xm,ym)]
2 . (7)

where ϕ̃(xm,ym,ω) and Ψ(xm,ym) are the accelerations
of each response at the center of subregion m.

The approach follows some general techniques used for
acoustic holography [19, 20, 21] and virtual speaker
formation [22]. However, instead of inferring informa-
tion about a sound source from a measured acoustic
response, a specified vibration response is determined
from a set of measured vibration responses. This al-
lows for easy integration of visual/audio image pairing
by directly controlling the vibrating surface itself. The
reconstructed vibration response remains localized to a
particular region of the panel where the in-phase motion
of the vibrating region was shown to have uniform ra-
diation properties below the spatial Nyquist frequency
of the actuator array [23].

3 EXPERIMENTAL SETUP

The vibration localization method presented in the pre-
vious section was tested on two small panels with differ-
ing material properties and boundary conditions. The
panels were made of 1 mm thick aluminum and 3 mm
thick acrylic. Optimization of the panel materials and
dimensions to maximize acoustic performance will be
the subject of a different study. Both panels have di-
mensions Lx = 113mm, Ly = 189mm, and are excited

Table 1: Young’s Modulus E, density ρ , and Poisson’s
Ratio ν for various panel materials.

Material E (GPa) ρ (kgm−3) ν Supports
Aluminum 68.9 2700 0.334 Fixed Edges

Acrylic 3.2 1180 0.35 Standoffs

Fig. 1: Aluminum panel with fixed edges, and eight
arbitrarily positioned actuators whose positions
are indicated by black dots.

by eight 3 W Dayton Audio DAEX13CT-8 audio ex-
citers. The material properties of each panel are listed
in Table 1.

The aluminum panel was constructed to approximate
clamped boundary conditions, where the spatial re-
sponse of each mode is nearly sinusoidal [24]. The
acrylic panel was supported by four standoffs, where
each standoff is fixed approximately 2 cm in from each
corner of the panel, and has a diameter of 1 cm. The
boundary conditions in this case are not easily approxi-
mated analytically. The aluminum panel and the acrylic
panel are shown with their corresponding actuator array
layouts in Figs. 1 and 2 respectively.

3.1 Filter parameters

The vibration profile ϕ̃i(x,y) in response to excitation
by each actuator individually was measured using a
Polytec PSV-500 scanning laser vibrometer. The alu-
minum panel was measured over a frequency band-
width of 4,000 Hz, to span the spatial Nyquist fre-
quency of the driver array previously determined in
[25]. The 2,000 Hz bandwidth used for the acrylic
panel was determined empirically to span the spatial
Nyquist frequency for the given driver array. Each actu-
ator was powered by an independent Texas Instruments
TPA3110D2 class-D amplifier channel.
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Fig. 2: Acrylic panel on four standoffs, with eight ar-
bitrarily positioned actuators. The standoff and
actuator positions are indicated by shaded cir-
cles, and black dots respectively.

Fig. 3: Target acceleration profiles for the (a) alu-
minum and (b) acrylic panels. The actuator
positions are indicated by white circles.

The target acceleration profiles for the panels are shown
in Fig. 3. Each target acceleration profile is a rectan-
gular region, where Ψ(x,y) was given a normalized
displacement value of unity inside the region, and zero
outside the region. The target shape for the aluminum
panel had dimensions 16.9mm× 28.4mm, and was
centered at (88.1mm,43.5mm). The target shape for
the acrylic panel needed to be shifted in location to
avoid overlapping one of the standoffs. The target
shape for the acrylic panel had dimensions Lx/5×Ly/5,
and the center point was the middle of the panel.

Following (7) the magnitudes and the phases of H̃i(ω)
needed to render the target acceleration profiles for
the aluminum and acrylic panel is shown in Figs. 4
and 5 respectively, with 1/20th-octave smoothing. The
magnitudes of the filters are presented in dB relative to

Fig. 4: Actuator filters for the aluminum panel shown
in Fig 1 needed to render the target acceleration
profile shown in 3a.

Fig. 5: Actuator filters for the acrylic panel shown in
Fig 2 needed to render the target acceleration
profile shown in 3b.

1 ms−2.

The filters resulting from the optimization exhibit an
observable magnitude and phase variability at low fre-
quency, as the optimization routine compensates for
the high variability in ϕ̃i(x,y,ω) due to the internal
resonances of the actuators themselves, which couple
the bending modes of the panel. The mass loaded res-
onances of these actuators is approximately 130 Hz.
In practice, care may be taken when designing pan-
els to ensure that the bending modes resonate above
the resonant frequencies of the actuators to minimize
actuator-mode coupling and reduce the effects of un-
controlled resonances [26].

The audio signal was filtered by H̃i(ω) and sent to the
respective actuators. The response of each panel was
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(a)

(b)

(c)

(d)

Fig. 6: Spatial acceleration response of the (a) aluminum, and (b) acrylic panels, where all actuators are weighted
by the appropriate filter H̃i(ω), and the spatial acceleration response of the (c) aluminum and (d) acrylic
panel excited by the single actuator D3.

measured at different excitation frequencies using the
scanning laser vibrometer. The acceleration responses
of both panels are shown in Fig. 6 when all actuators
are weighted by the specified filters H̃i(ω). The ac-
celeration responses of the panels are also shown for
excitation by the single actuator D3 to demonstrate the
natural response of the panel. The acceleration profiles
are given in dB relative to the maximum acceleration
at each frequency. Note that both panels were scanned
from the front, so the source positions appear horizon-

tally flipped compared to the targets. Since the alu-
minum panel has its lowest resonance at 401 Hz [11],
the response of the panel is shown starting at 500 Hz to
include frequencies where several different modes are
excited.

For both the aluminum and acrylic panels, the rendered
audio source remains localized to the intended region
when excited at frequencies below the spatial Nyquist
frequency of the array. It is important to note that the
spatial Nyquist frequency of the actuator array places
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a limit on the operational frequency bandwidth of this
method. However, in an effect similar to the Schroeder
frequency in room acoustics [27], vibrating panels un-
dergo a transition in behavior from a low-frequency
region where the response of the panel is dominated
by individual modes, to a high-frequency region where
the response of the panel remains localized around
the driving element, and individual modal responses
cannot be distinguished [28, 29]. While employing
additional actuators can extend the addressable band-
width of the actuator array and improve the resolution
of the rendered target region, employing the array to lo-
calize vibrations above the panel’s transition frequency
can lead to diminishing returns as vibrations localize
naturally at these frequencies due to the high modal
overlap. Alternatively, a crossover network may be uti-
lized to ensure that audio sources below the transition
frequency are localized using the method described in
the previous sections, while audio sources above the
transition frequency are reproduced by a single actua-
tor positioned near the intended source location.This
will allow sources encoded in an object-based format
such as MPEG-H 3D [30] to be rendered at their full
bandwidth [16].

4 CONCLUSION

This paper describes methods that will enable the fur-
ther development of spatial audio on flat-panel loud-
speakers. Experiments employing the methods de-
scribed here demonstrate that localized vibration re-
gions may be rendered on the surface of a panel using
filters designed using empirical measurements of the
panel’s vibration profile. This source rendering tech-
nique gives the potential to localize vibrations on the
surfaces of displays such as laptop screens, televisions,
and tablets, where the boundary conditions make the
vibration profile of the system difficult to model in prac-
tice. These localized vibrations may serve as primary
audio sources on the display screen and dynamically
moved to new locations with their respective images,
or held stationary on opposite sides of the panel to
implement basic stereo imaging.

Much remains to be done in this area. Specifically,
listening tests must be conducted to determine the per-
ceptual effects of altering the size and shape of the
different localized source regions. The results from
these perceptual studies can help to determine an ef-
fective spatial resolution for vibrating regions, thus

establishing a lower limit for the number of actuators
required to render spatial audio on a given panel.
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