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Abstract
Open-ear clip-on earbuds, a growing consumer prod-
uct category, place a transducer against the pinna
without occluding the ear canal, preserving natural
ambient awareness and improving wearing comfort
over traditional headphones.
Their low-occlusion design would make them attrac-
tive for research applications requiring simultaneous
acoustic interaction with the real environment, such
as spatial hearing or augmented listening. Yet con-
sumer products are ill-suited for controlled experi-
ments: their inaccessible DSP signal chains prevent
full control over the audio chain, their frequency re-
sponses deviate substantially from established head-
phone target curves, and the absence of an acoustic
seal fundamentally limits low-frequency output.
This paper presents a research platform addressing
these limitations. A wired 3D-printed dual-transducer
open-ear clip-on earbud prototype was developed
through finite element simulations and empirical de-
sign. The dual-transducer configuration provides sub-
stantially greater headroom for bass extension via
equalization. Target frequency responses are achieved
using an extension of the established virtual head-
phone equalization method, adapted to account for
elevated harmonic distortion inherent to small drivers
at low frequencies. The equalized response to a flat
target was validated as robust to earbud repositioning.

Keywords: open-ear earbuds, virtual headphones, micros-
peaker, spatial audio

1. Introduction
Open-ear clip-on earbuds are a recent and fast-growing
class of consumer audio device. Rather than sealing
the ear canal like in-ear monitors or enclosing the
pinna like supra- and circumaural headphones, they
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clip a miniature dynamic transducer onto the pinna
and radiate toward the canal entrance across a small
air gap. The ear canal stays open, so ambient sound
reaches the eardrum almost unattenuated. Therefore,
the listener keeps situational awareness, the occlusion
effect of sealed devices is avoided, and comfort over
long wearing periods improves [1].

This open ear canal feature is also relevant to hearing
research, where reproduced sound coexists with the
surrounding acoustic scene. Augmented and assisted
listening introduce virtual sources that the listener
must continue to localize alongside real ones. In a
recent multi-source localization study [2], for example,
open headphones were used to present stimuli either
as real sources over physical loudspeakers or as virtual
sources rendered binaurally over the headphones; such
paradigms would directly benefit from the acoustic
transparency of ultra-open designs.
A controllable device is likewise needed for studying
preferred headphone tonal balance, for which exten-
sive listening tests have produced widely used target
response curves [3]. Whether these findings carry
over to clip-on earbuds is an open question this work
does not resolve. The existing targets were derived
for circumaural, supra-aural, and in-ear headphones,
whose preferred curves already differ markedly at low
frequencies due to their distinct ear coupling [4]. A
clip-on earbud sits inside the pinna without enclosing
it, a coupling unlike either and possibly more sen-
sitive to placement. Defining an appropriate target
curve would therefore require controlled listening tests,
which commercial hardware cannot support: its em-
bedded processing and wireless link block access to
the raw electroacoustic path.
However, due to the lack of a sealed cavity, low-
frequency output is intrinsically weak. Compensating
it by equalization only would require enormous low-
frequency gains that would drive the small transducer
largely beyond its linear range. The virtual-headphone
method that enables controlled tonal comparison, iso-
lating coloration from comfort and expectation bias,
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was validated on large over-ear drivers for which mag-
nitude response dominates [5], [6]; to what extent
distortion stays negligible for a bass-limited driver
operating in its nonlinear regime is unknown, and con-
ventional equalization does not bound the distortion.

This paper presents a research platform built to ad-
dress these obstacles. Section 2 develops a wired,
3D-printed clip-on research prototype whose enclosure
is designed with the aid of a finite-element model.
To widen the limited bass headroom, two transduc-
ers are combined in each earbud, raising the acoustic
output available for low-frequency equalization. Sec-
tion 3 then extends the automatic regularized virtual-
headphone inversion of Bolaños et al. [7] with a signal-
to-distortion criterion that limits equalization where
it would otherwise push the transducers into exces-
sive distortion. The resulting equalization is vali-
dated against a flat target and shown to be robust to
repositioning on the pinna, providing a controllable,
acoustically transparent audio path for perceptual
experiments with this form factor.

2. Prototype Design
The prototype was built around the Ole Wolff OWR-
1026T-32C dynamic micro-speaker, a 10 mm driver
representative of those used in commercial clip-on
earbuds. This transducer was originally developed
for in-ear headphones with active noise cancellation
(ANC), an application that requires high diaphragm
excursion and output level at low frequencies. The
same requirement governs the clip-on configuration,
where the absence of an acoustic seal weakens the
low-frequency response; transducers of this class are
consequently well suited to the form factor.
Starting from the design objectives and physical con-
straints, the enclosure was explored with a finite-
element parameter study that identified the dominant
acoustic controls, then finalized through distortion-
limited measurements that set the parameters gov-
erned by nonlinear effects the linear model cannot
capture.

2.1. Design Objectives and Constraints
The prototype was designed to give the equalizer
as much headroom as possible, particularly in the
low frequencies. A sealed rear cavity cannot provide
it: the rear volume required to avoid stiffening the
driver, of the order of its equivalent compliance volume
(Vas ≈ 10 cm3), is impractically large for an ultra-open
clip-on, which must stay compact and leave the ear
canal acoustically open. The much smaller cavity that
would be practical here would instead act as a stiff
air spring, pushing the low-frequency corner high into
the audible range. The rear cavity is therefore vented,
which removes this stiff loading and preserves the
driver’s fundamental, so usable output extends down
to around 150 Hz. The rear vent and rear volume
form a Helmholtz resonator that sets the first acoustic
resonance. A front outlet is also required: besides
protecting the driver, it directs the forward radiation
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Figure 1: Diffuse-field Hammershøi and Møller [8] target
versus the raw response of a single-driver prototype with
a 1 mm rear vent. The first resonance at 4.5 kHz is the
Helmholtz resonance of the rear vent and volume, while
the second at 8 kHz is set by the front volume and outlet.
Both curves are normalized to 0 dB at 1 kHz.

to the ear canal while the rear vents exhaust away
from the skin, limiting destructive interference at the
ear. Together with the front volume, it forms a second
Helmholtz resonator that governs the high-frequency
roll-off.

As a side benefit, below the first Helmholtz resonance,
the vented enclosure would radiate in the far field like
a dipole rather than like the monopole of a sealed
box, reducing outward low-to-mid-frequency sound
leakage [1].
These two resonators dominate the raw response, and
shaping them is how headroom before EQ is created.
As the platform is intended to support arbitrary target
responses, the IEC diffuse-field curve is taken as a
representative objective, its pronounced mid-to-high-
frequency boost mirroring the spectral shaping of the
outer ear in a reverberant field. Figure 1 compares
this target with the raw response of an early single-
driver prototype, which lacks low-frequency output
and places its first resonance too high. Headroom
is greatest when the first resonance is kept as low
and the second as high as possible, flattening the
response toward the target; the remaining irregularity
is removed by the equalization of Section 3.
Within these aims, the form factor bounds the geom-
etry, limiting the front volume from below by driver
excursion, the rear volume from above by pinna space,
and the front outlet area by the dual-transducer layout;
the model below fixes each within its bound.

2.2. Finite-Element Model and Parameter
Study

The enclosure was developed with a hybrid lumped-
element/finite-element model implemented in COM-
SOL Multiphysics. The driver was represented
by a small-signal electro-mechanical lumped-element
model, with parameters measured using a Klippel An-
alyzer. This electrical equivalent circuit was coupled
to the radiating FEM membrane and to an acoustic
domain representing the front and rear cavities, vents,
and outlet of the enclosure, with thermoviscous losses
accounted for in the narrow vents. To predict the in-
situ response, the enclosure was embedded in a virtual
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Figure 2: Measured and simulated transfer functions
for a single-driver configuration with a 1 mm rear vent,
measured at a 100 mVrms drive voltage.

replica of the GRAS 45CA measurement fixture: a
laser-scanned anthropometric pinna terminated by the
fixture’s high-frequency ear simulator, which is based
on the IEC 60318-4 occluded-ear simulator [9] and
represented in the model by its equivalent circuit [10].
The model was validated against measurements on a
3D-printed single-driver prototype, as shown in Fig. 2.
The residual deviations, mainly in the resonance fre-
quencies, likely reflect geometry mismatch between
model and print, the rigid-wall assumption, and non-
linear vent flow beyond the linear model. The FEM
therefore serves as a qualitative guide to resonance
trends rather than a quantitative predictor of absolute
frequencies, which are established by measurement.
A parameter sweep over the enclosure geometry con-
firmed these mechanisms and showed the first and
second resonances to be largely independent of each
other, so each could be placed for maximum head-
room. Guided by it, the front volume was minimized
to a 1 mm dust-cap clearance and the front outlet
maximized (a rectangular vent equivalent to a 2.2 mm-
radius circular one) to raise the second resonance,
while the rear volume was set to its pinna-limited
maximum of 125 mm3 to lower the first.
A dual-transducer arrangement, with two coherent
drivers radiating in phase, adds an approximately
6 dB broadband sensitivity increase, the largest gain
among the simulated parameters and especially valu-
able at low frequencies. Rear vents facing the skin
were found to reduce low-frequency output and are
therefore avoided. As the model is linear, it does
not capture the nonlinear vent losses and harmonic
distortion that ultimately constrain vent sizing and
the single- versus dual-driver choice; those decisions
were instead made from the measurements reported
in Section 2.3.

2.3. Distortion-Limited Vent and Driver Selec-
tion

While a smaller rear vent lowers the first resonance,
it also raises air particle velocity, producing nonlinear
flow and elevated total harmonic distortion (THD), an
effect not captured by linear FEM simulation. To de-
termine the minimum acceptable vent radius, stepped-
sine measurements with automatic voltage adjustment
were conducted, recording the maximum SPL achiev-
able at a 10 % THD threshold for each vent radius.
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Figure 3: Distortion-limited maximum SPL (10 % THD
threshold) from stepped-sine measurements with auto-
matic voltage adjustment. Sub-figure (a) informs rear
vent sizing; sub-figure (b) motivates the dual-transducer
architecture adopted for the final prototype. Axes cover
the output-limited 100 Hz to 400 Hz bass region.

As shown in Fig. 3a, vent radii of 0.5 mm and 0.7 mm
yield substantially lower maximum SPL than 0.75 mm
and 1 mm, which perform comparably. A minimum
rear vent radius of 0.75 mm was therefore adopted.
Using the same method, single- and dual-driver en-
closures were compared (Fig. 3b). The dual-driver
configuration provides approximately 6 dB additional
low-frequency output throughout the bass range. At
120 Hz, the single-driver reaches 70 dB SPL at the 10 %
THD threshold; the dual-driver reaches 80 dB SPL un-
der identical conditions. The dual-driver configuration
was consequently selected for the final prototype.

2.4. Final Prototype
The final prototype is a 3D-printed earbud combining
a rigid PLA speaker enclosure with a flexible TPU
pinna bridge (Fig. 4); the material combination deliv-
ers dimensional precision at the acoustic boundaries
while the compliant bridge provides secure pinna re-
tention without risk of breakage. Both 0.75 mm rear
vents are oriented at 90◦ to face away from the skin,
minimizing bass loss. The speaker unit was assembled
in two halves; precision adhesive sealing between the
halves and at the enclosure seams prevents leakage
between front and rear volumes.

3. Virtual Headphone Equalization
Virtual headphone equalization inverts a reference
transfer function to a flat baseline onto which an arbi-
trary target, or a transparent binaural signal, can be
imposed [3], [11]. As noted above, it relies on magni-
tude response being the dominant cue for perceived
headphone quality, with nonlinear distortion and ex-
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(a) Front-vent plane. (b) Rear-vent plane.

(c) Assembled prototype. (d) Prototype on fixture.

Figure 4: Open-ear clip-on earbud prototype. Cross-
sectional views of the speaker unit along two perpendicular
planes (a, b), the assembled earbud (c), and the prototype
mounted on the GRAS 45CA measurement fixture (d).
The speaker unit is a two-piece PLA assembly; the halves
(yellow and green) are adhesively sealed at their joint.
Cable vents are sealed.

cess phase contributing little [5], [6]. That premise was
established on large, low-distortion over-ear drivers,
not on the small open drivers used here, which the
large gains needed for bass inversion may drive beyond
their linear range.

This section therefore extends the automatic regu-
larized inversion of Bolaños et al. [7], [12] with a
signal-to-distortion ratio criterion that limits inver-
sion where harmonic distortion is high, and examines
how the equalized response changes when the earbud
is repositioned on the pinna.

3.1. Distortion-Aware Regularized Inversion
Direct inversion of the measured headphone transfer
function H(ω) is inadequate for limited-bandwidth
transducers: achieving a flat response at low frequen-
cies would require gain far exceeding the driver’s
physical limits. This is addressed through automatic
regularized inversion [7], introducing a frequency-
dependent regularization parameter:

H−1
RI (ω) = H∗(ω)

|H(ω)|2 + β̂(ω)
D(ω), (1)

where D(ω) encodes a pure delay for causality and, op-
tionally, a desired target response. In the present work,
D(ω) = e−jωτ , targeting a flat frequency response; as
this platform is intended to support future percep-
tual studies, other targets are deferred to future work.
Where β̂(ω) ≫ |H(ω)|2, inversion is suppressed, pre-

venting excessive gain outside the usable bandwidth
or at narrow spectral notches.

The regularization parameter takes the form

β̂(ω) = α̂(ω) + σ2(ω), (2)

where α̂(ω) limits inversion bandwidth and σ2(ω) sup-
presses inversion at spectral notches. In the original
formulation [7], α̂ may be taken as the inverse SNR.
For open-ear systems with small drivers, however, dis-
tortion levels at low frequencies can be significant even
where the SNR remains favorable: SNR-based regu-
larization alone would therefore permit inversion in
ranges where harmonic distortion could be amplified
to objectionable levels. This work extends α̂(ω) to
take the more restrictive of the SNR and the signal-
to-distortion ratio (SDR):

α̂(ω) = max
(

λ1

SNR(ω) ,
λ2

SDR(ω)

)
. (3)

The conservative default λ1 = λ2 = 1 is adopted [7],
but both weights are exposed as tunable parameters:
lowering them extends the usable bass range of this
output-limited earbud at the cost of higher distortion,
a trade whose perceptual optimum is left to future
study.

The notch regularization σ(ω) is estimated by compar-
ing the measured response to its half-octave smoothed
envelope Ĥ(ω), activating only where the response
dips below the envelope [7]:

σ(ω) =
{

|Ĥ(ω)| − |H(ω)| if |Ĥ(ω)| ≥ |H(ω)|,
0 otherwise.

(4)

This limits inversion at notch frequencies, whose po-
sitions shift with earbud repositioning, while leaving
smooth spectral regions unaffected.

3.2. Measurement Setup
The prototype was characterized with an Audio Pre-
cision system at 400 logarithmically spaced frequency
points over the 20 Hz to 20 kHz bandwidth. Stepped-
sine excitation at 150 mVrms was used, producing
86 dB SPL at 1 kHz at the ear simulator, represen-
tative of demanding listening levels. It was chosen
because the analyzer settles to a steady-state value
at each frequency, returning the fundamental, its har-
monics, and the inter-harmonic noise floor from the
same measurement. SNR and SDR are thus obtained
directly, and reliably even where the response ap-
proaches the noise floor, without a separate noise-floor
acquisition.
Unlike prior implementations limited to 10 kHz by the
IEC 60318-4 coupler standard, the GRAS 45CA ear
simulator, accurate up to 20 kHz, permits equaliza-
tion to extend across the full audible range. Hirai
et al. [12] showed that including frequencies above
10 kHz significantly improves perceptual similarity for
virtual headphones.
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Figure 5: Regularization parameters: bandwidth limi-
tation α̂(ω) = max(1/SNR(ω), 1/SDR(ω)) with its two
components (top), notch regularization σ2(ω) (middle),
and combined β̂(ω) (bottom). The normalized headphone
response |H(ω)|2 is overlaid as a dashed curve in each
panel.

3.3. Inverse Filter Design
The resulting regularization parameters are shown in
Fig. 5. Between 50 Hz and 1 kHz, the SDR-based term
dominates α̂(ω), confirming driver distortion as the
limiting factor in this range and at this excitation
level. Below 50 Hz, both terms contribute comparably
and both substantially exceed |H(ω)|2, therefore pre-
venting any inversion. Above 10 kHz, the SNR-based
term rises as headphone output falls, limiting the in-
version effort. Notch regularization σ2(ω) contributes
notably to β̂(ω) at two spectral dips between 10 kHz
to 16 kHz, attributed to ear canal resonances of the
measurement fixture.
Since SNR and SDR differ between channels, inde-
pendent equalization would produce asymmetric bass
bandwidths, which would be readily perceptible. The
regularization is therefore computed from the more
restrictive parameters across both channels, ensuring
identical low-frequency extension in each ear.
The resulting inverse filters are smoothed to 1/24-
octave resolution; the minimum-phase impulse re-
sponse is then derived from the smoothed magnitude
spectrum and used directly as a FIR filter for convo-
lution with audio signals.
The measured headphone transfer function H(ω) and
the designed inverse filter H−1

RI (ω) are shown in Fig. 6,
both normalized to 0 dB at 1 kHz. The two curves
are approximately mirror images in the passband;
departures from this symmetry at low frequencies
and above 10 kHz reflect the regularization limiting
inversion where driver output is insufficient.
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Figure 6: Measured headphone transfer function H(ω)
(dashed) and designed inverse filter H−1

RI (ω) (solid), both
normalized to 0 dB at 1 kHz. Departures from a mirror-
image relationship at low frequencies and above 10 kHz
reflect regularization-limited inversion.
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RI (ω)| (dashed), normalized to 0 dB at
1 kHz. One representative repositioning (dotted) is over-
laid.

3.4. Validation of the Equalized Response
The equalization was validated by measuring the
acoustic output of the prototype on the measurement
fixture in response to a pre-equalized stepped-sine
signal. A custom signal with 1/24-octave frequency
steps and adaptive tone durations was required, as
Audio Precision does not support real-time FIR convo-
lution. The measurement was repeated across several
repositionings to assess sensitivity to fit variation on
the pinna.
Figure 7 presents the measured equalized response,
normalized to 0 dB at 1 kHz, against the predicted
|H(ω)·H−1

RI (ω)|. Above 200 Hz, the equalized response
is flat within ±1 dB of the target, with variation of
no more than ±2 dB between the two positions. Nar-
row spectral dips inherited from the original head-
phone response remain, as notch regularization delib-
erately limits inversion at those frequencies to prevent
position-dependent artifacts. The dip near 10 kHz, for
instance, is absent at other positions, so inverting it
would introduce ringing wherever the notch does not
occur.
Bass extension is limited to approximately 100 Hz
by the weak low-frequency output of the prototype
drivers; as discussed in Section 3.1, relaxing λ1 or λ2
below unity would push it lower, a penalty further
softened by the markedly lower THD encountered at
typical listening levels than at the characterization
level.
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4. Conclusion and Outlook
This paper presented a research platform for con-
trolled perceptual studies with open-ear clip-on ear-
buds. A wired, 3D-printed, dual-transducer prototype
was designed with a finite-element model and finalized
through distortion-limited measurements, recovering
about 6 dB of low-frequency headroom over a single
driver. The virtual-headphone inversion was extended
with a signal-to-distortion criterion that bounds equal-
ization where aggressive bass gain would force the
transducers into excessive distortion. Equalized to
a flat target, the prototype matches it within ±2 dB
from 200 Hz to 13 kHz and stays robust to reposition-
ing, apart from a narrow 10 kHz notch left uncorrected
to avoid position-dependent ringing.

The result is a transparent, fully controllable audio
path that suits experiments in which reproduced sound
must coexist with the real acoustic scene and opens
perceptual studies specific to the form factor, such as
its preferred tonal balance. Indeed, target curves for
circumaural and in-ear headphones already differ with
ear coupling, and the clip-on’s placement-sensitive
coupling may call for one of its own. A second work
would weigh the perceptual value of extended bass
against the higher low-frequency distortion it requires.
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[7] J. G. Bolaños, A. Mäkivirta, and V. Pulkki,
“Automatic Regularization Parameter for Head-
phone Transfer Function Inversion,” Journal of
the Audio Engineering Society, vol. 64, no. 10,
pp. 752–761, 2016.

[8] D. Hammershøi and H. Møller, “Binaural
technique—Basic methods for recording, syn-
thesis, and reproduction,” in Communication
Acoustics, J. Blauert, Ed., Berlin, Heidelberg:
Springer, 2005, pp. 223–254.

[9] International Electrotechnical Commission, IEC
60318-4:2010, electroacoustics — simulators of
human head and ear — part 4: Occluded-ear sim-
ulator for the measurement of earphones coupled
to the ear by means of ear inserts, Standard,
Geneva, Switzerland, 2010.

[10] GRAS Sound & Vibration. “Instruction man-
ual: GRAS 60318-4 ear simulators,” Accessed:
Jun. 15, 2026. [Online]. Available: https://
www.grasacoustics.com/fileadmin- gras/
Products / Files / manual _ 60318 - 4 _ ear _
simulators_LI0071.pdf

[11] S. E. Olive, T. Welti, and E. McMullin, “A
virtual headphone listening test methodology,”
in Audio Engineering Society 51st International
Conference, Helsinki, Finland, 2013.

[12] H. Hirai, K. Kawahara, N. Tojo, A. Hara, and
K. Hamasaki, “Precise Construction Method
for Virtual Headphones,” in Audio Engineering
Society 6th International Conference on Audio
for Games, Tokyo, Japan, 2024.

12th Convention of the European Acoustics Association
Graz, Austria • 8th – 12th September 2026 •

P
re
lim

in
ar
y
do
cu
m
en
t

https://www.grasacoustics.com/fileadmin-gras/Products/Files/manual_60318-4_ear_simulators_LI0071.pdf
https://www.grasacoustics.com/fileadmin-gras/Products/Files/manual_60318-4_ear_simulators_LI0071.pdf
https://www.grasacoustics.com/fileadmin-gras/Products/Files/manual_60318-4_ear_simulators_LI0071.pdf
https://www.grasacoustics.com/fileadmin-gras/Products/Files/manual_60318-4_ear_simulators_LI0071.pdf
https://euracoustics.org/
http://aaa-oega.org/

	Introduction
	Prototype Design
	Design Objectives and Constraints
	Finite-Element Model and Parameter Study
	Distortion-Limited Vent and Driver Selection
	Final Prototype

	Virtual Headphone Equalization
	Distortion-Aware Regularized Inversion
	Measurement Setup
	Inverse Filter Design
	Validation of the Equalized Response

	Conclusion and Outlook

