
Audio Engineering Society

Convention Paper 10674
Presented at the 155th Convention

2023 October 25–27, New York, USA

This paper was peer-reviewed as a complete manuscript for presentation at this convention. This paper is available in the AES
E-Library (http://www.aes.org/e-lib), all rights reserved. Reproduction of this paper, or any portion thereof, is not permitted
without direct permission from the Journal of the Audio Engineering Society.

LoCOMo: A Low-Cost Open-Source Head Motorization Kit
Nils Poschadel, Stephan Preihs, and Jürgen Peissig

Institute of Communications Technology, Leibniz University Hannover, Germany

Correspondence should be addressed to Nils Poschadel (poschadel@ikt.uni-hannover.de)

ABSTRACT

When analyzing, simulating or auralizing human spatial hearing, it is increasingly demanded to consider not only
different directions of sound incidence but also the respective head-above-torso orientation (HATO). However,
incorporating this additional degree of freedom presents new challenges, e. g., when generating head-related transfer
function (HRTF) datasets with adequate resolution since this requires automation/motorization to vary HATO during
measurements with a head and torso simulator (HATS). In this paper, the release of the LoCOMo kit, a low-cost
open-source head motorization hard- and software kit for the KEMAR HATS, is covered. This motorization kit
allows to generate HRTF datasets of the KEMAR with variable HATO in an automated procedure. Since this is an
externally mounted kit, the acoustic influence of the motorization on measured HRTFs is investigated in addition
to its positioning precision. The results show that both the positioning precision and the acoustic impact of the
motorization on the measured HRTFs should allow for its usage in various applications.

1 Introduction

Head related transfer functions (HRTFs) describe the
sound incidence from a source to the left and right ear,
thus incorporating fundamental cues for human spatial
hearing [1]. The role of the torso in the analysis of
HRTFs has been extensively studied in the past [2, 3, 4,
5, 6]. For instance, Algazi et al. [4] demonstrated that
the torso influences HRTFs through shadowing as well
as reflection with the latter resulting in a comb-filtering
effect.

High-resolution HRTF datasets usually employ a fixed
head-above-torso orientation (HATO) with various
sound incidence directions, which is widely used in
auralizations [7, 8, 9, 10]. However, this fixed HATO
does not accurately represent real-life situations where
the head and torso are typically moved independently.
Brinkmann et al. [11] highlighted the audible impact

of correct HATO on auralization, showing noticeable
differences between constant and variable HATO for
different source positions and audio content [11]. Fur-
thermore, Algazi et al. [2] showed that the torso also
affects sound localization.

Due to the relevance of HATO, there are already a
few data sets and/or appartures to perform investiga-
tions with variable/correct HATO. Brinkmann et al.
[12] e. g. have published a high resolution and full-
spherical HRTF database for different HATO using the
FABIAN dummy head [13]. While the dataset provides
high quality data, it is based on a very specific, self-
constructed head and torso simulator (HATS), which
makes it difficult to reproduce and/or extend.

Comparable datasets with variable HATO for more
common commercial HATS such as the Knowles Elec-
tronics Manikin for Acoustic Research (KEMAR) do
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not exist in a similar quality to the best of our knowl-
edge at the date of publication of this paper.

If such a data set is to be created for a HATS such as the
KEMAR, motorization of the head rotation is essential
for both timing and precision reasons. While there is
already a motorization kit published for the KEMAR,
namely the Two!Ears: Motorization of the KEMAR
head [14], some listed components like the servo con-
troller are no longer available one-to-one and parts of
the KEMAR have to be replaced during assembly.

Therefore, we decided to develop our own low-cost
open-source head motorization kit for the KEMAR
HATS, called the LoCOMo kit. The goal was to de-
velop a low-cost non-invasive and easy to build as well
as simple to use motorization kit with off-the-shelf com-
ponents. Therefore, our design incorporates an external
toothed belt drive and an Arduino-controlled stepper
motor, accompanied by 3D printed parts, a basic elec-
tronic circuit, and a UDP-based MATLAB interface
for control. By making the motorization kit publicly
available to the audio scientific community, we aim to
encourage further research in this field [15].

Given the externally mounted construction of the Lo-
COMo kit, it is important to investigate any potential
acoustic influence on measured HRTFs in order to as-
sess the suitability of the kit for the different conceiv-
able applications. Similar investigations have been
conducted for headphones and head-mounted displays
(HMDs) in the past, examining changes in binaural
cues or spectral properties [16, 17, 18, 19] as well as
coloration and localization accuracy [20, 21, 17].

Poirier-Quinot et al. e. g. investigated the impact of
wearing HMDs (Microsoft HoloLens and Meta Quest
2) on localization accuracy [21]. Although wearing
HMDs had a significant impact on the participant’s
localization performance, it was concluded that the
differences were sufficiently small such that it could
be considered as an HMD-free condition in all but
the most demanding AR auditory localization studies
[21]. Ahrens et al. [22] found similar small detrimental
effects in localization accuracy when wearing HMDs,
especially for lateral sound source locations.

Genovese et al. [18] objectively investigated the acous-
tic perturbations caused by two different HMDs (Mi-
crosoft HoloLens and Metavision Meta 2) on HRTFs.
They found non-negligbile distortions, which were
mainly present at the contralateral anterior quadrant

and ipsilateral posteroir and in the frequency range of
3 kHz to 8 kHz. In a similar procedure, Pörschmann
et al. [16] analyzed the influence of wearing differ-
ent headgear on measured HRTFs. In doing so, they
analyzed both the influence on the spectrum and on
binaural cues using a Neumann KU100 and a HEAD
acoustics HMMS II.3 dummy head, either equipped
with a bicycle helmet, a baseball cap, an Oculus Rift
HMD, or AKG K1000 headphones. In their investi-
gations, the spectral differences to the reference were
maximal for the AKG K1000 and lowest for the Ocu-
lus Rift and the baseball cap, with the strongest devi-
ations being found for contralateral sound incidence
directions. The AKG K1000 also had the highest devia-
tion in interaural time differences (ITDs) and interaural
level differences (ILDs). For the Oculus Rift, the ITDs
and ILDs were mainly affected for frontal directions,
while only a very weak influence of the bicycle helmet
and the baseball cap were found [16].

In Section 3, we conduct a comparable objective in-
vestigation on the acoustic influence of the LoCOMo
kit by examining both binaural and spectral properties.
Before delving into that analysis, we provide a brief in-
troduction to the LoCOMo kit in Section 2 and analyze
its precision.

2 The LoCOMo kit

The LoCOMo kit is based on an Arduino microcon-
troller, a stepper motor driving a toothed belt together
with 3D printed parts for mounting. In addition, two
limit switches are incorporated, which on the one hand
are used for the calibration process and on the other
hand hard limit the range of motion and serve as a safety
mechanism to avoid collisions. Given the provided im-
plementation of the microcontroller and the MATLAB
API, the LoCOMo kit allows for head rotation from
−90° to 90° in 1° steps, the latter being an implemen-
tation choice with finer resolutions being theoretically
possible. The motor itself has a step resolution of 200
steps per 360° with eight substeps, allowing for a the-
oretical resolution of 0.225°. Depending on the gear
ratio from motor to neck, even finer resolutions are pos-
sible. To facilitate usage, an OLED display integrated
into the control box gives instructions on how to use
the kit and shows information like the current position
or the IP and port for the UDP interface during usage.

Photos of the LoCOMo kit mounted on the KEMAR
as well as a view inside the control box with the lid
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Fig. 1: Photos of the LoCOMo kit being equipped on the KEMAR dummy head from the left and back as well as a
view inside the control box.

removed are shown in Fig. 1. For further details,
the reader is referred to https://go.lu-h.de/
locomo [15].

2.1 Precision evaluation

In this section, the precision of the LoCOMo kit is in-
vestigated. If maximum precision is needed, the kit
supports are so-called precision mode, where a posi-
tion is always approached from the same side, reducing
inaccuracies induced e. g. by non-optimal tensioning
of the toothed belt. However, the regular, out-of-the
box setup, should be sufficiently precise for almost all
applications. The following examinations were never-
theless performed in precision mode and with default
speed.

To measure the precision of the LoCOMo kit, head
orientation was measured using an OptiTrack motion
capture system with two rigid body markers screwed
to the ear mounts of the KEMAR. A maximum mea-
surement error of the system of 0.067° was identified
by 100 repeated measurements in each of the 181 posi-
tions (from −90° to 90° in 1° steps). The distribution
of the absolute errors when approaching 1000 random
head orientations is shown in Fig. 3. The LoCOMo kit
achieved a median absolute error of 0.06° which is in
the order of magnitude of the measurement error. The
75 % quartile is 0.087° and the maximum measured
error is 0.19°. Thus, with a precision of less than 0.2°,
the kit should offer sufficient accuracy for almost all
applications.

3 Influence of the LoCOMo kit on the
HRTFs

As mentioned in the introduction, it can be assumed
that this external motorization has an acoustic influence

on the HRTFs. In this section, we therefore examine
the differences between the original HRTFs (Orig) and
those recorded with the LoCOMo kit (LoCOMo). In
addition, to eliminate the differences in the HRTFs only
due to the neck extension of about 16mm, we compare
the HRTFs with those in which only a spacer of the
corresponding length was applied (Spacer). Attaching
a neck extension to the KEMAR is quite a common
procedure and corresponding spacers are also sold by
the original equipment manufacturer.

In the following, φ denotes the azimuth angle of
a sound source relative to the torso of a HATS.
Thereby, azimuth angles of φ = 0°,180°,90°,270° de-
note sources in front of and behind, and to the left
and right of the torso of the HATS, respectively. Fur-
thermore, θ denotes the elevation of the source with
θ = 0° at the horizontal plane and θ = 90° at the zenith.
The HATO is denoted as φHATO, so that a HATO of
φHATO = 45 corresponds to a counterclockwise rota-
tion of the head above the torso of 45°.

A HRTF for a sound source at (φ ,θ), a HATO
of φHATO at frequency f is therefore denoted as
HRTF(φ ,θ ,φHATO, f ), with arguments possibly being
omitted for better readability, depending on the context.

Due to the large amount of time required for measure-
ments without motorization but with variable HATO,
we limited ourselves to a few critical elevations. These
were chosen with θ ∈ {−40°,−20°,0°,20°,40°} so
that both reflection and shadowing effects were consid-
ered. For azimuth φ and HATO φHATO a resolution of
10° was chosen. A special case forms the investigation
of the broadband ILDs and ITDs in the horizontal plane.
For this purpose, HRTFs with an azimuth resolution of
1° were measured at a HATO of 0°.
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(a) (b) (c)

Fig. 2: The different investigated configurations of the KEMAR 45BC-12 HATS (a) without modifications (Orig),
(b) with a neck extension of 16 mm (Spacer), and (c) equipped with the LoCOMo kit (LoCOMo) shown
from the front (top) and side (bottom).

3.1 HRTF measurement setup

The measurements were carried out in the anechoic
chamber of the Institute of Communications Technol-
ogy at Leibniz University Hannover. The room has
dimensions of 3.9 m×3.4 m×2.6 m with a cut-off fre-
quency of about 100 Hz. The measurements were con-
ducted using a Genelec 8331A, which has a flat on-axis
frequency response from 45 Hz to 37 kHz (±6 dB), the
GRAS KEMAR 45BC-12 positioned on a Norsonic
No265 turntable, and an Audio Precision APx525 audio
analyzer with APx500 v5.0.3 measurement software.
The loudspeaker and dummy head were positioned
such that the acoustic center of the loudspeaker was in
line with the ear level of the HATS. All measurements
were conducted at a distance of 1 m. To measure the
omnidirectional impulse response of the loudspeaker

used for the free-field equalization, a GRAS 40HL mi-
crophone was used and positioned at the acoustic center
of the HATS with the HATS removed. The impulse
responses were measured with a two seconds long ex-
ponential sweep with a frequency range between 20 Hz
and 20 kHz at a sampling frequency of 48 kHz. The ex-
citation signal was leveled to 85 dBSPL for a sinusoidal
tone at 1 kHz measured with the KEMAR equipped
with the LoCOMo kit.

Fig. 4 illustrates the measurement setup featuring the
KEMAR equipped with the LoCOMo kit and the loud-
speaker positioned at an elevation angle of θ = 0°.

In a subsequent postprocessing all HRIRs were first
windowed using the same hybrid rectangular window
with a 10-sample Hann on- and offset with a flat section
in between. This was followed by a spectral division
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Fig. 3: Distribution of absolute errors of the head mo-
torization shown as violin and box plot. The
boxes are drawn from the first to the third quar-
tile. The horizontal line shows the median. The
whiskers go from the lowest data still within
1.5 IQR of the lower quartile to the highest data
within 1.5 IQR of the upper quartile. The out-
liers (outside of 1.5 IQR) are marked as crosses.

with regularization between 20 Hz and 20 kHz of the
HRTFs with the omnidirectional reference measure-
ment. Windowing and spectral division were conducted
using methods from the ITA toolbox [23]. The HRIRs
have a final length of 256 samples (5.33ms) to exclude
reflections back from the loudspeaker.

Fig. 5 exemplarily shows HRTFs of the right ear for
frontal (φ ,θ) = (0°,0°) and contralateral (φ ,θ) =
(270°,0°) direction with a HATO of 0°.

While great care was taken during the measurements,
it is important to acknowledge several factors that may
have influenced the results. Certain influences, such as
the truss arcs, are difficult to quantify but are expected
to have minor impact as they were consistent across all
configurations. On the other hand, inaccuracies arising
from non-exact positioning of the dummy head and
loudspeaker are likely to be more significant. Specifi-
cally, in the Orig configuration, the vertical alignment
had to be adjusted due to the absence of a neck exten-
sion.

3.2 Binaural cues

For a first comparison, broadband ILDs and ITDs were
calculated from the HRIRs measured in the horizon-
tal plane with 0° HATO. The ITDs were calculated
from the original phase HRIRs using the threshold on-
set method with ten-times oversampling with an onset
threshold of −10 dB to the overall peak value [16, 24].

Fig. 4: HRTF measurement setup with the loudspeaker
positioned at 1 m distance to the acoustic center
of the KEMAR head.

Broadband ILDs were estimated as RMS level differ-
ences between left and right ear [11].

As depicted in Fig. 6a, there are only very small differ-
ences in the ITDs between the different configurations.
The average and maximum ITD differences of the Lo-
COMo configuration to the Spacer configuration are
1.5µs and 8.3µs, respectively and therefore below the
ITD difference threshold of 10µs [1, pp. 152]. The
average distance in ITD to the Orig configuration of
4.5µs is also below the threshold, while the maximum
difference is slightly above with 18.8µs and thus above
the difference threshold.

As can be seen in Fig. 6b, the ILDs of the different
configurations also match very well. The average ILD
differences of the LoCOMo configuration to the Spacer
and Orig configurations of 0.28 dB and 0.53 dB, respec-
tively, are below the difference threshold of 0.6 dB [1,
pp. 160]. The maximum deviations, however, are above
the assumed threshold with 1.03 dB for the Spacer and
1.51 dB for the Orig configuration.

3.3 Spectral structure

To analyze the spectral deviations of the LoCOMo con-
figuration to the Orig and Spacer case, spectral differ-
ences were averaged over all nΩ = 3420 measurements
according to (1):

∆G f ( f ) :=
1

nΩ
∑

ω∈Ω

∣∣∣∣20log10
|HRTFLoCOMo(ω, f )|
|HRTFTest(ω, f )|

∣∣∣∣ .
(1)
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Fig. 5: HRTFs of the right ear for the Orig, Spacer, and LoCOMo configuration for a sound source at (a) frontal
and (b) contralateral direction with 0° HATO.
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Fig. 6: Broadband ITDs (a) and ILDs (b) for the differ-
ent configurations in the horizontal plane with
0° HATO.

Thereby, Ω := {(φ ,θ ,φHATO)} denotes the set of all
combinations of sound source position (φ ,θ) and
HATO φHATO investigated here, f is the temporal fre-
quency in Hz, HRTFLoCOMo the reference HRTF corre-
sponding to the LoCOMo configuration and HRTFTest
the HRTF of one of other two configurations with
Test ∈ {Orig,Spacer}.

Fig. 7 shows the corresponding results for the right
ear. For both configurations and all frequencies, the
differences are rather small (less than 3.2 dB) and there-
fore comparable or even smaller than those of different
headgear [16]. Below 2.5 kHz the differences are gen-
erally less than 1 dB on average, which can be probably
attributed to the larger wavelength in relation to the size
of the motorization. The largest differences become
noticeable at approximately 6 kHz. However, for each

frequency, the differences compared to the Spacer con-
figuration are considerably smaller, while both curves
exhibit a similar shape. The difference between Orig
and Spacer is expected to be mainly due to the neck
extension, indicating that the rest of the apparatus there-
fore amounts to less than 2.3 dB at around 17 kHz.

In addition to the frequency-dependent deviations, the
spatial distribution of the spectral differences were also
investigated. In doing so, the HRTFs in the different
configurations were analyzed in a Gammatone filter
bank C( f , fc) with n fc = 41 center frequencies fc in a
frequency range of 20 Hz to 20 kHz, following a similar
procedure as in [25, 11].

Averaging the spectral differences in each filter band
∆H̃RTF( fc) with

∆H̃RTF( fc) := 20log10
H̃RTFLoCOMo( fc)

H̃RTFTest( fc)

and

H̃RTF( fc) :=
20000∫
20

C( f , fc) |HRTF( f )|d f

results in the single-value error measure ∆Gsp defined
as

∆Gsp :=
1

n fc
∑
fc

∣∣∣∆H̃RTF( fc)
∣∣∣ . (2)

Please note that the dependency on source position
and HATO was omitted for better readability and thus
∆Gsp = ∆Gsp(φ ,θ ,φHATO).
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Fig. 8 shows the spectral differences of LoCOMo in
comparison to the Orig and Spacer condition averaged
across frequency according to (2) for the right ear with-
out applying any interpolation. Overall, differences
are rather small (less than 2.2 dB) with higher values
being observed for combinations of azimuth and HATO
resulting in contralateral positions, especially for non-
negative elevations and in comparison to the Spacer
configuration. Table 1 provides the maximum spectral
differences for each investigated elevation.

In both Fig. 8 and Table 1 it can also be seen that the
deviations increase with decreasing elevation, which
is probably due to shadowing effects caused by the kit.
This can also be seen from the fact that the differences
increase in the azimuth range from about 180° to 270°
for almost all HATOs, which are just the constellations
where the kit is located between the sound source and
the ear.

Fig. 9 shows the same data as Fig. 8, though this time
arranged individually as a function of azimuth and ele-
vation for each HATO between−60° and 60°. Again, it
can be seen that the largest average spectral differences
are found for constellations where sound source, motor
and ear are approximately aligned, such as for φHATO,
θ = −20, and φ = 210, in both the Orig and Spacer
configuration.
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Fig. 7: Spectral differences of the LoCOMo setup com-
pared to the Orig and Spacer configuration of
the right ear averaged over all sound source
positions and HATOs.

4 Conclusion

A low-cost open source head motorization kit for the
KEMAR HATS was presented and analyzed. With a

-90

0

90

φ
H

A
TO

/◦

Orig
θ = 40°

Spacer
θ = 40°

-90

0

90
φ

H
A

TO
/◦

θ = 20° θ = 20°

-90

0

90

φ
H

A
TO

/◦

θ = 0° θ = 0°

-90

0

90

φ
H

A
TO

/◦

θ =−20° θ =−20°

0 90 180 270 360
-90

0

90

φ / ◦

φ
H

A
TO

/◦

θ =−40°

0 90 180 270 360
φ / ◦

θ =−40°

0

0.5

1

1.5

2

2.5

3

∆
G

sp
(φ

,θ
,φ

H
A

TO
)

/d
B

Fig. 8: Spectral differences ∆Gsp(φ ,θ ,φHATO) of the
right ear averaged across frequency according
to (2) in comparison to the Orig (left) and
Spacer (right) configuration and the different
elevations.
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Table 1: Maximum spectral distances of the LoCOMo setup compared to Orig (a) and Spacer (b) configuration for
each elevation investigated.

(a) Orig.

arg maxφφφ ,φφφHATO
∆∆∆Gsp maxφφφ ,φφφHATO∆∆∆Gsp

θ / ◦ φ / ◦ φHATO / ◦ ∆Gsp / dB

40 270 -40 1.3
20 270 -20 1.3
0 310 -60 1.7

-20 210 40 2.2
-40 230 20 2.1

(b) Spacer.

arg maxφφφ ,φφφHATO
∆∆∆Gsp maxφφφ ,φφφHATO ∆∆∆Gsp

θ / ◦ φ / ◦ φHATO / ◦ ∆Gsp / dB

40 270 -40 1.3
20 290 -40 1.2
0 220 30 1.3

-20 210 40 2.0
-40 230 -20 1.9

precision of less than 0.2°, the kit offers high precision
which should allow for usage in almost all applications.
In addition to the mechanical accuracy of the position-
ing, the acoustic influence of the motorization on the
measured HRTFs was investigated by a detailed quanti-
tative comparison of broadband binaural cues and the
fine spectral structure for five different elevations and
at a 10°-resolution of azimuth and HATO. In general,
it can be said that the LoCOMo kit has an acoustic
influence, which, however, is mainly constrained to
contralateral constellations. Based on the rather small
differences identified, especially to the HRTFs of a
KEMAR with equivalent neck extension, we believe
that the use of the motorization is feasible for auto-
mated acquisition of HRTF datasets of high quality
and comparability. However, the detailed description
allows potential users to evaluate the suitability of the
motorization for their specific application themselves.
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