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Introduction

The theory of HRTF measurements is quite straightfor-
ward: A loudspeaker is positioned in a given direction
at a sufficient distance from the person’s head and the
sound pressure produced by the loudspeaker is measured
at each ear. The person is then removed from the mea-
surement setup the measurement is repeated with the
microphones positioned in the virtual center of the par-
ticipant’s head. The HRTF for that direction is then cal-
culated by means of spectral division or de-convolution
of the two signals and the influence of the components
of the measurement chain, such as the loudspeakers, mi-
crophones and amplifiers cancels out. In practice, things
are a lot more difficult and the different measurement ap-
proaches implemented at different labs result in, at times,
significant differences when comparing HRTFs measured
of the same person.

One factor is the position where the sound pressure is
measured. It can be measured at the ear drum, ear canal
entrance, inside the cavum concha [1]. Denk et al. [2]
further investigated the effect of using different measure-
ment devices and thus positions on the measured HRTF.
For the purpose of this evaluation, only blocked ear canal
measurements are considered. Besides microphone place-
ment, other differences between HRTF measurement sys-
tems include the hardware setup (loudspeakers models
and their positions) and whether the seated or stand-
ing HRTF is measured. Kohnen et al. [3] presented a
cross-laboratory study showing comb-filter like effects at
low frequencies when comparing in total 14 participants
whose HRTFs were measured in Aachen (standing up)
and Oldenburg (sitting down). They attributed this dif-
ference to the effect of knee/leg-reflections. Even though
the effect is addressed in literature, it has (to the au-
thors knowledge) not been quantified so far. Hence a
systematic evaluation of the influence of knees and legs
is presented in the following.

Analytic Approximation

In a first approach, the effect of knee-reflections can be
estimated using a simple ray-acoustics model (see Fig-
ure 1), as previously discussed by Riederer [4] in an
attempt to estimate the effect of leg and shoulder re-
flections. The total sound pressure at the ear is cal-
culated as the superposition of direct sound pressure
(pq) from the loudspeaker to the ear, and pressure from
the reflected path (p,) that travels a longer distance
(dr = dg+dgetour). The total sound pressure in this sim-
ple model exhibits a comb-filter pattern with notches oc-
curring at frequencies, where the detour taken by the re-
flected path equals odd multiples of half the wavelength.
To estimate the expected notch frequencies, representa-
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Figure 1: Simple analytical model of the effect of knee re-
flections as the superposition of a direct and reflected sound
path.

tive geometry assumptions for sitting and standing hu-
mans are needed. They can be found in the ISO 7250
norm, including typical ranges for European or German
adults.

Simulation

To further investigate the effects of leg and knee reflection
of sitting participants on HRTF measurements, a simula-
tion based approach was chosen. Based on the previously
mentioned ISO 7250 measurements and a high-resolution
3D-model of the ITA-artificial head [5], a 3D-manikin as
seen in Figure 2 as well as its standing counterpart were
designed.

The HRTFs of the sitting and standing manikins were
simulated using COMSOL Multiphysics. To simulate
the HRTFs, a reciprocal boundary element (BEM) sim-
ulation approach was chosen with the excitation being a
normal velocity on the area of the microphone in the left-
ear pinna of each model. The resulting sound pressure
was evaluated at a distance of 2m on a 1°x1° equiangu-
lar grid (see [6] for reference of the simulation setup). In
HRTF simulations it is commonly assumed, that human
skin constitutes a rigid boundary. To validate that same
assumption can be made for legs of the model, a com-
mon pair of chino pants backed by an acoustically rigid
impedance condition was measured in a Kundt’s tube.
At frequencies below 2kHz the measured reflection fac-
tor is larger than 0.95.

Absorber

In real world measurements performed at Oldenburg, po-
tential effects of leg and knee reflections are attempted to
be suppressed by the use of foam absorbers placed on the
participants legs. To include this mitigation approach in
the simulation model, a 35cm square of foam absorber
with a thickness of 5 cm was placed on the manikin’s legs



Figure 2: 3D-model of the sitting reference manikin based
on the ITA artificial head and ISO 7250 body measurements
used in the acoustic simulations.

and simulated as a volumetric absorber using COMSOL’s
finite element method (FEM) and FEM-BEM coupling.
The material properties were simulated COMSOL’s pro-
posed equivalent fluid model for open cell foam absorber
valid between 200 Hz and 2 kHz.

Results

Kohnen et al. [3] observed differences between HRTF
measurements of 14 participants measured both in the
Aachen and Oldenburg lab in the shape of notches in the
seated (Oldenburg) measurements at 500 Hz and more
pronounced 1600 Hz compared to the standing (Aachen)
measurements in the frontal direction. The analytical
model based on the 50th percentile anthropometric mea-
surements in the ISO 7250 standard predicts notches at
423 Hz and 1269 Hz, giving an indication that the leg
and knee reflection are responsible for the observed dif-
ferences. The simulation results of the rigid model also
predict effects around 500 Hz and 1.5kHz in the frontal
direction, however with a lower magnitude compared to
the measurements.

An understanding of the spatial distribution of differ-
ences between seated and standing HRTFs can be gained
from the left-ear directivity plots presented in Figure 3.
The directivities are evaluated at a frequency of 2kHz
and are aligned with the orientation of the manikin in
Figure 2. The lower hemisphere (below —20° elevation) is
excluded from further comparisons, as the legs block the
direct sound in these directions, resulting in large differ-
ences, which are not further discussed in this work. The
topmost directivity shows the standing simulation, with a
fairly smooth directivity pattern. The seated simulation
in the central surface plot shows significant notches com-
pared to the standing directivity, especially in the frontal
hemisphere from high elevations at the contralateral side.
Differences of up to 11dB (as notches in the seated sim-
ulation) can be observed. The bottom-most surface plot
shows how the notches of the spatial comb filter can be
reduced when using an absorber on the legs. The notches
are still visible in the linear magnitude representation of
Figure 3, however their magnitude is reduced to a max-
imum of 3dB across all directions at the evaluated fre-
quency of 2kHz. The maximum of the difference across
all spatial direction (above —20° elevation) with the sim-
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Figure 3: Linear magnitude directivity of the simulated
HRTF of the standing (top), sitting (middle) and sitting
manikin with absorber on the legs (bottom) at a frequency of
2kHz.

ulated absorber reaches 5.5dB around 1.6 kHz. The 99th
percentile, however, does not exceed 2 dB in the valid fre-
quency range up to 2 kHz, showing the highly directional
nature of the differences.

Summary and Outlook

The simulation of a standing and sitting manikin pre-
dicts local differences of 11 dB between the two postures.
Adding a foam absorber on the legs of the model can
reduce these difference to less the 6dB in the worst
case. These differences are, however, highly direction-
dependent and on average differences in the range of 1 dB
to 2dB are to be expected.

The presented model is valid up to 2kHz, due to the
boundary assumption and absorber model used for the
simulation. To evaluate differences at higher frequencies
the model should be adapted to better consider absorp-
tion characteristics, including the torso absorption from
clothes. At higher frequencies, however, differences are
expected to decrease due to the increased absorption co-
efficients of clothes and the foam absorber. Further inves-
tigations should also consider the effect of larger torso-
to-thigh angles, as the knees are typically lower than the
perfect 90° assumed for the simulation.
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