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Summary
The facsimile or true-to-original reproduction of sound events is of great interest in acoustics and related areas
and has been researched for many years. One form of achieving this is binaural technology. Many consider
binaural technology a very modern technology and some even consider that it is strictly related to and was
invented for sound quality research. However, binaural technology, especially recording technology, has been
established for some time and, in fact, the first steps were made in around 1880. Over the decades this technology
has made enormous advances, due to the dedication of many people, but some challenges related to achieving
a true facsimile are still to be resolved. The most important milestones and also the remaining challenges are
presented herein and the prospects for the near future are discussed.

PACS no. 43.38.Md, 43.60.Dh, 43.66.Pn, 43.66.Qp, 43.66.Ts, 43.66.Vt

1. Introduction

Recording and reproduction of sound signals in such a
way that the sound event is restored entirely has always
been of special interest to people engaged in the recording,
transmission and reproduction of sound. To achieve this
objective several techniques have been developed, includ-
ing stereophonic techniques and binaural recording and re-
production techniques. The latter are also known as head-
related stereophony or dummy-head technology.

Within the last few years, interest in binaural recording
and reproduction have increased once again, due to ad-
vances in auralization and also the popularization of the
Internet, where users can find a large number of binaural
recordings or simulations. Many of these websites, nearly
all commercial publications and even some published con-
ference papers, give the impression that binaural technol-
ogy, especially manikins and artificial heads, are relatively
recent inventions. However, attempts to obtain signals and
reproduce true-to-original sound have been made for over
100 years, and many people have spent considerable effort
on the development of the technology.

This article will review some important milestones in
the development of manikins and artificial heads and will
give a brief outlook of possible future developments.

Received 25 September 2008,
accepted 30 June 2009.

2. On the understanding of binaural hear-
ing and technology

Due to the nature of this article, which is a historical re-
view, a short note should be given on early research into
binaural hearing and about the term binaural itself. Ac-
cording to Wade and Deutsch [1], who compiled a com-
prehensive review of early research into binaural hearing,
the work of Wells in 1792 and Venturi in 1796 were prob-
ably the first studies ever on the topic of binaural hear-
ing. During the nineteenth century and at the beginning of
the twentieth century other researchers dealt with binau-
ral hearing, such as Wheatstone [2], Dove [3, 4], Seebeck
[5], Alison, Steinhauser [6], Thompson [7, 8, 9] and J. W.
Strutt (Lord Rayleigh) [10]). They largely agreed that the
presence of two sound receivers, the ears, is responsible
for a large portion of the sophistication of human sound
perception, enabling localization and distance perception
of sound sources1.
The term binaural itself was, according to Wade and

Deutsch [1], coined by Alison in 1861 to describe that
two ears are involved in human hearing. Accordingly, the
term was often used until the 1970s for techniques that
recorded or reproduced two signals destined for the two
ears2, not necessarily to describe signals that have been
modified by the human body, and would therefore corre-
spond to the signals at the eardrum of a listener. Also, the

1 Other important binaural effects such as the cocktail-party effect and
the precedence effect (Haas-effect) were discovered later.
2 Kinns misused the term binaural even in the title of a paper on beam-
forming using two closely spaced microphones [11].
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term does not necessarily describe techniques that mod-
ify the signals similarly. Consequently, systems that deliv-
ered two-channel sound were called binaural, as well as
stereophonic, the latter term probably being coined in the
1880s. Bell may have been the first to have mixed up the
two terms when he wrote about “stereophonic phenomena
of binaural audition” [12]. Bell understood stereo as be-
ing related to the spatial impression provided by hearing
with two ears (binaural). Also, Blumlein’s famous patent
on stereo [13] used the term binaural in its description.
Fletcher, in the 1920s, may have been the first to use
the term binaural for a recording technique and Hammer
and Snow [14] were probably the first to distinguish be-
tween binaural and stereophonic pick-up. They considered
a system fully binaural when the signals acquired with
a dummy head (e.g. “Oscar”) were reproduced by head-
phones. Systems that do not comply with this require-
ment were then called stereophonic. The terms “dummy
(head)” or “artificial head” were also already used in the
1920s [15, 16]. At the end of the 1930s De Boer and Ver-
meulen introduced the German term “Kunstkopf” [17], a
term that was also adopted by English-speaking authors.
In the 1950s Snow [18] also gave distinctive definitions for
binaural and stereophonic sound pick-up, but considered
the imprecise definition of terms a common phenomenon
in new developments.
The distinctive definition of Hammer and Snow or the

terms coined by Fletcher, Firestone, and DeBoer and Ver-
meulen were not generally adopted and until the 1970s the
terms binaural and stereophonic were used mostly as syn-
onyms.
Later mixed terms such as “binaural stereophony”,

“dummy head stereo(phony)”, “head-related stereo-
(phony)” or “Kunstkopfstereophonie” were also created.
Today the term binaural technology is used to describe

the fact that two signals are obtained, stored or reproduced
in such a way that the signals correspond to the sound sig-
nals that would be found at the eardrum of a listener, or
another well-defined reference point in the ear canal, af-
ter being modified by the human body. By obtaining and
reproducing these signals the auditory event can be repro-
duced as closely as possible, that is, the signal is true-to-
original.

3. Initial steps: From pairwise microphones
to the first manikin

In order to provide better audio transmissions of opera
pieces, experiments with several pairs of spaced micro-
phones started as early as 1881 when Ader filed a patent
on “Improvements of a telephone equipment in theatres”.
The same year, under his guidance, the first wire trans-
mission of paired microphone signals from the Paris opera
house to rooms in the Palais of the Paris Electrical Ex-
position more than two kilometers away were carried out
[19, 20, 21, 22, 23, 24]. The same pick-up systems were
also during the Paris Electrical Exposition of 1881, in-
stalled in L’opera comique and Le téâtre Français [20].

Figure 1. Diagram of the microphone and transmission set-up
used for the first documented stereophonic transmission by Clé-
ment Ader in 1881, after [19].

The pick-up consisted of multiple carbon pencil micro-
phones, placed pairwise on the stage. The signals were
transmitted pairwise (Figure 1) to be reproduced with
monaural headphones, typical of early telephones, one for
each ear.
Hospitalier [19] compared Ader’s invention with stere-

oscopy, but did not coin the term stereophony3. Later the
invention was named théâtrophone in France and elec-
trophone elsewhere, and it was used commercially until
1932.4

Genuit, Gierlich and Bray [27] as well as Stahl [28]
maintain that as early as 1886 artificial heads were used
in the Bell laboratories. Nevertheless, the author of the
present article can not confirm this fact, and it should be
noted that, in fact, Bell Laboratories as a research institu-
tion of this name came into existence only on 1st of Jan-
uary 1925 when WE Engineering and AT&T Engineering
formed the Bell Telephone Laboratories.5 Also one should
bear in mind that the microphones available in 1886, see
Beranek [29]6 for short overview of early microphone de-
velopments, would hardly fit into an artificial head. If one
assumes instead that the signals were captured without mi-
crophones and transmitted using tubes, then such an artifi-
cal head would have been possible. The fact that humans
can localize sound sources using their binaural hearing ca-

3 There are some sources that affirm that the English term stereophonic
was first used by Western Electric Inc.
4 For more information on Ader’s invention and its commercial use see
e.g [22, 25, 23].
5 Also, Jont B. Allen, formerly at Bell Labs., and Gary Elko stated in
a personal communication that they were not aware of the fact that a
manikin had been used before the 1920s. Jont B. Allen is aware that in
around 1920/21 Goehner made the first artificial head for a stereo system
and that Alexander Graham Bell came to the labs to see it. Unfortunately,
Lucent Technologies, which incorporated the former Bell Labs., did not
respond to a request for access to the historical archives of Bell Labs.
6 See also some corrections and comments made by Miessner [30].
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pabilities was used as early as in World War I, for localiza-
tion of both aircraft and submarines. Johnson and Dugeon
[31] described aircraft localization equipment consisting
of two arrays of acoustic receivers. The sound captured by
any of the two arrays was transmitted by a tubular wave-
guide to one ear of the operator. A similar invention using
two hydrophones was used to localize submarines [32].
At the beginning of the 1920s Harvey Fletcher7, who

dedicated many years of his scientific research to the hard
of hearing, developed a “binaural” hearing aid to be used
by Alfred DuPont, a member of the famous DuPont fam-
ily, which had a history of hearing loss in the family, in
his board meetings [33]. Two microphones were placed on
the board meeting table and connected via tube-amplifiers
to a headphone. A similar, if not the same, system was
patented in 1927 by Fletcher and Sivian (Figure 2), on be-
half of Western Electric, as a “binaural” telephone system
[15]. According to the application, two microphones are
placed flush with the wall of a balloon made of leather or
cloth and packed with sponge rubber, wool or cotton. In
this way, three elements effecting the sound transmission
from a sound source to the eardrum of a listener were mod-
elled to some degree: separation of the receivers, shadow-
ing and absorption.
Also in 1921, Doolittle filed a patent, finally granted in

1931, for an apparatus to obtain, store and reproduce two-
channel sound [34] in order to allow for localization of
the sound event in space when heard. After the applica-
tion the sound was captured using two microphones but
no acoustic septum was present. Thus, the invention was
similar to those of Ader adding the storage of the signals.
In 1924 Doolittle obtained another patent for the transmis-
sion of two channels via radio [35]. In the same year his
radio station WPAJ8 obtained permission to broadcast at
two different frequencies 9. In this way, with two radios,
each receiving one channel, one could hear the complete
“binaural” transmission.
Usually headphones were used at this time as the use of

loudspeakers was only just starting.
According to an article written by Doolittle in 1925 and

named “Binaural Broadcasting” [36] and the information
given by Sherman [37] one must conclude that the broad-
casting was not binaural in the sense in which binaural is
understood today, as no model of a head, nor a baffle, was
used. Therefore, the information given by Ericson and col-
leagues [38] regarding the supposed “binaural radio trans-
mission” is not to be understood as binaural in the sense
that binaural is understood herein. The same very probably
applies to Ericson’s statement that the Berlin opera house
used “binaural transmission” in around 1925.

7 Fletcher had been a member of staff of the Research Division of West-
ern Electric Engineering Dept since 1916.
8 From spring 1925 the station was called WDRC as one can see at
http://www.wdrcobg.com/history.html.
9 See also http://www.wdrcobg.com/doolittle2.html and the information
on the 16th of august 1924 at http://www.wdrcobg.com/history.html

Figure 2. The “binaural” telephone system after Fletcher and
Sivian [15].

Figure 3. The “artificial head” patented byW. Bartlett Jones [39].

In 1927, W. Bartlett Jones filed a patent for devices to
capture, record and reproduce “binaural” signals. The ap-
plication is not very detailed, but considers a type of “arti-
ficial head” represented by a sphere. Microphones placed
on the sphere are directed forward, as shown in Figure 3,
which after application should simulate the orientation of
human pinnae.
The first original sources available to the author of the

current review that relate to the use of a manikin as a de-
vice for capturing sound are from around 1928 to 1930 and
were published by Firestone [40, 16]. He describes the use
of a manikin which imitated a human head made of wax
and a torso made of wood. The receivers were Baldwin
receivers, placed where the ears of the manikin would be.
The manikin was then used to investigate phase and inten-
sity differences at the two microphones.
Also, in the 1930s new experiments were carried out

with manikins at Bell Labs. According to Fletcher, head
of acoustical research at this time, the group worked on
the improvement of the telephone transmission of the hu-
man voice, but were inhibited by the low fidelity [41, 42].
Based on Fletcher’s experience with his “binaural” hear-
ing aid (Figure 2) and his knowledge that having two ears
provides higher fidelity in relation to the sounds perceived,
the group started to capture the signals using a manikin
[33, 41, 43]. The manikin, named “Oscar”, was made us-
ing a manikin bought from a wax figure dealer and had
microphones mounted on the cheeks, just in front of the
ears10 as shown in Figure 4 [14]. The construction of “Os-
car” as well as the efforts undertaken for calibration and
equalization of the binaural signals were described in de-

10 Some sources maintain that the microphones were in the ears [33],
whereas others report that the microphones were at the position of the
ears [44], and others even maintain that they were only close to the ears
[14, 45, 38, 46] as one can see in Figure 4.
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tail by Hammer and Snow [14]. The position of the micro-
phones in the cheeks rather than in the ears was justified by
the size (1.4 inch) of the special type 4 moving coil micro-
phones. According to Fletcher [41], the experiments with
“Oscar” proved that signals with higher fidelity could be
obtained by reproducing the human by way of a manikin.
Fletcher also acknowledged that the use of two micro-

phones could create a spatial sound effect. Based on the
knowledge gathered with “Oscar” he devised a system for
“auditory perspective” intended to be used in cinemas, as
“auditory perspective” was a topic of considerable interest
in around 1900 [47].
During the winter and spring of 1931/1932 Bell Labs,

in cooperation with Mr. Stokowski from the Philadelpha
Symphony Orchestra, undertook a series of tests of musi-
cal reproduction using “Oscar” as a recording device, con-
tinuing a cooperation that started years ago. During these
experiments the binaural signals obtained with “Oscar”
were also compared with the live listening experience [14].
“Oscar” was presented to the public at the 1933 World

Fair in Chicago 11 and was later displayed in the Museum
of Science and Industry in Chicago [44, 43, 48] until 1951
when the manikin was replaced by another12. At the World
Fair, and later in the museum, “Oscar” was placed on a
glassed-in stage, and headphones were connected to the
manikin. A speaking person then walked around “Oscar”
and the person wearing the headsets could perceive that the
speaking person was moving, a startling effect at this time.
However, the “auditory spectators” could not only hear the
moving source but also see it and in this way an impor-
tant concurring cue for localization was present. Hammer
and Snow [14] as well as Tinkham [44] reported that lo-
calization errors, mainly front-back-confusion (source in
the front, but perceived in the back) and distance errors,
were not the exception but the normal occurrence when
no visual cues are present or when the source signal was
not continuous. This phenomenon would be understood,
partially, only about 40 years later and is still a concern
in binaural technology, as will become clear through the
course of this article.
Later, Fletcher dedicated his interest to the reproduction

of high-fidelity sounds, not through headphones but loud-
speakers. From the initial idea of using an infinite num-
ber of microphones and loudspeakers, certainly associated
with modern wave-field synthesis, the researchers at Bell
Labs came to the conclusion that three microphones or
loudspeakers were sufficient [49, 50]. This method, and
others that used only two microphones, were later (also)
called stereophony [50].
In Europe, De Boer and Vermeulen, from the Dutch

company Philips, presented two devices in the 1930s to ob-
tain “binaural” signals to be reproduced by headphones as
part of a “binaural hearing aid” [17]. The first device was a

11 According to the memoirs of Fletcher [33] this happened in 1932, but
the World Fair opened only in 1933 and remained open until 1934.
12 Personal communication of Mr. Ritzler, from the Museum of Science
and Industry Chicago on 2nd September 2008.

Figure 4. Oscar, the manikin made by Fletcher and colleagues at
Bell Laboratories. Lateral view and detail of microphone fitting
[14].

Figure 5. The female manikin of De Boer and Vermeulen, with
microphones placed “inside” the simulated pinnae [17].

sphere with a diameter of 22 cm with microphones placed
on the circumference. The other device was a manikin, the
first and (still) the only manikin that imitated a woman.
The head of the manikin, of the type commonly used in
department stores, had its capacitive, and still large, mi-
crophones placed “in” the simulated pinnae, as one can
see in Figure 5. In this way, for the first time the pinnae
might have influenced the signals obtained. Also, for the
first time De Boer and Vermeulen noted a modification of
the timbre of the signals obtained in comparison to the sig-
nals heard by a human listener, but no explanation was
found.
According to Fernberger [51] Rosenberg and Slavin-

sky [52] also used a manikin to investigate the directional
properties of hearing at the end of the 1930s. According to
Fernberger two microphones were mounted “in the head
of a lifelike dummy at the position of the two eardrums”.
The author of the current article does not have access to the
original article by Rosenberg and Slavinsky [52], but con-
sidering the size of the microphones available at this time
and the knowledge on the influence of the external ear on
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the signals it is more likely that the microphones were at
the position of the ears instead being at the position of the
eardrums.
During World War II, only small advances regarding

binaural technology were documented. The knowledge on
binaural hearing was used mainly for military purposes,
and different artifacts to localize aircraft, submarines and
ships were constructed (e.g. [53, 54]). One of these de-
vices, an apparatus to localize aircraft, incorporated two
or four horns as receivers for sound signals to be heard by
a human operator [55]. Also, for the military, Dickson and
colleagues [56] developed a wooden head with a micro-
phone placed in the position where one of the ears would
be, to measure the sound transmission of flying helmets,
those made of leather this time.13

In 1940 De Boer applied for a Dutch patent with the
description of an apparatus of stereophonic sound trans-
mission that used an “artificial head” for sound pick-up
and three loudspeakers for reproduction, two for the high
frequencies and one for the low frequencies. The artificial
head was a simple sphere, which should have at least a di-
ameter of 14 cm. In his patent application, which in 1947
was also filed in the USA [69], De Boer discussed the ef-
fects of different diameters on the sound signals coming
to the conclusion that the “artificial head” should have at
least a diameter of 14 cm. Based on this patent De Boer
and his colleague Vermeulen submitted another patent in
1942 in the Netherlands and in 1948 in the USA [70] for
an apparatus to adjust the stereophonic effect in any stereo-
phonic transmission. They proposed a T-configuration of
resistors to modify the apparent size of the “artificial head”
reflected in binaural signals.
At that time stereophonic techniques that did not use an

artificial head were improved, and were shown to be more
simple and compatible with the reproduction technology
of the day. Also, one of the big problems at that time
was the recording of multiple signals while maintaining
the phase information between them. This was resolved
only in the mid 1940s when magnetic tape recorders be-
came more widely available14, including magnetic tape
recorders for mutli-channel recording. Other problems at
this time were the limited frequency response and dynamic

13 The “artificial head” of Dickson and colleagues, and also the heads
used by many others to measure transmission loss of helmets or hear-
ing protectors, are also known as acoustical test fixtures (ATF). They
are often monaural devices and other very special requirements such
as the transmission loss of the head itself or impedance changes due
to the presence of the hearing protector are much more important than
the fine structure of the HRTF. Therefore, they are mostly not arti-
ficial heads for binaural pick-up as understood in the current article
and the reader interested in ATFs may consult the specific literature
[57, 58, 59, 60, 61, 62, 63, 64, 65, 66, 67]. In 1982 Richter et al. [68]
published results for plug-type hearing protectors using commercially
available manikins (BK 4128 e HMS II 4.n).
14 The first magnetic tape recording device was patented in 1898 by the
Danish inventor Valdemar Poulsen [71] but magnetic tape recording was
not used successfully before around 1936 in Germany (Magnetophone)
and after World War II worldwide [72, 43, 44]. For more information
about magnetic tape recording see, for example, the publications of M.
Camras in the Proceedings of the Institute of Radio Engineers.

Figure 6. The artificial head “Oscar II” being used by H.
Fletcher in localization experiments called “double dome” re-
search, after [75].

range of recording equipment as well as microphones and
headphones or loudspeakers.
After Geluk [73, 74], shortly after World War II in

the Netherlands, transmission of a binaural radio program
started and was maintained for some time, using very
probably the manikin of De Boer and Vermeulen [27].
Based on “Oscar”, Bell Labs developed “Oscar II” in

the 1940s. According to Figure 6 this head did, in fact,
have the microphones placed in the ears, but they were
then mounted with their membranes at about 5mm dis-
tance outside the cavum conchae.

4. The fifties

Push-started by the new recording technology using mag-
netic tapes that allowed reasonable preservation of phase
differences between signals and larger dynamic range,
new applications for stereophonic and binaural technology
were devised, for instance, in industry [44]. As early as the
beginning of the 1950s Snyder [43] concluded that a tech-
nology that could preserve all important aspects of a sound
event would have a large field of applications, not only in
the music and broadcasting industry. His prediction would
later be confirmed, as the reader will see in the course of
this article.
David C. Apps and his colleagues at General Motors

USA were probably the first researchers to use stereo-
phonic recording in the automotive industry, working dur-
ing the 1950s until around 1970 [76, 77]. The title of Apps’
article “The Use of Binaural Tape Recording in Automotive
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Figure 7. The artificial head made by AKG for sound localization
experiments at Budapest University, Courtesy: AKG.

Noise Problems” suggested, as was common at that time
and still occasionally occurs, that binaural signals were ob-
tained. However, on reading the article one discovers that
Apps and his colleagues did not use an artificial head or
manikin but only spaced microphones. Shedlowsky (cited
in [77]), who worked with Apps at General Motors, wrote
later, in 1965, that the system was developed and used be-
cause it gives more realism to the recordings than single
microphone recordings and that these recordings were re-
quired because it was already known that evaluations of
car interior noise using only sound pressure level mea-
surements and spectrograms were not sufficient. Shed-
lowsky also reported that previous attempts to obtain bet-
ter recordings had failed, and that only the use of magnetic
tape recording equipment, and later manikins, provides the
type of recordings required.
For research on spatial hearing to be carried out at the

Budapest University, Hungary, AKG from Austria manu-
factured a small number of artificial heads in 1951. The
heads were made of wood and did not have pinnae as
shown in Figure 7. The microphones were AKG omnidi-
rectional condenser microphones.
Bixler claims to have build a “binaural” pick-up system,

but examination of the corresponding article [78] reveals
that the system is a two-microphone pick-up system with a
baffle as the acoustic septum and, thus, it is far from being
a binaural pick-up system, as will be further considered
herein.
Also, individuals and companies related to the music

and broadcasting industries worked on “binaural technolo-
gies”. André Charlin, a French recording engineer, pre-
sented his tête artificielle in 1954. His “head”, also called
tête Charlin (Figure 8), was a balloon made of leather,
very similar to those patented by Fletcher and Sivian in
1927 [15]. Later Georges Kisselhoff, a colleague of Char-
lin, experimented with other geometries and used them in
music recordings.
In 1955, the German company Schoeps presented a

microphone composed of an aluminium sphere 20 cm
in diameter (Figure 9) with two omnidirectional micro-
phones placed on the circumference. Schoeps only pro-

Figure 8. The tète Charlin [79].

Figure 9. The experimental microphone of Schoeps [80].

duced a few examples of this microphone, which was
called Kugelflächenmikrophon.
The approach of Fletcher and Sivian, Jones, Charlin,

Kisselhoff, Schoeps and others, for instance Madsen and
Jecklin, should be considered stereophony with an acous-
tic septum (Trennkörperstereofonie) and not exactly as
binaural recording technology because not all the im-
portant elements for transference of the sound wave to
the eardrum were considered, in particular, the torso and
pinnae were excluded. At this time, no company was
willing to put money into research activities to develop
more true-to-original recording devices. In the following
years several types of microphone set-ups with an acous-
tic septum in between had been invented, considering also
discs and triangular geometries for the separating elements
[80, 81]. However, industrial production of such devices
did not start until the 1990s with Neumann’s KFM100
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(a) (b)

Figure 10. Artifical heads used by
Nordlund and colleagues [87, 89].
(a) Head with ear canals,
(b) head without ear canals.

and Schoep’s KFM6 and KFM360, principally based on
Theile’s work.
At the end of the 1950s, Mills [82] and Wansdronk and

Meyer [83] experimented with models of the human head
in order to investigate sound diffraction at the human head.
These experiments were undertaken because very small
hearing aids had become available and their microphones
captured the sound field in a form strongly influenced by
the human body. The head used byMills was not described
in detail, but had one-inch WE 640AA condenser micro-
phones placed in each ear with the diaphragm placed flush
to the entrance of the ear canal [82]. Wansdronk andMeyer
only measured the “head-related transfer functions” be-
tween a sound source and the hearing aid, mounted on real
heads, as well as on different devices to model the human
head, and therefore no microphones were installed in the
devices.15 Nevertheless they suggested the use of a stan-
dard artificial head for measurements of hearing aids, an
idea that became a reality only about 15 years later when
KEMAR was introduced.

5. The sixties and seventies: New advances
in binaural technology

The sixties and seventies can be considered a golden age
for binaural technology. Numerous studies related to hu-
man hearing, transformation of sound signals due to the
human head and other elements were published and a large
number of more and more sophisticated artificial heads ap-
peared. This line of research also resulted in the first refer-
ence manikin, KEMAR, and Vorländer described this time
as the “KEMAR years” [84]. Along with their use in re-
search on sound modification and human sound percep-
tion, artificial heads and manikins also started to be used
in room acoustics, and in the development of hearing aids

15 They compared these transfer functions to the transfer functions mea-
sured by Wiener for transmission between a source and the entrance of
the auditory canal. Simple spheres (with and without pinnae), a box with
pinnae and a model of a human head were used, but the transfer func-
tions were found to be very different to those obtained when the hearing
aid was attached to a real head. They described their artificial head as
a plaster model of the head of one of their cooperators. As the authors
measured the transfer function between a sound source and the micro-
phone of the hearing aid, this mounted behind the ear, there was no need
to install microphones in the devices or to model an ear canal.

and other communication devices, such as headphones and
microphones.
In different studies related to the interaural time and in-

tensity differences with respect to localization and direc-
tional audiometry (e.g. [85, 86, 87]) and in research re-
lated to intelligibility [88, 89] Nordlund and colleagues
used different artificial heads made by the researchers out
of craniums and plastic material [85, 87] (Figure 10). The
heads developed used one-inch condenser microphones,
which were the standard microphones in artificial heads
until the 1980s. One of the heads (Figure 10a) also had
its microphones placed at the approximate position of the
eardrum, featuring also simulations of ear canals. This
head, described in [87], together with an ATF described
by Flottorp and Quist-Hannssen [57], is likely to be the
first ever to feature simulations of ear canals, which where
27mm in length and 7mm in diameter. Unfortunately the
authors do not give detailed information about the cou-
pling of the ear canals to the microphone capsules.
In 1966, Bauer et al. of the CBS laboratories [90, 91]

presented a manikin (Figure 11) based on anthropometric
data from seven astronauts16. The manikin was developed
for measurements of sound transmission through astronaut
helmets and testing of communication equipment, such as
headphones and microphones, to be used in spaceships.
For this reason, the manikin also had an artificial voice,
implemented using a loudspeaker.
According to Burkhard [92] the manikin of Bauer and

colleagues was also the first constructed in order to con-
sider the acoustic impedance of real ears. For this reason
pinnae and an ear canal were modelled and one-inch mi-
crophones were connected to the ear canal by an added
volume and an acoustical resistance (Figure 12). The ear
canal even allowed the insertion of small headphones. In
principle, the sound pressure level corresponding to that at
the eardrum of a real person was obtained, but by using an
electrical circuit the sound pressure level at the entrance
of the ear canal could be calculated, which was useful as
experimental data were usually obtained at the entrance of
the ear canal. Another electrical circuit was responsible for
weighting the sound pressure level with the equal loudness
curves of Fletcher and Munson, a procedure very useful at
a time when signal processing was still difficult.

16 The study of Torick, Bauer and colleagues was financed by NASA.
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Figure 11. The manikin developed by Bauer, Torick and col-
leagues [90].

Figure 12. The ear canal simulator used in the manikin developed
by Bauer, Torick and colleagues [90]. Cross-section and equiva-
lent electrical circuit.

Also, according to Burkhard [92] Kasten and Lotterman
used an artificial head in 1967 to study diffraction effects
on hearing aids that blocked the ear canal entrance. For
this reason they do not consider a simulation of the ear
canal for their head [93].

Figure 13. The artificial head developed at the Heinrich-Hertz
institute [95].

Damaske andWagner, from the third Institute of Physics
at Göttingen University, Germany, reported, in 1968, lo-
calization experiments using their own manikin [94].
In 1969, Kürer, Plenge and Wilkens, of the Heinrich-

Hertz Institute at Berlin’s Technical University presented
an artificial head that imitated even the human skull. Kürer,
Plenge and Wilkens stated that they also gave special at-
tention to the pinnae, these being copies of the pinnae
of one of the authors, made of elastic material. An ear
canal was simulated as well as the eardrum. The head used
Neumann omnidirectional condenser microphones KM83
21mm in diameter [95, 96, 97]. For reproduction Kürer
and colleagues recommended the use of free-field equal-
ized headphones.
In 1970, a German patent was filed for a system com-

prising the manikin and a set-up for reproduction with
loudspeakers and signal processing [96].
Also in 1969, the German company Sennheiser pre-

sented a manikin named “Oskar” at the International Ra-
diocommunications Fair in Berlin (Figure 14). It was
made especially for the recording of radio plays, and was
used later also for music recordings. The manikin was
equipped with omnidirectional condenser microphones,
including an imitation of an ear canal. The pinnae were
made by a dentist copying the pinnae of one of his col-
leagues, using an elastic material.
The manikins produced until this time were usually

manikins adapted from those used in department stores
(Firestone, Fletcher, DeBoer & Vermeulen, AKG), or in-
dividual products, in the latter cases normally copies of
the heads and often pinnae of one of the researchers (e.g.
Nordlund & Lidén, Sennheiser, Kürer et al.). For this rea-
son when reproducing the signals obtained modification
of the timbre and localization errors, such as front-back
confusion, in-head localization and up-down confusion,
occurred. And another big challenge was still to be over-
come, the definition and creation of a manikin that repre-
sented with sufficient fidelity an average adult and could
be standardized, as suggessted by Wansdronk [83].
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Figure 14. The manikin “Oskar” of Sennheiser. Courtesy Senn-
heiser.

Burkhard and Sachs, from Industrial Research Inc., a
subsidiary of Knowles Inc., were the first to use large-scale
anthropometric data to define the geometry of a manikin.
The development was pushed by the need for a device that
would properly account for diffraction effects of the hu-
man body in the evaluation of small hearing aids placed
on the head in proximity to the ear, a problem already con-
sidered by Wansdronk [83] using an artificial head.
Following this line they presented KEMAR (Figure 15)

in 1972, being principally developed for the evaluation of
hearing aids under in-situ conditions [92, 98, 99]. All ele-
ments that influence sound propagation from the source
to the eardrum were modelled based on anthropometric
data from male US-Air Force personnel. KEMAR could
also be equipped with an artificial ear, simulating the
impedance of a human ear properly. Even the impedance
of human skin was modelled as suggested earlier byWans-
dronk [83].
The ear simulator, optional for one or both ears, simu-

lated the impedance of the ear canal and eardrum for open,
partially occluded or totally occluded ear canals, an impor-
tant condition for the evaluation of hearing aids or other
sound sources that are close to the ear. Also, to study the
effect of different pinnae, KEMAR gained different sizes
of pinnae over the years, the first being in 1979 [100]. With
a geometry based on anthropometric data and simulation
of impedances KEMAR turned out to be the first represen-
tative manikin and was also adopted as a reference for in-
situ measurements of hearing aids according to IEC 959
- Technical Report - Provisional head and torso simula-
tor for acoustic measurements on air conduction hearing
aids [101]. Until today the head-related transfer functions

Figure 15. Kemar - the first representative manikin [98].

Figure 16. The Neumann KU80 artificial head, after www.drm-
berlin.de.

(HRTF ) of KEMAR [102] serve as references and can
be found on the Internet. In addition to the measurement
of hearing aids under in-situ conditions, Burkhard used
KEMAR back in 1978 for the measurement of headphones
and plug-type hearing protectors [103].
Based on the manikin of Kürer, Plenge and Wilkens

from Berlin’s Heinrich-Hertz-Institute [95, 97], German
microphone manufacturer Neumann presented their first
artificial head KU80 (Figure 16) in 1973 at Berlin’s In-
ternational Radiocommunications Fair17 [104, 105]. The
head used the same KM83 microphones as the head of
Kürer et al. and had a mechanically achieved free-field
equalization.
Researchers from Oldenburg’s University, developed

several variations of artificial heads in the 1970s [106, 107,
108], reporting also the idea of implementing an equaliza-
tion independent of the sound incidence direction [108].
Another artificial head, especially intended for non-

professional use, was launched on the market in 1973/
1974 by the German branch of the Austrian AKG. The

17 In German: Internationale Rundfunkausstellung.
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model D99c, also called “Harry”, was geometrically ex-
tremely simplified and used dynamic microphones instead
of condenser ones, which were common in the other heads.
With several artificial heads on the market, they were

also used by professionals in the audio sector. Beginning
with Berlin’s International Radiocommunications Fair in
1973 the heads were then used for radio-plays [109, 110].
The radio-plays recorded in this way were a success, in
contrast to the Dutch attempt in the late 1940s, and later
music was also recorded using the same technique.
However, some problems still occurred with the bin-

aural recordings, these being noted particularly by radio-
engineers and sound technicians. One problemwas the low
signal-to-noise ratio of the recording system, especially
noticeable when using headphones for reproduction. Us-
ing loudspeakers the problem was minor, but the binaural
signals were not readily compatible with loudspeaker re-
production, giving rise to cross-talk and also to changes in
timbre as the signals are likely to be influenced twice by a
head-related transfer function; firstly between the original
source and the recording head and secondly between the
virtual source (loudspeaker) and the head of the listener.
With headphone cross-talk was not an issue, but alter-

ation of the timbre still needed to be prevented. One of the
greatest problems in headphone reproduction was a large
error in the localization of the sound event. For example,
errors such as front-back confusion (sources recorded at
the front were heard in the rear) gave rise to a “black
hole” in front of the listener. This was heavily criticized
by recording engineers as the orchestra or band musicians
who were at front of the recording head were perceived
by the listener to be at the rear upon reproduction. Other
issues were up-down confusion and errors in distance per-
ception, the latter giving rise also to in-head localization.
All of these issues were not new; front-back-confusion
had been reported in the 1930s by persons who had lis-
tened to signals recorded by Fletcher’s “Oscar”. In the
1970s recording engineers concluded that the dummy head
recording technique is better suited for some types of mu-
sic, orchestras and rooms than others [111, 110]. Facing
such hard criticism, Wilkens claimed that the objective of
the development of dummy heads was to find a way to
evaluate different concert halls without the evaluator being
physically present in the concert hall and that localization,
especially front-back-localization, is of minor importance
to this aim [110].
Even with the reported problems, very much discussed

in the 1970s, recording engineers and also amateurs
showed great interest in making binaural recordings. To
attend the demand at a reasonable price several manufac-
turers from the audio branch launched and patented bin-
aural recording equipment, such as JVC, Sennheiser and
Sony. A combination of headphones and microphones to
record binaurally and to reproduce the recording immedi-
ately was patented in 1970 by Usami and Kato [112] and
commercialized, for example, by JVC as the HM-200E
binaural headphone / microphone combination. It com-
bined circumaural closed headphones with electret micro-

Figure 17. The AKG D99c artificial head. Courtesy AKG.

Figure 18. View of the left earphone of the binaural headset
patented by Usami and Kato, showing the electret capsules (1)
position in the simulated pinnae (4L, 9L, 20L) of the earphone
[112].

phone capsules to obtain “binaural” signals. As one can
see in Figure 18 the capsules were mounted in an approx-
imated pinnae molded into the outer shell of the head-
phones.
Sennheiser launched in 197418 a binaural microphone

headset, the MKE-2002, often referred to as the first one
ever. It was similar to a stethoscope and made binaural
recordings possible when used on a person’s head or on
the optional plastic head, as shown in Figure 19a. The pre-
polarized electret microphones were placed in the cavum
conchae (meatus acusticus externus) according to Fig-
ure 19b.
A device patented by Yasuda [114], on behalf of Sony,

featured two microphones with windscreens to be placed
on a listener’s head, or a plastic head (Figure 20).
In addition to this equipment many persons interested

in audio recording started to made their own “binaural”
recording equipment, such as heads and headsets, and

18 The patent was granted in 1976 [113].

776



Paul: Binaural recording technology ACTA ACUSTICA UNITED WITH ACUSTICA
Vol. 95 (2009)

(a)
(b)

Figure 19. The MKE-2002 binaural microphone headset [113].
Courtesy Sennheiser. (a) Mouted on the plastic head, (b) detail
of the positioning of the microphone.

Figure 20. Binaural microphone patented by Yasuda, using two
electret microphone capsules (3) and two windscreens (1) [114].

many manuals for the construction of a home-made arti-
ficial head can still be found on the Internet. In spite of the
interest by audio amateurs the systems commercialized by
JVC, Sennheiser or Sony were discontinued after a few
years.
To circumvent the problems related to binaural technol-

ogy many studies were developed in the 1970s. Laws et
al. [115] used probe-microphones, as previously used in
1946 [116, 117], to obtain signals that corresponded as
closely as possible to the signals at the eardrum of a lis-
tener. They showed, using the most precise microphones
available, that not only the presence of the shoulders and
torso, but also the sufficiently exact simulation of the pin-
nae, was important for a true-to-original sound image and
to reduce errors in localization and distance perception.
Therefore, two additional details, important for truly bin-
aural signals, have been identified. Also, the need for a cor-
rect and exact equalization of the whole recording and re-
production chain becomes evident, as well as the require-
ment for a lower signal-to-noise-ratio. As a result of the

Figure 21. The wooden artificial head made by Kleiner [120].

investigations in 1977 Laws et al. presented the IENT77
recording head [118, 119].

Kleiner [120] compared commercially available sys-
tems for binaural recording (Sennheiser MKE-2002, AKG
D99c and Neumann KU80) with his own wooden artifi-
cial head. The head build by Kleiner (Figure 21) featured
pinnae made of soft silicone rubber, these being copies of
the human pinnae, and the position of the 1/2-inch mi-
crophone in the ear canal was variable. As an output of
his work Kleiner suggested that an artificial head should
have the microphones placed in the plane of the concha,
but acknowledged that the then available half-inch micro-
phones still presented too much background noise for this
purpose. He also built ten artificial heads out of expanded
polystyrene foamwith the microphones placed in the plane
of the concha. These heads were used for sound pick-up in
the Stockholm concert hall, which was the objective of the
development of many artificial heads and manikins at that
time [110].

Also, Conant [121], from the famous Bolt Beranek
and Newman Inc., published an article in 1978 report-
ing the use of a manikin called SAM (simulated audi-
tory manikin) together with a system of analysis to ob-
tain the binaural impulse response of a room as well as
to make recordings of a virtual orchestra, the latter repro-
duced by a loudspeaker in the room. Signals were then
reproduced by headphones. The manikin, particularly the
head and the pinnae, were copies from Conant’s own head
and pinnae, but according to Conant the pinnae simula-
tion could be changed easily. The microphones were 1/2-
inch condenser microphones with free-field equalization,
placed in the pinnae without a simulation of the ear-canal.
Conant also reported the equalization of the headphones to
be used, placing them on the manikin.
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Figure 22. The manikin SAM used by Conant [121].

6. The eighties: Industrial applications

In the 1980s the interest in recording and measuring tech-
nical sound, such as in automobiles, binaurally was in-
creasing. But the recording equipment at this time was not
ready for such use, suffering principally from a limited dy-
namic range, low frequency sounds in a driving vehicle
can achieve easily 120 dBlin, and a low signal-to-noise-
ratio.
Furthermore, for the measurement or analysis of re-

corded signals at this time, it was required that the results
would be comparable to the results from signals obtained
with measurement microphones. This somewhat paradoxi-
cal requirement was achieved by equalization of the signal
before analysis or storage, removing totally or partially the
influence of the manikin or head on the signals. Naturally,
for headphone reproduction, this must be replaced again.
One of the results of the studies carried out in the 1970s

was the presentation of the KU81 artificial head by Neu-
mann GmbH in 1981. The KU81, especially developed
for use in the broadcasting industry [122], was based on
the KU80 and prototype heads from the Institute of Radio
communications in Munich and Bochum’s Ruhr Univer-
sity (Figure 23).
After a detailed description [123, 124, 125, 126, 105]

the new head passed through two stages of development.
First, the one-inch microphones that were used in the
KU80 were replaced by smaller prepolarized electret mi-
crophones [123], reducing in this way the roll-off in the
frequency response at high frequencies, due to the cou-
pling of the larger one-inch microphones to the ear canal.
The pinnae of the KU81 were chosen according to a cri-

Figure 23. The KU81 prototype head from Bochum’s Ruhr Uni-
versity. Courtesy: J. Blauert.

terion of minimal difference of the resulting HRTF from
the mean of the HRTFs of different persons. Also, the po-
sition of the pinnae was modified. In a second stage, the
one-inch microphones were used again, due to the better
signal-to-noise ratio. The roll-off problem at higher fre-
quencies was then dealt with by a refined coupling of the
microphone to the ear canal, using additionally a tuneable
resonator [125, 126]. The coupling device was also re-
sponsible for the new diffuse-field equalization, instead of
the free-field equalization used in the former KU80, seek-
ing better compatibility with signal reproduction by loud-
speakers or diffuse-field equalized headphones [122].
Between 1980 and 1982, Genuit et al. from Aachen

University Institut für elektrische Nachrichtentechnik (In-
stitute for Telecommunications), developed, in collabora-
tion with a German car manufacturer, a binaural record-
ing and measurement system, originally called IENT 81
and described in detail in [127, 128, 129]. The system
(Figure 24) was designed principally for the measure-
ment, recording and later reproduction of technical sounds
via headphones, and was based on the manikin developed
by Laws and Platte [118, 119] from the same institute.
It featured a human-like geometry and pinnae, and used
1/2 inch B&K condenser microphones connected to an
ear canal only 4mm in extension19. It also incorporated
some new features, particularly those required for cali-
brated measurements and reproductions [128, 129]. The
system was later called AachenHead or HMS I [130] and
was first patented in 1983 [128, 129]. The IENT81 and
also the first HMS I had only a free-field equalization in-
terface [27, 130], in contrast with the Neumann KU81
head, which used diffuse-field equalization, because in the
HEAD-acoustics system preference was given to head-
phone reproduction and comparability with single micro-
phone signals. Later, the system also gained what was
called an independent-of-direction equalization, offsetting

19 Only the first 4mm of the ear canal, seen from the pinna, were mod-
elled. This first part of the ear canal still accounts for direction-dependent
modifications of the sound waves and must therefore be modelled physi-
cally.

778



Paul: Binaural recording technology ACTA ACUSTICA UNITED WITH ACUSTICA
Vol. 95 (2009)

Figure 24. The IENT81, later HMS I, measurement system devel-
oped at IENT Aachen and commercialized by HEAD-acoustics.
Courtesy: HEAD-acoustics.

only pinnae effects that are independent of direction. In
this way, the signals are no longer directly comparable
with single microphone signals.

In the mid-80s another manikin, called IENT84 or
HMS II was developed. It was based on studies by Genuit
[131, 132, 133] on the simplification of the sound modi-
fying elements. In his studies Genuit simplified the geom-
etry of the shoulders, the head and the pinnae with sim-
ple and mathematically describable geometric elements.
The dimensions of a prototype of the new manikin, a head
and shoulder simulator (Figure 25a), were based on an-
thropometric data from seven persons selected by Genuit
[132, 84].

The dimensions of the HMS II, also featuring head and
shoulder simulation, were then based on anthropometric
data from Genuit and Essen University [27, 134], but in or-
der to conform with standards such as IEC959 some mod-
ifications to the outer dimensions were necessary, result-
ing in their reduction. The approach of the simplification
of the elements of the manikin was maintained in order
to obtain a representative manikin that could be standard-
ized more easily and to a greater extent than human-like
manikins such as KEMAR. Also, the new manikin had
a well-defined ear canal entry point. This standardization
was thought to provide the possibility to compare strictu-
sensu signals from telecommunication devices in accor-
dance with ITU-T, even though the signals would not cor-

(a)

(b)

Figure 25. The manikins developed at IENTAachen. (a) Genuit’s
prototype manikin, (b) HMS II.

respond exactly to those obtained at the eardrum of a real
person.
The new manikin initially featured a shortened ear canal

4mm in extension and provided two equalization inter-
faces, a free-field and an independent-of-direction equal-
ization [135, 130].
A similar approach using simplification of geometric

structures was taken for the torso and head of the manikin
4128 (Figure 26) designed by Brüel&Kjær [136].
For the B&K manikin human-like pinnae, ear simula-

tors (IEC 711 and ANSI S3.25) and an artificial voice
were available, qualifying the manikin for close-to-the-
ear sound sources and communication devices. According
to Minnaar et al. [137] the 4128 thus complies with the
acoustical requirements of IEC 959 and both acoustical
and geometrical requirements of ITU-T P.58. In the be-
ginning, B&K was very cautious about the success of the
manikin 4128, in the 1986 product catalogue the manikin
still features as a tentative model [136], probably because
B&K also offered other, more traditional, systems for the
evaluation of telecommunication devices, the 3356 and
3357 [136]. The manikin came without any equalization,
instead B&K provided the free-field transfer function for
sound-incidence from the front, so equalization had to be
provided externally, if required.
An interesting study was the development of a 1:10

scale manikin for measurement of the binaural impulse re-
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Figure 26. Brüel&Kjær’s first manikin 4128 [136].

(a)

(b)

Figure 27. Scaled artifical heads or manikins. (a) Els’ 1:10 scaled
minikin. Courtesy: H. Els, (b) Fasold’s 1:20 scaled artificial
head, after [141].

sponse in scale models for room acoustics [138, 139, 140].
The big challenge was the production of the scaled pinnae,
accomplished by cutting a replica of the full-scale pinna of
a KU80 into slices, copying the slices in copper foil while
simultaneously reducing their size, then etching the slices
out of the foil, and finally reassembling them in a minia-
turized pinna. The microphones used were 1/4 inch capac-
itive ones, coupled to an ear canal 2mm in extension with
a small cavity. A very detailed description of this work can
be found in [140].

Figure 28. The artificial head made in Japan [142].

Another scaled “artificial head” was used by Fasold et
al. (cited by Rindel [141]) in room acoustics scale mod-
els used in the reconstruction of Dresden’s famous Sem-
per opera house. The head was a 1:20 scale model, and
thus extreme simplification was required. The finite size
of the microphones resulted in extremely simplified “pin-
nae” that are large compared to the “head” as one can see
in Figure 27.
For binaural recordings in automobiles Japanese re-

searchers also made a rather simple artificial head out of a
styrofoam head in around 1985 (Figure 28). According to
Takao and Hashimoto [142] the styrofoam head was cov-
ered with a mixture of clay and paper and the pinnae were
made of silicone, using molds of real ears. Also, an ear
canal was modelled and Sony electret microphones ECM
44B were installed at the position of the tympanic mem-
branes.
An invention called holophonics was patented in 1982

by the Argentinian Hugo Zuccarelli. The invention is very
popular on the Internet, but was never published in any
scientific journal and on examining the patent application
[143] many doubts arise and the errors are obvious. It
could be considered that the whole issue is merely a mar-
keting exercise.

7. The nineties: Refined products and new
ideas

Even with the advances made between 1960 and end of the
1980s challenges were still present.
Manufacturers that already offered manikins and ar-

tificial heads, such as Brüel&Kjær, HEAD-acoustics,
Knowles and Neumann, continued to improve their prod-
ucts, for instance, by implementation of digital signal pro-
cessing.
Brüel&Kjær introduced the 4100, which, contrary to

the 4128, did not have a complete simulation of the ear
canal but only a shortened ear canal 4mm in length. Other
features on the 4100 were a jacket, to simulate sound
absorption of clothing, and an adjustable neck ring. An-
other manikin of the Danish company, the 5930 was also
known as BK Pro Audio [144], and was intended for sound
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recording. It did not have a simulation of the ear canal and
larger microphone capsules (BK 4009 studio microphones
[144]) were mounted nearly flush with the ear canal en-
trance.
German manufacturer HEAD-acoustics started to of-

fer versions of its manikin for sources close to the ear,
such as version HMS II.4n with an ear simulator in accor-
dance with IEC711 and human-like pinnae. Also, a ver-
sion called HMS II.3 was available in 1991, featuring an
ear simulator and human-like pinnae based on the ITU-T
P.57 Type 3.3 artificial ear, or simplified pinnae based on
the ITU-T P.57 Type 3.4 artificial ear 20, and an artificial
voice.
Later, the HMS III family was introduced, differing

from the HMS II due to its digital signal processing, a new
third diffuse-field equalization interface and an electronic
auto-calibration. In addition to the HMS family, which
was a complete system with build-in signal conditioning,
a HSU product line was later offered, these products not
offering signal processing (AD-conversion and equaliza-
tion) in the manikin.
Other companies such as the German-based Cortex In-

struments21, started to offer manikins. The MK1, the com-
pany’s first model, had a human-like head and torso geom-
etry as shown in Figure 29, and pinnae based on IEC 959
and ITU-T P.58, but no complete ear simulator. The
manikin also featured a tilting mechanisms for the head
and torso that allowed for different inclinations. Equal-
ization was carried out digitally, allowing for different
curves such as free-field, diffuse-field and independent-of-
direction22. Also, various manikins could be cascaded, and
a Sennheiser HE60 electrostatic headphone was offered to-
gether with a headphone amplifier build into the manikin.
Even with the considerable number of manikins and

heads available on the market research continued, espe-
cially in facilities related to acoustics.
The scaled head developed by Els [138] (Figure 27) was

modified and improved by Xiang [145, 146, 147] using
a slightly modified geometry for the head and torso and
more precise pinnae simulations.
For hearing protector evaluation, commercially avail-

able artificial heads continued to be used [148, 68, 149],
besides the heads especially developed for this purpose.
Another use was the evaluation of emissions to the ear
from headphones [150].
All of the signals obtained using modern heads and

manikins based on anthropometric data and in accor-
dance with IEC 959 and ITU-T P.58 still suffered alter-
ations in timbre and false auditory impressions in some
subjects. Møller et al. [151, 152] published an extensive
study comparing KEMAR, KU80, KU81, HMS I, HMS II,

20 The simplified pinnae were incorporated into ITU-T P.57 as Type 3.4
artificial ear in 1996.
21 Today part of 01dB, French Areva group.
22 Cortex had to withdraw this equalization later as it was subject to a
patent application of HEAD-acoustics.

Figure 29. The MK1 of Cortex Instruments.

B&K 4128 and the Toronto head23, and found consider-
able localization problems in the median plane (front-back
confusion), in-head localization and up-down confusion.
Anatomical differences between the manikins or artificial
heads and the listener, especially regarding the pinnae,
were once again found to be responsible, especially in the
case of manikins that are geometrically simplified. Since
any approach using the mean of anthropometric data only
is unlikely to resolve this problem, other solutions were
sought. Leckschat, Schmitz and colleagues [153, 154],
from the Institute of Technical Acoustics at Aachen Uni-
versity, developed a manikin (Figure 30) with the dimen-
sions chosen according to a best localization performance
criterion. In this approach the head-related transfer func-
tions - HRTFs - of many people were analyzed and used
in localization tests. The HRTF that provided the best lo-
calization performance for a large number of persons was
then chosen and the manikin was build based on the person
the chosen HRTFs pertained to. The manikin developed in
this way, with its different versions of signal processing, is
commercialized by the Institute of Technical Acoustics at
Aachen University.
The German manufacturer Neumann took a similar ap-

proach in the development of the KU100 (Figure 31), pre-
sented at the end of the 1990s. The KU100 had a simpli-
fied head geometry and the ear canal was reduced to 4mm
length, improving also the transmission characteristics at

23 The Toronto head was especially developed for hearing protector mea-
surements [58, 59].
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Figure 30. The best-matching manikin of Schmitz et al. Cour-
tesy: ITA, Aachen.

higher frequencies. The pinnae were chosen according to
a best localization performance criterion, and mirrored in
order to provide symmetry. The position of the pinnae
on the head also changed. Diffuse field equalization was
maintained, but digital signal processing was now used,
also improving the dynamic range. The microphones used
in the KU100 were Neumann KK83 condenser capsules,
21mm in diameter.
The manikin from the Aachen Institute of Technical

Acoustics and the Neumann head were the first which, in-
stead of representing an average listener and strictly fol-
lowing standardization, modelled a listener with high lo-
calization performance. This type of manikin or artificial
head was thus called “best-matching head”.
At the end of the 1990s the Acoustics group from Aal-

borg University, Denmark, developed a manikin called
Valdemar (Figure 32) [155, 137, 156]. The manikin was
developed considering HRTF measurements as well as an-
thropometric data. In the measurements the HRTF was
split into an auriculum (pinna) transfer function (ATF) and
a remaining head and torso transfer function (HTTF). The
manikin’s pinnae were modelled based on both the best
matching and the best localization performance criteria.
The whole manikin was symmetrical and the 1/2-inch mi-
crophones were positioned at the end of a short 4mm ear
canal. As one can see in Figure 32 and also on Genuit’s
prototype head (Figure 25a), the position of the head with
respect to the torso is very natural, being more toward the
front. In this way, the contribution of the shoulder reflec-
tions are more similar to those found in reality.
The Valdemar and the manikin of the Institute of Acous-

tics at Aachen University, which were developed based on
a best-matching concept and were not in accordance with
IEC 959 and ITU-T P.58, provided signals that were rated
as the best obtained in localization experiments carried out

Figure 31. The KU100 of Neumann. Courtesy: Neumann.

Figure 32. The prototype and the final Valdemar manikin from
Aalborg [155].

by Minnaar et al. [137] as an extension to the work of
Møller et al. [151, 152].

8. Current equipment and possible future
developments

Apart from new products, the new millennium opens a
larger discussion on the standardization or individualiza-
tion of binaural recording equipment. Standardization is
favored particularly in industry to allow the comparison of
data obtained using different artificial heads or manikins.
In contrast, individualization of recording equipment is be-
ing discussed by some researchers as a solution for prob-
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Figure 33. Parametric manikin developed to represent children
aged 3 to 7 years.

lems such as low localization performance in binaural
recordings.
Since the start of the new millennium some manufac-

turers have revived the idea of offering binaural head-
sets. Among the products offered one can find the high-
precision probe microphone solution BHM III of HEAD-
acoustics that obtains the sound pressure at the entrance of
the blocked ear canal. A simpler solution is B&K’s 4101,
which has prepolarized electret microphones to be inserted
into the entrance of the ear canal, facing outward [157,
158]. Also, HEAD-acoustics and 01dB offer headphone-
microphone combinations for binaural recordings. In both
cases, electret capsules are installed in supraural head-
phones. Lokki et al. revived the binaural telephone sys-
tem, presenting small intraural microphones, with addi-
tional microphones facing outward from the pinnae of the
user [159].
Most manikins offered currently (01dB-Metravib MK2;

Brüel & Kjær 4100, 4128; HEAD-acoustics HMS III/IV,
HSU III, G.R.A.S. KEMAR) follow standards such as
IEC 959, ANSI S.3.36-1985 and ITU-T P.58 [160]. Oth-
ers (Neumann KU100; manikin ITA Aachen, Valdemar)
do not, however, they offer better localization performance
when signals are heard. However, even the signals ob-
tained with the different standardized manikins at their mi-
crophones can not be compared strictu-sensu due to all
differences in their geometry resulting in differences in
the HRTFs (see e.g. [161, 151, 162, 152, 137, 163]), even
though they comply with the tolerances established in the
standards for frequency response (e.g. [101, 164]).
There are also manikins and heads specifically designed

for measurements, featuring an ear simulator, and those
principally made for recordings, without an ear simulator.
The lack of the possibility to compare the data obtained
with different equipment presents a considerable problem.
Since the mid-1990s a working group (DIN A2 AK8) at

the German Institute for Standardization have carried out
extensive comparisons of different manikins [162, 165]
and based on their work the idea of a standardized shell
for manikins was born [166]. The standardized shell was
proposed because the differences could not be handled
electronically as they are dependent on the direction of
the sound incidence. According to Fastl [166] the idea re-
ceived a good reception among manufactures and users
and an international working group was proposed.

Considering the differences between the human form
and the manikins which comply with the current stan-
dards, it became evident that other manikins are required
to evaluate, for instance, hearing aids for children or for the
evaluation of class-room acoustics [167]. Fels, from the
Institute of Acoustics at Aachen University, investigated
the changes in HRTFs and the impedance of the hearing
systems of growing children [168, 169, 170]. From the
anthropometric data of children of different ages numer-
ical models and real models of artificial heads for chil-
dren aged six months and between 3 and 7 years were
obtained, and the HRTFs were compared to those of Ge-
nuit’s manikin (Figure 25a). It was clearly evident that the
HRTFs of children and adults are very different, highlight-
ing the need to develop artificial heads especially for ap-
plications that have children as listeners.

Furthermore, with the anthropometric data collected by
Burandt et al. [134] it becomes evident that anthropomet-
ric dimensions of persons in the 1980s in Europe were
different from the 1960s data used for the development
of KEMAR and adopted in the IEC 959, ANSI S.3.36-
1985 and ITU-T P.58 standards. This difference is also
partially reflected in the fact that best-matching heads and
manikins have geometrical dimensions which are not in
accordance with these standards. In this context Genuit
also presented a compilation of anthropometric data from
different sources [164].

Considering these discrepancies and the need for dif-
ferent adult and child heads a review of the standards and
a new generation of artificial heads have been proposed
[166, 171].

Since 2007, the development of an international project
to provide a new standard for a family of artificial heads,
possibly a child and an adult head, [171] has been under
discussion. Such a family might be an adequate compro-
mise between standardization and individualization of bin-
aural recording equipment. A working group (EAA TC-
PPA WG124) is active under the guidance of Prof. M Vor-
länder and Dr. J. Fels. In this context anthropometric stud-
ies and the use of standardized and simplified outer shells
have been proposed [172, 164]. At the same time an-
other working group (IEC TC29 Electroacoustics WG21
Ear and Head Simulators) is studying an update of the
IEC60959 [101].

24 The forum of this working group can be found at http://www.eaa-
fenestra.org/technical-committees/ppa/workgroups/wg1
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9. Summary

In this paper, the development of binaural recording tech-
nology within the last 100 years has been described and
discussed. The precise time of the appearance of the first
manikin or artificial head can not be defined exactly, due to
the lack of original sources and due to the question of what
exactly can be considered an artificial head or manikin.
The period of 1880 up to 1930 can be considered the initial
phase of development of binaural recording devices, with
the inventions of Goehner, Jones, Firestone, and Fletcher.
The manikin of DeBoer and Vermeulen marks a transition
to a second phase, and the years 1960 to 1970 can be con-
sidered an extremely fruitful phase with accelerated devel-
opment of the technology, important advances related to
concepts like HRTF and significant new knowledge gained
regarding the function of the pinnae. Since the 1980s bin-
aural technology has been maturing and very probably we
will see new developments and even advances in standard-
ization in the near future.

Acknowledgements

I’m very grateful to Prof. Michael Vorländer and Dr.
Janina Fels, from the Institute of technical Acoustics at
Aachen university, where I found most of the bibliographic
material used for this article and was introduced to the
manikins shown in Figure 25a, 30 and 33. I am also in-
debted to many persons who provided articles, informa-
tion and pictures, such as Prof. Dr. Maempel, Dr. H. Els,
Prof. Dr. J. Blauert, Prof. A. Lenzi, Gary Elko, Prof. Jont
B. Allen, Dr. T. Fedtke, and Mrs. Lone Engen, and to
the manufacturers AKG, HEAD-acoustics, Neumann and
Sennheiser. Finally, I would like to thank the two review-
ers who gave valuable comments on the content.

References

[1] N. Wade, D. Deutsch: Binaural hearing. Before and after
the stethophone. Acoustics Today 4 (2008) 16–27.

[2] C. Wheatstone: Experiments on audition. Quarterly Jour-
nal of Science, Literature and Art 24 (1827) 67–72.

[3] H. Dove, A. Röber, F. Strehlke: Repertorium der Physik -
3. Band. Veit & Comp., 1839, 404.

[4] H. Dove: Über die Combination der Eindrücke beider
Ohren und beider Augen zu einem Eindruck. Monats-
berichte der Berliner preussichen Akademie der Wis-
senschaften 41 (1841) 251–252.

[5] A. Seebeck: Repertorium der Physik. Vol. 8. Veit &
Comp., 1844.

[6] A. Steinhauser: The theory of binaural audition. Phil.
Mag. 7 (1877) 181–197, 261 – 274.

[7] S. Thompson: On binaural audition. Phil. Mag. 4 (Juli-
Dez. 1877) 274–276.

[8] S. Thompson: Phenomena of binaural audition. Phil. Mag.
6 (1878) 385.

[9] S. Thompson: On the function of the two ears in the per-
ception of space. Phil. Mag. 13 (1882) 406–416.

[10] J. W. S. Rayleigh: The theory of sound 2 (1945) 504.

[11] R. Kinns: Binaural source location. Journal of Sound and
Vibration 44 (1976) 275–289.

[12] A. Bell: Experiments relating to binaural audition. Am. J.
Otol. (1880).

[13] A. Blumlein: Improvements in and relating to sound-
transmission, soundrecording and sound-reproducing sys-
tems. British Patent 394,325, 1933. application 1931 Dec.
14; granted 1933 June 14, partially reprinted in J. Audio
Eng. Sec., vol. 6, pp. 91-98, 130 (1958 Apr.).

[14] K. Hammer, W. Snow: Binaural Transmission System at
Academy of Music in Philadelphia. Memorandum MM-
3950, Bell Laboratories, Nov. 1932.

[15] H. Fletcher, L. Sivian: Binaural telephone system. US
Patent 1.624.486, Apr. 1927.

[16] F. Firestone: The phase difference and amplitude ratio at
the ears due to a source of pure tone. J. Acoust. Soc. Am.
2 (1930) 260.

[17] K. de Boer, R. Vermeulen: Eine Anlage für einen Schwer-
hörigen. Philips Technische Rundschau 4 (1939) 329–
332.

[18] W. Snow, C. Santa Monica: Basic principles of stereo-
phonic sound. IRE Transactions on Audio, 1955, 42–53.

[19] E. Hospitalier: The telephone at the Paris Opera. Scientific
American 45 (Dez. 1881) 422–423. http:// earlyradiohis-
tory.us/1881opr.htm.

[20] T. D. Moncel: Le tèlèphone. – In: Bibliothèque des mer-
veilles. Librairie Hachette, Paris, 1887, 117–127. http://
histv2.free.fr/theatrophone/ader.htm.

[21] B. Hertz: 100 years with stereo: The beginning. J. Audio
Eng. Soc. 29 (1981) 368–372.

[22] R. W. Burns: Communications: An international history
of the formative years. Institution of Electrical Engineers,
2003.

[23] H. A. Frederick: The development of the microphone. Bell
telephone quarterly X (1931) 164–188.

[24] H. A. Frederick: The development of the microphone. J.
Acoust. Soc. Am. 3 (Juli 1931) 1–30.

[25] T. Crook: Radio drama: Theory and practice. Routledge,
1999, 296.

[26] J. Leonhard, H. Ludwig, D. Schwarze, E. Strabner (eds.):
Medienwissenschaft: Ein Handbuch zur Entwicklung der
Medien und Kommunikationsformen. Walter de Gruyter,
2001, 900.

[27] K. Genuit, H. Gierlich, W. Bray: Development and use
of binaural recording technique. Proc. of the 89th AES
Convention, 1990.

[28] D. Stahl: Kunst-Kopfstereophonie. – In: Medienwissen-
schaft, vol.2, J.-F. Leonhard, H.-W. Ludwig, E. Strabner
(eds.) Walter de Gruyter, 2001, Ch. 125, 1377–1386.

[29] L. Beranek: Loudspeakers and microphones. J. Acoust.
Soc. Am. 26 (1954) 618 – 629.

[30] B. Miessner: Comments on the invited paper “Loudspeak-
ers and microphones” by Leo Beranek. J. Acoust. Soc.
Am. 27(2) (1955) 381.

[31] D. Johnson, D. Dungeon: Array signal processing: Con-
cepts and techniques. Prentice Hall, 1993.

[32] H. Lamson: The use of sound in navigation. J. Acoust.
Soc. Am. 1(3) (1930) 403–409.

[33] S. Fletcher: Harvey Fletcher 1884-1981 A biobliographi-
cal memoir by Stephen H. Fletcher. Memoir, 1992.

[34] F. Doolittle: Sound-recording and sound-reproducing and
locating apparatus. US Patent 1817177, 1931.

784

http://www.ingentaconnect.com/content/external-references?article=0001-4966()2L.260[aid=8889160]
http://www.ingentaconnect.com/content/external-references?article=0001-4966()2L.260[aid=8889160]
http://www.ingentaconnect.com/content/external-references?article=0001-4966()26L.618[aid=8889158]
http://www.ingentaconnect.com/content/external-references?article=0001-4966()26L.618[aid=8889158]
http://www.ingentaconnect.com/content/external-references?article=1557-0215()4L.16[aid=8889156]
http://www.ingentaconnect.com/content/external-references?article=0001-4966()1L.403[aid=8889155]
http://www.ingentaconnect.com/content/external-references?article=0001-4966()1L.403[aid=8889155]
http://www.ingentaconnect.com/content/external-references?article=0022-460x()44L.275[aid=8889166]
http://www.ingentaconnect.com/content/external-references?article=0022-460x()44L.275[aid=8889166]
http://histv2.free.fr/theatrophone/ader.htm
http://histv2.free.fr/theatrophone/ader.htm
http://earlyradiohistory.us/1881opr.htm
http://earlyradiohistory.us/1881opr.htm


Paul: Binaural recording technology ACTA ACUSTICA UNITED WITH ACUSTICA
Vol. 95 (2009)

[35] F. Doolittle: Useful improvement in radiotelephony. 1924.

[36] F. Doolittle: Binaural broadcasting. Electrical World
(1925).

[37] H. Sherman: Binaural sound reproduction at home. J. Au-
dio Eng. Soc. 1 (Jan. 1953) 142–146.

[38] M. Ericson, W. D’Angelo, E. Scarborough, S. Rogers, P.
Amburn, D. Ruck: Applications of virtual audio. Proceed-
ings of the IEEE 1993 National Aerospace and Electronics
Conference (NAECON), 1993, 604–611.

[39] W. Jones: Method and means for the ventriloquial produc-
tion of sound. U.S. Patent 1855149, 1932. filed April 13,
1927.

[40] Minutes of the New York meeting, February 22-23, 1929,
Joint Meeting with the Optical Society of America. Phys.
Rev. 33 (Apr 1929) 631–641.

[41] H. Fletcher: An acoustic illusion telephonically achieved.
Bell Laboratories Record 11 (1934) 286–289.

[42] TV-Interview with Harvey Fletcher, 1963. available at
http://auditorymodels.org/jba/BOOKS_Historical/
FletcherVideo/, last access on 28.02.2008.

[43] R. Snyder: History and development of stereophonic
sound recording. J. Audio Eng. Soc. 1 (1953) 176–179.

[44] R. Tinkham: Stereophonic recording equipment. Trans-
actions of the IRE Professional Group on Audio 1 (1953)
13–15.

[45] W. Kock: Binaural localization and masking. J. Acoust.
Soc. Am. 22 (Nov. 1950) 801 – 804.

[46] J. Klepko: 5-channel microphone array with binaural-head
for multichannel reproduction. Dissertation. Faculty of
Music, McGill University, Montreal, 1999.

[47] D. Begault: Auditory and non-auditory factors that poten-
tially influence virtual acoustic imagery. AES 16th Inter-
national conference on Spatial Sound Reproduction, 1999.

[48] J. Alexander Jr.: A co-op design student in the 1940s. Liv-
ing History Interviews, 2008. availabe at http://
www.idsa.org/whatsnew/sections/dh/interviews/
alexander_jim.html, last acessed 24.08.2008.

[49] J. Steinberg, W. Snow: Auditory perspectives – Physical
factors. Stereophonic Techniques (1934) 3–7.

[50] H. Fletcher: Stereophonic sound film system – General
theory. J. Acoust. Soc. Am. 13 (1941) 89–99.

[51] S. W. Fernberger: Perception. Psychological Bulletin 38
(1941) 432–468.

[52] L. Rosenberg, A. Slavinsky: Measurements of the direc-
tional properties of the ear carried out with a dummy.
Comtes Rendues Acad. Sci. U.R.S.S. 26 (1940) 578–580.

[53] I. Langmuir, V. Schaefer, C. Ferguson, E. Hennelly: A
study of binaural perception of the direction of a sound
source. Tech. Rept. OSRD, 1944. PB No. 31014 (avail-
able through the Office of Technical Services, U.S. De-
partment of Commerce, Washington 25, D.C.).

[54] L. Holt: The German use of sonic listening. J. Acoust.
Soc. Am. 19 (1947) 678 – 681.

[55] U. S. W. Office: Coast artillery field manual - Antiaircraft
artillery – Position finding and control antiaircraft search-
lights. 1940.

[56] E. Dickson, D. Fry, G. Swindell, R. Brown: A suggested
method for measuring the attenuation of sound by flying
helmets. J. Laryng. Otol. 61 (1946) 221–240.

[57] G. Flottorp, G. Quist-Hanssen: The effect of ear protectors
against sound waves from explosions. Acta Oto-laryngol
Suppl 158 (1960) 286–294.

[58] H. Kunov, S. M. Abel, C. Giguère: An acoustic test fixture
for use with hearing protective devices. Tech. Rept. Insti-
tute of Biomedical Engineering, University of Toronto and
Silverman Hearing Research Laboratory, Toronto under
contract of Dept. of National Defence, Ontario, Canada,
1986.

[59] H. Kunov, C. Giguère: An acoustic head simulator for
hearing protector evaluation. I: Design and construction.
J. Acoust. Soc. Am. 85 (1989) 1191–1196.

[60] E. Ivey, G. Nerbonne, G. Tolhurst: Measuring hel-
met sound attenuation characteristics using an acoustic
manikin. J. Acoust. Soc. Am. 81 (Feb. 1987) 370–375.

[61] G. Parmentier, A. Dancer, K. Buck, G. Kronenberger, C.
Beck: Artificial head (ATF) for evaluation of hearing pro-
tectors. Acustica Acta Acustica 86 (2000) 847–852.

[62] J. Schroeter, H. Els: New artificial head for measurement
of hearing protectors. Proc. of the 10th International
Congress on Acoustics, Sydney, Australia., 1980.

[63] J. Schroeter, H. Els: On basic research towards an im-
proved artificial head for the measurement of hearing pro-
tectors. Acustica 50 (1982) 250–260.

[64] J. Schroeter: Ein Kunstkopf zuMessungen der Schalldäm-
mung von Gehörschützern. Zeitschrift für Lärmbekämpf-
ung 29 (1982) 83–91.

[65] J. Schroeter: Improvements in measuring the attentuation
of personal ear protectors with artificial heads. J. Acoust.
Soc. Am., 1982. 103th Meeting of the Acoust. Soc. of
Am., Chicago.

[66] J. Schroeter: Ein neuer Kunstkopf zur Messung der
Schalldämmung von Gehörschützern. Fortschritte der
Akustik - FASE/DAGA’82, 1982, 651–654.

[67] J. Schroeter: The use of acoustical test fixtures for the
measurement of hearing protector attenuation. Part I: Re-
view of previous work and the design of an improved test
fixture. J. Acoust. Soc. Am. 79 (1986) 1065.

[68] U. Richter, J. Wargowske, T. Fedtke: Measurements of the
sound attenuation characteristics of ear-plugs by means of
head and torso simulators. Acustica 82 (1996) 179.

[69] K. de Boer: Device for the stereophonic transmission of
sound. 1950.

[70] K. de Boer, R. Vermeulen: Device for adjusting the stereo-
phonic effect in devices for stereophonic transmission.
1949.

[71] E. Daniel, C. Mee, M. Clark: Magnetic Recording: The
First 100 Years. Wiley-IEEE Press, 1998.

[72] P. Hammar: The birth of tape recording in the U.S. Proc.
of the 72nd AES Convention, 1982.

[73] J. Geluk: Compatible stereophonic broadcasting systems
for spatial reproduction. Proc . of the 62nd AES Conven-
tion, 1979, 136–139.

[74] J. Geluk: Compatible stereophonic broadcasting systems
for spatial reproduction. J. Audio Eng. Soc. 28 (1980)
136–139.

[75] J. Cohen: Sensación y percepción auditiva y de los senti-
dos menores. Vol. I. Editorial Trillas, 1973.

[76] D. Apps: The use of binaural tape recording in automotive
noise problems. J. Acoust. Soc. Am. 24 (1952) 660–662.

[77] W. Bray, M. Burkhard, K. Genuit, H. Gierlich: Develop-
ment and use of binaural measurement technique. Proc.
Noise-Con, 1991.

[78] O. Bixler, I. Magnecord, I. Chicago: A practical binaural
recording system. Transactions of the IRE Professional
Group on Audio, 1953, 14–22.

785

http://www.ingentaconnect.com/content/external-references?article=0001-4966()22L.801[aid=5185504]
http://www.ingentaconnect.com/content/external-references?article=0001-4966()22L.801[aid=5185504]
http://www.ingentaconnect.com/content/external-references?article=0033-2909()38L.432[aid=8889179]
http://www.ingentaconnect.com/content/external-references?article=0033-2909()38L.432[aid=8889179]
http://www.ingentaconnect.com/content/external-references?article=0001-4966()13L.89[aid=8889178]
http://www.ingentaconnect.com/content/external-references?article=0001-4966()19L.678[aid=8889177]
http://www.ingentaconnect.com/content/external-references?article=0001-4966()19L.678[aid=8889177]
http://www.ingentaconnect.com/content/external-references?article=0001-4966()85L.1191[aid=8889175]
http://www.ingentaconnect.com/content/external-references?article=1610-1928()86L.847[aid=8889174]
http://www.ingentaconnect.com/content/external-references?article=0001-4966()81L.370[aid=8889173]
http://www.ingentaconnect.com/content/external-references?article=0001-4966()79L.1065[aid=8889171]
http://www.ingentaconnect.com/content/external-references?article=0001-4966()24L.660[aid=8889168]
http://auditorymodels.org/jba/BOOKS_Historical/FletcherVideo/
http://auditorymodels.org/jba/BOOKS_Historical/FletcherVideo/
http://www.idsa.org/whatsnew/sections/dh/interviews/alexander_jim.html
http://www.idsa.org/whatsnew/sections/dh/interviews/alexander_jim.html
http://www.idsa.org/whatsnew/sections/dh/interviews/alexander_jim.html


ACTA ACUSTICA UNITED WITH ACUSTICA Paul: Binaural recording technology
Vol. 95 (2009)

[79] A. Charlin: Techniques phonographiques – la compatibil-
itè. Toute l’Electronique (1965) 468 – 471.

[80] J. Wuttke: Mikrofonaufsätze. Schoeps, 2000.
[81] F. Graf, M. Pflüger, P. Röpke, G. Graber: Aufnahmesys-

teme für psychoakustische Analysen – Vergleich Kun-
stkopf vs. Alternativkonzepte. Fortschritte der Akustik -
DAGA’00, 2000.

[82] A. Mills: On the minimum audible angle. J. Acoust. Soc.
Am. 30(4) (Apr. 1958) 237 – 246.

[83] C.Wansdronk: On the influence of the diffraction of sound
waves around the human head on the characteristics of
hearing aids. J. Acoust Soc. Am. 31 (1959) 1609.

[84] M. Vorländer: Past, present and future of dummy heads.
Proc. Acústica, Guimarães, Portugal, 2004.

[85] B. Nordlund: Physical factors in angular localization.
Acta Oto-Laryng. 54 (1962) 75–93.

[86] B. Nordlund: Angular localization: A clinical test for in-
vestigation of the ability to localize airborne sound. Acta
Oto-Laryng. 55 (1962) 405–424.

[87] B. Nordlund, G. Lidén: An artificial head. Acta Otolaryng.
56 (1963).

[88] B. Nordlund, B. Fritzell: The influence of azimuth on
speech signals. Acta Otolaryng. 56 (Oct 1963) 632–642.

[89] B. Nordlund, T. Kihlman, S. Lindblad: Use of articulation
tests in auditorium studies. J. Acoust. Soc. Am. 44 (1968)
148–156.

[90] B. B. Bauer, A. J. Rosenheck, L. A. Abbagnaro: External-
ear replica for acoustical testing. J. Acoust. Soc. Am. 42
(1967) 204–207.

[91] E. Torick, A. D. Mattia, A. Rosenheck, L. A.Abbagnaro,
B. Bauer: An electronic dummy for acoustical testing. J.
Audio Eng. Soc. 16 (1968) 397–493.

[92] M. Burkhard, R. Sachs: Anthropometric manikin for
acoustic research. J. Acoust. Soc. Am. 58 (1975) 214–
222.

[93] R. Kasten, S. Lotterman: Azimuth effects with ear level
hearing aids. Bulletin of Prosthetic Res. Spring (1967)
10–17.

[94] P. Damaske, B. Wagener: Richtungshörversuche über
einen nachgebildeten Kopf. Acustica 21 (1968) 30.

[95] R. Kürer, G. Plenge, H. Wilkens: Correct Spatial Sound
Perception Rendered by a Special 2-Channel Recording
Method. Proc. of the 37th AES Convention, 1969. paper
666.

[96] R. Kürer, G. Plenge, H. Wilkens: Verfahren zur hoer-
richtigen Aufnahme und Wiedergabe von Schallereignis-
sen und Vorrichtung zu seiner Durchfuehrung. German
patent DE1927401, 1970.

[97] H. Wilkens: Kopfbezügliche Stereophonie - ein Hilfsmit-
tel für Vergleich und Beurteilung verschiedener Raumein-
drücke (Head related stereophony - an aid for the compar-
ison and critical examination of different room effects).
Acustica 26 (1972) 213–221.

[98] M. D. Burkhard (ed.): Manikin measurements. Industrial
Research Products Inc. 1978.

[99] M. Burkhard: A manekin useful for hearing aid tests - re-
visited. Proc. International Congress of Acoustics ICA,
2004.

[100] R. Maxwell, M. Burkhard: Larger ear replica for KEMAR
manikin. J. Acoust. Soc. Am. 65 (1979) 1055.

[101] IEC 959 - Technical Report - Provisional head and torso
simulator for acoustic measurements on air conduction
hearing aids. International standard.

[102] B. Gardner, K. Martin: HRTFmeasurements of a KEMAR
dummy. Tech. Rept. MIT Media Lab, Mai 1994.

[103] M. Burkhard: Non hearing-aid uses of the KEMAR mani-
kin. Manikin Measurements, 1978, M. D. Burkhard (ed.),
Industrial Research Products Inc., 63–65.

[104] H. Platte: Das Problem der Vorne-Ortung bei der kopfbe-
zogenen Stereophonie. Tagungsband Tonmeistertagung,
1975.

[105] S. Peus: Natural listening with a dummy head – Devel-
opment of a new studio dummy head. Tech. Rept. Georg
Neumann GmbH, 1985.

[106] V. Mellert: Construction of a dummy head after new mea-
surements of thresholds of hearing. J. Acoust. Soc. Am.
51 (1972) 1359. in letters to the editor.

[107] V. Mellert: Verbesserte Schallfeldabbildung mit einem
neuen Kunstkopf. Fortschritte der Akustik-DAGA’75,
1975.

[108] R. Weber, V. Mellert: Ein Kunstkopf mit ebenem Frequen-
zgang. Fortschritte der Akustik DAGA’78, 1978.

[109] U. Gerhard, E. Hatner, H.-J. Platte: Kunstkopf-Stereo-
fonie im Hörspiel. Tagungsband Tonmeistertagung, 1975.

[110] H. Daehn, W. Hirschmann, W. Schlemm, H. Wilkens, H.
Feldgen: Kunstkopf-Stereofonie bei Musikübertragung.
Tagungsband Tonmeistertagung, 1975.

[111] Studenten der HdK: Musikaufnahmen in Kunstkopf-Ste-
reofonie. Erfahrungsbericht. Tagungsband Tonmeisterta-
gung, 1975.

[112] N. Usami, T. Kato: Headphone unit incorporating micro-
phones for binaural recording. US Patent 4.088.489, Mai
1978.

[113] H. Griese, P. Warning, K. Wichmann: Method of stereo-
phonic recording. US. Patent 3969583, Juli 1976. filed
Apr, 16 1974.

[114] H. Yasuda: Stereo microphone apparatus. US Patent
4.037.064, Juli 1977.

[115] P. Laws, H. J. Platte, J .vom Hfivel: Anordnung zur
genauen Reproduktion von Ohrsignalen. Fortschritte der
Akustik-DAGA’75, 1975, 361–363.

[116] F. Wiener, D. Ross: The pressure distribution in the audi-
tory canal in a progressive sound field. The Journal of the
Acoustical Society of America 18 (1946) 401.

[117] L. Jongkees, J. Groen: On directional hearing. J . Laryn-
gol. Otol. 61 (1946) 494–504.

[118] P. Laws, H. Platte: Ein spezielles Konzept zur Real-
isierung eines Kunstkopfes für die kopfbezogene stereo-
phone Aufnahmetechnik. NTG-Fachberichte (1977) 192–
198.

[119] P. Laws, H. Platte: Ein spezielles Konzept zur Real-
isierung eines Kunstkopfes für die kopfbezogene stereo-
phone Aufnahmetechnik. Rundfunktechnische Mitteilun-
gen 22 (1977) 28–31.

[120] M. Kleiner: Problems in the design and use of dummy
heads. Acustica (1978).

[121] D. Conant: A binaural simulation approach to predicting
-immersion- in the concert hall sound field. Proc. of the
60th AES Convention, 1978.

[122] G. Theile: Die Bedeutung der Diffusfeldentzerrung für
die stereofone Aufnahme und Wiedergabe. Tagungsband
Tonmeistertagung, 1984.

[123] H. Hudde, J. Schröter: Verbesserungen am Neumann
Kunstkopfsystem. Rundfunktechnische Mitteilungen 25
(1981) 1–6.

786

http://www.ingentaconnect.com/content/external-references?article=0001-4966()44L.148[aid=8889192]
http://www.ingentaconnect.com/content/external-references?article=0001-4966()44L.148[aid=8889192]
http://www.ingentaconnect.com/content/external-references?article=0001-4966()42L.204[aid=8889191]
http://www.ingentaconnect.com/content/external-references?article=0001-4966()42L.204[aid=8889191]
http://www.ingentaconnect.com/content/external-references?article=0001-4966()58L.214[aid=8171469]
http://www.ingentaconnect.com/content/external-references?article=0001-4966()65L.1055[aid=8889188]
http://www.ingentaconnect.com/content/external-references?article=0001-4966()51L.1359[aid=8889187]
http://www.ingentaconnect.com/content/external-references?article=0001-4966()51L.1359[aid=8889187]
http://www.ingentaconnect.com/content/external-references?article=0001-4966()18L.401[aid=1271329]
http://www.ingentaconnect.com/content/external-references?article=0001-4966()18L.401[aid=1271329]
http://www.ingentaconnect.com/content/external-references?article=0001-4966()30L.237[aid=2272321]
http://www.ingentaconnect.com/content/external-references?article=0001-4966()30L.237[aid=2272321]
http://www.ingentaconnect.com/content/external-references?article=0001-4966()31L.1609[aid=8889193]


Paul: Binaural recording technology ACTA ACUSTICA UNITED WITH ACUSTICA
Vol. 95 (2009)

[124] G. Theile: Zur Theorie der optimalen Wiedergabe von
stereofonen Signalen über Lautsprecher und Kopfhörer.
Rundfunktechn. Mitteilungen 25 (1981) 155–170.

[125] H. Wollherr: Kunstkopf. German Patent 3.101.264.7 C2,
Juli 1983.

[126] H. Wollherr: Kunstkopf. European Patent 0.056.479, Juli
1982.

[127] K. Genuit: Ein Beitrag zur Optimierung eines Kunstkopf-
aufnahmesystems. Tagungsberichte Tonmeistertagung,
1981.

[128] K. Genuit: Ein breitbandiger rauscharmer Kunstkopf mit
hoher Dynamik und der Eigenschaft der originalgetreuen
Übertragung von Hörereignissen. German Patent, 1983.

[129] K. Genuit: Ein breitbandiger rauscharmer Kunstkopf mit
hoher Dynamik und der Eigenschaft der originalgetreuen
übertragung von Hörereignissen. European Patent 0 126
783, 1984.

[130] K. Genuit: Standardization of binaural measurement tech-
nique. Journal de Physique colloque c1, supplèment au
journal de physique III, v.2 (1992).

[131] K. Genuit: Analytic description of average outer ear trans-
fer functions in dependency on direction of sound inci-
dence. Proc. 11th International Congress on Acoustics
ICA, Paris, Lyon,Toulouse, 1983, 9–12.

[132] K. Genuit: Ein Modell zur Beschreibung von Außenohr-
übertragungseigenschaften. Dissertation. RWTH Aachen,
1984.

[133] K. Genuit: Eine systemtheoretische Beschreibung des
Aussenohres. Fortschritte der Akustik - DAGA’85, 1985,
459–462.

[134] U. Burandt, C. Pösselt, S. Ambrozus, M. Hosenfeld,
V. Knauff: Anthropometric contribution to standardising
manikins for artificial-head microphones and to measur-
ing headphones and ear protectors. Appl Ergon. 22 (1991)
373–378.

[135] K. Genuit: Diskussion einer neuen Schnittstelle zur De-
finition von Kopfhörersignalen. Fortschritte der Akustik
DAGA’87, 1987.

[136] Brüel&Kjær: Electronic instruments master catalogue.
Catalogue, 1986.

[137] P. Minnaar, S. Olesen, F. Christensen, H. Møller: Local-
ization with binaural recordings from artificial and hu-
man heads. Journal of the Audio Engineering Society 49
(2001) 323–336.

[138] H. Els: Ein Miniaturkopf für die raumakustische Modell-
technik. Fortschritte der Akustik - DAGA’85, 1985, 423–
426.

[139] H. Els, J. Blauert: AMeasuring System for Acoustic Scale
Models. Proc. of the 12th Int. Congr. Acoust., Proc. of the
Vancouver Symp. Acoustics & Theatre Planning for the
Performing Arts, 1986, 65–70.

[140] H. Els: Ein Meßsystem für die akustische Modelltechnik.
Bundesanstalt für Arbeitsschutz, 1986.

[141] J. Rindel: Modelling in auditorium acoustics – From rip-
ple tank and scale models to computer simulations. Proc.
Forum Acusticum, 2002.

[142] H. Takao, T. Hashimoto: Die subjektive Bewertung der In-
nengeräusche im fahrenden Auto. Auswahl der Adjektiv-
paare zur Klangbewertung mit dem semantischen Differ-
ential. Zeitschrift für Lärmbekämpfung 41 (1994) 72–77.

[143] H. Zuccarelli: Device for spatial codification of sound.
European Patent 0 050 100, 1982.

[144] D. Hammershøi, H. Møller: Artificial heads for free-field
recording: How well do they simulate real heads? Proc. of
the 14th International Congress of Acoustics ICA, 1992,
H6–7.

[145] N. Xiang: Ein Miniaturkunstkopf für binaurale Raum-
simulation mittels eines verkleinerten raumakustischen
Modells. Fortschritte der Akustik-DAGA’90, 1990, 831–
834.

[146] N. Xiang, J. Blauert: A miniature dummy head for bin-
aural evaluation of tenth-scale acoustic models. Appl.
Acoust 33 (1991) 123–140.

[147] N. Xiang, J. Blauert: Computer-aided tenth-scale mod-
elling for binaural auralization in room-acoustics design.
Proc. of the 91th AES Convention, 1991.

[148] U. Richter, T. Fedtke: Active noise reduction performance
of hearing protectors and headphones on artificial heads.
Proc. of the 6th International Congress on Sound and Vi-
bration ICSV, 1999, 1091–1098.

[149] T. Fedtke, U. Richter: Artificial heads versus miniature
microphones for measuring active noise-reduction hearing
protector performance. J. Acoust. Soc. Am. 105 (1999)
1130.

[150] U. Richter, T. Fedtke: Determination of noise immissions
from headphones and earphones by means of different
head and torso simulators. Proc. of the 6th International
Congress on Sound and Vibration ICSV, 1999, 1019–
1026.

[151] H. Møller, C. Jensen, D. Hammershøi, M. Sørensen: Eval-
uation of artificial heads in listening tests. Proc. of the
102nd AES Convention, 1997, 1–32. Preprint 4404(A1).

[152] H. Møller, D. Hammershøi, C. Jensen, M. Sørensen: Eval-
uation of artificial heads in listening tests. Journal of the
Audio Engineering Society 47 (1999) 83–100.

[153] D. Leckschat: Vorstellung eines digital entzerrten Kunst-
kopfsystems. Tagungsband Tonmeistertagung, 1992.

[154] A. Schmitz: Ein neues digitales Kunstkopfmessystem.
Acustica 81 (1995) 416–420.

[155] F. Christensen, H. Møller: The design of VALDEMAR:
an artificial head for binaural recording purposes. Proc.
of the 109th AES Convention, Los Angeles, California,
USA, 2000, AES, 1–17.

[156] F. Christensen: Binaural technique with special emphasis
on recording and playback. Dissertation. Aalborg Univer-
sitet, 2001.

[157] P. Ladegaard, H. Haslev, T. Schack: Comparisons between
a new binaural microphone and a traditional head and
torso simulator. Proc. 18th International Congress on
Acoustics ICA, 2004.

[158] Brüel&Kjær: Product data binaural microphone type 4101
binaural microphone with teds type 4101-a. Data Sheet,
2007.

[159] T. Lokki, H. Nironen, S. Vesa, L. Savioja, A. Härmä:
Problem of far-end user’s voice in binaural telephony.
Proc. 18th International Congress on Acoustics ICA,
2004.

[160] ANSI S.3.36-1985 (ASA S8-1985): Specifications for a
manikin for simulated in-situ airborne acoustic measure-
ments. American National Standard, 1985.

[161] D. Mandic, P. Donovan: An evaluation of binaural mea-
surement systems as acoustic transducers. Proc. Noise-
Con, 1991.

[162] T. Fedtke: Zur Messung von Kunstköpfen im freien
Schallfeld. Fortschritte der Akustik DAGA’98, Olden-
burg, 1998, 146–147.

787

http://www.ingentaconnect.com/content/external-references?article=0003-6870()22L.373[aid=8889201]
http://www.ingentaconnect.com/content/external-references?article=0003-6870()22L.373[aid=8889201]
http://www.ingentaconnect.com/content/external-references?article=0004-7554()47L.83[aid=8889199]
http://www.ingentaconnect.com/content/external-references?article=0004-7554()47L.83[aid=8889199]
http://www.ingentaconnect.com/content/external-references?article=0003-682x()33L.123[aid=8889197]
http://www.ingentaconnect.com/content/external-references?article=0003-682x()33L.123[aid=8889197]


ACTA ACUSTICA UNITED WITH ACUSTICA Paul: Binaural recording technology
Vol. 95 (2009)

[163] T. Fedtke: Uncertainty of measurements with artificial
heads. Symposium Managing Uncertainty in Noise Mea-
surement and Prediction, France, 2005.

[164] K. Genuit, A. Fiebig: Do we need new artificial heads?
Proc. 22nd International Congress on Acoustics ICA,
2007.

[165] T. Fedtke (ed.): Kunstkopftechnik - eine Bestandsauf-
nahme. report Normenausschuss Psychoakustische Mess-
technik (NA 001-01-02-08 AK), 2007.

[166] H. Fastl: Towards a new dummy head. Proc. of the 2004
Congress and Exposition on Noise Control Engineering
Internoise, 2004.

[167] J. Fels, D. Schröder, M. Vorländer: Room acoustics sim-
ulations using head-related transfer functions of children
and adults. Proc. of International Symposium on Room

Acoustics - Satellite Symposium of the 19th International
Congress on Acoustics, 2007.

[168] J. Fels, M. Vorländer: Artificial heads for children. Proc.
18th International Congress on Acoustics ICA, 2004.

[169] J. Fels, P. Buthmann, M. Vorländer: Head-related transfer
functions of children. Acta Acustica united with Acustica
90 (2004) 918–927.

[170] J. Fels: From children to adults: How binaural cues and
ear canal impedances grow. Dissertation. RWTH Aachen
University, 2008.

[171] M. Vorländer, J. Fels: Neue Kunstköpfe. Fortschritte der
Akustik-DAGA’08, 2008.

[172] J. Fels: Towards a new dummy head. Proc. of acoustics08
SFA-ASA-EAA Joint Meeting, 2007.

788

http://www.ingentaconnect.com/content/external-references?article=0001-7884()90L.918[aid=8889202]
http://www.ingentaconnect.com/content/external-references?article=0001-7884()90L.918[aid=8889202]

