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ABSTRACT

The torso and shoulder affect the head-related transfer

function (HRTF) by means of reflection and diffraction.

The reflection is strongest if the ear, source, and shoulder

are approximately aligned and superimposes a comb-filter

upon the HRTF magnitude spectrum that can have a depth

of up to 5 dB above approximately 700 Hz. In case the di-

rect sound path to the ear is obstructed by the shoulder or

torso, they act as a low-pass with a high frequency damp-

ing starting at approximately 1 kHz and reaching up to 20

dB at 20 kHz. However, relatively little is known about the

exact nature of the torso effect for different head-above-

torso orientations with current data being based either

on simplified geometric models, a neutral head-above-

torso orientation, or head-above torso rotations in a sin-

gle plane. To close this gap, we aim at developing a 3D

head and torso model that can rotate its head with three

degrees of freedom based on a functional model of the

average healthy young cervical spine. In this work, we in-

troduce the parameterization of the model. The model can

be used to numerically simulate HRTFs for the anatomi-

cally possible range of head-above-torso orientations and

is intended to analyze the torso effect in more detail and to

acoustically model dynamic head-above-torso movements

for virtual acoustic reality.
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1. INTRODUCTION

Head movements help listeners to judge spatial sound

qualities, improve localization accuracy, and increase

speech intelligibility in noisy environments [1–3]. They

can be initiated either by the entire body during walking

or turning motions or by the spine. In the latter case,

independent head movements are performed by the so

called cervical spine (upper part of the spine), whereas

head movements in combinations with motion from the

torso are performed mainly by the thoracic spine (middle

part) [4]. For head movements initiated by the spine, the

head-above-torso orientation (HATO) and thus the posi-

tion of the ears with respect to the torso changes, which

effects the amount of torso shadowing and reflection de-

pending on the source position. Modeling head move-

ments from the spine is therefore necessary for realistic

HRTF rendering. Because the change in HATO is most

pronounced for independent head movements from the

cervical spine, their influence on the HRTF can expected

to be more significant than the influence of combined head

and torso movements from the thoracic spine. For this rea-

son, we restrict ourselves to modelling independent head

movements initiated by the cervical spine. Note that the

influence of the torso is constant during head movements

that are initiated from the entire body such as walking, as

the HATO remains constant in these cases. Consequently,

these movements do not require specific treatment for re-

alistic HRTF rendering.

Three kinds of head movements that are physiologi-

cally fundamentally different are to be distinguished: ro-
tation denotes movements in the horizontal plane, i.e., ro-

tating the head left or right, flexion and extension denote

movements in the median plane, i.e., looking up or down,
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and lateral bend denotes movements in the frontal plane,

i.e., rolling the head to the left or right [4].

Modeling head movements is a common task in com-

puter graphics. However, such models aim at efficiently

creating visually appealing head movements and lack

a detailed anatomical background. More sophisticated

models are used in bio-mechanics [5, 6], where they are

used to predict muscle forces, internal joint forces, and

forces on intervertebral discs based on motion capture or

manual user input. They not designed to model in vivo

kinematics, feature an arbitrary rather than a represen-

tative average skeleton and make use of simplifying as-

sumptions. For example the OpenSim model [5] assumes

a constant contribution of all vertebra to head motion and

fixed centers of rotation, which is not the case as detailed

in Section 2.

In the following, we describe how movements can be

parameterized to obtain a dynamic head and torso model,

that is, a 3D computer model that can move its head ac-

cording to the average, healthy and young adult popula-

tion. The following analysis discarded data from patho-

logical samples because the head movements are poten-

tially affected by injuries of the spine. In addition, we

discarded head translations and focused on standing or

upright sitting subjects as the most common and well re-

searched case.

2. METHOD

The dynamic head above torso model consists of three

building blocks that are detailed in the following. The

neutral position of the cervical spine is the starting point

for all head movements. The intervertebral orientation

gives the rotation, flexion/extension, and bend angles of

each vertebra with respect to the inferior vertebra as a

function of the current head orientation. The instanta-

neous center of rotation (ICR) give the point about which

a vertebra rotates, flexes/extends, and bends as a function

of the current intervertebral orientation. The parameters

for those blocks were obtained from measurements of in

vivo motion and are described in the following sections.

2.1 Anatomy of the cervical spine in neutral position

The cervical spine consists of the seven vertebrae - C7

(bottom) through C1 (top), on top of which rests the Oc-

cipital bone (skull, denoted C0 in the following). Table 1

and Fig. 1 illustrate the neutral position of the cervical

spine, which was determined from previously unpublished

Figure 1. Schematic model of the cervical spine in

neutral position (gray boxes denote the vertebral bod-

ies) and instantaneous center of rotation paths for lat-

eral bend (color coded). Gray lines relate the verte-

bra and their corresponding ICR path. The color is

coded with respect to the percentage of the interver-

tebral motion to achieve a common color scale re-

gardless of the intervertebral ROM. The upmost ICR

path belongs to C0.

data from Anderst et al. [7] (29 subjects, 15M, 14F, aver-

age age 27.3). It is defined by the front/back displace-

ment x and up/down displacement z of each vertebra in

mm with respect to the center of the shoulders (arithmetic

mean between two markers placed on the left and right

acromion), the width, height, and depth of the vertebral

bodies in mm, and the absolute flexion/extension angle

with respect to the horizontal plane. Small left/right dis-

placements, as well as rotation and lateral bend angles can

also be observed in the neutral position but are close to

zero on average and were thus neglected (cf. [8], Table 1).

5000



10th Convention of the European Acoustics Association
Turin, Italy • 11th – 15th September 2023 • Politecnico di Torino

Table 1. Neutral position of the average cervical

spine and the upmost thoracic vertebra T1. The angle

denotes flexion (negative sign) and extension (posi-

tive sign) with respect to the inferior vertebra in de-

gree. See text for details.

x z width height depth angle

C1 2.6 124.7 8.9 9.5 14.8 12.2

C2 4.0 111.8 8.9 9.5 35.7 -1.7

C3 3.4 84.4 11.7 15.1 14.8 -9.0

C4 0.8 67.9 12.1 15.8 14.2 -13.0

C5 -2.8 52.3 12.5 16.5 13.8 -15.0

C6 -7.0 38.9 13.0 18.1 14.2 -17.0

C7 -12.5 21.0 12.9 19.9 15.6 -20.7

T1 -19.5 7.5 13.6 22.5 14.8 -28.1
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Figure 2. Intervertebral motion curves for lateral

bend within the ROM of ±35◦.

2.2 Intervertebral motion curves

The absolute position of the head with respect to the torso

for a given head orientation depends on the current in-

tervertebral orientation, which makes it a vital model pa-

rameter that was modeled in a two step procedure. First,

the intervertebral range of (ROM), which gives the max-

imum possible rotation of each vertebra with respect to

the inferior vertebra, was determined from published data

by averaging available data using weights to account for

varying sample sizes [7,9–18] (not shown here for brevity

and discarding studies with an average age above 40 be-

cause the intervertebral ROM decreases with age). The

absolute ROM, i.e., the maximum possible head orien-

tation was obtained from the accumulated intervertebral

ROM values and is ±59.1◦ rotation (±60◦ used for the

final model, achieved by scaling intervertebral ROM val-

ues accordingly), 107◦ of flexion/extension (110◦ in the

final model), and ±35.1◦ lateral bend (±35◦ in the final

model). In a second step, we took existing intervertebral

motion curves averaged across 29 subjects [8] (15M, 14F,

average age 27.3) and given by means of fourier series co-

efficients of order 10. The maximum values of the curves

were scaled to the desired intervertebral ROM values ob-

tained in the first step. In case of rotation and lateral bend,

the data were averaged across movements to the left and

right to obtain curves that are symmetrical around the neu-

tral position. This two step procedure was chosen to ob-

tain a more robust estimate for the intervertebral ROM,

which is well researched, to be used as a basis for the mo-

tion curves that are to our best knowledge only available

from a single study. Figure 2 shows the motion curves for

the example of lateral bend.

2.3 Instantaneous centers of rotation

The last parameter influencing the absolute head position

is the ICR. It was measured for rotation and lateral bend

by Anderst [7] (29 subjects, 15M, 14F, average age 27.3),

and for flexion/extension by Anderst et al. [19] (20 sub-

jects, 7 M, 13 F, average age 46). The data was again av-

eraged as described above to obtain curves that are sym-

metrical around the neutral position. Because measure-

ments of the ICR are prone to noise [19], the curves were

smoothed by fitting polynomials to the data with orders

of zero to three depending on the motion (rotation, flex-

ion/extension, lateral bend) and vertebra. The final ICR

paths are given as a function of the intervertebral orienta-

tion and the polynomial representation was used to extrap-

olate to missing intervertebral orientations. Fig. 1 shows

the ICR paths for the example of lateral bend.

3. CONCLUSION

We introduced a functional model of the average healthy

and young human cervical spine describing the neutral

position of the spine as a starting point for head move-

ments, as well as intervertebral motion curves and ICR

paths to parameterize the head movements. The acquired

data show that each vertebra takes a unique role within

the head movement, which stresses the importance of an

anatomical correct model to obtain realistic head-above-

torso positions. These will later be used as a basis for as-

sessing the acoustic effect of different HATOs by means

of numerical acoustic simulations. Future studies will give

a more comprehensive overview of the model parameters

including data for rotation and flexion/extension as well

as details on the implementation of the functional data and

realization of the dynamic head and torso model.
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