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Abstract

Scanning laser Doppler vibrometry (LDV) has been used extensively to investigate the movement of
the middle and inner ear, but has never been used to measure vibrations from a bone transducer
travelling over the skin, subcutaneous tissue and cranium in a live subject. Using three scanning laser
Doppler vibrometers we measured the displacement of the cranium in 3D in a live subject when
stimulated by a B71 bone transducer placed 55 mm posterior to the external auditory canal. Four
pure tones (250 Hz, 500 Hz, 1000 Hz, 2000 Hz) were presented separately via the bone transducer.
The displacement of the scalp was imaged in four different areas (Ipsilateral to the bone transducer
in the temporoparietal region, contralateral temporoparietal region, occipital region and vertex) and
linked to the phase of stimulation. Measured scalp motion was consistent with expected
displacement of the underlying cranium. Rigid-body motion was the dominant mode of vibration at
250 Hz. At 1000 Hz a mass-spring effect was seen. At 500 Hz there was a transition frequency
between vibration as a rigid-body and as a mass-spring. Higher frequencies (2000Hz) showed that
wave transmission was the primary vibrational mode of sound transmission over the cranium. These
results broadly support previous research studies but open up potential areas of interest in the

investigation of differing skull resonance frequencies.

1. Introduction

The routes by which bone-conducted sound travels to the inner ear have been extensively investigated

and modelled in both dry skulls and cadavers heads [1-3]. The major routes by which bone conduction



signals reach the inner ear, as outlined by Tonndorf, are thought to be via (a) inertial excitation of the
ossicular chain (b) air-borne sound generated by movement of the ear canal walls [4] (c) direct
excitation of the cochlea [5-7] (d) pressure wave transmission via cerebrospinal fluid [8]. One or more
of these modes of sound transmission can facilitate hearing in patients with bone-anchored hearing
aids (BAHAs). Bone-conducted sound can also be problematic in extremely loud environments such as
an aircraft carrier flight deck or an MRI machine, where it bypasses conventional noise-protection
equipment [9]. A greater understanding of how the skull vibrates at differing frequencies may allow
improved design of hearing-protection devices (HPDs) as well as allowing optimisation of sound

transfer to the inner ear via bone-anchored hearing aids (BAHAs).

Investigations of skull vibration have primarily focused on mechanical point impedance [1,10] and
resonance frequencies [11,12]. These studies have employed the use of accelerometers and have
found that there are no resonance frequencies in the skull below 500 Hz. They found large variations
in the resonance frequencies of individuals that could not be explained by head width, length or
circumference alone. Due to these findings the consensus is that differences in skull resonance

frequency is likely due to geometrical differences within the skull structure [11].

Several studies have investigated resonances through their effect on lateralisation of bone-conducted
sound in patients. Anti-resonance was identified at frequencies between 100-350 Hz by Hakansson
et al. (1986). Anti-resonance reduces the vibration around the cochlea either directly via bone
conduction or via the ossicular chain. This causes a marked drop in sound level at the cochlea. Stenfelt
etal., (2000) also showed that anti-resonance was present at low frequencies at the cochlea ipsilateral
to the bone transducer, causing the sound to be lateralised to the side contralateral to the point of
stimulation. Hakansson et al., (1993) concluded that one of the major causes of lateralisation was the
anti-resonance seen at different frequencies and that the resonance frequencies were likely to be less

important.



Previous studies have been primarily focused around the vibrational characteristics of specific areas
of the skull (usually close to the cochlea). These have primarily used dry bones or cadavers, although
it is unknown how the vibrational characteristics of the skull may differ between a cadaver head and
a live subject. It may be that the reduction in intracranial pressure present in a cadaver head could
affect the surrounding skull’s vibrational modes. Our focus was around how the skull as a whole
vibrates in a live subject in 3D. The investigation employed a scanning laser Doppler vibrometer (LDV).
This has been used extensively to investigate the physiology of the middle ear and tympanic
membrane [8,13—16]. However, these investigations generally used temporal bones and only
employed a single laser vibrometer. Use of a single vibrometer limited vibrational mode data
collection to a single plane. In order to capture the vibrational modes of the skull in 3D we employed
three scanning laser vibrometers focused on the same area simultaneously. This builds on the
research by McKnight et al., 2013 [17] who also used three scanning laser vibrometers to investigate
the vibratory response over a range of audible frequencies in dry skulls. Their research into the
admittance frequency response and the 3D velocity of the skull surface found that the spherical shell
model of skull motion best fitted their findings. This model proposes that the skull can be represented
as a spherical shell which supports twisting and elongation parallel to the skull surface but is

incompressible in the thickest direction.

The aims of this study were as follows:

1. Evaluate the possibility of using three vibrometers simultaneously in the investigation of
bone-conducted sound though skin-surface vibration. This measurement technique has been
used previously in live subjects [18] but not to investigate bone-conducted sound. Where the
technique has been used to evaluate bone-conducted sound, dry skulls were employed [17].
Thus, it is unclear if the use of a living participant will be possible as there will be interference

from head movement as well as limitations on the time taken for measurements.



2. Measure the skull vibration of the whole skull in 3D. This is possible since the system used
links the stimulus with the phase of the displacement at any point. This allows several different
areas of the skull to be imaged separately and then reconstructed and linked to the same
point in the phase cycle.

2. Materials and Methods

2.1. Ethical Approval

The following experimental procedure was approved by the Psychology Ethics committee and the

Engineering health and safety department of Cardiff University.

2.2 Participant

A bald male (30 years of age) with no previous history of hearing problems participated in the

measurements.

2.3 Laser Vibrometers

Data was collected via the Polytec™ PSV-500-3D system. This comprised of three scanning laser-
Doppler vibrometer units. Each unit consists of a Class 2 He-Ne Laser with an output power of 1ImW
and an optical transducer that senses frequency shift of reflected light [19]. On the basis of the
Doppler shift this is then used to determine the velocity and displacement of a point on an object. All
three laser Doppler vibrometers were mounted on a tripod and were focused on the target in different

planes (figure 1).



Figure 1 Three Polytec™ PSV-500 vibrometers focusing on participants right temporoparietal region
(contralateral to the B71 bone transducer).

The simultaneous use of three laser Doppler vibrometers in different planes allowed the calculation
of displacement and velocity in three orthogonal dimensions. The three lasers were focused on various
reference points of interest before measurements were taken. This allowed a 3D reconstruction of

the area of interest to be made.

2.4 Data collection

A B71 (RadioEar™) bone transducer was placed on the left temporal bone 55 mm behind the external
auditory canal. This is the recommended surgical placement position for a bone-anchored hearing aid
(Stenfelt et al. 2000). The participant wore laser-protective goggles at all times during testing. Laser
measurements were made on the ipsilateral and contralateral temporoparietal region, occipital region
and vertex. Testing was performed at four different frequencies (250, 500, 1000, 2000 Hz). All
excitation frequencies were presented at one head position before the participant was repositioned
to image a different region. The participant lay supine for all tests except for measurements of the
occipital region for which he lay on his right side. For each test the orientation of the participant was
altered so that all three lasers were able to have a clear line of sight on the area of interest. A single
tone was played on the bone transducer by production of a sine wave with a sampling frequency of

44.1 kHz via Matlab™. Signals were sent to the B71 transducer via ES| Maya A44 audio interface and



to the Polytec PSV unit. The signal input was used by the Polytec PSV to synchronise the displacement
and velocity to the phase cycle. Data collection at each viewing angle at each frequency was performed
for 15 minutes with laser measurements performed at 2.56 MHz. In order to filter out noise and
movement artefact from muscle movement, breathing and heartbeat only vibrations at the target

frequency with a 2 Hz bandwidth were included.

2.5 Data Analysis

The 3D displacements relative to the phase of sound were reconstructed for each of the four areas of
skull imaged. 3D reconstructions were initially generated perpendicular to the area imaged. In order
to visualise displacement of all imaged areas along the axial plane, these images were rotated in 3D.
The imaged occipital region was rotated 90 degrees towards the coronal plane. Both temporoparietal
images were rotated towards the sagittal plane. The vertex image was not rotated as it was already
imaged in the axial plane. Each of the four imaged areas were then merged and linked to the same
phase cycle of one frequency in order to show displacement of the head as though looking down on
the head from above. Reconstructions were performed at each of the four frequencies of excitation.
Images of the displacement of the skull at each frequency were reconstructed every 10 degrees.
Images were selected where displacement was at positive maximum (depicted in blue) and negative

maximum (depicted in red) along the axial plane for each of the four imaged areas.



3. Results

Surface vibration of the skin in response to vibration of the underlying bone was detectable by our
system at frequencies from 250 Hz (lowest tested) to 2 kHz. Figure 2 show the spatial pattern of
displacement of the skin surface at various maxima for different frequencies. Animated sequences of
each of the four frequencies imaged provide a much clearer impression of the movement, and can be

viewed online.

Figures 2 (a) shows that at 250 Hz the left temporoparietal region (ipsilateral to the B71 bone
transducer) is maximally positively displaced when the right is negatively displaced. 180 degrees later
in the phase cycle the right temporoparietal region is maximally positively displaced and the left is

negatively displaced, as shown in figure 2 (b).

Figure 2 (c) shows that at 500 Hz the left temporoparietal region is at maximal displacement when the
right side is almost at maximal displacement. Similarly when the left side is negatively displaced the
right side is almost at maximal negative displacement (as shown in figure 2 (d)). A surface wave
displacement wave can also be visualised in the animation, travelling over the vertex of the skull as
well as across the occipital region. During phase cycles when the temporoparietal regions are

positively displaced the vertex and occipital regions are negatively displaced, and vice versa.

At 1000 Hz maximal positive and negative displacements are seen simultaneously at both
temporoparietal regions (as shown in figure 2 (e) and (f)). During maximal positive displacement at
the temporal region the occipital region and vertex are negatively displaced. Conversely during
maximal negative displacement at the temporal region the vertex and occipital region are positively

displaced.

The displacement pattern at 2000 Hz, shown in figure 2 (g-h), is less clear with no large displacement

wave in the temporoparietal regions which were seen at all the lower frequencies. Instead, a complex



displacement wave is visualised in the animation, travelling across the vertex. No clear travelling wave

is visible in the occipital region.

Figure 2 (a) showing relative transverse displacement at 250 Hz when the ipsilateral temporoparietal
region is at maximum positive displacement and when the contralateral temporoparietal region is at
maximal positive displacement (b). Relative displacement at 500 Hz when the ipsilateral
temporoparietal region is at maximum positive displacement (c) and when the contralateral



temporoparietal region is at maximal negative displacement (d). Relative displacement at 1000 Hz
when the ipsilateral temporoparietal region is at maximum positive displacement (e) and when the
contralateral temporoparietal region is at maximal negative displacement (f). Relative displacement
at 2000 Hz when the ipsilateral temporoparietal region is at maximum positive displacement (g) and
when the contralateral temporoparietal region is at maximal negative displacement (h).

4. Discussion

4.1 Effects of frequency

Our measurements of skin displacements suggest that at 250 Hz the whole skull is moving from left to
right, as shown in figure 3 (a). This finding is consistent with more direct measurements of the
vibrational modes of the skull [20—-22]. These studies found that the vibrational behaviour of the skull

below frequencies of 400Hz is a rigid-body motion.

S A—

Figure 3 Visual representation of rigid-body motion (a) and mass-spring motion (b). lllustrations based
on Stenfelt 2011.

At 500 Hz we found that large areas of the skull appeared to move into positive and negative
displacement together. However, the displacements on both sides were not in unison. Previous
studies using cadaver heads have concluded that at frequencies between 500 Hz and 1000 Hz the skull
acts as a mass- spring system as shown in figure 3 (b). Our findings in a live participant seem to show

a transition between rigid body motion and a mass-spring system at this frequency.



At 1000 Hz both temporoparietal regions move synchronously in positive and negative displacement.
The vertex and occipital regions can be seen to be positively displaced when the temporoparietal
regions are negatively displaced and vice versa. This again is consistent with findings from Stenfelt

(2011) that the skull is acting as a mass-spring system at these frequencies.

Displacement findings at 2000 Hz are more difficult to interpret. There is no longer synchronisation
between the displacements of the skull at different areas. However, there are visible transmission
waves over the vertex. The displacement pattern over the temporoparietal regions and occipital
regions are not so clear. However, these findings are consistent with previous research which found
that between 1000 Hz and 2000 Hz the skull vibration transitioned from mass spring motion to wave

transmission [21].

An alternative method of defining the vibrational modes which have been identified is via modal
behaviour. This is particularly clear at 500 Hz, for which the skull vibration could be compared to the

lowest vibrational mode of a sphere [23].

4.2 Limitations

We have shown that, using three vibrometers, it is possible to measure skin surface displacement at
low frequencies (up to 2 kHz), that appears to reflect that of the underlying skull. At higher frequencies
a clear pattern of wave transmission was not clear. This is likely related to the localised effect of the
vibrational wave at high frequencies. It may be that there were not enough measurement points in
order to have a high enough resolution to detect these signals. Future studies using this methodology
should consider increasing the number of scanning points at higher frequencies. This will increase the

time taken to collect data substantially.

One potential concern whilst performing this study was that our imaging would not detect skull
movement but only movement of the skin and underlying soft tissues. Our measurements have

assumed that the displacements detected were of the underlying skull as well as skin. It is possible



that this may be a confounding factor when assessing the movement of the skull, as these
displacements could be due to pressure waves over the soft tissues of the skull rather than the bony
skull itself. However, consistency with the literature leads us to believe that our findings at frequencies
between 250 Hz and 1000 Hz are unlikely to be due to anything other than the movement of the
underlying skull in rigid body motion or a mass spring like behaviour. Additionally, we found that at
frequencies of 250 Hz displacement at the vertex was in the region of 140 nm. At the occiput maximal
displacement was up to 6 nm, whilst contralateral displacement was 32 nm. We therefore feel it is
unlikely that our measurements are due to soft tissue vibration travelling over the skull as smaller

displacements were detected closer to the bone transducer.

However, our findings of wave transmission at 2000 Hz could be explained by pressure wave
transmission in the skin and soft tissue alone. Nonetheless, all our findings support previous research,

which has found the same vibrational modes in dry skulls at similar frequencies.

Another potential concern is that the participant’s head was resting against a rigid object. This in itself
could change the vibrational characteristics of the head. However, if the participant was allowed to sit
up, movement from the participant would have likely made data collection impossible as well as
introducing a new confounding factor such as increased tension from the muscles attaching to the

occipital region of the head.

4.3 Potential Applications

This new methodology opens up potential research areas for sound transmission pathways in
individuals who receive a high proportion of bone-conducted sound, such as divers, individuals

wearing hearing protection, as well as those with conductive hearing losses.

There are potential research opportunities for developing bone-conducted-sound cancellation
techniques whereby bone-conducted sound and its phase can be monitored in real time and cancelled

via a bone transducer via a feedback mechanism. This could be key in overcoming the bone conduction



limit, at which hearing protection devices cease to be effective. This limit exists due to the vibration
of the skull causing a very high level of bone-conducted sound to be transferred. It is a particular

problem on aircraft carrier flight decks.

Future research using a similar technique could present broadband noise to the bone transducer and
image different areas of the skull. Scanning LDV has the ability to extract the differing modes of
vibration at each frequency. This allows the potential to visualise areas of the temporal bone where
there are clear anti-resonance frequencies. Pure tones at those frequencies can then be presented to
see if they result in strong lateralisation to the opposite ear. This could allow a clearer understanding
of the relative importance of anti-resonance frequencies of the skull compared to that of the ossicles

in lateralisation.

LDV also allows the potential to investigate how two bone transducers on each mastoid affect the
movement of the skull at difference frequencies. This could allow calibration of a cross talk
cancellation system whereby sound from one bone transducer is cancelled at the contralateral cochlea

by a contralateral bone transducer[24,25].

5. Conclusion

We have shown that LDV applied to the scalp is a viable method for measuring displacement of the
underlying skull when stimulated by a bone transducer. Our findings in a live participant correspond
well with previous research on dry skulls and cadaver heads [10]. 3D reconstructions demonstrated
rigid body motion of the skull at 250 Hz and a transition to a mass spring system between 250-500 Hz.
At frequencies of 1000 Hz we showed clear evidence of a mass-spring effect. However, the number of
points used for each scan did not allow high enough resolution to identify clear evidence of a wave

transmission at 2000 Hz via localised compression of parts of the skull.

This methodology allows further research into methods of utilising two BAHAs in a cross-talk

cancellation system. This could be achieved by measuring cranial displacements over the temporal



bones using LDV at differing frequencies, and would allow one BAHA to be calibrated in order to cancel

the vibrations detected from the LDV by the other BAHA.
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