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Figure 3. Vibrational pattern of skull 1 at 7.3 kHz, vibrating
on the left parietal bone (arrow indicates actuator position).

nances. These change substantially in frequency and
amplitude with small changes in transducer location.
Figure 1 is an example of spectra obtained at two loca-
tions 2 cm apart on the ipsilateral parietal bone of skull
1, corrected for transducer frequency response. Figure
2 is an example of the same measurements made on the
live human head. Note that the live head shows fewer
and shallower resonances and antiresonances than
those on the dry skull.

To visualize the vibration pattern over the entire
cranium, a three-dimensional model was set up in
MATLAB. Selected frequencies at resonances and anti-
resonances were graphed, using data from all the points
on the cranial surface. Figures 3—6 give examples of
the vibration patterns on the two skulls, comparing fre-
quencies in the audio and ultrasonic ranges. The actua-
tor, signified by the arrow, is on the left parietal bone in
these examples; the front of the skull is on the right.
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Figure 4. Vibrational pattern of skull 1 at 41.4 kHz, vibrating
on the left parietal bone (arrow indicates actuator position).

6

Cai et al.

35

& 8 3

-
o

0O<-Right side~ YY ~Lefl side->35

30 35 40 45
O<—Back— XX —Front—>45

Figure 5. Vibrational pattern of skull 2 at 11.5 kHz, vibrating
on the left parietal bone (arrow indicates actuator position).

Note the complex amplitude distribution on the sur-
faces of both skulls. Small changes in location lead to
amplitude changes of up to 50 dB. On skull 1, in the ul-
trasonic range, the amplitude on the entire contralateral
side is greatly attenuated, in contrast with skull 2,
which does not show this effect to the same degree.

Transcranial attenuation patterns are also complex,
especially beyond 10 kHz. The two skulls differ, with
skull 1 showing attenuation in the high frequencies
greater than that of skull 2. Figure 7 shows the transcra-
nial attenuation for skulls 1 and 2, calculated by sub-
tracting the spectrum for the ipsilateral parietal bone
(from an average of 12 measurements at four sites
within 4 cm) from the spectrum for the contralateral pa-
rietal bone. Figure 8 shows the same calculation for the
live human head. Although there are substantial peaks
and valleys, there is no systematic change in attenua-
tion with frequency.
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Figure 6. Vibrational pattern of skull 2 at 43.8 kHz, vibrating
on the left parietal bone (arrow indicates actuator position).



Response of Human Skull to Bone-Conducted Sound
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Figure 7. Transcranial attenuation for skull 1 (dotted line)
and skull 2 (solid line).

Finally, when a tone is swept in frequency while the
transducer is placed over one or the other mastoid bone,
the perception is that of a tone bouncing between posi-
tions lateralized to one side or the other or in midline.
These individual differences vary in precisely which
tone is localized in which position in the head, likely
reflecting geometrically determined head resonances
and antiresonances.

DISCUSSION

The vibrational response of the skull beyond 10 kHz is
clearly complex. At any single location on the skull,
there are multiple resonances and antiresonances that
can change substantially with small changes in position
of the transducers (see Fig. 1). Stevanovic et al. [20]
used the range of 4 to 7 kHz in ovine heads to measures
changes in impedance and phase with changes in in-
tracranial pressure. Even at these low frequencies, the
variability in the spectra led them to use an average of
the entire frequency range. Averaging over a distance
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Figure 8. Transcranial attenuation for live head.
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of several centimeters can smooth out some of the
sharp dependence on location and reveals a more gen-
eral pattern of attenuation across the skull (see Fig. 7).
In contrast to Dunlap et al. [19], with higher-resolution
analysis, it is clear that the attenuation across the skull
is not a smooth function. Dunlap’s group also reported
much greater transcranial attenuation owing to a differ-
ence in methodology. They measured the ipsilateral
intensity with the accelerometer attached directly to
the shaker; owing to impedance differences, some of
the energy is not coupled into the skull. We were inter-
ested in the difference in intensity between the two co-
chleas; the closest approximation in the intact skull and
live head is the parietal bone over the ear. Comparison
of ipsilateral and contralateral parietal bones corrects
for impedance mismatches between the transducers and
the head.

The live head presents a somewhat different picture.
The resonances and antiresonances are present but rela-
tively damped (see Fig. 2). The transcranial attenuation
does not vary systematically with frequency (see Fig.
8), and individual differences would be expected, in-
cluding difficulty in tracking threshold for higher fre-
quencies by bone conduction and in threshold repeat-
ability, as the perception can change position with
frequency. It is very difficult to replace a transducer ex-
actly where it was located previously, and slight changes
in position can alter the energy delivered to the ear. Re-
liable air conduction testing in the very high frequen-
cies is limited by canal acoustics; so too, it seems that
bone conduction is also limited by skull acoustics.

How can we account for the differences between the
dry skull and the live human head? In the dry skull,
there is no damping material, and the individual bones
are less tightly coupled. In skull 1, there was much
looser coupling at the sutures than in skull 2, reflected
in the much poorer ultrasonic transmission across skull
1. In contrast, the live head has damping material both
on the inside (meninges, brain, cerebrospinal fluid) and
the outside (skin, muscle, fascia). In addition, the bones
of the head are not able to vibrate independently be-
cause of the tight coupling between them. In addition to
bone conduction, there is also a nonosseous mechanism
for conduction of vibration through the fluid compo-
nents of the head (e.g., the brain) [17, 21].

These results have consequences for use of high au-
dio frequencies and ultrasound in audiometry, hearing
aids, and tinnitus treatment. Beyond approximately
10 kHz, there will be large and rather unpredictable
gaps in the frequency response. This is important in se-
lection of transducers with a particular frequency re-
sponse and algorithms that convert sound from the au-
dible range into a higher range. For example, a bone
conduction hearing aid or tinnitus masker would ideally
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choose the resonances for maximum amplitude, rather
than the antiresonances, and would distribute the energy
across a bandwidth sufficient so that the antiresonances
would not have a significant effect on the signal. The al-
gorithm must distribute energy across at least 10 kHz
and be insensitive to narrow antiresonances.

These same considerations would also be important
for using these frequencies for noninvasive monitor-
ing of intracranial pressure. The same problem will
exist at ultrasonic frequencies, requiring use of a wide
bandwidth.
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