A method for calibration of bone driver transducers to measure the mastoid impedance
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Abstract

When using bone vibrator transducers for clinical measurements, the transfer of energy from the bone driver depends on the
impedance match between the driver and the load (human mastoid or otherwise) to which the driver will be applied. Current
clinical calibration methods are incapable of quantifying this impedance mismatch, hence they fail to account for inter-subject
variations of the energy transferred from the driver to the load. This study proposes a straightforward method for determining an
absolute field calibration of a Radio Ear B71 bone driver, found by measuring the electrical input impedance of the transducer
loaded by known masses. This absolute calibration is based upon a circuit model of the driver, describing it with three frequency-
dependent parameters. Once these three parameters are known, measurements of the driver input voltage and current may be used
to determine arbitrary mechanical load impedances (such as the in situ mastoid impedance), and thus the frequency dependence
of the transmitted energy. The results of the proposed calibration method are validated by comparison with direct mechanical
measurements using specialized equipment not available in the clinic, and a refined bone driver circuit model is proposed to better

capture the observed behaviors.
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1. Introduction

Our purpose in calibrating a mechanical transducer is to de-
scribe the force F(w) and particle velocity v(w) produced at the
driver’s mechanical output, in terms of the voltage E(w) and
current /(w) delivered to its electrical input. The standard clini-
cal approach is to use an artificial mastoid, such as the Briiel &
Kjar Artificial Mastoid Type 4930, to measure the bone driver’s
output force, in response to a known input current (BK4930).
This yields a frequency-dependent transfer function F/I, which
is a function of velocity, or equivalently, the mechanical load
impedance Z; (w). In general, with the driver mounted on a sub-
ject’s mastoid, this transfer function may be used to estimate the
force F(w) applied to the mastoid, based on the electrical stim-
ulus level (ISO 389-3).

A critical issue with this calibration approach (clinically of-
ten overlooked) is that the transfer of energy from the bone
driver depends on the impedance match between the driver
and the load (artificial mastoid, human mastoid, or otherwise)
to which the driver is applied. Specifically, if the impedance
(mis)match between the driver and artificial mastoid is not the
same as that between the driver and human mastoid, then the
artificial mastoid calibration will not properly predict the force
(energy) that is being transferred from the driver to the human
mastoid. Therefore when the transfer function from the arti-
ficial mastoid calibration is used for measurements of a hu-
man mastoid, this implicitly assumes that the artificial mas-

*Corresponding author. 2061 Beckman Institute, 405 N. Mathews, Urbana,
IL 61801, USA. Tel. (+1) 217-244-9567.
Email address: jontalle@illinois.edu (Jont Allen)

Preprint submitted to Hearing Research

toid and human mastoid possess identical impedance properties
— an assumption that is critically undermined by the fact that
the mastoid driving-point impedance is significantly subject-
dependent (Hakansson et al., 1986; Flottorp and Solberg, 1976).
Measurements utilizing the artificial mastoid calibration suffer
from this significant lack of accuracy due to large differences
between the impedance of the subject’s mastoid and artificial
mastoid. Furthermore, because a subject’s mastoid impedance
can also depend on the placement of the bone driver, repeated
measurements of a specific subject may suffer from lack of
precision as the bone driver is repositioned between measure-
ments (Flottorp and Solberg, 1976).

In order to quantify and account for these effects, it is nec-
essary to measure the mastoid impedance as seen by the bone
driver’s diaphragm each time it is mounted on a subject’s mas-
toid." The aim of this research is to develop an absolute clinical
calibration method for the bone driver, the meaning of which is
described below in Section 2.1. Such a calibration facilitates the
measurement of the mastoid driving-point impedance, as seen
by the driver, every time it is used. Knowledge of the in sifu
mastoid driving-point impedance then allows the power trans-
ferred to the mastoid to be measured as a function of frequency.

"Much of the discussion in this paper focuses on the specific case of po-
sitioning the bone driver on a subject’s mastoid. However, all statements are
applicable to other driver placements, e.g., the forehead. In fact, the problems
with typical driver calibration techniques only worsen as the actual load imped-
ances deviate further from the artificial mastoid’s impedance.
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Figure 1: Schematic representation of an electromechanical transducer, loaded
by a mechanical impedance Z;. The transducer is a two-port model composed
of the Hunt parameters Z,, z, Tie and T,,. Due to reciprocity, Tem = —Tie-

2. Theory

In order to be feasibly implemented in a clinical setting, the
calibration method proposed here must rely only on electrical
measurements (voltages, currents) or a function of known load
impedances. It is of course possible to obtain direct measure-
ments of the mechanical motion of the bone driver diaphragm,
but such measurements are complicated and require special-
ized equipment (such as lasers) not to be found in a clinical
setting, due to their cost. For example, Haughton (1982) built
a mechanical system for imposing a variable load on a Radio
Ear B71 bone vibrator in order to derive its mechanical imped-
ance and transduction coefficient. His analysis assumed that
the transducer was reciprocal (T,,, = Tj..) rather than anti-
reciprocal (T, = —Tye), as required for electromagnetic trans-
ducers (Beranek, 1988; Hunt, 1954; McMillan, 1946), thus ren-
dering the results uninterpretable. Cortés (2002) studied the
bone driver output force as a function of the input voltage,
again relying on expensive mechanical measurements not ac-
cessible in the clinic. Cortés did not assume reciprocity and
found that T,,, = —T,., providing experimental confirmation
of the driver’s anti-reciprocal nature. The present analysis pro-
poses a calibration approach, easily and economically applied
in the clinic (i.e., no laser or other special test equipment is re-
quired).

2.1. Hunt’s transducer model

As depicted in Fig. 1, Hunt (1954) describes an electrome-
chanical transducer as a two-port linear relation: The signals
on the electrical side are represented by voltage E and current
1, and on the mechanical side by force F and particle velocity
v. The electrical and mechanical variables are related by the
following two-port equation:

[E(w)] _ [Ze(a» n

F)| |Twe(w) zm(w) |[v(w)]

Tem(w)} [I(w)

The transducer has an electrical impedance Z,, a mechanical
impedance z,,, and two transduction coefficients: T, represents
the electrical transduction due to mechanical energy, and 7,
represents the mechanical transduction due to electric energy.
Zes Zm> Tem and T,,, are each functions of frequency w. The
phase of Z, and z,, must be limited to +7/2 (Van Valkenburg,
1964). Furthermore, for an anti-reciprocal transducer such as an
electromagnetic bone driver (McMillan, 1946), the transduction
coeflicients are equal but of opposite sign, thus

T = Tme = _Tem~ (2)

The T,,, units [N/A] are equivalent to those of T, [V/ms™].
We shall show later that T'(w) is “all-pole” and has (at least
approximately) the same poles as z,,. Because it is “all-pole,”
the phase of T is not restricted to +7. The only constraint on
T(w) is that it is causal, and of course, passive.

The three parameters Z.(w), z,(w) and T(w) are hence-
forth referred to as the Hunt parameters, and their complex,
frequency-dependent values fully characterize the transducer
—i.e., we say they form an absolute calibration of the driver. It
follows that precise knowledge of these three impedance prop-
erties facilitates the measurement of arbitrary load impedances
and transmitted energy. The purpose of this research then, is to
find an effective way to easily and inexpensively estimate the
Hunt parameters in the clinical environment (i.e., without re-
quiring direct measurements of the mechanical variables F' or
v). The proposed method is to accomplish this by analyzing
changes in the bone driver electrical input impedance Z;, with
the driver mechanically loaded by known impedances. Subject
to a mechanical load impedance Z;, based on Eq. (1), the elec-
trical input impedance is

E T2
7 3

=7, + .

Im t+ ZL
This calibration method is an extension of the procedure of
Allen (1986) for an electroacoustic transducer, which assumed
that the effective load of each calibration impedance differed
from its physical load, and thus used a least-squares solution
to calculate the driver Thevenin properties from an over-deter-
mined system of equations.

2.2. Application of the Hunt model
Given estimates Ze(w), Zm(w) and T(w), any mechanical
load impedance Z; may be determined from the corresponding
measured electrical input impedance Z;,;:
72
Zy, = ——= —Zm “)
‘ Zin - Ze "

From Eq. (1), the applied mastoid velocity and force are then

Z1-E
V= —— 5
7 &)
and R
E-27,1
F = —VZL = TZL (6)

In the clinic, Z; is the mechanical driving-point impedance of
the mastoid bone in series with the dermal cover (skin). Thus
the power transferred to the mastoid £ = Fv may be directly
estimated from electrical measurements once the Hunt parame-
ters are known.

3. Materials and methods

3.1. Measurement setup

The electrical input impedance to a Radio Ear B71 bone vi-
brator was measured with the driver loaded by four mass loads,



having a mass of 14.541, 35.055, 57.431, and 99.241 grams. In
electrical terms, masses behave as an inductive load, e.g., Zy4 =
Jjwmy, where A (B,C,...) designates one particular mass load
condition. The bone driver was oriented face up so that each
mass could be affixed to the diaphragm surface with double-
stick tape. The tape layer was thin and light enough to have
negligible effect on the measured impedance, while ensuring
tight coupling between the movements of the diaphragm and
mass; this was necessary to avoid significant nonlinear distor-
tion. Such distortion was also a concern due to coupling from
the driver’s backside if placed on a rigid surface. Thus the driver
was situated on shallow egg crate foam of 3/8” thickness. This
sufficiently eliminated these artifacts, and further tests, with ad-
ditional foam, showed no differences in response due to the in-
creased mechanical isolation of the B71.

Voltage signal input/output was performed using an Indigo
sound card from Echo Audio. The stimulus waveform was a 24
bit, 2048 point frequency-swept chirp, with a sampling rate of
48 kHz. This yielded a period of 2048/48 [ms], corresponding
to an FFT frequency resolution of 23.4375 Hz. The signal-to-
noise ratio was improved by looping the chirp and averaging at
least 500 consecutive buffers, for a total measurement time for
each mass of less than 25 seconds. The 1 Volt chirp signal was
output from the Indigo card to the combined load of the bone
driver and a known reference resistor of 99.709 Q: this choice
of voltage and resistance ensured that harmonic distortion of the
bone driver was kept at least 50 dB below the fundamental for
frequencies between 500 Hz and 8 kHz. The reference resistor
was connected between the driver’s negative terminal and the
sound card ground. From measurements of the output stimulus
as well as the voltage response across the reference resistor, the
input impedance looking into the driver’s electrical terminals
was accurately measured (e.g., 10~ relative error) as a function
of frequency.

3.2. Laser measurements

In order to verify the Hunt parameter estimations found us-
ing the new proposed technique, a laser system was used to di-
rectly measure the velocity response of the bone driver loaded
by masses of 14.541 and 41.810 grams. The bone driver was
positioned face-up on a small amount of cotton on a translation
stage, which contained mechanisms to provide isolation from
tabletop vibrations. The translation stage was used to position
the center of the driver diaphragm surface directly below the
laser. Preliminary testing (not shown here) revealed that the
laser measurements were not adversely affected by nonlinear
distortion or slight variations in the positioning of the driver
under the laser.

3.3. Bone driver demagnetization

After all other measurements were completed, the bone
driver electrical input impedance Z;, was measured in an un-
loaded condition. The driver was then demagnetized and the
input impedance Zigemag = Zg Was measured, again in an
unloaded state. In this demagnetized condition, T effectively
drops by several orders of magnitude (7' (w) ~ 0).
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Figure 2: Magnitude and phase of the bone driver input impedance Z;, for
the four mass measurements. Each line represents one of the mass loading
conditions. The lightest dashed line is for the unloaded driver, and then as the
load mass increases, the resonances shift to lower frequencies.

3.4. Hunt parameter estimation methods

Although four mass-loaded input impedances were mea-
sured, only three were needed to estimate the three Hunt pa-
rameters. This three-mass approach — henceforth designated
3M — is the most generic method for performing an absolute
calibration of the bone driver, requiring only simple electri-
cal impedance measurements, easily implemented in a clinical
setting. However, for research purposes it is helpful to com-
pare with a calibration derived from mechanical measurements.
Using the laser measurements of the driver velocity response,
only two mass-loaded measurements were necessary to deter-
mine the transduction coefficient 7 and mechanical impedance
Zm; this approach is designated 2ML (2-Mass with Laser). The
full details of these Hunt parameter derivations, given the con-
stituent Z;, measurements, are presented in Appendix A.

4. Results

4.1. Input impedance of mass measurements

The four mass-loaded driving-point electrical input imped-
ance curves are shown in Fig. 2 as magnitude |Z;,| and phase
/Z;,. These curves exhibit mechanical resonances that decrease
in frequency as the loading mass increases. These resonances
consist of a pole (peak in the response) followed at a slightly
higher frequency by a zero (valley in the response). The un-
loaded driver has the highest resonance frequency, with the pole
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Figure 3: Magnitude and phase of the Hunt electrical impedance Z,, calculated
using the 3M method. Each line here represents one of four different combina-
tions of three of the four mass measurements in Fig. 2.

and zero at 1125 and 1195 Hz, respectively. In order from
smallest mass to largest mass, the four mass-loaded measure-
ments have pole frequencies of 727, 633, 586 and 563 Hz; the
accompanying zero frequencies are 773, 680, 633 and 609 Hz.
(Recall that each of these values is limited in accuracy by the
23.4375 Hz FFT frequency resolution.) The second resonance
of the four measurements is around 2.75-3 kHz. The DC resis-
tance of the driver coil was estimated as 3.02 Q.

4.2. Calibration using three mass loads (3M)

Although four different masses were tested, only three are
required to calculate the three Hunt parameters using the 3M
method. This yields four unique three-mass combinations, each
producing a set of estimated Hunt parameters. All four sets of
Hunt parameters are plotted in Figs. 3-5.

The estimated electrical impedance Z, in Fig. 3 displays two
resonances, with poles at 516 and 2789 Hz and zeros at 563 and
3094 Hz. It is worth noting that the resonances in the electrical
input impedance of the mass-loaded driver shift significantly as
a function of the load (see Fig. 2), but when these various in-
put impedances are combined as necessary to calculate the esti-
mate of Z,, the resulting curves are nearly identical, regardless
of which specific input impedances were chosen. The fact that
they are not exactly the same reflects measurement errors. At
low frequencies, Z, approaches a constant resistance of about
3.02 Q. The high-frequency behavior is less than a pure induc-
tive rise, as may be seen in the phase, which peaks at 1.09 rad,
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Figure 4: Magnitude and phase of the Hunt transduction coefficient. Each solid
line represents one of four different 7" estimates calculated with the 3M method.
The dashed black line is the 2ML result 7', from laser measurements of the bone
driver velocity.

as opposed to a full 7/2 = 1.57 rad, as would be expected for a
pure inductor. These results are nearly identical to those found
by Cortés (2002), who measured the B71 Hunt parameters us-
ing a combination of electrical and mechanical measurements,
and found a first resonance in Z, just above 500 Hz and a second
resonance slightly below 3 kHz.

The Hunt parameters in Figs. 3-5 all exhibit disturbances at
422 and 445 Hz. This is due to noise in the root Z;, measure-
ments at those two frequency points.

4.3. Calibration using laser measurements (2ML)

Using two mass loads along with the laser system’s veloc-
ity measurements (denoted 2ML), the transduction coefficient T
and mechanical impedance Z,, were measured. A tilde is used
here to differentiate the laser-measured results from the 3M esti-
mates, which are marked with an over-hat (7). The transduction
coefficient T is plotted in Fig. 4 along with the 3M estimate
T. Likewise, the mechanical impedance Z,, is shown in Fig. 5
alongside the 3M estimate Z,,,.

The estimated transduction coefficients 7 are in general
agreement with each other from 300 to 1500 Hz, and match
the laser-measured 7. There are two noticeable peaks, match-
ing the pole frequencies of Z,. These results agree both qual-
itatively and quantitatively with the data of Cortés (2002) and
Haughton (1982). For example, they found 7'(1 kHz) magni-
tudes of approximately 8 N/A and 10 N/A, respectively, com-
parable to values of 8 to 10 N/A found here.
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Figure 5: Magnitude and phase of the Hunt mechanical impedance Z,. Each
solid line represents one of four different 2, estimates calculated with the 3M
method. The dashed black line is the 2ML result Z,,,, from laser measurements
of the bone driver velocity.

4.4. Input impedance of demagnetized measurement

Figure 6 shows the input impedance to the driver before and
after demagnetization, which almost completely removes the
mechanical resonances. With some manual processing, the very
small residual resonances were eliminated from the demagne-
tized input impedance, as shown in Fig. 7. This smoothed,
resonance-free version of the demagnetized input impedance
measurement is designated Z,.

4.5. Model of Z; from demagnetized measurements

The demagnetized electrical impedance Z; is validated by
comparison with a model proposed by Vanderkooy (1989). This
model accounts for the effect of eddy currents in the driver mag-
net, which reduce the inductive impedance at the expense of
loss at high frequencies due to magnetic flux diffusion, lead-
ing to a +/jw behavior. As shown by Warren and LoPresti
(2006), the Bessel function ratio in Vanderkooy’s model can be
expanded as a diffusion ladder network, such that the electrical
impedance can be represented by the circuit shown in Fig. 8.
This model contains four parameters: the DC resistance R,, an
inductance L,, the resistance factor R, and shunt inductance fac-
tor L. The ladder network parameters R and L are functions of
physical properties of the transducer. From Warren and Lo-
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Figure 6: Magnitude and phase of the input impedance Z;, for an unloaded
bone driver before and after demagnetization. The residual resonances at 1.25
kHz and 4.06 kHz in the demagnetized data indicate that the demagnetization
does not perfectly eliminate all mechanical coupling.
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from smoothing the demagnetized measurement in Fig. 6. This dashed line is
the result of the model for Z; (Fig. 8) discussed in Section 4.5.
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Figure 8: Circuit diagram of the demagnetized electrical impedance model,
defined by the DC resistance R,, an inductance L,, and the ladder network
resistance factor R and shunt inductance factor L.

Presti (2006) and Vanderkooy (1989),

4rn?l
R="0, ™)
o
L= ,ulnzﬂr(%, ®

where 7 is the number of coil windings, / is the coil length, o is
the conductivity of the pole structure, u is the permeability of
the pole structure, and r, is the coil radius.

Although the ladder network theoretically continues for-
ever, only five terms were needed to give the results shown in
Fig. 7. The effect of using more terms is negligible for the fre-
quency range of interest (Warren and LoPresti, 2006). The DC
resistance R, was read directly from Z;. The remaining three
model parameters were found by minimizing the RMS error be-
tween the model and Z,;. The final parameter values were R, =
3297Q, L, = 2.197 mH, R = 44.53Q, and L = 5.024 mH to
yield the curve shown in Fig. 7. The model fits very well, with
the exception of some minor phase deviations from 1 to 5 kHz.

5. Discussion

5.1. Comparison of T and z,, with laser measurements

Figure 4 shows the transduction coefficient T from the laser
measurements, along with the 7" estimates from the three-mass
measurements. The laser curve exhibits similar behavior to the
various derived T estimates, and is in excellent agreement with
the results of both Haughton (1982) and Cortés (2002). This be-
havior is an all-pole response, which requires that 7' represents
a delay line, terminated in an impedance at each end. This in-
terpretation of 7T(w) as an all-pole transfer function seems to
have gone unnoticed in previous publications. For example, it
is a fundamental departure from Hunt’s assumption that T is
akin to a simple second-order driving-point impedance having
the form T = r, + jwl, + M%I (1954, pg. 94). Hunt’s model,
and thus his proof of physical realizability, must be amended
accordingly in order to successfully use it as a basis for calibra-
tion.

Looking at Fig. 5, the mechanical impedance behavior is
closely related to the transduction coefficient: it contains the
same resonances near 0.5, 2.9 and 5.5 kHz, but they are in-
terspersed with antiresonances at 1.2 and 4.3 kHz, as required
for a driving-point impedance, having its phase between +m/2.
This agrees with the work of other authors (Haughton, 1982;
Cortés, 2002). The 3M data is similar, although the four differ-
ent 3M curves begin to diverge above 800 Hz. Only one of the

four curves (the one from the three lightest masses) completely
follows the 1.2 kHz antiresonance. The phase data in Fig. 5
reveals a second issue: the phase of a driving-point impedance
must remain within +7/2 in order to ensure causality, yet the
3M data clearly does not stay within these bounds due to mea-
surement noise skewing the phase unwrapping. However, even
if this phase unwrapping issue is temporarily ignored, the phase
values below 0.3 kHz approach —n/2 +2n. They should instead
approach 7r/2, indicative of a mass-dominated system.

In order to avoid direct mechanical measurements, the 3M
calibration method uses the driver’s electrical terminals as a
“window” into the Hunt parameters. It is therefore reasonable
to suspect that the mechanical impedance data will be of gener-
ally lower quality than the electrical impedance and transduc-
tion coefficient, because the calibration must “look through” the
transduction coeflicient to observe the mechanical impedance.
From Fig. 4, the transduction coefficient magnitude is small be-
low about 300 Hz, limiting the frequencies at which the electri-
cal input impedance measurements are sensitive to changes in
the load (Fig. 2). When these electrical input impedances are
then used to calculate the Hunt parameters, the result is a di-
minished signal-to-noise ratio of the estimated mechanical im-
pedance. The variability seen in the mechanical impedance es-
timates (Fig. 5) must be resolved before this calibration method
can be used to produce accurate mastoid impedance measure-
ments.

5.2. Refined bone driver model

Inspired by the observed resonance/antiresonance structures
of z,, and T, an extended transducer model is proposed in Fig. 9.
Beginning at the far left, the demagnetized impedance circuit
of Fig. 8 is represented with a box labeled “Z;.” Following
Cortés (2002), a voltage source and force source are used to
signify the transfer of energy between the electrical and me-
chanical domains. These sources have opposite polarity due to
anti-reciprocity, and they are proportional to Bl, where B is the
magnetic field strength and / is the length of wire in the voice
coil.

The electrical stimulus results in a force source F; = BII at
the transducer’s voice coil, with a resulting source velocity v;.
The physical connections between the voice coil and diaphragm
are represented by a spring (series capacitance C) and a mass
(shunt inductance m). This then feeds a transmission line with
characteristic impedance Z,, the output of which is the force F
and velocity v, where the load impedance Z; is applied.

For a setup such as this, involving a delay line terminated by
various impedances, the relationships between the line’s char-
acteristic impedance, its delay 7, and the termination imped-
ances will determine the frequencies of resonance. Further-
more, this type of transmission line setup is in agreement with
the all-pole nature of 7', and with the z,, behavior described in
the previous section.

From Eq. (1), the bone driver mechanical driving-point im-
pedance is defined as the ratio of the output force and velocity
when the input current is zero:

F
Zm = —| . )
V1I=0
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Figure 9: Refined bone driver model, incorporating a transmission line delay element in the mechanical domain, having delay 7 and characteristic impedance Z,.

This delay (7) would explain the resonant structures at 0.5 kHz in both 7" and z,.

Inspection of Fig. 9 reveals that setting the current to zero effec-
tively open circuits the force source Fy, removing the influence
of the capacitor from the circuit. This will cause the circuit to be
dominated by the mass at low frequencies, as viewed from the
mechanical terminals at the far right. This mass-dominated be-
havior is evident in Fig. 5, as in the results of Haughton (1982)
and Cortés (2002).

5.3. Explanation of Z, resonances

At first glance, the demagnetized electrical impedance mea-
surement Z; seems to contradict the Z, results of the three-mass
calibration. From Eq. (1), the electrical impedance is given by

Z,

E
7 (10)

v=().
Similarly, demagnetizing the bone driver makes T negligibly
small, such that the electrical energy is not transduced into me-

chanical energy. This makes v = 0, so Eq. (3) gives a demagne-
tized electrical impedance of

7 E
d = 7 .
Iv=0

Y

Based on Hunt’s model, it then follows that Z, must equal Z,
but comparing Figs. 3 and 7 shows that this is clearly not the
case.

The refined bone driver model accounts for these observed
differences between Z, and Z,. In Fig. 9, transduction from the
electrical domain results in a source velocity vy(w) at the voice
coil that is distinct from the transducer output velocity v(w) at
the diaphragm. Hunt’s model (and thus Eq. (10)) only concerns
the output velocity v, but the logic behind the demagnetized
measurement (Eq. (11)) technically applies to v, not v. Thus
Eq. (11) should be written

E
Zy=~

. 12
71 (12)

Under this condition of vy = 0, the demagnetized measurement
of Z; will in fact be free from mechanical resonances, as seen in
Fig. 7. Likewise, analysis of the circuit model in Fig. 9 reveals
that even if the output velocity is zero (v = 0), measurements of
the electrical input impedance (as defined by Hunt) will still be
influenced by the mechanical parameters m, C, and Z,, result-
ing in the resonances seen in Fig. 3. Although Hunt’s approach
of modeling the transducer as a two-port network is technically

correct, his notation is misleading because the “electrical im-
pedance” Z, is not purely electrical, as it includes mechanical
elements C and m, as well as the open-circuited transmission
line.

5.4. Summary

Beginning with a two-port transducer model from Hunt
(1954), a novel calibration method has been proposed for deter-
mining the electrical driving-point impedance Z,(w), mechani-
cal driving-point impedance z,,(w), and transduction coeflicient
T (w) for the Radio Ear B71 bone vibrator, based on measure-
ments of the electrical input impedance Z;,(w) with the driver
loaded by three known mass loads. The transduction coeffi-
cient estimate 7 from this 3M method has an all-pole response
(Fig. 4), in good agreement with the mechanical measurements
of Haughton (1982) and Cortés (2002), and the T found using
our direct laser measurements of the transducer output velocity
(“2ML”). The mechanical impedance estimate Z,, should have
alternating poles and zeros, as shown by the 2ML measurement
Zn, but instead deviates from this form above the first resonance
frequency (Fig. 5). This reveals a limitation of the 3M method
— the driver’s mechanical impedance may be estimated from
the driver’s electrical terminals, only limited by noise or uncer-
tainties in the electrical impedance and transduction coefficient.

The 3M method yields an electrical impedance estimate Z,
that contains mechanical resonances (Fig. 3). At first glance,
this seems to contradict Hunt’s notion of an electrical imped-
ance. The demagnetized measurement of Z, further suggests
that the electrical impedance should not contain resonances
(Fig. 7). The apparent conflict between the results of Figs. 3
and 7 is due to Hunt’s model not making a distinction between
the voice coil velocity v and the transducer output velocity v.
The transducer model proposed in Fig. 9 resolves this appar-
ent discrepancy between Z, and Z,, and captures the delay line
structure of 7.

The promising aspect of the 3M absolute calibration ap-
proach, as opposed to an artificial mastoid calibration, is that
the absolute calibration only requires assumptions about the
calibration loads, whereas the artificial mastoid calibration re-
quires assumptions about the (unknown) human mastoid load
— namely, that it has the same impedance properties as the
artificial mastoid. In order for an absolute calibration method
to be clinically viable, it must not rely on flawed assumptions,
or measurements that require specialized equipment. Although



the Z,, estimates of the 3M method indicate the need for addi-
tional refinement, the Ze and 7 results are in reasonable agree-
ment with the results from complex mechanical measurements
(the 2ML laser measurements and the equipment of Haughton
and Cortés), yet only require simple electrical input impedance
measurements that can be performed in a matter of minutes.
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A. Appendix: Derivation of the Hunt parameters

A.l. Electrical input impedance
When the bone driver diaphragm is loaded with a mechan-
ical load impedance Z;, the force and velocity across the load
are related by
F=-vZ,. (13)

The minus sign is due to the velocity being defined as into the
port, as shown in Fig. 1. Inserting Eq. (13) into Eq. (1) and
using the reciprocity relation Eq. (2) yields

A |} (14)

From Eq. (14), the bone driver’s electrical input impedance Z;,
is
2
Z; EEZZE-FT—. (15)
1 Im + ZL
An analysis of Eq. (15) reveals that if the transducer were
loaded with an infinite load impedance (Z; — oo, that is, block-
ing the diaphragm motion), then the 72/(z,, + Z;) term would
become negligibly small and the electrical input impedance
would equal the transducer electrical impedance (Z;,, — Z,).
In theory this provides a straightforward method for determin-
ing the electrical impedance.? In practice it seems impossible
to fully block the diaphragm motion — especially in a non-
destructive manner — and thus the input impedance will al-
ways contain some residual mechanical resonance(s). Instead
of using a blocked-motion measurement condition, a system of
equations for Z;, under three different loading conditions, A-C,
is (in theory) equivalent:

. 72
Zin = Zo + ————
il ¢ 2771 + ZL\A
N 72
Zip = Zo + ———— 16
in|B e 2m T ZL\B ( )
. 72
Zigc =2 +
in|C e zm T ZL\C

Here, the over-hat (*) is used to indicate that Z,, T2 and %,, are
to be estimated from experimental measurements.

2In theory there is no difference between theory and practice. In practice
there is.” — Yogi Berra

A.2. Solving Egs. (16) for the Hunt parameters

The procedure for solving Eqs. (16) begins by taking the
difference of two of the measurements, eliminating Ze from the
equation:

7 7

— = . (17)
In+Ziyc  Zm+Zpa

Zinic — Zinja =

Then taking the ratio of two such differences eliminates 7', leav-
ing Z,, the remaining unknown:

(2m + ZLlB) 3 [ZinA - ch} [ZLC - ZL|B]
Zm +Zpja Zing — Zinc || Zuc — Zpja

(18)

The term in parentheses on the left side of this equation is a
Mobius transformation of the unknown mechanical impedance
Zm(w) (Boas, 1987), and in brackets on the right side are the
(known) ratio of input impedance differences and the (known)
ratio of load impedance differences. After solving Eq. (18) for
Zms Eq. (17) may be solved for T?%(w) and then Egs. (16) for Z,.

A.3. Case of known velocity

The laser setup described in Section 3.2 was used to mea-
sure the velocity response of the bone driver subject to two dif-
ferent mass loads. From Eq. (14), the two mass loads yield the
system of equations

—vaZpa = TIp + Zmva (19)
_VBZLlB =TlIg+ z,vp,

where 14 and v, represent the current and velocity in the Zyj4
loading condition. Simple manipulation of Egs. (19) produces

an expression for 7" based on the measured velocities, currents,
and load impedances:

vave (Zya — Zyp)
VAIB - VBIA '

T = (20)

A tilde is used to differentiate T irom the derived estimates T
or the theoretical value 7. Once T is known, Z,, is found using
either one of Egs. (19).
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