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Voltage property analysis of piezoelectric floating mass actuator
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Abstract: Aiming at a kind of middle ear implant( MEI), the
driving voltage of a piezoelectric floating mass actuator is
analyzed using a 0.7Pb ( Mgl/3Nb2/3) O3-0. 3PbTiO3 ( PMN-
30% PT) stack as a new type of vibrator. For the purpose of
facilitating the analysis, a simplified coupling model of the
ossicular chain and the piezoelectric actuator is constructed.
First, a finite element model of a human middle ear is
constructed by reverse engineering technology, and the validity
of this model is confirmed by comparing the simulated motion of
the stapes footplate obtained by this model with experimental
measurements. Then the displacement impedance of the incus
long process is analyzed, and a single mass-spring-damper
equivalent model of the ossicular chain attached with the clamp is
derived. Finally, a simplified coupling model of the ossicular
chain and the piezoelectric actuator is established and used to
analyze the driving voltage property of the actuator. The results
show that the required driving voltage decreases with the increase
in the frequency, and the maximum required driving voltage is
20.9 V in the voice frequencies. However, in the mid-high
frequencies where most sensorineural hearing loss occurs, the
maximum required driving voltage is 3.8 V, which meets the
low-voltage and low-power requirements of the MEIL.
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earing impairment is one of the most common diseases
Hin our society. According to the Second China National
Sample Survey Data on Disability, there are about 27 mil-
lion people with hearing impairment in China'"'. World-
wide, the number is estimated to be more than 500 million.
With the development of ear surgery, most of the conduc-
tive hearing loss can benefit from operation. However,
there is still lack of effective treatment to sensorineural hear-
ing loss. The majority of these hearing-impaired individuals
can only turn to conventional hearing aids. However, con-
ventional hearing aids have several inherent disadvantages,
such as sound distortion, limited amplification, noise and
ringing, discomfort, and cosmetic appearance'”. For this
reason, alternative methods to conventional hearing aids
have been developed to overcome those limitations. Middle
ear implant( MEI) is one of these alternative treatments.
Several different types of MEI are currently under devel-
opment. Among them, the floating mass transducer( FMT)
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type, whose actuator is directly clamped to the ossicles, is
widely utilized for its advantage of easy surgical opera-
tion”™. Such type of MEI can still be classified into an
electromagnetic one and a piezoelectric one in terms of its
actuator’s driving method. Until now, several kinds of the
electromagnetic floating mass type MEI have been invented
and undergone clinical trials, such as SOUNDTEC"' and
Soundbridge'', but investigations of the piezoelectric float-
ing mass type MEI are rarely reported. Considering that pie-
zoelectric actuators have demonstrated many advantages in-
cluding ease of fabrication, wider bandwidth, lower power
consumption and more compatibility with external magnetic
environments, Hong et al. ' proposed a new type of piezoe-
lectric MEI with a floating mass actuator. However, the
middle ear’s biomechanics was not considered in their re-
search.

In this paper, we construct a simplified coupling mechan-
ics model of the ossicular chain and the piezoelectric actua-
tor, and use this model to investigate the driving voltage
property of this new type of piezoelectric MEI.

1 Structure of Piezoelectric Floating Mass Type
MEI

Fig. 1 shows the position where the piezoelectric actuator
is implanted in the ossicular chain and an overall schematic
of the piezoelectric floating mass type MEI. This MEI in-
cludes a microphone for receiving an acoustic signal from
outside, a signal processing circuit for receiving the acoustic
signal from the microphone to generate an acoustic electric
signal, and a piezoelectric type actuator for generating an
acoustic vibration signal in response to the acoustic electrical
signal from the signal processing circuit.
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Fig.1 Schematic of MEI system

Fig. 2 shows a schematic of the designed piezoelectric
floating mass type actuator. This actuator consisting of a
metal case, a clamp and a multi-layered piezoelectric stack,



Voltage property analysis of piezoelectric floating mass actuator used in middle ear implant

497

as shown in Fig. 2, is attached to the incus long process by
its clamp. One side of the piezo-electric stack is fixed to the
metal case, while the other side is stuck to the clamp.
Then, the ossicle is vibrated by the repetition of the piezo-
electric stack’s expansion and contraction according to the
applied voltage.
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Fig. 2 Configuration of the floating mass type piezoelectric
actuator

2 Coupling Mechanics Model of Middle Ear Sys-
tem and Piezoelectric Actuator

2.1 Middle-ear finite element model

To obtain the displacement impedance of the incus long
process, we first construct a middle-ear finite element( FE)
model with an actuator clamped as shown in Fig. 3. This fi-
nite element model is established based on a complete set of
computerized tomography section images of a healthy
volunteer’s left ear by reverse engineering technology. The
material properties and boundaries of this model are listed in
Tab. 1 and Tab. 2. These material property values in Tab. 1
are taken from Refs. [6 —7], and the boundary conditions
in Tab. 2 are taken from Refs. [8 —9]. Besides, the Pois-

son ratio is assumed to be 0. 3 for all materials of the middle
ear system, and the damping parameters are assumed to be
B=0.1 ms.
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Fig. 3 The coupling model of the middle ear and the floating
mass type piezoelectric actuator

In an attempt to confirm that our finite element model can
give satisfactory predictions, comparisons against two ex-
perimental studies are made.

With a uniform harmonic pressure stimulus of 90 dB SPL
applied to the lateral side of the eardrum in the FE model,

Tab.1 Material properties of ear components

Density Young’s modulus

Ear components

p/(10°kg-m %) E/(MN-m~2)

Pars tensor 1.20 32.0

Pars flaccida 1.20 10.0
Malleus head 2.55 1.41 x10*
Malleus neck 4.53 1.41 x10*
Malleus handle 3.70 1.41 x10*
Incudomalleolar joint 3.20 1.41 x10*
Incus body 2.36 1.41 x 10*
Incus short process 2.26 1.41 x10*
Incus long process 5.08 1.41 x10*

Incudostapedial joint 1.20 0.6
Stapes 2.20 1.41 x 10*

Tab.2 Boundary conditions of the middle-ear FE model

Stiffness Damping
Ear components o i
K/(kKN-m~™") C/(N+s'm™")
Superior mallear ligament 0.50 0
Anterior mallear ligament 0.30 0
Lateral mallear ligament 0.40 0
Posterior incudal ligament 0.50 0
Posterior stapedial muscle 0.05 0
Eardrum support spring 100 0
Tensor tympani tendon 0. 04 0
Cochlear fluid 0. 06 0. 054

harmonic analysis is conducted across the frequency range of
0.25 to 10 kHz using ANSYS. The stapes footplate dis-
placements are calculated and plotted with Gan et al. ’s ex-
perimental data'” as shown in Fig. 4. It shows that our FE
model curve is lower than the mean experimental curve, es-
pecially in the frequencies above 750 Hz. However, the
trend is similar to the mean experimental curve. The differ-
ence between the FE model prediction results and experi-
mental data may come from the variations of individual tem-
poral bones. Meanwhile, the stapes footplate velocity trans-
fer functions( STF) are calculated and plotted with Aibara et
al. ’s experimental data'"’ as shown in Fig. 5. Likewise, our
FE model curve is close to the lower limits of the experi-
mental curves, and consistent with the case of the footplate
displacement in comparison with Gan et al. ’s results.
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Fig. 4 Comparison between stapes footplate displacements
predicted by the FE model and the experimental data

These comparisons show that our middle-ear FE model’s
predictions, in general, match experimental results obtained
from human temporal bones. This middle-ear FE model can
predict biomechanical characteristics of the human middle
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Fig. 5 Comparison of the stapes footplate velocity transfer
function between the FE model prediction result and the ex-
perimental data

ear system.

2.2 Simplified coupling model of ossicular chain and
piezoelectric actuator

Excessive amount of sound pressure can cause sensory
nerve pain, so researchers often use 100 dB as their MEI's
maximum amplified sound level™. But, the required force
for driving the incus to the equivalent sound pressure of 100
dB SPL is unknown. Thus, in this simulation we select 100
dB SPL stimuli at the tempanic membrane as a reference.
Fig. 6 shows the calculation results. Given that sensorineural
hearing loss is usually very severe in high frequencies, the
force required to drive the incus to the equivalent of 100 dB
SPL is about 8.9 wN. This is consistent with the early ex-
perimental report'”. Under this force’s stimulation, the dis-
placement of the incus long process where the actuator is
clamped is also calculated as shown in Fig. 6. With these in-
cus long process displacement data, the displacement im-
pedance of the incus long process is derived. For conven-
iently constructing the simplified coupling model of the os-
sicular chain and the piezoelectric actuator, the system of
the ossicular chain and the clamp is approximated to a mass-
spring-damper model ( the left part in Fig. 7). The equiva-
lent mass m, is presumed to be 27 mg, considering the mass
of the incus. The equivalent damp c, and stiffness k, are de-
rived from the above calculated displacement impedance of
the incus long process.
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Fig. 6 Displacement of ossicular chain with eardrum stimu-
lation and incus stimulation

According to the above analyses, our simplified coupling
model of the ossicular chain and the piezoelectric actuator is
established as shown in Fig. 7, where m,, c, and k, stand for
the equivalent mass, the equivalent damp and the equivalent
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Fig. 7 Simplified coupling model of piezoelectric actuator
and ossicular chain

stiffness of the ossicular chain, respectively. Besides, m
stands for the mass of the metal case.

Fig. 8 presents the mechanical model of this coupling sys-
tem. From the mechanical model, the equation of the mo-
tion of the coupling system can be derived as follows'"':

m

(1)

mix, =F, —kx —cX }

m. X, =F,

where F_ is the force applied to the piezoelectric stack.
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Fig. 8 Mechanical model of the coupling system of piezo-
electric actuator and ossicular chain

The electromechanical behavior of the piezoelectric stack
can be expressed as follows!" ™" :

Sy = S3E3 T, +dy,E, (2)
D, =d;T; + 33T3E3 }
dl X +x, . .
where S, = T S, and s,, are the axial stain and the
elastic modulus of the piezoelectric material, respectively.
T, = - F /A is the axial stress applied to the piezoelectric

material. A is the cross-sectional area of the piezoelectric
stack and n is the number of layers in the piezoelectric
stack. d,, is piezoelectric constant of the piezoelectric mate-
rial. E; =V, /t; D, and E, are the electric displacement and
electric field strength, respectively. V,, is the driving volt-
age and 1, is the thickness of each layer in the piezoelectric
stack.

Together with the expressions of T, and E;, F, can be ex-
pressed as

Ad Ad X, +X
Fp — 331_23 _i , — 33 Vin _i i m —
S33 S33 tps33 S33 tpn
KV, -K/(x; +x,) (3)

where K, = Ad,,/(1,55,), K, =K /nd;.
Combining Eqgs. (1) and (3) yields

mx, + K. (x, +x,) =K, V,, - kx, - cX,
O

mmxm +Ke(xi +'xm) :KvVin

3 Driving Voltage of Piezoelectric Actuator

In our study, the piezoelectric stack has a cross-section of
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1 mm x 1 mm and consists of 20 layers of crystal, each of
0.1 mm thickness, giving a depth of 2 mm. This piezoelec-
tric stack is made up of PMN-30% PT piezoelectric material
considering its vibration efficiency better than PZT materi-
als. With 89 uN output force of the piezoelectric stack, the
displacements of the incus, the metal case and the piezoe-
lectric stack are derived from Eqs. (3) and (4) as shown in
Fig. 9. Besides, the corresponding driving voltage is shown
in Fig. 10.
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Fig. 9 Displacement of incus, metal case and piezoelectric
stack under 89 pN stimulation force of piezoelectric stack
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Fig. 10 The required driving voltage of piezoelectric actuator

Fig. 10 shows that, to stimulate the stapes footplate dis-
placement equivalent to that from acoustic stimulation at 100
dB SPL, the required maximum driving voltage of the pie-
zoelectric stack is 20.9 V in the voice frequency domain
(0.3 to 3.4 kHz). In addition, the required driving voltage
decreases with the increase in the frequency. Given that
hearing impaired individuals often suffer from sensorineural
hearing loss in a mid-high frequency range from about 1 to 4
kHz, the maximum required driving voltage of this piezo-
electric stack is 3. 8 V, which meets the safety requirements
of the MEL

4 Conclusions

To study the driving voltage property of a piezoelectric
actuator of the middle ear implant, a simplified coupling
model of the ossicular chain and the piezoelectric actuator is
established. From the investigation, the following conclu-
sions can be made:

1) The required driving voltage of the MEI’s piezoelectric
stack decreases with the increase in the frequency.

2) To stimulate the stapes footplate displacement equiva-
lent to that from acoustic stimulation at 100 dB SPL, the re-
quired maximum driving voltage of the piezoelectric stack is

20.9 V in the voice frequency domain(0.3 to 3.4 kHz).

3) The maximum required driving voltage is 3.8 V in
mid-high frequencies ( > 1 kHz) where most sensorineural
hearing losses occur.
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