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 Introduction 

 As the most successful neural prosthesis, cochlear im-
plants stimulate the auditory nerve and have restored 
partial hearing to 100,000 deaf people [Zeng, 2004]. Us-
ing similar principles, several prostheses are being inves-
tigated to restore other senses. For example, retinal im-
plants stimulate the optic nerve to restore vision in blind 
people [Weiland et al., 2005]. Vestibular implants may 
improve balance and spatial orientation in patients suf-
fering from peripheral vestibular disorders [Gong and 
Merfeld, 2002; Rubinstein and Della Santina, 2002; Wall 
et al., 2002]. 

 Diminished vestibular function, causing dizziness and 
balance problems, poses a serious health risk, particu-
larly in the elderly population. Several noninvasive ap-
proaches have been taken to control dizziness and imbal-
ance, including regular exercise, appropriate use of drugs, 
and sensory substitution using auditory, tactile, and vi-
sual feedback [Gauchard et al., 2003; Minor, 1999; Patla, 
2003]. Alternatively, a vestibular prosthesis might be 
used to restore vestibular function. Merfeld and his col-
leagues have designed a unilateral horizontal semicircular 
canal prosthesis and successfully used it to stimulate the 
vestibular nerve in a squirrel monkey model [Gong and 
Merfeld, 2000, 2002; Lewis et al., 2002]. Their implemen-
tation used an off-the-shelf single axis piezoelectric vi-
brating gyroscope to measure the head rotation and a mi-
crocontroller to convert rotational information into elec-
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  Abstract 
 This paper presents a functional architecture, system 
level design, and electronic evaluation of a unilateral 
vestibular prosthesis. The sensing unit of the prosthesis 
is a custom-designed one-axis microelectromechanical 
system (MEMS) gyroscope. Similar to the natural semi-
circular canal, the MEMS gyroscope senses angular mo-
tion of the head and generates voltages proportional to 
the corresponding angular acceleration. The voltage is 
then converted into electric current pulses according to 
the physiological data relating angular acceleration to 
the spike count in the vestibular nerve. The current puls-
es can be delivered to stimulate the corresponding ves-
tibular nerve branch. Electronic properties of the ves-
tibular prosthesis prototype have been systematically 
evaluated and found to meet the design specifi cations. 
A unique feature of the present vestibular implant pro-
totype is the scalability: the sensing unit, pulse genera-
tor, and the current source can be potentially implement-
ed on a single chip using integrated MEMS technology. 
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trical pulses for direct stimulation of the vestibular nerve. 
Della Santina et al. [2005] recently described a multi-
channel vestibular prosthesis employing commercial off-
the-shelf microelectromechanical system (MEMS) gyro 
transducers and demonstrated responses to prosthetic 
stimulation in vestibular-defi cient animals. 

 Here we describe development of a MEMS-based, ves-
tibular prosthesis prototype. The core technology is a cus-
tomized silicon chip that is 5  !  5 mm in size and includes 
three gyroscopes and three linear and angular accelerom-
eters [Shkel and Howe, 2002]. We envision using the 
MEMS gyroscope as the input and then to adapt the co-
chlear implant technology for signal processing and elec-
tric stimulation. The combined MEMS and integrated 
circuit technologies should signifi cantly shrink the sensor 
size, reduce the fabrication cost, and integrate the sens-
ing-processing-stimulating functions on the same silicon 
chip for a ‘balance on-a-chip’ system. 

 We fi rst briefl y summarize the function and structure 
of the vestibular system. We then describe the system 
level design and functional blocks of the proposed ves-
tibular prosthesis. Third, we present an engineered pro-
totype of a unilateral vestibular prosthesis and compare 
the prototype performance to the physiological data re-
corded in the vestibular nerve of squirrel monkeys. Fi-
nally, we discuss both the opportunities and challenges 
facing the  development of a totally implantable vestibular 
pros thesis. 

 Vestibular Function and Structure 

 The vestibular system is responsible for maintaining 
balance and spatial orientation while allowing the head 
and body to move freely [Goldberg and Fernandez, 1975; 
Highstein et al., 2005; Minor, 1998]. The vestibular sys-
tem accurately senses and processes position and motion 
information. The brain then acts on the information by 
using the vestibulo-ocular refl ex to stabilize gaze and the 
vestibulo-spinal refl ex to control posture and balance. 
The sensing unit of the vestibular system consists of three 
semicircular canals and two otolith organs. The three 
semicircular canals are orthogonal to each other and can 
detect rotational movements of the head by sensing an-
gular acceleration. The two otolith organs are the saccule 
and utricle that detect linear movements of the head, with 
the saccule being sensitive to gravity and the utricle being 
sensitive to linear accelerations in all planes. 

 All vestibular organs have small sensory hair cells, 
which convert motion into action potentials in the ves-

tibular nerve. Each hair cell has a resting potential and its 
associated nerve has a spontaneous fi ring rate. The mean 
spontaneous rate is 91 spikes/s (SD = 36) in the squirrel 
monkey [Goldberg and Fernandez, 1971]. The fi ring rate 
increases when a semicircular canal responds to rotation 
in one direction, and decreases in the other direction. The 
fi ring rate changes in the opposite direction for vestibular 
nerve fi bers innervating the contralateral semicircular ca-
nal in the same plane. Adaptation and small nonlineari-
ties also occur in response to constant angular accelera-
tion [Fernandez and Goldberg, 1971]. The average sen-
sitivity is 0.3–0.7 spike/s, per 1°/s in rats and guinea pigs 
[Curthoys, 1982]. 

 The perceptual threshold for rotation detection in hu-
mans has been measured to be between 0.1°/s and 2°/s 
[Benson et al., 1989]. Montandon [1954] found that the 
acceleration threshold is 1°/s 2  in normal healthy individ-
uals, but greater than 6°/s 2  in patients with vestibular dys-
function. It should be noted that the perceptual threshold 
is likely to be different for different rates of acceleration 
and highly dependent upon individuals. Nevertheless, 
these reported electrophysiological and behavioral data 
have formed the basis on which the sensing and pulse 
generating units are built in the proposed vestibular pros-
thesis. 

 System Design 

 We initially focus on a semicircular canal prosthesis 
to restore rotational sensibility. The prosthesis should 
sense motion with suffi cient precision and deliver elec-
tric stimulation to the central nervous system that mim-
ics the dynamic vestibular function.  Figure 1 a contrasts 
the natural and prosthetic systems, with both having 
three main functional units – a sensing unit, a pulse gen-
erator, and a stimulator.  Figure 1 b shows a functional 
block diagram for the circuit components of a vestibular 
prosthesis [Liu et al., 2003]. The sensing unit includes a 
gyroscope, a low-pass fi lter and a differentiator. The in-
put is rotational motion while the output is an analog 
voltage that is proportional to angular acceleration along 
the sensing axis. The pulse generator consists of a trans-
fer function unit and a voltage-to-frequency converter. It 
generates monophasic voltage pulses based on a mathe-
matical model describing biomechanics of the vestibular 
organ. The current source converts the monophasic volt-
age pulses into biphasic, charge-balanced, cathodic-fi rst, 
current pulses that can be used to safely stimulate the 
vestibular nerve. 
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 Sensing Unit 
 The prosthesis utilizes a custom-made single-axis 

MEMS gyroscope, developed by UCI Microsystems Lab-
oratory [Shkel, 2001].  Figure 2  shows a scanning electron 
micrograph of a MEMS gyroscope prototype. The gyro-
scope is approximately 2  !  2 mm 2  in size with a mini-

mum feature of 5  � m. The MEMS gyroscope consumes 
 � 10 mW power, which compares favorably with 
 � 30 mW/rotational axis for the piezoelectric and MEMS 
sensors by Murata and Analog Devices Inc., respectively. 

 The micromachined gyroscope uses a vibrating ele-
ment to measure rotational velocity based on the Coriolis 
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  Fig. 1.   a  Comparison of the natural and 
prosthetic vestibular systems.  b  The func-
tional block diagram of a MEMS-based ves-
tibular prosthesis mimicking the dynamic 
function of the natural vestibular system. 



 Shkel   /Zeng   

 

 Audiol Neurotol 2006;11:113–122 116

principle [Greiff et al., 1991; Shkel et al., 2005]. The proof 
mass, which constitutes the active portion of the sensor, 
is driven by an oscillator circuit at a precise amplitude, 
X D , and a relatively high frequency,  �  n , so that x(t) = 
X D  sin( �  n t). When subject to a rotation with angular ve-
locity  � , the proof mass will be subject to the Coriolis 
force. The resultant Coriolis force is perpendicular to 
both the input rate and the instantaneous radial velocity 
in the drive direction. This force produces a motion of 
the proof mass, y(t), in a direction perpendicular to its 
initial oscillation: 

� � 2
      D

n

X Qy t
�
��                                                   (1) 

 This equation shows that the output defl ection is pro-
portional to the input angular velocity. The gyroscope 
response is also directly proportional to quality factor  Q  
(i.e., the sharpness of the resonance) of the device. To 
improve performance of the MEMS gyroscope, the device 
has to be vacuum packaged to achieve high-amplitude 

response in the sensing direction. Detection of the Corio-
lis response is also challenging, requiring measurements 
of picometer scale oscillations in the sense mode, with the 
proof mass oscillating with tens of micrometers ampli-
tude in the drive mode. The synchronous demodulation 
technique is commonly used to tackle this problem. A 
high-frequency carrier signal is imposed on the structure. 
An array of differential capacitors is used to detect pico-
meter scale defl ections due to the Coriolis-induced mo-
tion. The difference of the outputs of the differential am-
plifi ers is amplitude demodulated at the carrier signal fre-
quency, yielding the Coriolis response signal at the driving 
frequency. 

 We have also developed alternative vibratory gyro-
scopes with rate-integrating capabilities [Shkel et al., 
2005]. Here we consider the design principle and specifi -
cations for a single-axis MEMS gyroscope employing a 
unique architecture that comprises a drive mode oscilla-
tor and a sense mode oscillator. This architecture im-
proves sensitivity while maintaining robust operation 
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  Fig. 2.  Scanning electron micrograph of a prototype MEMS gyroscope. 
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characteristics. The device operates in air and does not 
require vacuum packaging.  Figure 3  shows this MEMS 
gyroscope’s linear response in DC voltage as a function 
of the angular rate input. The gyroscope has a sensitivity 
of 0.0694 mV/degree/s and a noise fl oor of 0.211 mV/ � Hz 
at a 50-Hz bandwidth, yielding a resolution of 3.05°/s/ � Hz 
at the same bandwidth. 

 The MEMS gyroscope can sense any type of angular 
rotation (constant or nonconstant rotational rate), while 
the natural vestibular organ only responds to the angular 
acceleration. To mimic the natural organ, a circuit dif-
ferentiates the output voltage of the gyroscopes to pro-
duce a signal proportional to the angular acceleration. To 
minimize the effect of high-frequency noise without af-
fecting the input motion signal, which is usually less than 
10 Hz, a 3030-Hz low-pass fi lter is used prior to the dif-
ferentiator [Liu et al., 2003]. 

 Pulse Generator 
 The pulse generator consists of a transfer function unit 

emulating the dynamics of the natural vestibular organ. 
It uses a high-order transfer function, described by two 
zeros and three poles, to encode angular acceleration by 
increasing or decreasing the fi ring rate from the spontane-
ous rate of the vestibular nerve. The transfer function is 
modeled as a linear torsion-pendulum system [Steinhau-

sen, 1931; von Egmond et al., 1949]. In this model, the 
cupula and endolymph are treated as a heavily damped, 
second-order linear system, where the cupula angular de-
fl ection   � ( t  ) is related to angular acceleration  � ( t ) by the 
following differential equation: 

� � � � � � � �
2

2           
d t d t

t t
d t dt
� �

� �� �� �� ��                    (2)

 where   �   1  =  � / �  and   �   2  =  	 / �    are two time constants de-
fi ned by morphology and material properties of the ves-
tibular end-organ [Groen, 1956]. 

 Furthermore, the relationship between the input an-
gular acceleration and the overall change in fi ring rate of 
neurons is described by: 

� � � �� �1 2

1
                

1 1 1
A L

A

s sH s
s s s

� �
� � �

��
� � �                    (3)

 where   �   1  and   �   2  are time constants of the pendulum mod-
el described above,   �   A  is related to the level of neuron 
adaptability, and   �   L  is the dynamical-electrical time con-
stants. Fernandez and Goldberg [1971] estimated:   �   1  = 
5.7 s,   �   2  = 0.003 s,   �   A  = 80 s, and   �   L  = 0.049 s. 

 We use three operational amplifi ers in serial to imple-
ment the transfer function relating the input angular ac-
celeration to the fi ring rate of the vestibular nerve fi bers. 
The input to the pulse generator is the voltage signal cor-

  Fig. 3.  A MEMS gyroscope’s voltage output 
as a function of angular rate input. 
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responding to angular acceleration, and the output is the 
pulse train with its rate being equal to the fi ring rate esti-
mated from the animal model. 

 Current Source 
 To provide effective and safe electric stimulation, the 

monophasic voltage signal has to be converted into a bi-
phasic current signal [McCreery et al., 1990; Scheiner et 
al., 1990]. Similar to cochlear implants, the vestibular 
implant will likely have great individual variability in 
threshold and dynamic range [Zeng and Galvin, 1999]. 
Therefore, the electric parameters, including pulse rate, 

pulse amplitude, and pulse duration, have to be dynami-
cally and individually adjusted. In our implementation, 
the shortest pulse duration is set at 1 ms. Therefore, the 
maximum rate can be set close to 500 Hz, doubling the 
maximum rate of 250 Hz used in a previous study [Gong 
and Merfeld, 2002]. 

 Printed Circuit Board Prototype 
  Figure 4  shows such a vestibular prosthesis prototype 

implemented in a printed circuit board. The sensing unit 
is a z-axis gyroscope, followed by a low-pass fi lter and a 
differentiator. The pulse generator includes a transfer 
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  Fig. 4.  A printed circuit board prototype of the electronic unilateral semicircular canal prosthesis. The dimension 
is  � 12  !  24 cm 2 . 
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function unit and a voltage-to-frequency converter. The 
current source includes Smith triggers, analog switches 
and a current mirror. Two 9-volt batteries are used as a 
power supply for the prototype circuitry and the sensor. 
Nine potentiometers are utilized to adjust for the resis-
tance parameters, including four time constants in the 
transfer function (  �   1 ,   �   2 ,   �   A , and   �   L ), the gain of the trans-
fer function, spontaneous fi ring rate, pulse amplitude, 
and duration of both positive and negative phases for the 
biphasic pulses. 

 Electronic Evaluation 

 We have evaluated electronic performance of the ves-
tibular prosthesis prototype against the experimentally 
obtained results in a squirrel monkey model [Fernandez 
and Goldberg, 1971]. In their experiment, the animal 
was mounted in a structure so that the center of the head 
was coincident with the axis of rotation and the horizon-
tal canal was in the horizontal plane. Sinusoidal rota-
tions with a frequency of 0.1–8 Hz were sequentially 
applied and responses of the vestibular nerve in terms 
of the fi ring rate were monitored and recorded. In 
our experiment, the prosthesis prototype was placed on 
a rate table, moving under the same rotational condi-

  Fig. 5.  Electronic evaluation of the vestibu-
lar prosthesis. The solid line shows the out-
put of the MEMS gyroscope. The dotted 
line shows the output of the pulse generator. 
The pulses are the current source’s output, 
corresponding to the output of the pulse 
generator (note the greater inter-pulse inter-
val between 0.2 and 0.3 s than between 0.7 
and 0.8 s). 

tions as those reported in Fernandez and Goldberg 
[1971]. 

  Figure 5  shows a segment of the prosthesis response to 
inertial stimuli in real time. The continuous line (top 
trace) is the output of the sensing unit (gyroscope), which 
accurately refl ects the sinusoidal rotation input of the rate 
table. In this example, the rotation input frequency is 
1 Hz and acceleration amplitude is 250°/s 2 . The dotted 
line (second trace) is the analog signal refl ecting the output 
of the transfer function in the pulse generator. The value 
of this analog signal is used to generate a corresponding 
pulse rate. Note the apparent phase difference between the 
gyroscope’s output and the pulse generator’s output. In 
this example, the biphasic current pulses generated by the 
prosthesis dynamically varied from a maximum of 50 
spikes/s to a minimum of 30 spikes/s, with a spontaneous 
rate of 40 spikes/s. We should note that both the sponta-
neous fi ring rate and the sensitivity (setting the maximum 
and the minimum fi ring rates) can be easily adjusted, 
should this adjustment be needed to accommodate indi-
vidual differences. Finally, occasional instant shocks on 
top of the pulses may occur as a result of conversion of a 
digital signal to an analog signal. While adding a capacitor 
parallel to the load can minimize the potential effect of 
such shocks on the electrode and tissue, more sophisti-
cated circuit design may be required to eliminate them. 
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  Figure 6  compares the magnitude (panel a) and phase 
(panel b) responses for the experimentally obtained data 
in squirrel monkeys [Fernandez and Goldberg, 1971] 
(symbols), the mathematical model prediction (dashed 
lines), and the output of the vestibular prosthesis proto-
type (solid lines). The dashed line in the magnitude re-
sponse is not visible because the model prediction is 
virtually identical to the prototype’s output. A compar-
ison is performed for the harmonic angular acceleration 
with frequencies between 0.1 and 8 Hz. The gain re-
sponse matches closely for all three sets of data, but the 
phase response differs slightly, particularly at higher fre-
quencies, reaching 5 degrees between the physiological 
data and the prototype output at 8 Hz, and 12 degrees 
between that physiological data and the model predic-
tion at the same frequency. Higher-order models or even 
nonlinearities simulating the biomechanics of the ves-
tibular end-organ are required to remove this phase dif-
ference. 

 Future Direction 

 This paper describes the design, implementation and 
evaluation of an electronic prosthesis mimicking the dy-
namic function of a unilateral semicircular canal. The 

encouraging preliminary results have demonstrated the 
technical feasibility of combining MEMS gyroscopes and 
analog circuits to reproduce a natural vestibular system’s 
dynamic response to unilateral rotational movement. 

 The present architecture enables the use of the surface 
mount hybrid techniques, which can reduce the size of 
the overall system and potentially implement them on a 
single chip. Power consumption can also be reduced us-
ing the custom-integrated MEMS gyroscope and low-
power analog circuitry.  Figure 7  shows the conceptual 
design of a totally implantable version for the next gen-
eration of the vestibular prosthesis. A three-axis MEMS 
gyroscope will be integrated with control and signal con-
ditional electronics on a silicon substrate encapsulated in 
a vacuum environment (panel a). The same silicon struc-
ture will support a stimulating electrode at each end and 
provide multiple feedthroughs (panel b). Wireless com-
munication capabilities, wireless gain adjustment capa-
bilities, and wireless power supply will be integrated and 
housed in a glass capsule. The glass capsule will be elec-
trostatically bonded to the substrate to provide hermetic 
sealing for protection of the receiver circuitry, sensor, and 
hybrid elements from body fl uids. 

 We should also note that successful implementation of 
the vestibular prosthesis not only requires innovative en-
gineering solutions but also novel surgical approaches. 

a

b

  Fig. 6.  Magnitude ( a ) and phase ( b ) re-
sponses to a sinusoidal stimulus from the 
actual vestibular nerve fi bers in squirrel 
monkeys [Fernandez and Goldberg, 1971] 
(crosses), the mathematical model predic-
tion (dashed lines), and the measured out-
put of the present prototype (solid lines). 
The dashed line is not visible in the magni-
tude response because the mathematical 
model prediction totally overlaps with the 
prototype output. 
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The implantation procedures and interface with vestibu-
lar nerves should minimize the risk of injury to and stim-
ulation of the adjacent facial nerves. In addition, vestibu-
lar implantation should not interfere with hearing. An 
important next step is to demonstrate both the technical 
and surgical feasibilities of the present vestibular prosthe-
sis prototype in a live animal model. 
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  Fig. 7.   a  Conceptual illustration of the fi nal 
inertial measurement unit with integrated 
electronics.  b  Structure of the totally im-
plantable vestibular prosthesis showing the 
silicon substrate, receiver circuitry, 6-DOF 
inertial sensors, vacuum packaging cup, 
and glass capsule. 
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