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Abstract. Up to now, mainly uniaxial accelerometers are described in most
publications concerning this subject. However, triaxial accelerometers are needed
in the biomedical field. Commercially available triaxial accelerometers consisting of
three orthogonally positioned uniaxial devices do not meet all specifications of the
biomedical application. Therefore, a new highly symmetrical inherently triaxial
accelerometer is being developed, the advantages of which are higher sensitivity
and reduction of off-axis sensitivity.

1. Introduction
Accelerometers are being used in shock, movement and
vibration measurements, for instance in airbag systems.
Sitice the mass of the device is not allowed to influence
the measurement results, miniaturization is demanded.
Therefore, it is necessary to design and to realize reliable
‘micromechanicalaccelerometers.
Accelerometers are. also being used in the biomedical
field, including by the Biomedical Engineering Division of
the University of Twente [I]. The research done on the
accelerometer as described in this paper will contribute to
the development of a functional electrical stimulation (ES)
system which will eventually enable paraplegic patients to
walk on their own again. In this application, the devices
must be small (in vivo use), stable and preferably selfcalibrating. Moreover, the devices must be biocompatible
and should have low power consumption (battery lifetime).
Specifically, the devices need to be sensitive in three
directions (triaxial) in the range between -5g and +5g
(with g being the earth’s gravitational force). Also, a
frequency response from 0 to 50 Hz and a dimension of
2 x 2 x 2 mm’ are required.
Up to now, mainly uniaxial’accelerometers have been
discussed in most publications concerning this subject [241. The main principle described is the mass-spring-damper
system. When the mass is subjected to an acceleration,
the length of the spring is changed. The main methods to
detect this change in length are the capacitive method, the
piezoresistive method and the piezoelectric method. The
capacitive method is the most sensitive and the least power
consuming.
Few inherently triaxial accelerometers have been
presented [5,6]. Inherently triaxial means that the device
does not consist of three uniaxial sensors, but that it is truly
triaxial. A disadvantage of the presented triaxial devices is
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that the off-axis sensitivity is rather high because of the
lack of symmetry. Therefore, when a highly symmetrical
design is made, this problem can be reduced.
The purpose of this research is to develop a prototype
of the triaxial accelerometer. The structure of the device
is a central mass surrounded by capacitors. The chang; of
the capacitance in any direction, as caused by the qnclo$ed
central mass, is a measure of the occurring aceblerat[on.
Present research is focused on the realizaiion?of this
accelerometer structure.

2. Present sensors
Commercially available triaxial accelerometers consist of
three orthogonally positioned uniaxial devices with one
A
of the conventional mass-spring configurations [U].
disadvantage of this construction is that the sensitivity is
not necessarily equal in all directions, making an individual
calibration procedure necessary for each axis. In addition,
the device is at least three times as big as in the uniaxial
case. Unfortunately, it is not possible to extend one of
the uniaxial mass-spring structures to an inherently triaxial
accelerometer. A new structure is being developed and
some alternatives are discussed in the next section.
3. Alternatives

3.1. Deformable mass

For the new generation of acceleration and position sensors.
the already developed principle of the applanation sensor
which is part of the eyeball pressure sensor [7] seemed to
be interesting. The applanation sensor is shown in figure 1.
When the sensor is used to flatten the eye globe, the foil is
pressed against the metal contacts, resulting in a short cut
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Figure 1. The applanation sensor [7].

Figure 3. A silicon based capacitor with a mass attached
to the membrane.

Figure 2. Schematic cross-sectional view of t h e inherently
triaxial accelerometer: (a)at rest: (b) accelerated.
of parts of the resistors. The radius of the flattened area
can be calculated from the values of the four resistors.
The applanation sensors can be mounted in a cubic
arrangement by folding identical sensors into a cube. A
compliant mass should be fitted inside the cube. Due
to acceleration of the assembly, including gravitation, the
shape of this mass will be changed which is detected by
the applanation sensors.
?he development of a suitable mass was part
of this research project.
The right choice of the
materials and geometry should have led to the desired
bandwidth, measurement range, low hysteresis and low
drift. Unfortunately, it was recently shown that no material
so far has the properties necessary to fulfil the above
mentioned demands. Therefore, this principle will not be
useful in this application.

3.2. Undeformable mass
The new triaxial accelerometer design can consist of
capacitors (with a rigid backplate at the one side and a
deformable membrane at the other) with a mass enclosed
in between, as shown in figure 2(a). When an acceleration
is applied, the mass will deform the membranes (which
can be seen as springs) of the capacitors, as is shown
in figure 2(b). The change in capacitance due to the
deformation of the membranes can be detected and is a
measure for the applied acceleration. The air between
the membrane and the backplate of the capacitor causes
damping with which the suitable frequency range can be
tuned [8].
Research will concentrate on the feasibility of this
design, first only tested in the uniaxial mode. Silicon
miniature capacitors (microphones from an existing hearing

Figure 4. Schematic drawing of the capacitance to voltage

converter.
aid project [91) can be used to obtain some experimental
results.
4. Theory

The centre deflection w ( 0 ) m of a membrane with a mass
attached to it, as shown in figure 3, can be calculated with
[lo1
(f In(Rz/Rl))ma
w(0) =
(1)
2noh

+

with RI radius of the mass, 9.10*10-4 m, R2 radius of
the membrane, 1.38 x IO-' m, m mass, 7.9 x 1O-6 kg, a
applied acceleration m s - ~U
, initial stress in the membrane,
7.3 x lo6 Pa, h thickness of the membrane, 1.5 x 10-6 m.
When w ( 0 ) is smaller than rj15 the capacitance C(F)
can be obtained using [ l l ]

c=

%A
f -

aW(0)

(2)

with €0 dielectric permittivity of vacuum, 8.85 x lo-'' F
m-' , A area of the (electrode of) the membrane, 3.0 x 1O-6
m2, t airgap between the membrane and the backplate at
rest, 3.20 x 1O-6 m.
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Figure 5. Measured acceleration of the mass/microphone and the ICSensors
3021.

5. Experimental procedure
5.1. Device preparation
The processing and fabrication of the silicon based
capacitor is described in detail elsewhere [91. The sensitive
membrane of the capacitor consists of a gold plated
2.45 x 2.45 mm2 Mylat foil which thickness is 1.5 fin.
A spherical piece of chrome with a radius of 0.91 mm
and a mass of 7.9 milligrams is glued on top of this
membrane. This masslcapacitor should act l i e a uniaxial
accelerometer.

5.2. Measurement set-up

acceleration [ m / s - 2 ]

Figure 6. Measured and calculated output voltage versus
the applied acceleration.

After conversion of the capacitance to a voltage (see
figure 4) the output voltage V,, [VI is

Both the madcapacitor and a commercially available
uniaxial accelerometer (ICSensors 3021, which is used as
reference) are mounted (with double-sided adhesive tape)
on top of a shaker unit (including a linear displacement
motor), their sensitive axes in the same direction. The
masdcapacitor is connected to a capacitance-to-voltage
converter (see figure 4). A computer collects the output
voltages of both accelerometers and converts them into
absolute accelerations.
5.3. Measurement protocol

with vi, applied input voltage, amplitude 4 V (frequency
50 kHz,sine wave), A , amplification factor of the amplifier,
56, Cj. input capacitor, 10 pF.
When all values are substituted in equation (3), it can
be rewritten as
a = O.9OV0,,

(4)

so, when the output voltage is known Fe acceleration can
be calculated (figure 6).
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Sine wave accelerations with the following amplitudes and
frequencies are supplied:
-constant amplitude of Ig: frequencies: 1, 2, 3, 5, IO,
20,30,40, 50 Hz
-constant frequency of 50 Hz: amplitudes: 0.13g,
0.33g. 0.66g. Ig.

6. Results and discussion
A typical example of a measured acceleration curve is
shown in figure 5. It shows a sine wave acceleration in
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one direction with an amplitude of 0.66g and a frequency
of 3 Hz. The phase difference in the negative slope is
caused by the damping which occurs when the airgap is
decreased.
The measured acceleration amplitudes (corrected for
the influence of parasitic capacitances) of the constant
frequency of 50 Hz are shown in figure 6. The figures 5 and
6 as well as the results of the other experiments show that
the results of the masskapacitor configuration correspond
well to the results predicted by the theoretical model. The
deviation between the measurements and the model (as
shown in figure 6) is caused by the fact that equation (2)
is only valid for small deflections (and therefore small
accelerations).
The measurements show that this principle is suitable
for the measuring of uniaxial accelerations and will
therefore be useful in the inherently hiaxial configuration.
7. Conclusions

Up to now, most papers on accelerometers treat uniaxial
devices. However, in the functional electrical stimulation
(FES) application for mobility restoration for paraplegics a
small hiaxial accelerometer is necessary. Therefore, a new
inherently-triaxial prototype is being developed.
A triaxial accelerometer based on the idea of one central
mass surrounded by capacitors is advantageous, since the
sensitivity is higher and off-axis sensitivity is reduced. The
capacitive detection method is the most sensitive and the
least power consuming.
A uniaxial masdcapacitor configuration showed
promising first results.

design of a triaxiai accelerometer
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