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1
INTRODUCTION

1.1 Monitoring of mobility
1.1.1 Movement analysis systems based on accelerometry
Accelerometers have a high potential for use in ambulatory threedimensional movement analysis systems: they are small, do not need to be attached
to a reference and provide a signal which incorporates acceleration and inclination
information. However, the analysis of movements from accelerometer data is
generally not straightforward, because the information comprises several
components: the output signal of an accelerometer consists of an actual
acceleration component and a gravitational acceleration component, as shown in
figure 1.1, which can only be distinguished in special cases (e.g. static situations).
Up to now, a lot of research on three-dimensional movement analysis has been
performed using uniaxial accelerometers, whereas a triaxial accelerometer is
probably more suited because of its capability of truly sensing three-dimensional
accelerations.

Parts of this chapter been published before [1]
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Several movement analysis methods are based on the specific properties of a
triaxial accelerometer. These methods can be used in the analysis of the threedimensional kinematics of the human body. The human body consists of many
segments which may imply the use of several triaxial accelerometers at different
parts of the body simultaneously.

Figure 1.1. The uniaxial accelerometer signal ski measured on position i of
a rigid body segment k is the summation of the acceleration ari and
the gravitational acceleration − g r , expressed in the body fixed co-ordinate system
of rigid body segment k [2]
In many clinical and biomechanical applications the analysis of
unconstrained movements in a natural environment for relatively long observation
times (several hours) may open new perspectives. For instance, a rehabilitation
treatment can be assessed by evaluating the activities of daily living (ADL) before
and after a rehabilitation treatment [3]. These activities may be monitored by an
ambulatory movement analysis system [4]. Also, when assessing the severity of
heart disorders, it is clinically relevant to measure blood pressure and ECG
simultaneously with movement activities in a 24 hour period under ADL
circumstances [5]. Some other clinical applications requiring kinematic
measurements of unconstrained movements include spasticity assessment by
combining long-term ambulatory EMG measurement [6] with mobility activity
monitoring [3] during daily living, real time control of Functional Electrical
Stimulation of paralysed muscles for restoration of motor functions [7], ergonomic
analysis of the work place [8, 9, 10], ambulatory assessment of clinical features of
people with Parkinson’s disease (figure 1.2) [11, 12], instability and fall detection in
elderly people and assessment of energy expenditure during physical activity [13,
14].
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Figure 1.2. Activity monitor, which contains a piezo-electric acceleration sensor,
applied in the assessment of Parkinson’s disease [11]
In biomechanics, an inverse dynamic analysis, yielding joint torques and
contact forces, requires a full three-dimensional analysis of human movements,
currently only possible with expensive laboratory bound optokinetic systems. The
three-dimensional kinematic and dynamic analysis methods based on
accelerometer signals reported so far only considered the movement of one single
rigid segment. In [15, 16] a three-dimensional analysis of kinematics of a single
rigid body is proposed using a minimum of three triaxial accelerometers per
segment. In [17] the possibility of three-dimensional dynamic analysis is shown
using four triaxial accelerometers on the trunk to estimate torque at the hip joint of
the weight bearing leg during alpine skiing. Methods for two-dimensional
kinematic analysis of human leg movements have been described in [18, 19],
requiring two biaxial accelerometers per leg segment. In pacemakers, the pacing
frequency can be adapted according to body position and activity as detected by a
triaxial accelerometer [20]. The triaxial accelerometer as described in this thesis
should be incorporated in a Functional Electrical Stimulation (FES) system [21]
which will eventually enable paraplegic patients to walk by themselves again. The
accelerometer can provide feedback for artificial control of motor functions in spinal
cord injured patients. Both in the pacemaker and the FES application, the triaxial
accelerometer should be implantable. More three-dimensional analysis methods
based on accelerometer signals will emerge when cheaper, smaller and more
reliable sensor systems become available.
The question remains whether the methods described will result in a
comprehensive ambulatory three-dimensional movement analysis system based on
accelerometry. Each of the methods described has a limited scope or is only valid
under certain conditions. Further analysis and experimental evaluation are required
to assess and to validate the described movement analysis methods for clinical
applications.
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1.1.2 Specifications
As described in the previous subsection, accelerometers are successfully being
used in the biomedical field. In this application, the triaxial accelerometers should
meet the following specifications [1]:
•
•
•
•
•
•
•
•

dimensions:
amplitude range:
resolution:
non-linearity:
bandwidth:
off-axis sensitivity:
base line drift:
power consumption:

~ 2×2×2 mm3, to facilitate implantation
± 50 m/s2
0.01 m/s2
<1%
DC - 50 Hz; DC to enable inclination sensing
<5%
< 0.1 (m/s2)/hour
< 1 mW, to save battery energy when implanted

1.1.3 Motivation of the development of the triaxial accelerometer
Prerequisites for the development of ambulatory three-dimensional
movement analysis systems are the availability of powerful ambulatory recorder
systems, adequate sensors and adequate movement analysis methods and
algorithms as described in subsection 1.1.1. Recent developments of powerful
ambulatory recorder systems based on low power and high performance
microprocessor technology fulfils the first prerequisite.
Some of the specifications as described in subsection 1.1.2 are not met by
current triaxial accelerometer designs, as described in chapter 2. For this reason, a
new generation of eventually implantable triaxial acceleration sensors has to be
developed, as will be described in this thesis.

1.2 Other applications of triaxial accelerometers
In table 1.1 several fields of application for triaxial accelerometers are shown.
It should be noted that each application may need to fulfil different requirements, like
reliability in the airbag application, extremely low base line drift in the inertial
navigation application and low power consumption in implantable medical systems.

4

Chapter 1

Table 1.1. Fields of application for triaxial accelerometers
Market segment
Application
Aerospace
Navigation [22]
Oil drilling
Position of drill head [23]
Automotive
Smart suspension [24]
ABS brakes [24]
Crash sensor for airbag system [24]
Geology
Earth quake monitoring
Medical
Monitoring of body motion and position [1-21]
Transportation
Handling of fragile goods

1.3 Outline of the thesis
In chapter 2, a review on silicon accelerometers is presented. Several
accelerometer designs are described and their respective (dis)advantages are
discussed. The different acceleration sensing principles are compared and discussed,
the advantages of the capacitive sensing principle for biomedical applications will be
indicated. Conclusions concerning the optimum structure of the triaxial
accelerometer are presented.
In chapter 3, a theoretical description of the triaxial accelerometer is given.
The sensor structure, which is basically a cubic seismic mass suspended with
elastomer springs to surrounding capacitor plates, and its corresponding mechanical
mass-spring-damper system are described. Finally, the dynamic electromechanical
transfer function of the triaxial accelerometer connected to the electronic read-out
circuitry is given.
In chapter 4, the design of the triaxial accelerometer is presented. Materials
are chosen for the seismic mass and the flexible elastomer which acts as spring
material. This is done according to the specifications and the known material
properties. The influence of the dimensions of different sensor parts on the
electromechanical transfer function is investigated and a number of possible designs
is proposed.
In chapter 5, the rubber elastic polymer polydimethylsiloxane is described. Its
text book properties and preparation procedure are given. Next, measurement results
are presented concerning thickness versus spin rate and spin time, shear modulus and
loss tangent versus frequency and temperature, and adhesion of PDMS to an
oxidised silicon wafer and to polished tungsten. Finally, an expression is derived for
the spring constant of two PDMS structures.

Introduction

5

In chapter 6, a differential capacitance to voltage converter is presented. The
circuit, which is intrinsically immune to parasitic capacitances and resistances, is
theoretically described, including its noise behaviour. The experimental results
validate the theoretically derived equations and show that the circuit has the desired
properties, like a conversion of capacitance to voltage with the specified resolution
and linearity, a proper bandwidth and accuracy and a sufficiently low noise voltage.
In chapter 7, the device fabrication is presented and the materials, technology,
and assembly procedure used are described. The cleanroom processes and
technology and the assembly procedure are presented for both the first prototypes
and the final version of the sensor.
In chapter 8, the measurement results are presented and discussed. The
measured values of the static and dynamic sensitivity, resolution of the sensor
system, linearity and off-axis sensitivity are compared to the theoretically expected
values. Differences between the expected and measured values are discussed and
suggestions for design optimisation are given.
In chapter 9, an in-use calibration procedure is presented. The calibration
procedure makes use of the specific properties of a triaxial accelerometer, a quasistatic moments detector and a parameter estimator. Simulation results are compared
to measurement results. The influence of the position of the sensor with respect to the
position of the human body at rest is also taken into account.
In chapter 10, two examples of medical applications are given. The first
example is the registration of rigidity in Parkinson’s disease patients, the second
example is the registration of accelerations during quiet standing.
Finally, in chapter 11, conclusions are drawn and some suggestions for
future research and design improvements are given.
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2
REVIEW ON SILICON
ACCELEROMETERS

2.1 Introduction
Generally, accelerometers consist of a seismic mass suspended to a fixed
frame by a spring, as shown in figure 2.1. The inertia of the suspended mass is used
to sense the acceleration. The working principle of an accelerometer is based on
Newton’s second law of motion, which can be expressed as, assuming a constant
mass

F = m⋅a

(2.1)

with F [N] the resulting force on a mass m [kg] due to an applied acceleration a
[m/s2]. The force exerted on the mass by the acceleration causes a displacement of
the mass with respect to the frame and a corresponding elongation or shortening ∆t
[m] of the spring with spring constant k [N/m] of

∆t =

− F − m⋅a
=
k
k

Review on silicon accelerometers

(2.2)
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Figure 2.1. Schematic structure and working principle of an accelerometer
which is at rest (left) and under acceleration (right)
Thus, the displacement of the mass is a measure for the acceleration acting on
the mass. In addition, a stress profile arises in the spring due to its change in length.
Therefore, the acceleration can also be determined by measuring the stress in the
spring. Both methods are used to detect the occurring acceleration. The
corresponding read-out principles, which are the piezoresistive, piezoelectric,
piezojunction, resonant frequency, capacitive, inductive, optical, thermal and
electron-tunneling read-out principle, will be briefly described in section 2.2.
Micromachined accelerometers have been reported since 1979 [1]. Most
designed accelerometers should only be sensitive to accelerations in one direction
and should reject components of the acceleration vector in the other two directions.
These devices are called uniaxial accelerometers [1-53, 55-69, 71, 72, 74-77, 80-97,
99, 101-108, 110, 111, 113]. The first and most important uniaxial accelerometer
configurations up to 1995 are shown in table 2.1 and will be discussed in subsection
2.4.2.
It is possible to use three uniaxial accelerometers rotated 90o with respect to
each other to sense the full acceleration vector. However, this may cause problems
like a high off-axis sensitivity due to misalignment, and dimensions and power
consumption of the device being larger than necessary. These problems can be
circumvented by an accelerometer design with only one seismic mass which is truly
capable of sensing the full acceleration vector. Recently, some of these inherently
triaxial accelerometers have been reported [54, 70, 73, 78, 79, 98, 100, 109, 112],
although they are not yet commercially available. The triaxial accelerometer designs
are shown in table 2.2 and will be discussed in subsection 2.4.3.
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2.2 Read-out principles
2.2.1 Introduction
As mentioned in section 2.1, there are two main read-out principles, namely
stress- and displacement-based, both of which give an output signal related to the
acceleration. Stress based measurements use the piezoresistive, piezoelectric or
piezojunction effect or resonators, whereas displacement based measurements use a
capacitive, inductive, optical, thermal or electron-tunneling read-out principle. In this
section, the various read-out principles will briefly be discussed.

2.2.2 Piezoresistive read-out principle
Most solid-state sensors for mechanical signals are based on the piezoresistive
effect [1, 7, 10, 12, 39, 54, 57, 59, 84, 104, 109, 112] which is very high in silicon.
The change in specific conductivity due to an applied strain is called piezoresistance.
Basically, piezoresistors are included in a Wheatstone bridge configuration in the
position of extreme stress values. Since the Wheatstone bridge is equilibrated in the
zero stress situation, the output voltage due to the misbalance of the bridge is a
direct measure of the present stress in the silicon substrate. This stress is directly
linked, via Hooke's law, to the displacement of the suspended mass and therefore
to the applied acceleration.
Two advantages of the piezoresistive principle are that a true DC response can
be measured and no extra electronic circuitry is needed for the detection of the
voltage change. The major drawbacks of this read-out principle are the strong
temperature dependence of the piezoresistive coefficients, the drift and high power
consumption (a permanent direct current is required to perform continuous
measurements). Precise alignment of the piezoresistors with respect to the frame
may also cause problems. However, the piezoresistive read-out principle is used in
the majority of the commercially available accelerometers.

2.2.3 Piezoelectric read-out principle
In many crystalline materials, such as quartz, a mechanical stress produces a
change in electric polarisation and, reciprocally, an applied electric field generates a
mechanical strain. This phenomenon is called the piezoelectric effect, which is not
present in silicon. However, it was found possible to deposit piezoelectric layers on
top of the silicon beams. The desired signal conversion then takes place in these
layers.
Review on silicon accelerometers
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Table 2.1. Overview of some of the developed
micromachined uniaxial accelerometers
Year
1979
1982
1983
1984
1987

Ref.
no.
[1]
[2]
[3]
[4]
[5]
[8]

[9]
[10]
[11]
[12]
1988 [16]
[17]
[18]
[19]
1989 [20]
[21]
1990 [24]
[25]
[26]
[27]
[28]
[29]
[30]
[31]
[32]
1991 [37]
[38]
[39]
[40]
1992 [46]
[47]
[49]

12

Mass-spring
structure
cantilever
cantilever
cantilever
torsion bars
cantilever
diaphragm +
mass
torsion bars
bridge
cantilever
cantilever
cantilever
bridge
bridge
diaphragm +
boss
bridge
resonator
highly
symmetrical
highly
symmetrical
cantilever
cantilever
surrounding
mass
cantilever
highly
symmetrical
resonant
bridge
bridge
torsion bars
highly
symmetrical
bridge
cantilever
bridge
twin-mass
bridge

Read-out
principle
piezoresistive
capacitive
piezoelectric
capacitive
piezoelectric
capacitive

Dimensions
[mm2]
2×3
15×15
?
1.5×2.6
3×3
5×5

Range
[m/s2]
± 500
?
± 1000
± 100
± 100
± 500

Off-axis
sens. [%]
10
?
?
?
?
?

Bandwidth
[Hz]
DC-100
DC-2200
?
DC-200
1-2500
?

capacitive
piezoresistive
piezoresistive
piezoresistive
piezoresistive
piezoresistive
piezojunction
capacitive

7.5×4.5
5.5×5.5
16×16
2×3
3.4×3.4
7.7×7.2
3.7×3.7
2.7×3.5

± 10
± 1000
?
?
± 100
± 50
± 1000
± 100

?
1
?
?
2
?
1
?

DC-3000
DC-1800
DC-50
?
DC-500
DC-350
DC-2000
DC-2700

piezoresistive
piezoresistive
capacitive

?
7.5×5.8
?

± 30
± 300
?

?
?
?

DC-900
?
?

capacitive

?

±5

?

DC-100

capacitive
capacitive
piezoresistive

?
8.3×5.9
5×3.5

?
0.4
?

DC-1000
DC-100
DC-500

capacitive
capacitive

1.2×2.0
5×5

?
±1
±
20000
± 10
± 50

?
?

DC-100
DC-10000

resonant
bridges
piezoresistive
capacitive
capacitive

?

± 10

?

?

?
?
3.6×3.6

± 30
?
± 500

?
?
?

DC-900
?
DC-500

piezoresistive
thermopile
capacitive
capacitive
piezoresistive

?
?
2.5×5
?
5×5

?
?
± 20
?
± 500

?
?
?
?
3

?
?
?
?
?
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Year

Ref.
no.
1993 [55]
[56]
[57]
[58]
[59]
[60]

1994 [71]

Mass-spring
structure
bridge
highly
symmetrical
bridge
surrounding
mass
bridge
highly
symmetrical
comb-drive

Read-out
principle
capacitive
capacitive

Dimensions
[mm2]
?
3.7×4.5

Range
[m/s2]
?
± 10

Off-axis
sens. [%]
?
?

Bandwidth
[Hz]
?
DC-3900

piezoresistive
capacitive

3.7×3.7
?

± 3500
?

0.2
?

DC-5000
?

capacitive
capacitive

?
5×6

?
?

?
?

?
?

capacitive

0.38×0.58

± 500

?

200

Table 2.2. Features of established triaxial accelerometers. The specifications of the
triaxial accelerometer for biomedical applications are listed on the last row
Year
1992
1994

Ref.
no.
[54]
[70]

1995
1995

[73]
[78]

1995

[79]

1997

[98]

1997
1997
1997
Spec.:

[100]
[109]
[112]
-

Mass-spring
structure
diaphragm
surrounding
mass
cantilever
surrounding
mass
surrounding
mass
surrounding
mass
comb drive
bridge
twin mass
highly
symmetrical

Read-out
principle
piezoresistive
capacitive

Dimensions
[mm3]
?
18×18×1.6

Range
[m/s2]
± 500
± 10

Off-axis
sens. *
5%
5 .. 21 %

Bandwidth
[Hz]
DC - 1500
DC - ?

piezoresistive
capacitive

?
10×10×1

± 20
± 30

10 %
?

DC - ?
DC - 400

piezoresistive

7×5×?

± 40

5.6 %

DC - 2200

piezojunction

8×8×?

± 100

25 %

DC - 1500

capacitive
piezoresistive
piezoresistive
low power

4×4×?
5×5×?
4×4×1
~ 2×2×2

± 110
± 240
±?
± 50

2%
16 %
?
<5%

DC - 7000
DC - ?
DC - ?
DC - 50

* Off-axis sensitivity of the accelerometer itself without compensation
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In the beginning CdS and CdSe layers were used, today sputtered ZnO films are
common and can be deposited in a reliable and silicon process compatible way.
Several piezoelectric accelerometers have been reported [3, 5, 105].
A major drawback of the piezoelectric read-out principle is the impossibility
to measure DC signals, i.e. static accelerations. Among the most important
advantages of the piezoelectric read-out principle are an excellent behaviour at
high frequencies, a remarkable stability in time and a negligible power
consumption. All these qualities make the piezoelectric accelerometers the best
suited to be used as calibrating and reference devices. It should be noted that these
piezoelectric reference accelerometers, which make use of quartz crystals, are not
micromachined and therefore rather large.

2.2.4 Piezojunction read-out principle
The piezojunction effect is based on a change in the characteristics of a pnjunction when subjected to stress. By placing bipolar transistors in the beam
suspension, a change in for instance base-emitter voltage or collector current is
observed when subjecting the device to an acceleration [18, 98]. The main
disadvantage of the piezojunction effect is the high stress required to make this
effect detectable. The required stress is higher than 109 Nm-2 which is quite close to
the fracture point of silicon. To reach such large stress values the structure must be
pre-stressed to be set in that appropriate range.

2.2.5 Resonant frequency read-out principle
The resonant frequency read-out principle is based on the fact that the
resonant frequency of a micro bridge changes when submitted to tensile or
compressive stress. By placing these resonant bridges in the beam suspension, the
resonant frequency changes with the mass displacement and thus with the
acceleration [14, 74, 94, 95, 96]. The resonant frequency can be determined either
piezoresistively, capacitively, or optically. The temperature coefficient of the readout device (piezo-resistors, capacitors or diodes) is not important, because
temperature changes merely affect the amplitude of the output signal and not the
resonant frequency itself. The remaining thermal behaviour of the device is
determined by the mechanical and material properties of the sensor, such as
Young’s modulus and thermally induced stress in the package. Thus, thermal
stability remains one of the problems. Other drawbacks are the need for a relatively
complex electronic circuitry, including an oscillator, the required presence of an
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actuator and a sometimes shorter life time of the device due to fatigue induced in
the permanently oscillating mechanical structure.

2.2.6 Capacitive read-out principle
In the capacitive read-out principle, one side of the seismic mass, which
should be electrically conductive or firmly attached to a movable capacitor plate,
forms an electrical capacitance with a counter capacitor plate. A movement of the
seismic mass due to an applied acceleration changes the capacitance of the parallelplate capacitor. In order to have a reasonable capacitance change, the mass and the
counter capacitor plate are separated by a few microns (~ 2 µm). This small cavity
may lead to an overdamping of the sensor at atmospheric pressure. Thus, the
pressure inside the cavity may have to be reduced. Alternatively, holes can be etched
through the mass or the counter capacitor plate to decrease the flow resistance of the
air. A lot of capacitive accelerometers have been reported [2, 4, 8, 19, 25, 26, 29, 30,
33, 38, 44, 56, 60, 63, 65, 68, 70, 71, 75, 77, 78, 85, 86, 89].
A serious problem with capacitive sensors is that the leads connecting the
sensor to the outside show parasitic capacitances which may be of the same order as
the sensor capacitance. This makes it mandatory to place electronic circuitry on or
very close to the sensor chip to convert the change in capacitance into an electrical
signal. Other disadvantages of the capacitive sensing principle are its high output
impedance and the possible presence of leakage resistors.
The main advantages of the capacitive read-out principle are low power
consumption, high sensitivity, low temperature dependence and high stability.

2.2.7 Inductive read-out principle
The electromagnetic acceleration sensor consists of two planar coils, one on
the moving mass and one on the encapsulation [113]. One of the coils is used to
generate an alternating magnetic field. As a result, an induced voltage is generated
in the other coil, with an amplitude proportional to the distance between the two
coils. In this way, the mass displacement and hence the acceleration can be
determined. A disadvantage of this method is that the fabrication of micromachined
coils may cause serious problems.

2.2.8 Optical read-out principle
Optical read-out principles which have been reported [76, 80, 110] are based
on changes in light intensity by the moving mass which acts like a shutter, or by a
change in reflected wavelength by using a Bragg grating in a planar waveguide.
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The optical read-out principle is very accurate but it requires the
implementation of optical devices along with the mechanical sensing structure.

2.2.9 Thermal read-out principle
In the thermal read-out principle, the position of the mass affects the amount
of heat flow due to the conduction through the gas between the mass and the
encapsulation [21, 40, 87, 106]. As a result of the variable heat flow, a temperature
difference between the heated part and the heat sink arises which depends on the
position of the mass and thus on the acceleration. The mass can act either as a heat
source or a heat sink, while at the same time the encapsulation serves as the heat
sink or the heat source, respectively. The temperature difference is measured using
thermopiles. The main disadvantage of this method is its high power consumption
due to constant dissipation of energy in the heat source.

2.2.10 Electron tunnelling read-out principle
The accelerometer based on the electron tunnelling read-out principle
senses the displacement of the seismic mass by measuring the tunnelling current
through a gap between a micromachined silicon tip on the seismic mass and a
counter capacitor plate [69, 97, 107]. Because the tunnelling only occurs at small
values of the gap, the tunnelling current is controlled to a constant value in a
feedback loop, by controlling either the mass position or the position of the counter
capacitor plate, thus ensuring a constant gap. The tunnel current is established
between the tip and the seismic mass by a small bias voltage and it depends
exponentially on the tip to mass distance. Hence, measuring the tunnel current or
the bias voltage necessary to maintain a constant current, the acceleration of the
seismic mass can be extracted. Advantage of this method is that it can be used in
applications where both a high dynamic range and a high bandwidth are required.
The major drawback of the electron tunnelling read-out principle is the need of a
high bias voltage of typically 200-300 V.

2.3 Electrostatic force generation: principle and two
applications
2.3.1 Basic principle of electrostatic force generation
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To generate an electrostatic force, a voltage is applied across the fixed
capacitor plate and the capacitor plate on the movable seismic mass, causing an
electrostatic force acting on the mass. Due to the attractive nature of this force, the
mass deflects towards the fixed capacitor plate. When two fixed capacitor plates are
placed on opposite sides of the seismic mass, the mass can be pulled either way.
A disadvantage of the electrostatic force generation is the relatively large
voltage required to obtain a reasonable force, which can be overcome by reducing
the distance between the capacitor plates.

2.3.2 Self-test feature
The self-test feature of an accelerometer provides two benefits. The first is that
can be investigated whether the device is still working, the second is that the
accelerometer can be calibrated without the use of a big and expensive shaker unit.
The operation principle of the electrostatic self-test feature is shown in figure 2.2 and
described below [32].

Figure 2.2. Cross-sectional view of a uniaxial accelerometer with the self-test feature
In the static situation, the sum of all forces acting on the seismic mass is zero,

0 = m ⋅ a − Felectrostatic − k ⋅ ∆t

(2.3)

where m·a [N] is the force exerted on the mass m [kg] due to an acceleration a [m/s2],
k·∆t is the force acting on the spring, with spring constant k [N/m], which is extended
or compressed with a distance ∆t [m], and Felectrostatic [N] is the electrostatic force
between the two capacitor plates, given by
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Felectrostatic =

εAV 2
2 ⋅ (t − ∆t )

2

(2.4)

where V [V] is the applied voltage between the capacitor plates, A is the capacitor
plate area and ε is the dielectric constant of the media in between the seismic mass
and the counter capacitor plate.
When no voltage is applied across the capacitor plates, the electrostatic force
equals zero and the displacement of the seismic mass, ∆t, is proportional to the
applied acceleration. If a voltage V is applied across the capacitor plates, an
electrostatic force occurs and the relationship between ∆t and the applied
acceleration becomes non-linear.
For small deflections, ∆t/t < 5 %, ∆t can be neglected compared with the nominal
distance between the capacitor plates t [m]. In that case, applying a voltage V across
the capacitor plates corresponds to subjecting the mass to an acceleration of,
rewriting equation (2.4), without an externally applied acceleration,

aelectrostatic =

εAV 2
2mt 2

+

k
⋅ ∆t
m

(2.5)

2.3.3 Force balancing
The force balancing method consists of applying an electrostatic force to the
seismic mass in order to counteract the force due to the acceleration and bring back
the entire system in its initial position, as schematically shown in figure 2.3. The
value of the feedback voltage is proportional to the occurring acceleration. It should
be noted that there is a large correspondence between the self-test feature, as
described in the previous subsection, and the force balancing method.
The biggest advantage of the force balancing method is that it linearises the
response by feedback of essentially non-linear sensors. Furthermore, the dynamic
range of the response can be expanded. The main disadvantage is the need of a
complex electronic circuitry. The power consumption depends on the used actuation
and sensing principle.
The operating principle of the force balancing method can be explained as
follows. Both an AC drive voltage for sensing the capacitances between the seismic
mass and the two fixed capacitor plates and a DC bias voltage for controlling the
position of the seismic mass are applied to the fixed capacitor plates. In addition, the
AC drive voltage is 90o phase shifted in order to extract information about an
occurring acceleration from the output signal by synchronous demodulation.
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The DC bias voltage consists of an initial bias voltage and a feedback voltage.
The initial bias voltage is used to define the operating point of the device and to
linearise its output characteristic.

Figure 2.3. Block diagram of a force feedback loop [70]
The AC drive voltage is applied to both symmetric fixed capacitor plates.
Since the seismic mass is displaced by an acceleration, the capacitances between the
seismic mass and the fixed capacitor plates are changed. The mixed output current
due to the difference in the capacitances flows through the seismic mass, and is
converted into a voltage by an I-V converter. The output voltage of the I-V converter
is applied to the synchronous demodulator which works as a lock-in amplifier. The
phase shifted signal is applied to the synchronous demodulator as reference signal.
The synchronous demodulator gives a voltage which is proportional to the difference
in the capacitances. This voltage is then amplified to obtain the necessary feedback
voltage to keep the seismic mass in its initial position. The value of the feedback
voltage is a measure of the occurring acceleration [70].

2.4 Accelerometer designs in silicon technology
2.4.1 Introduction: bulk and surface micromachining
There are several techniques available for fabricating solid-state
accelerometers in silicon, such as bulk and surface micromachining and the LIGA
technique. In this subsection, the bulk and surface micromachining techniques will
be briefly described.
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bulk-micromachining
The masses and spring suspensions are formed by etching through the
complete wafer. Consequently, the masses available for the acceleration-to-force
conversion are relatively large which enables the fabrication of sensitive devices.
The thus made mass-spring system needs to be damped because of its usually high
quality factor. Therefore, to avoid an oscillatory behaviour of the mass, the device
is encapsulated. Gas (or sometimes liquid) between the mass and the encapsulation
provides damping through the so-called squeeze-film damping mechanism [36].
Moreover, it protects the mass from break-out by providing an overrange
protection. Due to the large mass, the output signals are large as well, thereby
allowing the use of a separate electronic circuitry.
surface-micromachining
The masses and spring suspension are formed by selective etching of
sacrificial layers, which have a thickness of typically several microns. As a result,
the masses are rather small. This technique requires more sophisticated processing
techniques with on-chip electronics, because the sensor signals are rather small and
parasitic effects are relatively large. The main advantage of this approach is the low
cost in case of high-volume fabrication.

2.4.2 Accelerometer mass-spring configurations
Up to now, several mechanical constructions have been developed for the
mass-spring suspension in silicon technology. The most common configurations
will shortly be discussed.
bulk micromachined mass-spring configurations
•
The cantilever-type mass-beam suspension (figure 2.5a), was the first
construction used for silicon micromachined accelerometers [1]. The seismic
mass is suspended from one side with one or more beams. The mass moves
arc-wise under acceleration in the z-direction (figure 2.5a). Accelerometer
devices with piezoresistive, piezoelectric as well as capacitive read-out
circuitry have been developed for this type of construction [1, 2, 3, 5, 11, 12,
16, 26, 27, 29, 40, 76]. Because of the suspension on only one side, the
construction offers high sensitivity in the z-direction but unfortunately also a
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significant sensitivity to lateral accelerations causing a high off-axis
sensitivity.

(a) cantilever type

(b) bridge type

(d) surrounding mass

(c) highly symmetrical type

(e) torsion bars

Figure 2.5. The most common mass-spring systems in silicon bulk micromachining
•

•

In the bridge-type mass-beam construction (figure 2.5b), the seismic mass is
suspended with beams from at least two opposite sides [10, 17, 18, 20, 31, 32,
39, 46, 47, 49, 55, 57, 59]. The mass moves in the z-direction under
acceleration in the z-direction. Only devices with piezoresistive detection
have been developed for this type. Coupling the piezoresistors in a
Wheatstone-bridge offers cross-axis sensitivity compensation and therefore
low cross-axis sensitivity [10].
In the highly symmetrical-type mass-beam structure (figure 2.5c) the beams
are suspended symmetrically at the upper and the lower side of the seismic
mass. Due to the large number of beams, deflection of the beams is relatively
small for this construction (and thus the mechanical strains are small) and no
piezoresistive detection can be applied. But the structure offers very low
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•

•

cross-axis sensitivity and several accelerometer devices with capacitive
detection have been developed for this type of construction [24, 25, 30, 38,
56, 60].
The surrounding mass-type (figure 2.5d) shows a seismic mass which is
suspended with beams to a frame at the inside of the mass. In comparison to
the other types of construction, the effective mass is much larger within the
same size of the die. Therefore, this type offers very high sensitivity in the zdirection. Unfortunately, it shows also a high cross-axis sensitivity. Devices
with piezoresistive and capacitive detection have been developed for this
structure [28, 58].
In case of the torsion bars-type (shown in figure 2.5e), acceleration in the zdirection results in a rotation of the mass around the suspended beams. Like
the cantilever-type this type of construction offers high sensitivity. Devices
with capacitive detection have been developed for the torsion bars-type [4, 9,
37].

Figure 2.6. Surface micromachined interdigitated structure or ‘comb drive’
surface micromachined mass-beam configuration
•
In the comb drive mass-beam structure (figure 2.6), the seismic mass looks
like a letter ‘H’. The long, thin arms of the ‘H’ anchor the sensing beam to the
substrate. Thus, the seismic mass is free to move in a plane perpendicular to
the thin arms. A series of regular fingers originates from the central mass,
each acting as one plate of a variable parallel-plate capacitor. The other plates
interleave with the moving mass plate and are fixed to the substrate. The
sensor is made out of polysilicon with a thickness of 2 µm. Devices with
capacitive detection have been developed for this type [71, 100].
•
The cantilever [96], bridge [91] and torsion bars [82] structures have also
been realised with surface micromachining.
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2.4.3 Triaxial accelerometer designs
Recently, some inherently triaxial accelerometers have been reported [54, 70,
73, 78, 79, 98, 100, 109, 112], although they are not yet commercially available. In
this subsection, the different triaxial accelerometer configurations are described, their
features are summarised in table 2.2 in section 2.5.
In 1992, the first inherently triaxial accelerometer was presented by K. Okada
[54]. A diaphragm is formed from the back of a silicon wafer, as shown in figures
2.7a and 2.7d. The seismic mass and a pedestal are made of a glass substrate. The
seismic mass and pedestal are separated by dicing the glass substrate after it was
bonded to the silicon wafer. When the seismic mass is accelerated, the shape of the
diaphragm is changed, as shown in figures 2.7b and 2.7c. Three sets of piezoresistors
are aligned on the surface of the silicon wafer, as shown in figure 2.7d. Each set is
configured as a Wheatstone bridge circuit to detect the acceleration in each axis
independently. Off-axis sensitivity can be reduced by applying the output signals of
the Wheatstone bridges to an arithmetic circuit which can compensate for
irregularities.

(a)

(b)
(d)
(c)
Figure 2.7. (a) Cross-sectional view of the accelerometer; displacement of the
seismic mass under acceleration in the (b) z and (c) x and y direction;
(d) top view of the silicon substrate [54]
In 1994 and 1995, K. Jono et al. [70] and T. Mineta et al. [78] presented a
capacitive triaxial accelerometer with uniform sensitivities in the three directions.
The sensor consists of a glass-silicon-glass structure made with bulk
micromachining, as shown in figure 2.8c. The upper Pyrex glass plate forms the
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seismic mass. The mass is bonded to a surrounding silicon support which is
suspended to a centre pillar with four thin silicon beams. The centre pillar is bonded
to the lower Pyrex plate. The centre of gravity of the sensor’s seismic mass is raised
above the suspending beams, so that longitudinal and lateral accelerations can be
detected by parallel shift and tilt of the seismic mass, respectively, as shown in
figures 2.8a and 2.8b. The displacement of the seismic mass is detected capacitively.
Four silicon capacitor plates are fixed on the lower glass plate so that four capacitors
are made between these capacitor plates and the common movable capacitor plate
under the glass seismic mass. From the measured capacitance values, the triaxial
components of an occurring acceleration can be calculated and the cross-axis
sensitivity can be reduced with an arithmetic operation using a (correction) matrix. It
is indicated that a highly symmetrical structure would intrinsically reduce the offaxis sensitivity [70].

(c)
Figure 2.8. Displacement of the seismic mass under acceleration in the (a) x or y
and (b) z axis direction; (c) structure of the triaxial accelerometer [78]
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Figure 2.9. Schematic sketch showing the structure of the triaxial accelerometer
[73]
In 1995, G. Andersson presented a piezoresistive triaxial monolithic silicon
accelerometer. The triaxial accelerometers consists of four cantilever beams with
attached masses of inertia, as shown in figure 2.9. The idea of the accelerometer
design is that each cantilever beam is sensitive to force components along two axes
in a Cartesian system of co-ordinates. The output signals from the piezoresistors on
the cantilever beams are used in pairs or all together to calculate the acceleration
along the three different axes.

Figure 2.10. Cross-sectional top view of the accelerometer [79]
In 1995, H. Takao et al. [79] presented a piezoresistive triaxial accelerometer
using an SOI structure for use at high temperatures. A cross-sectional and top view
of the accelerometer is shown in figure 2.10. An SOI wafer is used as the base
material of the sensor. The accelerometer has a surrounding mass structure to
achieve a high sensitivity in all three directions. The piezoresistors formed on the
beams are electrically insulated by the silicon dioxide layer of the SOI structure. At
high temperatures, the leakage current of this configuration is small compared to the
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pn junction’s leakage current. Therefore, it is possible to extend the temperature
range of the accelerometer to 400oC. The upper temperature limit is now set by the
limit of the piezoresistive effect. Furthermore, the surrounding structure is useful to
reduce the thermal stress in the piezoresistors. Because the beams are able to expand
with temperature variation without bending, the thermal stress occurring at the
piezoresistors will be smaller than the thermal stress in other types of silicon
accelerometers.

Figure 2.11. Structure of the triaxial accelerometer [98]
In 1997, H. Takao et al. [98] presented a monolithically integrated triaxial
accelerometer using stress sensitive CMOS differential amplifiers. The
accelerometer, which consists of a surrounding mass structure as shown in figure
2.11, was fabricated with a standard CMOS process and bulk micromachining. It
consists of a glass centrally supported seismic mass connected to four beams. CMOS
signal conditionings circuits are integrated on the surface of the central support. First,
the signal conditioning circuits are made after which the sensing elements are
formed. Applied accelerations are converted into a corresponding voltage with
simple CMOS differential amplifiers. The outputs of the amplifiers are only sensitive
to the differential components of the stresses applied to their input p_MOSFET pairs.
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Figure 2.12. Structure of the triaxial accelerometer and simulation results of
deformationsdue to applied Z-axis (bottom left) and X-axis accelerations are shown
[100]
In 1997, M. Lemkin et al. presented a capacitive triaxial force balanced
accelerometer using a single proof mass [100]. The structure of the accelerometer, as
shown in figure 2.12, is based on the comb drive configuration. Capacitive position
sensing and force feedback are accomplished using the same air-gap capacitors
through time multiplexing. When a lateral acceleration is applied to the substrate, the
comb finger gaps change causing an imbalance in the capacitive half bridge. By
laying out comb fingers in a common centroid geometry, off-axis accelerations
become a common mode signal resulting in first order rejection of both translational
and rotational off-axis accelerations. Under an applied z-axis acceleration the proof
mass moves out of plane, causing a change in the parallel plate capacitance formed
between the centre of the proof mass and a bottom plate made from ground plane
polysilicon. Quad symmetry of the proof-mass about the z-axis minimises sensitivity
to off-axis accelerations.
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Figure 2.13. Arrangement of the piezoresistors in the triaxial accelerometer [109]
In 1997, K. Kwon et al. [109] presented a piezoresistive triaxial accelerometer
using a polysilicon layer. The structure of the accelerometer is the bridge type, as
shown in figure 2.13. The sensor consists of a glass base underneath a silicon wafer
which has a polysilicon layer on top. FEM simulations were performed to optimise
the position of the piezoresistors, beam length, mass thickness and overall size of
accelerometer. The X, Y and Z marks in figure 2.13 represent the piezoresistors
which sense the maximum stress in each direction of an occurring acceleration. The
piezoresistors were interconnected in a Wheatstone bridge configuration to obtain an
output voltage for an occurring acceleration and to reduce cross-axis sensitivities.
Both REFs and refs in figure 2.13 stand for the reference piezoresistors which are
used for resistance test purposes.

(a)
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Figure 2.14. Displacement plots for the three perpendicular accelerations and their
effects on the z, y and x Wheatstone bridges. Black resistors increase, white decrease
and crossed ones change little; (b) SEM photograph of the accelerometer [112]
In 1997, J. Plaza et al. [112] presented a new bulk accelerometer for triaxial
detection. The triaxial design, which is shown in figure 2.14b, is a combination of a
twin mass accelerometer [108] and a quad beam accelerometer. The sensor structure
consists of two masses joint by two beams and the masses are supported by four
beams, as shown in figure 2.14a. The device was fabricated using a combination of
surface and bulk micromachining based on commercially available BESOI wafers.
The piezoresistors are configured in three Wheatstone bridges, one bridge for each
direction. The change in resistance of every piezoresistor due to the three
perpendicular accelerations, according to FEM simulations, is shown in figure 2.14a.
Every Wheatstone bridge is sensitive to one axis acceleration. The support beams are
perpendicular to the central beams in order to reduce the effects of the packaging
stresses on them. Another advantage of this configuration is that the sensitivity is
higher than for other designs for the same area of the chip. There are two central
beams instead of one in the normal two mass configuration to increase the stability
towards lateral movements.

2.5 Discussion
As can be seen in table 2.2, the dimensions of the inherently triaxial
accelerometers have decreased dramatically from the first device in 1992 to the most
recent devices presented in 1997. However, no device up to now is smaller than the
desired 2×2×2 mm3, although some devices are quite close. It is remarkable that in
almost all presented papers the off-axis sensitivity is said to be zero due to a smart
configuration of piezoresistors in Wheatstone bridges, but the measurement results
always show off-axis sensitivities larger than the specified 5 %. The capacitive readout principle is the least power consuming [114], so the triaxial accelerometer should
be provided with capacitive sensing elements. No triaxial devices have been reported
with the piezoelectric read-out principle, so all presented devices are capable of
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detecting static accelerations. At least four of the presented triaxial accelerometers
are not capable of handling accelerations larger than 50 m/s2. Please note that the
specifications of the triaxial accelerometer, as imposed by the biomedical
application, are listed on the last row in table 2.2.

2.6 Conclusions
Important features of the triaxial accelerometer for biomedical applications
are:
•
•
•
•

small dimensions:
low power consumption:
low off-axis sensitivity:
bandwidth:

~ 2×2×2 mm3
capacitive sensor
<5%
DC - 50 Hz

In the literature, no device has been presented yet which fulfils the
requirement of the small dimensions, although the sensors of Lemkin and Plaza are
quite close. The low power consumption demand implies the use of a capacitive
sensing element, which is not often applied in the triaxial designs, only Jono, Mineta
and Lemkin use it. Except for Lemkin’s device, no accelerometers fulfilled the
requirement of a low off-axis sensitivity due to a lack of symmetry. All devices are
able to achieve the specified bandwidth. So, in conclusion, no device presented in
literature up to now fulfils the required specifications, although Lemkin’s device
comes quite close. Therefore, it is necessary to design a triaxial accelerometer which
meets the specifications. This design will be presented in the next chapter.
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3
THEORETICAL DESCRIPTION
OF THE ACCELEROMETER

3.1 Introduction
The sensor proposed in this chapter has a highly symmetrical configuration,
consisting of six sensing capacitors surrounding a central cubic seismic mass,
which ideally should not have any off-axis sensitivity. Furthermore, due to the high
degree of symmetry and differential measuring common mode interferences are
expected to be rejected.
An accelerometer can be modelled as a second order mass-spring-damper
(MSD) system. The mass and the spring determine both the static sensitivity and
the resonance frequency of the accelerometer. The damper limits the quality factor
of the system and allows (sub-critically damped) or prohibits (super-critically
damped) the resonance peak to occur. To predict the behaviour of the
accelerometer, it is necessary to derive expressions for the spring constant and the
damper constant.

Parts of this chapter have been published before [1-5]
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Then, when the dimensions of the device and the properties of the materials used
are chosen, it is known which conditions the spring and the damper should meet to
design and realise a device according to the specifications.
In this chapter, the structure of the accelerometer, its mass-spring-damper
system, the spring and damper mechanisms which will occur in the sensor and its
electromechanical transfer function are described.

3.2 Sensor structure
The basic structure of the triaxial accelerometer consists of six sense
capacitors with nominal capacitance value C0 [F] surrounding one central cubic
mass at a distance t [m], as shown in figure 3.1. When an acceleration is applied,
the mass moves a distance ∆t [m] in the opposite direction of the applied
acceleration with respect to the fixed capacitor plates and, consequently, the values
of the sense capacitors change. Each pair of opposite capacitors can differentially
sense the acceleration in one direction, x, y and z, respectively. The total
acceleration vector can be composed of the three separately measured
accelerations.

Figure 3.1. Artist impression of a cross-sectional (a) 3D and (b) 2D view
of the basic structure of the triaxial accelerometer
The configuration of the triaxial accelerometer is highly symmetrical and
orthogonal and is thus expected to have very little off-axis sensitivity. Furthermore,
the effect of common mode interferences as introduced by variations in
temperature, electric and magnetic fields, humidity and other disturbing effects
should be minimised, especially when each axis of the sensor is connected to a
differential capacitance to voltage converter (CVC) with a high common mode
rejection ratio.
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The highly symmetrical structure can be obtained with a new spring
concept, based upon the flexibility and stability of elastomer structures in between
the capacitor plates [1, 2, 3]. The dimensions of these structures determine both the
nominal capacitance, the damper and the spring constant. The elastomer
polydimethylsiloxane (PDMS), which is described in chapter 5, was found to be
the most suited for use as spring material.

3.3 Mass-Spring-Damper systems
3.3.1 Introduction
An accelerometer can be modelled as a mechanical second order massspring-damper system, as shown in figure 3.2. In this subsection, only the zdirection will be considered.

Figure 3.2. Uniaxial accelerometer modelled as a mass-spring-damper system
The sensor's working principle is based on Newton's second law of motion.
When a mass is subjected to an acceleration in the z-direction, a force Fmass,z [N]
will act on it which is equal to the product of the mass m [kg] and the acceleration
az [m/s2],

Fmass, z = m ⋅ a z

(3.1)

The mass is suspended to the spring which is extended or compressed
depending on the direction of the applied acceleration. The change in the length tz
[m] of the spring in the z-direction can be calculated using Hooke's law. The force
Fspring,z [N] acting on the spring is equal to the product of the spring constant kz
[N/m] and the change in length ∆tz [m].
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Fspring , z = − k z ⋅ ∆t z

(3.2)

Together, the mass and the spring determine the static mechanical sensitivity Sz
[m/(m/s2)]

Sz =

m
kz

(3.3)

and the resonance frequency ω0,z [rad/s]

ω 0,z =

kz
m

(3.4)

of the accelerometer. Note that the product of the sensitivity and the square of the
resonance frequency is constant, so a higher sensitivity always results in a lower
resonance frequency.
The damper determines the damping coefficient of the system and allows
(sub-critically damped) or prohibits (super-critically damped) the resonance peak
to occur. The force Fdamper,z [N] acting on the damper is equal to the product of the
damping constant bz [N·s/m] and the speed vz [m/s] of the change of length of the
spring,

Fdamper ,z = bz ⋅ v z

(3.5)

The total general second order system of the mechanical transfer function
from acceleration of the mass to change in length of the spring in one direction can
be described as [6]

∆t m
1
= ⋅
a
k  jω  2 βjω
+1
  +
ω0
 ω0 
(3.6)
with the damping coefficient β

β=

42

b
k ⋅m

(3.7)
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The quality factor Q is associated with a resonant electrical or mechanical
circuit and describes both the ability of the circuit to produce a large output at the
resonant frequency and the selectivity of the circuit [7]. The definition of the Qfactor is

Q=

2 ⋅ π ⋅ E average stored
E dissipated energy per period

(3.8)

with Eaverage stored [J] the average stored energy in the circuit and Edissipated energy per
period [J] the dissipated energy per period in the circuit. In a mass-spring-damper
system Q is equal to the reciprocal of the damping coefficient β and can thus be
equated from the basic system parameters m, k and b according to

Q=

1
=
β

k ⋅m
b

(3.9)

So, when the Q factor, m and k are known, the damping constant b can be
calculated with this equation.
With the aid of equation (3.6) the behaviour of the accelerometer can be
simulated and parameters can be adapted so that the desired transfer function can
be achieved with the required sensitivity, bandwidth and damping coefficient. In
the next subsection, expressions for the spring constant and the damping constant
will be derived.

3.3.2 MSD system of the triaxial accelerometer
The triaxial accelerometer of figure 3.1 has only one mass. So, an occurring
acceleration can only act on this single mass. This means that there is only one
speed and one movement in the total mechanical mass-spring-damper system of the
triaxial accelerometer. Therefore, all springs and dampers in this system can be
considered to be in parallel with each other, as will be explained in the next
subsections. The mass-spring-damper equivalent of figure 3.1 is shown in figure
3.3.
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Figure 3.3. Cross-sectional two-dimensional view
of the mass-spring-damper equivalent of the triaxial accelerometer

3.3.3 Spring constant
introduction
In this subsection, the spring mechanisms as occurring in the triaxial
accelerometer of figure 3.1 are described and equations for the corresponding
spring constants are given. As a reminder, the equations for the equivalent spring
constant ktotal,parallel [N/m] for n springs in parallel and the equivalent spring
constant ktotal,series [N/m] for n springs in series are given:

k total , parallel =
1
k total ,series

=

n

∑ ki

(3.10)

i =1

n

1
i =1 k i

∑

(3.11)

rubber elastic structures
According to [3], figure 3.4a and chapter 5, the spring constant kCE [N/m] of
a rubber elastic structure under a maximum compression or extension of 1% can be
equated with

k CE =
with AR
G
t
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FCE
3 AR G
=
t
∆t CE

(3.12)

area of the rubber elastic material [m2]
shear elastic modulus of the rubber elastic material [Pa]
thickness of the rubber elastic material [m]
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Figure 3.4. Rubber elastic structure under (a) compressive or extensive
and (b) shear load
According to [3], figure 3.4b and chapter 5, the spring constant kSH [N/m] of
a rubber elastic structure on which a shear force is acting can be equated with

k SH =

FSH
A G
= R
∆t SH
t

(3.13)

enclosed volume of air
According to [8] the spring constant kEV [N/m] of an enclosed volume of air
can be equated with

k EV =
with γ
P0
Aair
t

γP0 Aair
t

(3.14)

specific heat ratio of air, γ ≈ 1.40
atmospheric pressure [Pa]
area of the enclosed volume of air [m2]
thickness of the enclosed volume of air [m]

Theoretical description of the accelerometer

45

Figure 3.5. Rubber elastic structures
It should be noted that some of the rubber elastic structures do enclose a
certain volume of air, for instance a ring structure as shown in figure 3.5a, and
others do not enclose a certain volume of air, for instance the four dots-structure as
shown in figure 3.5d, so the presence of a spring which represents the enclosed
volume of air is dependent on the structure of the rubber elastic material. Anyway,
the spring constant due to an enclosed volume of air will be less than the spring
constant of the rubber elastic material in compression, extension or shear.
total spring constant of the triaxial accelerometer
Because all springs of the total triaxial accelerometer are in parallel,
according to equation (3.10) all separate spring constants can simply be added.
When the sensor is fully symmetrical, this results in the following expression for
the total spring constant ktotal [N/m] in one direction, x,y, or z, respectively,

k total , x = k total , y = k total ,z = 2 k CE + 2 k EV + 4 k SH

(3.15)

3.3.4 Damper constant
introduction
In this subsection, the damper mechanisms as occurring in the triaxial
accelerometer of figure 3.1 are described and equations for the corresponding
damper constants are given. As a reminder, the equations for the equivalent damper
constant btotal,parallel [N·s/m] for n dampers in parallel and the equivalent spring
constant btotal,series [N·s/m] for n dampers in series are given:

btotal , parallel =
1
btotal , series

=

n

∑ bi

(3.16)

i =1
n

1
i = 1bi

∑

(3.17)

radiation resistance
When the seismic mass is vibrating, the vibration causes an acoustical air
flow into the surrounding medium, perpendicular to the area of the mass, as shown
in figure 3.6a. Thus, the seismic mass acts as a loudspeaker. This effect has been
described in the case of a rigid piston [9]. By considering the radiation of sound by
a square piston, the complex reaction force from the medium on the square piston
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can be calculated. The real part of the reaction force is a frequency dependent
frictional force and describes the vibration damping of the mass due to energy
losses. The imaginary part of the reaction force describes the effective mass of the
vibrating air of the medium which can be neglected with respect to the mass of the
seismic mass.

Figure 3.6. Schematic overview of three damping mechanisms in the
accelerometer, (a) radiation resistance, (b) squeeze film damping
and (c) lateral film damping
For a square piston with a side length l [m] the frequency-dependent
damping constant bRR [N·s/m] can be equated with [9]

bRR

ρa ω 2 l
=
8c

4

(3.18)

with ρa [kg/m3] the density of air and c [m/s] the velocity of sound in air. In
equation (3.18) it is assumed that 2πl / λ << 1, which means that the dimensions of
the area of the mass should be much smaller than the wavelength λ [m] of sound.
In the accelerometer case, this means that equation (3.18) is still valid for side
lengths of the mass up to 3 mm and acceleration frequencies up to 20 kHz.
It should be noted that the radiation resistance mechanism occurs when the
distance between the mass and the confronting fixed capacitor plate is larger than
approximately 7 µm. When the airgap is smaller than 7 µm, the squeeze film
damping mechanism occurs, as shown in figure 3.6b.
squeeze film damping
When there is a small airgap between the seismic mass and the fixed
capacitor plate, as shown in figure 3.6b, the vibration of the mass causes an air
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flow in or out the capacitor: when the mass moves towards the capacitor plate the
air is squeezed out of the capacitor and when the mass moves away from the
capacitor plate the air is forced to flow into the capacitor. This air flow causes
damping. The corresponding damping mechanism is called squeeze film damping
and occurs when the distance between the seismic mass and the capacitor plate is
smaller than approximately 7 µm. The damping constant bSFD [N·s/m] can be
described as [10]

bSFD =
with η
A
t

12ηA 2

π 3t

3

(3.19)

viscosity of air [Pa.·.s]
area of the capacitor plate [m2]
distance between the capacitor plates [m]

lateral film damping
When the seismic mass is vibrating in parallel with the fixed capacitor plate,
the air in the airgap starts vibrating with the velocity of the seismic mass at the
interface with the seismic mass and with velocity 0 at the interface with the fixed
capacitor plate. The velocity gradient in the air causes the damping mechanism
which is called lateral film damping, as shown in figure 3.6c. The damping
constant bLFD [N·s/m] can be calculated with, see appendix I for the derivation,

bLFD
with η
l
t

ηl 2
=
t

(3.20)

viscosity of air [Pa·s]
length of one side of a capacitor plate [m]
distance between the capacitor plates [m]

damping of rubber elastic material
All materials have a certain phase shift between an applied stress and the
resulting strain. The phase shift is represented by the loss tangent tanδ of the
material. Most rubber elastic materials have a very low loss tangent, tanδ << 0.001.
The loss tangent is related to the quality factor via [11]

Q=
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1
tan δ

(3.21)
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When equation (3.9) is substituted in equation (3.21) this yields as
expression for the damper constant of a rubber elastic material bR [N·s/m]

bR = tan δ ⋅ k ⋅ m

(3.22)

damping due to a bad mechanical connection between mass and rubber elastic
material
During a discussion [12] it was found that the connection between the
seismic mass and the rubber elastic material could be a possible damping
mechanism, with damping constant bBMC [N·s/m]. When the rubber elastic material
is deformed in some way at the interface between the mass and the rubber elastic
material, it is very likely that due to local non-linearities the characteristics of the
rubber elastic material differ a lot from those found for the rubber elastic material
in a linear working range. As a result, a larger damping can be expected.
total damping constant of the triaxial accelerometer
Because all dampers of the total triaxial accelerometer are in parallel, all
damping constants can simply be added. It should be noted that the appearance of
some of the damping mechanisms is dependent on the dimensions and the
parameters of the accelerometer. When the sensor is fully symmetrical, the
expression for the total damper constant btotal [N·s/m] in one direction, x, y, or z,
respectively, is given by

btotal , x = btotal , y = btotal , z = 2bRR + 2bSFD + 4b LFD + 6bR + n ⋅ bBMC (3.23)

3.4 Triaxial accelerometer
3.4.1 Connection of the input voltage to the seismic mass
The differential capacitance to voltage converter (CVC [13]) needs to be
driven by a high frequency voltage source Vcarrier [V] which should be supplied to
the central seismic mass of the triaxial accelerometer. The connection between the
voltage source and the central mass can be made via an ohmic contact, realised
through a gold bond wire, as shown in figure 3.7a, or via capacitive coupling, as
shown in figure 3.7b.
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Figure 3.7. Two ways to connect the carrier voltage to the seismic mass:
(a) via a gold bond wire (b) via a couple capacitor
Although an ohmic contact is preferred because of a higher sensitivity of the
accelerometer at the same adjustment of the CVC, the connection of a gold bond
wire to the central mass causes some conceptual and technological problems: the
symmetry of the sensor disappears when the central mass is connected to a gold
bond wire and since the sensor design is "closed" it is difficult to connect the gold
bond wire from outside the sensor to the central mass. Therefore, in the final
design it is chosen to capacitively couple the excitation voltage to the central mass,
to avoid a physical connection and a violation of the symmetry.

3.4.2 Static transfer function of the triaxial accelerometer (1):
Ohmic contact between voltage source and seismic mass
The basic concept of the total sensor as shown in figure 3.1 consists of six
capacitor plates surrounding one central cubic seismic mass [3]. When the sensor
structure is fully symmetrical, all capacitances between the capacitor plates and the
central mass have an equal nominal capacitance value Cside,0 [F] of

Cside,0 =

ε 0 ( A − AR ) + ε 0 ε r A R
t side

(3.24)

with ε0 [F/m] the dielectric constant of vacuum (ε0 = 8.85×10-12 [F/m]), εr the
relative dielectric constant of the rubber elastic material, A [m2] the area of the
capacitor plates, AR [m2] the area of the rubber elastic material and tside [m] the
nominal distance between the capacitor plates and the mass.
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From now on, the six sides of the triaxial accelerometer will be indicated as
x1, x2, y1, y2, z1 and z2. So, the general indication “side” can correspondingly be
replaced by x1, x2, y1, y2, z1 and z2, respectively.
The nominal distance tside between the capacitor plates and the central cubic
mass is determined by the thickness of the PDMS structure. When an acceleration
is applied, the mass moves a distance ∆t [m] with respect to the fixed capacitor
plates, resulting in a corresponding capacitance change ∆C [F].
For instance, when the acceleration is applied in the +z-direction (see figure
3.1), the distance between the mass and the upper capacitor plate increases to tz2 +
∆tz and the distance between the mass and the lower capacitor plate decreases to tz1
- ∆tz. So, the upper capacitance Cz2 [F] is decreased and the lower capacitance Cz1
[F] is increased:

Cz 2 =

Cz1 =

ε 0 ( A − A R ) + ε 0 ε r A R C z 2 ,0 ⋅ t z 2
=
= C z 2 , 0 − ∆C z 2
t z 2 + ∆t z
t z 2 + ∆t z

(3.25)

ε0 ( A − AR ) + ε0εr AR Cz1,0 ⋅ t z1
= Cz1,0 + ∆Cz1
=
t z1 − ∆t z
t z1 − ∆t z

(3.26)

When ∆tz < 0.01tz and tz1 = tz2 = tz, there is no appreciable difference between the
absolute values of ∆Cz2 and ∆Cz1. In that case, both the upper and the lower
nominal capacitance are equal with value Cz2,0 = Cz1,0 = Cz,0 and are varied with the
same ∆Cz,

∆Cz = ∆Cz1 = ∆Cz 2 =

Cz ,0 ⋅ ∆t z
tz

⇒

∆Cz ∆t z
=
Cz ,0
tz

(3.27)

The capacitance variations ∆Cz are measured with a differential capacitance to
voltage converter [13]. According to equation (3.6), ∆tz = m.az / ktotal,z at low
frequencies. The resulting output voltage Vout,z [V] due to an applied acceleration az
[m/s2] in the z-direction can be calculated with
C
 Cz 2,0 − ∆Cz 2 − Cz 1,0 − ∆Cz 1 
C 
Vout ,z = HinaVcarrier  z 2 − z 1  = HinaVcarrier 

C f 
Cf
 C f



(3.28)
 − 2∆Cz 
Cz ,0 − 2ma z
Cz ,0 − 2∆t z
= HinaVcarrier
= HinaVcarrier 
 = HinaVcarrier
tz
C f k total ,z ⋅ t z
Cf
 C f 
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with Hina the dimensionless gain factor of the instrumentation amplifier, Vcarrier [V]
the amplitude of the input voltage and Cf the feedback capacitor of the CVC as
shown in figure 6.2. When the rubber elastic structures do not have equal
thicknesses, i.e. tz1 ≠ tz2 ≠ tz, then the following equation should be used:

− m ⋅ az
Vout ,z = HinaVcarrier
k total ,z

 Cz 2,0 1 Cz1,0 1 
+


C
t
C f t z1 
 f z 2

(3.29)

Similar equations for the output voltage in the x and y direction can easily be
derived.

3.4.3 Static transfer function of the triaxial accelerometer (2):
Voltage source capacitively coupled to seismic mass
The basic concept of the sensor consists of capacitors surrounding one
central cubic tungsten mass (figure 3.8), two capacitors per side (figures 3.8, 3.9b)
which are mechanically interconnected by polyimide (figure 3.9a). The mass is
suspended to the fixed capacitor plates by springs made of the rubber elastic
material PDMS. The capacitors which sense the occurring accelerations will be
connected to a capacitance to voltage converter [13] which needs a high frequency
excitation voltage, Vcarrier [V].

Figure 3.8. Cross-sectional two-dimensional view of the basic structure
of the triaxial accelerometer with capacitive coupling
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Figure 3.9. (a) Rear view and (b) front view of one of the six outer capacitor
plates;
(c) two-dimensional cross-sectional view of a part of the basic structure
of the symmetrical cubic triaxial accelerometer with capacitive coupling
From each side, the inner capacitor is used to capacitively couple the
excitation voltage to the seismic mass and the outer capacitor is used to sense the
applied accelerations (figure 3.9c). When an acceleration is applied, the mass
moves with respect to the fixed capacitor plates due to the flexibility of the PDMS
structures and the values of the capacitors are changed. Neglecting fringing effects,
the value of the capacitance of the couple capacitor (figure 3.9b) when no
acceleration is applied Ccouple,side,0 [F] of each side can be equated with

Ccouple,side,0 =

ε 0 ( Acouple − APDMS ,couple ) + ε 0 εr A PDMS ,couple
t side

(3.30)

with ε0 [F/m] the dielectric constant of vacuum (ε0 = 8.85×10-12 [F/m]), εr the
relative dielectric constant of PDMS, APDMS,couple [m2] the area of the PDMS on
the couple capacitor plate, Acouple [m2] the area of the couple capacitor plate and
tside [m] the nominal distance between the capacitor plates and the mass.
When the couple capacitor from only one side would be used, the couple
capacitance would change and the output voltage of the CVC would vary with this
capacitance, which is an undesired effect. Fortunately, due to the symmetry of the
design, when all couple capacitances are used in parallel, the total couple
capacitance Ccouple,total [F] will remain constant, independent of the applied
acceleration. Ccouple,total [F] can be equated with Ccouple,total = 6Ccouple,side,0 under
the assumption that the variation in tside is less than 1%.
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Figure 3.10. Voltage divider
When the sensor structure is fully symmetrical, the sense capacitances
between the capacitor plates and the central cubic mass have an equal nominal
capacitance value Csense,side,0 [F] of

Csense,side,0 =

ε 0 ( Asense − A PDMS ,sense ) + ε 0 ε r A PDMS ,sense
t side

(3.31)

with APDMS,sense [m2] the area of the PDMS on the sense capacitor plate and Asense
[m2] the area of the sense capacitor plate. The total sense capacitance Csense, total [F]
consists of all six sense capacitors in parallel and will remain constant independent
of the applied acceleration. Csense, total can be equated with Csense,total =
6Csense,side,0, when the variation in tside is less than 1%.
Csense,total and Ccouple,total divide the input voltage of the capacitance to
voltage converter (CVC) as shown in figure 3.10. The voltage dividing effect can
be overcome by choosing each feedback capacitor Cf [F] of the CVC as shown in
figure 6.2 [13]

Cf =

Ccouple,total
Csense,total + Ccouple,total

⋅ Csense,side,0

(3.32)

From this point, similar reasoning and equations are valid as described in the
previous subsection. When the triaxial accelerometer is connected to the
differential CVC [13], the output voltage Vout,z [V] due to an applied acceleration
az [m/s2] in the z-direction is
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Vout ,z = Hina Vcarrier

= Hina Vcarrier

^

= Hina V carrier

Ccouple,total

− 2 ∆C sense,z

Ccouple,total + Csense,total

Cf

Ccouple,total
Ccouple,total + Csense,total
Ccouple,total
Ccouple,total + Csense,total

Csense,z ,0 − 2 ∆t z
Cf
tz

(3.33)

Csense,z ,0 − 2ma z
Cf
k total ,z ⋅ t z

with Hina the gain of the instrumentation amplifier, Vcarrier [V] the amplitude of the
input voltage and Cf the feedback capacitor of the CVC, m [kg] the seismic mass
and ktotal,z [N/m] the spring constant in the z-axis.
When the rubber elastic structures do not have equal thicknesses, i.e. tz1 ≠ tz2
≠ tz, then the following equation should be used:
Vout ,z = Hina Vcarrier

Ccouple,total
Ccouple ,total + Csense,total

− ma z  Csense,z 2,0 1 Csense,z1,0 1 
+


k total ,z  C f
t z2
Cf
t z1 

(3.34)
Corresponding equations can be derived for the output voltage in the y and zdirection.

3.4.4 Dynamic transfer function of the triaxial accelerometer
When it is assumed that the bandwidth of the CVC is larger than the
bandwidth of the accelerometer, after combination of equations (3.6), (3.28) and
(3.33), the transfer function of the triaxial accelerometer in the z-direction can be
written as

Vout ,z = HinaVcarrier

2ma z
1
⋅
k total ,z ⋅ t z  jω  2 β jω

 + z
+1
ω 0, z
 ω 0,z 
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with

ω 0,z =

k total ,z
m

(3.36)

and

βz =

1
=
Qz

k total , z . m
btotal , z

(3.37)

The spring constant ktotal,z and damper constant btotal,z are dependent on
several design parameters and should be calculated according to the theory in the
relevant subsections of this chapter.

3.5 Conclusions
In this chapter, the basic concept and the structure of two accelerometer
types have been presented: one triaxial device with an ohmic contact between the
supply voltage and the seismic mass and another triaxial device with capacitive
coupling between the supply voltage and the seismic mass.
The device has been described both statically, as a static capacitive sensor,
and dynamically, using a second order mass-spring-damper description.
Expressions for the capacitance as a function of the acceleration with parameters
depending on the spring and damper constants of the accelerometer configurations
have been derived.
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4
DESIGN OF THE TRIAXIAL
ACCELEROMETER

4.1 Introduction
The most important specifications of the triaxial accelerometer for
biomedical applications are mentioned in chapter 1 and repeated here [1]:
amplitude range ± 50 m/s2 with a maximum non-linearity of 1%, resolution 0.01
m/s2, bandwidth DC..50 Hz, off-axis sensitivity < 5%, outer dimensions including
housing eventually 2×2×2 mm3 and initially 5×5×5 mm3, low drift, low hysteresis
and power consumption < 1 mW. The last specification implies the use of a
capacitive sensor because an ideal capacitor does not have any power
consumption. Given the outer dimensions, the dimensions for the seismic mass and
the corresponding area of a parallel plate capacitor are known as well, as shown in
table 4.1. The two dimensional parameters left to choose are the thickness and the
area of the flexible material between the capacitor plate and the seismic mass.
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Table 4.1. Dimensions of parts of the accelerometer
Part
Connection Initial design
Final design
3
Housing
5×5×5 mm
2×2×2 mm3
Seismic mass
3×3×3 mm3
1×1×1 mm3
Capacitor plate
ohmic
3×3 mm2
1×1 mm2
Sense capacitor plate
capacitive
3×3 -1.6×1.6 mm2 1×1 - 0.75×0.75 mm2
Couple capacitor plate capacitive
1.5×1.5 mm2
0.4×0.4 mm2
The thickness of the flexible material is an important parameter since it
determines the nominal capacitance and the damping of the device. The nominal
capacitance is of importance with respect to the design of the capacitance to
voltage converter and the influence of parasitic capacitances. The damping is of
importance with respect to the damping coefficient of the device.
The spring constant is determined by both the thickness and the area of the
flexible material, as described in chapter 5. The spring constant is of importance
with respect to the (static) mechanical sensitivity of the accelerometer and should
be low enough to enable the detection of the required minimum acceleration of
0.01 m/s2. Furthermore, the combination of the spring constant and the mass
determines the resonance frequency of the accelerometer.
Materials to be selected are the seismic mass material and the flexible
material. The seismic mass material should have a high mass density to increase
the mechanical sensitivity and a thermal expansion coefficient equal to that of
silicon to decrease temperature dependency. The flexible material should have
rubber elastic properties to reach the desired bandwidth, with a low elastic modulus
to increase the mechanical sensitivity. Furthermore, the flexible material should be
strong enough to withstand accelerations in the range of 0.01..50 m/s2 while
keeping a linear stress-strain relation.
In this chapter, the selection procedure and the suited materials and
dimensions are described.

4.2 Seismic mass
Important properties of the seismic mass material are its thermal expansion
coefficient α [K-1] and its mass density ρ [kg/m3]. To decrease the temperature
dependency of the sensor, all materials used should have an α equal to that of silicon:
in that case detrimental effects due to variations in temperature will be minimal due
to the symmetry of the design. According to table 4.2, this demand leaves three
possible materials for the seismic mass: silicon, tungsten and invar. To increase the
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sensitivity of the sensor, the seismic mass should be as high as possible given the
specified dimensions 3×3×3 mm3 and 1×1×1 mm3.
Tungsten has the highest mass density of the aforementioned three materials, so
tungsten is the preferred material for the seismic mass.
Table 4.2. Thermal coefficient and mass density of several materials [2]
Material:

Thermal expansion
coefficient α [×10-5 K-1]
Silicon
0.42
Aluminium
2.4
Gold
1.4
Platinum
0.90
Tungsten
0.45
Iron
1.2
Brass
2.1
Stainless steel 1.0
Invar
0.2

Mass density
ρ [×103 kg/m3]
2.3
2.7
19.3
21.4
19.3
7.9
8.5
7.8
8.1

Mass [×10-6 kg]
3×3×3 mm3
62
73
521
556
520
213
220
210
218

Mass [×10-6 kg]
1×1×1 mm3
2.3
2.7
19
21
19
7.9
8.5
7.8
8.1

4.3 Flexible material
4.3.1 General properties
The flexible material should meet the following demands:
• high flexibility in both compression and extension: the specified minimum
acceleration should give a detectable change in capacitance
• low amplitude loss and phase difference between applied stress and
resulting strain: every acceleration with a frequency between DC and 50
Hz should immediately be followed by a corresponding dimensional
change of the polymer
• low drift, hysteresis and relaxation: the properties of the flexible material
should remain constant in time and over a certain temperature range
Rubber, natural or synthetic, seems to be the most flexible material. When all
rubbers are considered, silicone rubbers like polydimethylsiloxane appear to be the
most flexible elastomers, as shown in table 4.3. The properties of
polydimethylsiloxane are described in chapter 5.
Furthermore, the behaviour of the rubber should be purely elastic or rubber
elastic to ensure a time independent stress-strain relation, and to avoid dimensional
creep and stress relaxation. However, in reality, materials are never purely elastic:
under certain circumstances they have non-elastic properties. It is customary to use
the expression viscoelastic deformations for all deformations that are not purely
elastic [3].
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Table 4.3 Values of the shear elastic modulus G of several polymers [3]
Polymer:

Shear modulus G [N/m2]

Natural rubbers

3.5×105

Styrene-butadiene rubber

2.9×105

Ethene-propene rubber

5.1×105

Polyacrylate rubbers

3.0×105

Silicone rubbers

1.5×105

Polyurethanes

5.0×105

Measurement of the response in deformation of a material to periodic forces,
for instance during forced vibration, may show that stress and strain are not in phase;
the strain may lag behind the stress by a phase angle δ, the loss angle. The loss
tangent tanδ is a measure for the damping terms of the polymer determining the
dissipation of energy as heat when the material is deformed. The lower the loss
tangent, the higher the frequency range in which the polymer can be used. According
to literature [3,4], the loss tangent of most polymers may vary between 0.001 and
1.5, but the loss tangent of polydimethylsiloxane is exceptionally low: tanδ <<
0.001. When it is assumed that tanδ = 0.001, the damping coefficient β

β = tan δ

(4.1)

equals 0.001 which indicates that this polymer will not be the limiting factor for the
bandwidth.
Stress relaxation is the time-dependent change in stress at a constant
deformation and temperature. When tanδ is very small, there will be a very small
stress relaxation effect [3]. Creep is the time-dependent relative deformation under a
constant force (tension, shear or compression). If tanδ is very small, there will be a
very small creep effect [3].
Resuming: when polydimethylsiloxane is fully cross-linked and its loss
tangent is very small, e.g. tanδ << 0.001, it shows an almost ideal rubber elastic
behaviour with virtually no viscoelastic behaviour, creep and stress relaxation. The
rubber elastic polymer PDMS will be described in full detail in the next chapter. It
should be noted that the type of PDMS described in this thesis has an experimentally
determined shear elastic modulus of G = 250 kPa instead of the general value for
silicone rubber G = 150 kPa according to table 4.3.
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4.3.2 Maximum and minimum area of the flexible material
maximum area: resolution
The spring constant of a rubber elastic material is determined by its shear
elastic modulus G, its thickness t and its area AR. The shear elastic modulus is fixed
for a certain material, as shown in table 4.3. The thickness is related to the damping
constant and the nominal capacitance value as well. Due to the applied capacitance to
voltage converter, the relation between the applied acceleration a and the output
voltage Vout is independent of the thickness (equations (3.28) and (3.15)), neglecting
the effect of parasitic capacitances:
2∆C
2. m. a
m. a
Vout = Hina .Vcarrier .
= Hina .Vcarrier
= Hina .Vcarrier
5. AR . G
C0
k total . t

(4.2)

This means that the maximum area AR of the flexible material can be
optimised independently of its thickness. The rubber elastic structure should be
flexible enough to detect the lowest acceleration of 0.01 m/s2. When it is given that 1
mV is the lowest detectable output voltage, Hina = 100, Vcarrier = 5 V, amin = 0.01
m/s2, m = 521 mg or 19 mg for the 3×3×3 mm3 and 1×1×1 mm3 mass, respectively,
and G = 250 kPa, the maximum area of the flexible material can be calculated,
rewriting equation (4.2) into equation (4.3),

AR =

Hina .Vcarrier . m. a
5.Vout ,min . G

(4.3)

to be AR = 2.1×10-6 m2 per side for the large sensor and AR = 7.5×10-8 m2 for the
small sensor. The calculated values imply that the flexible material has to be
patterned, it is not allowed to cover the total capacitor plate area with it, otherwise
the desired resolution will not be achieved.
minimum area: photolithographic process
The absolute minimum area of a rubber elastic structure is determined by the
photolithographic process and was found to be 0.1×0.1 mm2. For stability reasons, at
least four of these structures should be placed at the corners of the capacitor plates,
so per side of the accelerometer the minimum area of the flexible material is AR =
4×0.1×0.1 mm2 = 4×10-8 m2.
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minimum area: linearity
In this sub-section, the influence of several parameters on the linear behaviour
of the triaxial accelerometer is investigated. The linear behaviour was calculated
according to a “worst-case” scenario, so all sensors realised should have a better
linearity than predicted in this sub-section. The data used for the calculations are: no
pre-stress in the PDMS structures, the shear elastic modulus is G = 250 kPa, the
nominal thickness of the PDMS layer is t = 10 µm, the area of the PDMS is AR =
4×10-8 m2, the tungsten seismic mass is m = 520 mg and the capacitor plate area A =
3×3 mm2. The total calculation procedure is shown in appendix II.
relation between the capacitance of an accelerometer consisting of a single
capacitor and the acceleration
The relation between the applied acceleration and the capacitance of an
accelerometer consisting of a single capacitor Csingle with a PDMS structure between
the capacitor plates can be obtained by combining equations (3.6), (4.4) and (5.1)
and is shown in figure 4.1. The regression coefficient r of the linear curve fit, as
shown in figure 4.1b, reflects the extent of the linear relation between the calculated
data points and the linear curve fit. The regression coefficient was found to be r =
0.999. So, with the minimum area of PDMS AR = 4×10-8 m2, the requirement of a
maximum non-linearity of 1% is fulfilled in the specified acceleration range of 50..+50 m/s2.
15
Csingle [pF]

Csingle [pF]

30
20
10
0
-300

-200

-100

0

100

10
5
0
-50

0

Acceleration [m/s2]

Acceleration [m/s2]

(a)

(b)

50

Figure 4.1. Relation between the capacitance of an accelerometer consisting of a
single capacitor and the applied acceleration, (a) overview and (b) close-up
relation between the capacitance of a capacitive accelerometer consisting of two
differentially measured capacitors and the acceleration
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The relation between the applied acceleration and the capacitance of an
accelerometer consisting of two differentially measured capacitors Cdiff with each a
PDMS structure between the capacitor plates can be obtained by combining
equations (3.6), (3.28) and (5.1) and is shown in figure 4.2.

100 200 300

0

-10
-50

0

Acceleration [m/s2]

Acceleration [m/s2]

(a)

(b)

50

Figure 4.2. Relation between the capacitance of an accelerometer consisting of two
differentially measured capacitors and the applied acceleration,
(a) overview and (b) close-up
The regression coefficient r of the linear curve fit, as shown in figure 4.2b,
was found to be r = 0.999 in the acceleration range of -50..+50 m/s2. So, also in the
case of the two capacitor configuration, the minimum area of the PDMS AR,min =
4×10-8 m2 is sufficient to meet with the specified requirements. However, since the
mechanical sensitivity of the sensor decreases with an increasing area of the
PDMS, the accelerometer configuration with two mechanically interconnected
PDMS structures is preferred because it is capable of obtaining the specified
linearity range with a higher electromechanical sensitivity than the sensor
configuration with a single PDMS structure.

4.4 Nominal distance t between the capacitor plates
4.4.1 Nominal capacitance value and relative change in capacitance
The nominal capacitance value C0 [F] of a parallel plate capacitor with
capacitor plate area A [m2] and distance between the capacitor plates t [m] can be
equated with

C0 =

ε 0ε r A
t
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with ε0 = 8.85×10-12 [F/m] the dielectric constant of vacuum and εr ≅ 1 the relative
dielectric constant of the material(s) between the capacitor plates. The εr ≅ 2.5 of
PDMS is neglected here because it only has a marginal influence on the total
capacitance value. It is desired to have a rather big nominal sensor capacitance to
decrease the influence of parasitic capacitors. When a nominal capacitance of 1 pF is
the minimal acceptable value in connection with parasitic capacitances and electronic
circuitry, and the capacitor plate areas of table 4.1 are used, the thickness t should be
smaller than

t=

ε 0ε r A
C0

(4.5)

t = 80 µm and 60 µm in the case of the big sensor with the ohmic respectively
capacitively coupled supply voltage, and t = 9 µm and 7 µm in the case of the small
sensor with the ohmic respectively capacitively coupled supply voltage.
The change in capacitance ∆C due to an applied acceleration should have a
reasonable value with respect to the nominal capacitance value C0, because most
electronic circuitry is not capable of handling extremely small capacitance changes.
At a = 0.01 m/s2, the relative change in capacitance ∆C/C0 should be at least 1 ppm,
but preferably higher. According to equation (4.2), ∆C/C0 = m.a / 5.AR.G, so, with m
= 521×10-6 or 19×10-6 kg, a = 0.01 m/s2, AR = 2.1×10-6 or 7.5×10-8 m2 and G = 250
kPa, the minimum relative change in capacitance is equal to ∆C/C0 = 2 ppm. So,
when the area of the flexible material AR is smaller than the values used in this
calculation, the minimum relative change in capacitance will always be larger than
the specified minimum value of 1 ppm.

4.4.2 Damping
The influence of the thickness t of the PDMS layer on the frequency response
of the triaxial accelerometer can be calculated with equation (3.35) in which
equations (3.36), (3.37), (3.23) and (3.15) are substituted for each value of t. The
values of the parameters used are: seismic mass m = 521 mg, area of PDMS AR =
4×10-7 m2, shear elastic modulus of the PDMS G = 250 kPa, mass density of air ρa =
1.29 kg/m3, area of the capacitor plates A = l2 = 3×3 mm2, velocity of sound in air c =
340 m/s and viscosity of air η = 17.6×10-6 Pa·s. The result of the calculations is
shown in table 4.4.
The minimum frequency range of the triaxial accelerometer should be DC..50
Hz. This range will be obtained even with an airgap of 1 µm between the capacitor
plates. However, it is not desirable to have a super-critically damped frequency
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response. It is better to choose such a thickness that a slightly sub-critically damped
transfer function is obtained (when β = 0.71 the transfer function is critically
damped). Therefore, the thickness of the PDMS layer should be chosen larger than 5
µm, provided that the nominal capacitance value is high enough in that case.
Table 4.4. Cut-off frequency of the accelerometer in relation to
the thickness of the PDMS layer
Thickness
Resonance-frequency
-3dB-frequency
Damping
[kHz]
[Hz]
[µm]
coefficient β
1
7.0
90
48.3
2
4.9
380
8.5
3
4.0
930
3.1
4
3.5
2500
1.5
5
3.1
3900
0.87
6
2.8
3950
0.55

4.5 Conclusions
All the aforementioned design considerations can be summarised as described
below.
Seismic mass:

Material:
Properties:
Dimensions:
Mass:

Flexible material: Material:
Properties:

Dimensions:
Area:
Thickness:

Nominal capacitance:

Value:
∆C/C0:
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tungsten (W)
ρ = 19.3×103 kg/m3
α = 0.42×10-5 K-1
3×3×3 mm3
521 mg

1×1×1 mm3
19 mg

polydimethylsiloxane (PDMS)
G =250 kPa,
tanδ << 0.001
rubber elastic material
1×1 mm3
3×3 mm3
< 2.1×10-6 m2
< 7.5×10-8 m2
> 4×10-8 m2
> 4×10-8 m2
< ~ 60 µm
< ~ 7 µm
> 5 µm
> 5 µm
> 1 pF
minimum, at 0.01 m/s2:
maximum, at 50 m/s2:

> 2 ppm
>1%
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Plate area: ~ 3×3 mm2
Airgap:
< ~ 60 µm
> 5 µm

~ 1×1 mm2
< ~ 7 µm
> 5 µm

Five different accelerometer designs have been made according to the design
considerations as specified above. The designs and their expected properties are
shown in table 4.5.
Table 4.5. Specifications of five different accelerometer designs
Sensors ‘A’, ‘B’ and ‘C’ have an ohmic connection between voltage source and seismic mass,
Sensors ‘D’ and ‘E’ have a capacitive connection between voltage source and seismic mass
Device:
A
B
C
D
E
3
Outer dim. [mm ]
5×5×5
2×2×2
5×5×5
5×5×5
2×2×2
Seismic mass m [mg] 220
19
520
520
19
PDMS structure
four dots
circle
circle
circle+4dots 8 dots
Area AR [m2]
5.8×10-8
10-7
4×10-7
4.4×10-7
8×10-8
Area AR,sense [m2]
4×10-7
4×10-8
2
-8
Area AR,couple [m ]
4×10
4×10-8
Thickness t [µm]
10
2.5
17
6
2.5
Plate area A [mm2]
3×3
1×1
3×3
Nominal cap. C0 [pF] 8
4
5
6.75×10-6
4.4×10-7
Sense area Asense [m2] Sense cap. Csense [pF] 13
3.2
Coup. area Acouple [m2] 2.25×10-6
1.6×10-7
Coup. cap. Ccouple [pF] 4
0.8
Gain Hina
100
100
100
100
100

5
5
5
5
Amplitude Vcarrier [V] 5
Freq. fcarrier [kHz]
100
100
100
100
100
Feedback cap. Cf [pF] 8
4
5
4
1
2
Sensitivity [V/(m/s )] 1.5
0.08
0.5
0.37
0.06
0.001
0.010
0.002
0.003
0.016
Resolution [m/s2]
2
Linearity range [m/s ] ± 70
± 125
± 500
± 550
± 100
Res. freq. f0 [kHz]
1.3
11.4
1.7
3.3
10.0
Damping coeff. β
0.63
0.60
0.04
0.83
0.70
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5
POLYDIMETHYLSILOXANE,
A RUBBER ELASTIC POLYMER

5.1 Introduction
Polydimethylsiloxane (PDMS) is a commercially available physically and
chemically stable silicone rubber with a wide range of applications [1]. As will be
explained in the next section, PDMS is very well suited for application in
micromachined mechanical and chemical sensors because of its cleanroom
processability, its photocurability, its curing at room temperature, its high
flexibility, the possibility to change its functional groups and the low drift and
small dependence on temperature of its properties.
PDMS is being used, for instance, as mechanical interconnection layer
between two silicon wafers [2] and as ion selective membrane on ISFETs [3].
Other possible applications are the use as the top elastomer on a tactile sensor such
as described in [4] without influencing the sensitivity of the device, and as flexible
encapsulation material for packaging of microsystems [5]. Furthermore, it could be
applied in sensors with integrated electronics due to its curing at room temperature.
Parts of this chapter have been published before [6, 7, 8]
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In many micromechanical sensors described in the literature the necessary
springs are made of silicon beams. However, these silicon beams may be fragile or
difficult to realise in three-dimensional sensor configurations. Therefore, it is
proposed to use PDMS structures as springs. A model is derived with which the
spring constant of the PDMS structures as occurring in the triaxial accelerometer
can be calculated.
In this chapter, the properties of PDMS , its processing, the layer thickness
versus spin rate, the variation of its shear modulus G and its loss tangent tanδ with
frequency and temperature, its adhesive strength to polished tungsten (after curing)
and its mechanical spring constant are described.

5.2 Structure and properties of PolyDiMethylSiloxane
PolyDiMethylSiloxane is a type of silicone rubber with a basic chemical
structure as shown in figure 5.1. The longer the chain length n, the more flexible
the polymer will be.

Figure 5.1. Basic chemical structure of PolyDiMethylSiloxane [1]
Table 5.1. Comparison of properties of three polymers
Property:
Glass transition temperature Tg [oC]:
Shear modulus G [MPa]:
Loss tangent tanδ:
Elongation ratio at break [%]:
Thermal expans. coeff. α [.10-4 K-1]:
Dielectric strength [V/µm]:
Relative dielectric constant εr:
Resistivity ρ [Ωm]:
Temperature range [oC]:
Influence of strong acids:
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PDMS:
-125 [9]
0.25 [8]
<< 0.001 [9]
300
~ 2 [9]
14 [1]
2.5 [1]
1017 [1]
-100..200 [10]
high [13]

Polyimide
400 [11]
2.5×103 [12]
0.001 [11]
107 [10]
0.5 [11]
160..330 [11]
3.1..3.5 [11]
1014 [10]
-200..400 [12]
none [13]

Polypropylene
-15 [10]
0.5 [10]
0.3 [10]
400 [10]
6..10 [13]
0.2 [10]
2.2 [10]
1017 [10]
0..+200 [10]
high for oxidising
acids [13]
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Some physical and chemical attributes of PDMS are mentioned in table 5.1,
together with those of polyimide and polypropylene. When the properties of
PDMS are compared to those of other polymers like polyimide or polypropylene, it
can be seen that PDMS has a very low glass transition temperature which means
that at room temperature the shear modulus is very low and virtually independent
of the temperature; a unique flexibility: the shear elastic modulus G may vary
between 100 kPa and 3 MPa [9]; a very low loss tangent which means that PDMS
can be used mechanically up to high frequencies [10] and there is virtually no
stress relaxation and creep [10]; small temperature variations of the physical
constants except for the thermal expansion coefficient itself; a high gas
permeability; a high compressibility; a low chemical reactivity except at extremes
of pH [9, 13]; an essentially non-toxic nature [9].

5.3 Preparation of the PDMS structures
The following materials were used in the cleanroom processing: the PDMS
PS851 of ABCR ((methacryloxypropyl)methyl siloxane, viscosity 10-3..2×10-3
Pa·s, mole percentage comonomer 2..3% [1]), the primer TMSM of Aldrich
(trimethoxysilylpropylmethacrylate) and the photo-initiator DMAP of Janssen
Chimica (2,2-dimethoxy 2-phenylacetophenone). It should be noted that PS851 is
not available anymore, its replacing polymer is called RMS-033
((methacryloxypropyl)methyl siloxane, viscosity 10-3..2×10-3 Pa·s, mole
percentage comonomer 2..4%).
One weight percent photo-initiator DMAP (powder) was sprinkled into one
weight percent xylene, the solution was added to the viscous PDMS. The mixture
was heated up to 60°C and shaken in the Sarstedt CM-9 shaker at 1400 rpm during
circa 1 hour (the temperature was kept at 60°C). The mixture was not used
instantly, it was kept overnight. The silicon wafer on which the PDMS was spun
was cleaned and wet oxidised. Ten percent of TMSM and a half percent of demiwater were dissolved in toluene and the mixture was heated up to 60°C. The wafers
were kept in this mixture for one minute so that methacryl groups were present at
the wafer surface for covalent bonding with the methacryl groups of the PDMS.
The wafer was rinsed with demi-water to remove the surplus of TMSM and was
spun dry.
The PDMS was spun upon the wafer with several spin rates and several spin
times to obtain the desired thickness. After the spinning, the PDMS layer was
covered with Mylar foil of 23 µm to avoid sticking of the PDMS to the mask and
to avoid contact with oxygen during exposure to UV light which otherwise will
stop the cross-linking process. The thickness of 23 µm was found to be the optimal
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value: thinner Mylar foil caused wrinkles in the PDMS surface, thicker Mylar foil
was not flexible enough to avoid enclosed air bubbles.
In the mask aligner, the wafer with the PDMS and the Mylar foil will be
pressed against the mask which causes stress in the PDMS layer. During crosslinking, the internal structure of the PDMS changes and the uncross-linked PDMS
will start to flow. When the wafer is pressed against the mask, this effect will
increase, which will cause undefined dimensions of the PDMS structures.
Therefore, it is necessary to use the proximity option of the mask aligner to keep
some space (circa 30 µm) between the wafer and the mask.
The PDMS was exposed to UV light for 40 s via a mask. Subsequently, the
Mylar foil was removed and the PDMS was developed in xylene for 30 s, rinsed
with isopropanol and spun dry.

Figure 5.2. Structures realised with polydimethylsiloxane
Table 5.2. Dimensions of the polydimethylsiloxane structures
as shown in figure 5.2
structure
1) circle, inner radius 0.94 mm, width 60 µm
2) circle, inner radius 0.4 mm, width 50 µm
3) square, 2 × 2 mm2, width 60 µm
4) square, 0.95 × 0.95 mm2, width 100 µm
5) 4 square dots of 315 × 315 µm2
6) 4 square dots of 120 × 120 µm2
7) 4 square dots of 100 × 100 µm2
8) 4 rectangles of 50 × 500 µm2
9) circle, inner radius 0.94 mm, width 60 µm
and 4 square dots of 100 × 100 µm2
10) four square dots of 315 × 315 µm2
and 4 square dots of 100 × 100 µm2
11) eight square dots of 100 × 100 µm2
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area APDMS [m2]
4.0×10-7
1.3×10-7
4.7×10-7
1.8×10-7
4×10-7
5.8×10-8
4.0×10-8
1.0×10-7

Cap. plate area A [mm2]
3×3
1×1
3×3
1×1
3×3
3×3
1×1
1×1

4.4×10-7

3×3

4.4×10-7
8×10-8

3×3
1×1
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After the PDMS was processed, the wafer was either cut into separate dies
or RIE etched into cross-wise interconnected pieces of 1×1 mm2 and 3×3 mm2 as
described in chapter 7. An overview of the structures realised is given in figure 5.2
and table 5.2.

5.4 Measurement results and discussion
5.4.1 Thickness versus spin rate and spin time
The thickness of the polydimethylsiloxane structures was measured with the
Sloan DEKTAK II surface profiler with needle radius 250 µm and stylus force 0.1
mN and is shown in figure 5.3.
60 s

Thickness [microm]

20 s

40
30
20
10
0

0

1000

2000

3000

4000

5000

Spin rate [rpm]

Figure 5.3. Thickness of polydimethylsiloxane PS851
at different spin rates and spin times
A smaller needle radius and a higher stylus force will cause the PDMS to be
compressed during the thickness measurement, so in that case the actual thickness
will be larger than the measured value. Figure 5.3 shows that PDMS structures
with a height between 2 and 40 µm are easily realisable. Thicknesses higher than
40 µm can be obtained by applying several layers of PDMS on top of each other or
by using a mould. Thicknesses lower than 2 µm can be obtained by increasing the
spin rate and spin time.
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5.4.2 Shear modulus and loss tangent versus frequency and
temperature

0.50
0.40
0.30
0.20
0.10
0.00
0
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30

Mechanical loss tangent

Shear modulus G' [MPa]

A thick cylindrical PDMS structure with height 1.2 mm and radius 8 mm
was made with a mould to measure the shear modulus G. The shear elastic
modulus G is a complex number [10]: G = G' + iG''. The loss tangent tanδ is equal
to G''/G'. The variation in G due to changes in frequency and temperature can be
measured with the Bohlin Rheometer system. The Bohlin can apply frequencies in
the range between 0.005 and 30 Hz and temperatures between 0o and 70o C. The
measurement system consists of two parallel circular disks with the PDMS
structure in between. The lower disk applies a certain torque with a certain
frequency to the structure, a torsional force measuring device is connected to the
upper disk and measures the resulting movement of the polydimethylsiloxane due
to the applied force. The shear modulus G' and the loss tangent tanδ versus the
applied frequency are shown in figure 5.4, the variation of G' versus the
temperature is shown in figure 5.5.
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Figure 5.4. Measured shear modulus G' (a) and loss tangent (b) versus shear rate
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Figure 5.5. Measured shear modulus G' versus temperature
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at frequencies between 0.005 and 30 Hz
Figure 5.4 shows that the shear modulus is independent of the applied
frequency, which is typical for a rubber elastic material. The loss tangent is so
small that its value was determined by the accuracy of the equipment rather than by
its actual value, so it can be concluded that the measured values for the loss tangent
are the absolute maximum values. A low loss tangent means that PDMS can be
used for mechanical purposes up to high frequencies [10] and its properties should
not be influenced by detrimental effects such as stress relaxation and creep [10].
Figure 5.5 shows that the shear modulus increases with the temperature, with a
slope of dG’/dT = 1.1 kPa / oC, which is typical for rubber elastic materials at the
rubbery plateau [10]. The variation of the loss tangent with temperature was not
measured because of the inaccuracy of the equipment used.

5.4.3 Adhesion of PDMS to an oxidised silicon wafer
A primer like TMSM should be used as coupling agent between an organic
polymer like PDMS and the mineral substrate like oxidised silicon. The primer is
able to chemically react with the silicon oxide surface and it contains at least one
other functional group that can react with the PDMS during curing (the
methacrylate group in the case of TMSM). In this way the primer acts as a linker to
bind the silicon oxide surface to the PDMS covalently [14]. The adhesion between
the silicon oxide and the PDMS is very strong; it was not possible to separate the
PDMS from the wafer by manual peel tests without destroying the PDMS
structure.

5.4.4 Adhesion of cured PDMS to polished tungsten
The surface forces for elastomers which are responsible for adhesion
between a cured elastomer and a rigid smooth surface can arise from (1) Van der
Waals forces, (2) electrostatic forces and (3) hydrogen bonds.
It is not clear which forces provide the major source of bonding, but most
observations are in favour of the Van der Waals forces. The more flexible the
polymer and the less rough the rigid solid surface on which the cured polymer is
put, the better the adhesion: when the average surface roughness is less than 0.33 µ
m and G <= 250 kPa the relative adhesion, which is defined as the ratio of the
actual adhesion and the maximum possible adhesion, is higher than 50% [15]. To
test the adhesive strength, polished tungsten cubes of 3×3×3 mm3 and 1×1×1 mm3
with a mass of 520 mgrams and 19 mgrams, respectively, and an average surface
roughness of 0.3 µm (measured with the Sloan DEKTAK surface profiler) were
Polydimethylsiloxane, a rubber elastic polymer
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put upon several PDMS structures with areas varying from 4.0×10-8 m2 up to
4.7×10-7 m2 and accelerations up to 300 m/s2 were applied to the constructions
with a Gearing and Watson GWV20 shaker unit. The adhesive strength [N/m2] can
be equated with m.abreakdown / APDMS. Adhesive strengths up to 195 kPa were
observed, as shown in table 5.3.
The variation in adhesive strengths between the different structures is
possibly due to lateral accelerations due to the finite stiffness of the shaker unit. All
structures were very sensitive to lateral accelerations, indicating a relatively poor
adhesive strength in the lateral direction.
Nevertheless, all bonds were able to withstand 5 g, which is the maximum
specified acceleration. This indicates that in the triaxial sensor no breakdown will
occur, especially not because the seismic mass is clasped on all sides in the triaxial
sensor configuration. Duration tests of all structures were carried out at 1g, 30 Hz
for one month without failure in any of the devices.
Table 5.3. Maximum measured adhesive strength of PDMS to polished tungsten
cubes. The number of the structure refers to the structures of table 5.2
Structure
(1)
(2)
(3)
(4)
(7)
(8)

Mass [mg]
520
19
520
19
19
19

a [m/s2] at breakdown
150
300
160
300
90
90

Corresponding adhesive strength [kPa]
195
48
180
35
47
19

5.5 Spring constant of rubber elastic structures
5.5.1 Compression/extension
For simple extension and uniaxial compression (see figure 5.6a) the rubber
elastic stress-strain relation can be expressed as [16]

1

FCE = AR G  λ − 2 

λ 

(5.1)

with FCE [N] the applied compressive or extensive force [N], AR [m2] the area of
the rubber on which the force is applied, G [Pa] the shear modulus of the rubber, λ
the rubber's extension ratio: λ = 1 + ∆tCE / t, t [m] the thickness of the rubber and
∆tCE [m] the change in thickness of the rubber due to FCE. When this expression is
linearised around ∆tCE / t < 0.01, Hooke's equation FCE = kCE.∆tCE (where kCE
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[N/m] is the spring constant for small compression/extension) can be used such
that

k CE =

FCE
3 AR G
=
t
∆t CE

(5.2)

Figure 5.6. Piece of rubber elastic material on which a
(a) compressive or extensive force or (b) a shear force is applied

5.5.2 Shear
Simple shear is a type of strain which may be represented by the sliding of a
plane with area AR [m2] which is in parallel to a ground plane through a distance
∆tSH [m] proportional to the distance t [m] between the planes (figure 5.6b). The
stress-strain relation is given by FSH = AR G ∆tSH / t [16], so the shear spring
constant kSH [N/m] is

k SH =

FSH
A G
= R
t
∆t SH

(5.3)

5.5.3 Total sensor structure
When the symmetrical accelerometer of figure 3.1 is accelerated along one
axis, the PDMS structures which sense the acceleration in this direction will be
extended or compressed whereas the other four PDMS structures will be subjected
to a shear stress. The resulting total spring constant ktotal [N/m] in one direction is
therefore
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k total = 2 k CE + 4 k SH =

10 AR G
t

(5.4)

Equation (5.4) can be used for all axes (x, y and z) of the triaxial accelerometer.
However, when the sensor is not fully symmetrical, possibly due to flow of the
PDMS during the cross-linking process, the differences in the layer thicknesses
should be taken into account, for instance in the z-direction:

k total ,z =

3 AR G 3 AR G AR G AR G AR G AR G
+
+
+
+
+
t z1
t z2
t x1
t x2
t y1
t y2

(5.5)

The indices in equation (5.5) should be subsequently changed for ktotal,x and ktotal,y.

5.6 Conclusions
PDMS is commercially available with a selection of functional groups which
allows various curing schemes to enable patterning, bonding and chemical
selectivity. Apart from known applications as mechanical interconnection layer
between two silicon wafers, ion selective membranes on ISFETs and spring
material in accelerometers, new applications could be a flexible top elastomer in
tactile sensors without influencing the sensitivity of the device and as flexible
encapsulation material for packaging of microsystems.
Polydimethylsiloxane is one of the most flexible polymers with a shear
modulus G ≈ 250 kPa at room temperature. The shear modulus is independent of
the applied frequency but linearly dependent on the temperature with a slope of 1.1
kPa/oC. The loss tangent tanδ, which has a value tanδ << 0.001 according to the
literature, could not be determined due to the inaccuracy of the equipment used.
The results show that PDMS is a rubber-elastic material which can be used
mechanical applications and does not suffer from creep and stress relaxation.
When a primer is used, a very good adhesion is obtained between oxidised
silicon and PDMS. Furthermore, due to the low surface energy and high flexibility
of PDMS a good adhesion is obtained between cured PDMS and polished surfaces
with an average roughness less than 0.33 µm. Adhesive strengths up to 195 kPa
were observed.
PDMS is a suitable polymer to be used as spring material, instead of silicon
beams, in micromechanical sensors such as accelerometers. Equations were
derived for the spring constant of several PDMS structures and of the triaxial
accelerometer.
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6
DIFFERENTIAL CAPACITANCE
TO VOLTAGE CONVERTER

6.1 Introduction
Important features of the accelerometer which should be taken care of in the
design of a capacitance measuring circuit are, as described in chapter 4,
• frequency range of DC to 50 Hz
• amplitude range of ± 50 m/s2, corresponding to a capacitance change ∆Cmax of the
order of ± 1 % of the nominal capacitance value C0
• resolution of ± 0.01 m/s2, corresponding to a capacitance change ∆Cmin of the
order of ± 2 ppm of the nominal capacitance value C0
Since capacitive sensors are becoming more and more popular, many methods
[1-6] have been introduced which deal with the measurement of capacitances. A
comparison between four capacitance measuring circuits is shown in table 6.1. Most
methods are not capable of handling very small variations of the order of 2 ppm of
the nominal capacitance value [3, 4, 5]. Some of them, for instance the method which
uses an integrator [3], are not capable of handling static capacitances.
This chapter has been submitted for publication [7]

Differential capacitance to voltage converter

81

Others, for instance the modified Martin oscillator with microcontroller or the
switched-capacitor interface [4, 5], are not yet capable of handling capacitance
changes with frequencies higher than 10 Hz. Another method is based on the ratioarm bridge circuit [6] which is symmetrical and very sensitive, but this method has
the disadvantage that transformer coils have to be used which may be a problem
when the circuit has to be integrated.
Table 6.1. Comparison between four types of capacitance measuring circuits
Type of circuit:

integratortype [3]

Resolution [ppm]:
100
Frequency range [Hz]: 0.1..10,000
Possibility to integrate
the circuit:
yes

modified
Martin
oscillatortype [4]
1000
DC..10

switched
capacitor
type [5]

ratio-arm
bridge
type [6]

required:

4000
DC..15

0.001
DC..?

2
DC..50

yes

yes

no

yes

In this chapter, a differential capacitance to voltage converter (CVC) is
presented which does not show the limitations as mentioned above and is easy to
realise with discrete components. Furthermore, the CVC consists of a symmetrical
circuit, so undesired common mode interference is rejected. The CVC is designed to
fulfil the requirements of the differential capacitive acceleration sensor for
biomedical purposes, as described in chapter 3, but could be used in other sensor
types like differential capacitive pressure sensors [8].
The measurement of a sensor capacitance often has to deal with parasitic
capacitances of the same order of magnitude as the nominal sensor capacitance and
is, in addition, also very sensitive to electromagnetic interference. Furthermore, due
to the sensor structure undesired parasitic resistances may appear in parallel or in
series with the sensor capacitance. Both the sensor capacitance Cx [F] and the
parasitic capacitances Cp1, Cp2 and Cp3 and resistances Rpp [Ω] and Rps are shown in
figure 6.1.
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Figure 6.1. Sensor capacitance Cx with the parasitic capacitances Cp1 and Cp2 at its
terminals, Cp3 in parallel with the sensor and the parasitic resistances Rpp in parallel
and Rps in series with the sensor
Impedance measurements (HP 4194A impedance/gain phase analyser) on the
realised sensor showed that the parasitic capacitances as shown in figure 6.1 are all
approximately 3 pF, the parasitic parallel resistance Rpp > 200 MΩ and the series
resistance Rps ≈ 0.5 Ω. The CVC should be immune to the parasitic components to
obtain an output voltage which is only dependent on the sensor capacitance Cx.
In this chapter, a CVC design is proposed which is immune to parasitic
components, and a theoretical description of the transfer function and the noise
behaviour is given. The results of both computer simulations (PSPICE) and
measurements are described and discussed. Finally, the conclusions are drawn and
some recommendations for possible improvements are given.

6.2 Theory
6.2.1 Circuit description
The basic circuit of the differential capacitance to voltage converter (CVC) is
shown in figure 6.2. The CVC is completely symmetrical and consists of two
frequency independent half AC-bridges which act as AM modulators, two AM
demodulators and an instrumentation amplifier which rejects common mode signals.

Figure 6.2. Basic circuit of the differential capacitance to voltage converter
including typical signal wave forms
Differential capacitance to voltage converter
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The differential capacitance to voltage converter needs to be driven by a
high frequency voltage source Vcarrier [V] with a carrier frequency fcarrier [Hz] and
amplitude Vcarrier [V], which should be supplied to the central seismic mass of the
triaxial accelerometer. The connection between the voltage source and the central
mass can be made via an ohmic contact, realised through a gold bond wire, as
schematically shown in figure 6.3a, with corresponding equation

Vseismic _ mass = Vcarrier

(6.1)

or via capacitive coupling, as shown in figure 6.3b and explained in subsection
3.5.3, with corresponding equation

Vseismic _ mass =

Ccouple,total
Ccouple,total + Csense,total

⋅ Vcarrier

(6.2)

In figure 6.4 the connection of the three sensor axes to three differential CVCs is
shown.

Figure 6.3. Two ways to connect the carrier voltage to the seismic mass:
(a) via a gold bond wire (b) via a couple capacitor
The operation principle of the CVC does not depend on the way the carrier
voltage is connected to the seismic mass. It should be noted that in the derivation in
this subsection of the relation between the change in capacitance and the
corresponding output voltage it is assumed that there is an ohmic contact between the
carrier voltage source and the seismic mass.
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Figure 6.4. Connection of the three sensor axes to three CVCs
In figure 6.2, one of the capacitor plates of the variable sensor capacitance Cx
is connected to the carrier voltage source providing an excitation voltage and the
other one to the input of a current detector (which is at virtual ground potential) with
a very low input impedance. The parasitic capacitances Cp1 and Cp2, as shown in
figure 6.1, are in parallel with the voltage source and the low input impedance of the
current detector, respectively, thus having virtually no effect on the measurement of
the current flowing through Cx. The effect of the parasitic capacitance Cp3 parallel to
the sensor capacitance can be eliminated by offset nulling and/or differential
measurement, provided that its value remains constant and/or is equal in both halves
of the circuit.
The parasitic resistors Rpp and Rps introduce both a high and a low cut-off
frequency in the transfer function of Vcarrier to VA, as will be shown in the equations
(6.3) through (6.8). For frequencies between both cut-off frequencies, the transfer
function is independent of the parasitic resistors. So, when the operating carrier
frequency fcarrier is chosen such that it is in between the cut-off frequencies imposed
by the parasitic resistors, the parasitic resistors will not affect the behaviour of the
circuit. The same reasoning is valid for the transfer of Vcarrier to VB. In the remainder
of this paper, only one half of the circuit will be described, since the other half is
expected to behave the same way.
The feedback resistor Rf provides the negative input of the opamp with the
necessary DC bias current. Together with the feedback capacitor Cf this resistor acts
as a high-pass filter with a certain cut-off frequency. In order to be sure that the
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carrier voltage is unaffected by the high-pass filter, Rf should be as high as possible
so that the resulting cut-off frequency is much lower than fcarrier.
When no acceleration is applied, Cf is chosen such that it equals the nominal
value of Cx, Cx0 , and consequently the transfer function from Vcarrier to VA will be -1.
When a certain acceleration occurs, the value of Cx changes and the transfer function
will show small variations around -1 due to the very small value of ∆Cx / Cx0. Thus,
the input voltage is amplitude modulated (AM) by the variation in the sensor
capacitance.
The transfer function of Vcarrier to VA, considering the sensor representation as
presented in figure 6.1 and the CVC of figure 6.2, is

VA
V carrier

=

Rf
R pp + R ps

⋅

1 + jωR pp (Cx + C p3 )

(1 + jωR f C f )



R pp R ps
⋅  1 + jω
(Cx + C p3 )
R pp + R ps



(6.3)

This transfer function is frequency independent when the input voltage Vcarrier has a
frequency fcarrier which satisfies the following conditions

f

f

carrier

carrier

>>

>>

1
2π R f C f

Error! Switch argument not specified.

1
2π R pp ( C x + C p 3 )

(6.4)

Error! Switch argument not specified.
(6.5)

f

carrier

<<

R pp + R ps
2π R pp R ps ( C x + C p 3 )

Error! Switch argument not

specified.

(6.6)

Thus, by chosing fcarrier according to the equations (6.4), (6.5) and (6.6), at that
certain range of fcarrier equation (6.3) can be rewritten as

V
V

A

carrier

=-

R pp
R pp + R ps

⋅

C x + C p3
C

f

≈-

C x + C p3
C

Error! Switch argument

f

not specified.

(6.7)

It will be shown in subsection 6.3.2 that this frequency range does exist.
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It can be seen that VA is an AM signal, since fcarrier of Vcarrier is a high
frequency carrier and Cx varies due to accelerations with low frequency fsignal such
that

∆C x


C x = C x 0 1 +
cosω signal t 
Cx 0



(6.8)

It should be noted that accelerations usually occur with a frequency spectrum rather
than with one single frequency fsignal at a time. Substitution of equation (6.8) in
equation (6.7) yields

V

A

≈-



∆C x

t
1+
cos
⋅
⋅
ω signal 
C x0 
C


x0
C

V carrier cosω carrier t -

f

C p3
C

V carrier cosω carrier t

f

Error! Switch argument not specified.

(6.9)

The AM signal is demodulated in the rectifier circuit, consisting of a diode D
with diode voltage drop VD and an RC-circuit with resistor RD and capacitor CD. The
RDCD time constant of the demodulator should be chosen so that the input frequency
fcarrier is eliminated and the sensor signal with frequency fsignal is transferred
unaffectedly:

f

carrier

<<

1
2π R D C D

<< f

carrier

Error! Switch argument not specified.
(6.10)

Now, a general equation will be derived with which the maximum bandwidth
of the demodulator circuit can be calculated. The minimum cut-off frequency f-3dB,min
[Hz] of the demodulator is given by

f

−3dB ,min

=

1
2π R D C D

Error! Switch argument not specified.

(6.11)

The relation between the voltage uC D over and current iC D through the
demodulator capacitor CD can be expressed as

iCD = C D

duCD
dt
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The solution to this differential equation is an exponential function. However, since
the time constant of the exponential function is much larger than 1/fcarrier, equation
(6.12) can be simplified by using only the first order term of its Taylor series:

iCD = C D

∆uC
∆t

(6.13)

When the diode is reverse biased, the demodulator capacitor CD will be
discharged over the demodulator resistor RD, thus causing the demodulator capacitor
voltage uC to decrease with ∆uC . This voltage drop ∆uC during reverse bias is
= ∆u . In reverse bias, the current i through the
called the ripple voltage, V
ripple

RD

C

resistor RD is equal to the demodulator capacitor discharge current iCD . When these
data are substituted in equation (6.13), it yields

CD

Vripple
∆t

= iCD = i RD =

V RD
RD

⇒ Vripple =

VRD ∆t
RD CD

(6.14)

When it is assumed that in reverse bias the demodulator capacitor CD is maximally
discharged from uCD = V RD = Vcarrier to 0 in a period of time equal to ∆t = 1/
fcarrier, the maximum ripple voltage Vripple can be equated with

V ripple =

V carrier
Error! Switch argument not specified. (6.15)
R D C D f carrier

The maximum slope Sripple [V/s] of the ripple voltage can be equated with

S ripple

=

V carrier

Error! Switch argument not specified.

(6.16)

RDCD

The slope of the ripple voltage is a measure for the maximum detectable signal
frequency, because the maximum negative slope of the signal will be limited by the
slope of the ripple: when the negative signal slope is steeper than the ripple slope, the
diode will remain reverse biased and the signal will not be transferred.
The negative signal slope Ssignal [V/s] is given by
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S signal = V signal 2π f

signal

Error! Switch argument not specified. (6.17)

By equating the ripple slope and the signal slope and assuming that the diode
is forward biased (which is the case when VD >= 300 mV), the following expression
can be derived for maximum cut-off frequency of the signal fsignal,-3dB [Hz]

f

signal , −3dB

= K⋅

V carrier
Error! Switch argument not
2π R D C D V signal
(6.18)

specified.

with K a dimensionless gain factor which depends on the components used, the
amplitudes of the carrier and the signal voltages and the structure of the circuit. K
may vary between 1 and 5 thus compensating for deviations due to the first order
approximation of equation (6.12).
After demodulation, the resulting voltages VE and VF are

V

E

= V

Error! Switch argument not specified.

(6.19)

V

F

= V B -V D ' Error! Switch argument not specified.

(6.20)

A

-V

D

Subsequently, the difference between VE and VF is amplified by the
instrumentation amplifier (inamp) with gain factor Hina. The inamp eliminates
common-mode voltages, like that introduced by two equal parasitic capacitances Cp3
and VD. The output voltage Vout of the CVC can be calculated with

V

out

= H ina ⋅ (V

E

-V

F

) Error! Switch argument not specified.

(6.21)



 C p 3 + C x 0 + ∆ C x cosω signal t C ' p 3 + C ' x 0 - ∆ C ' x cosω signal t 
 -V +V 
V out = - H ina V carrier 
D
D'



Cf
C' f





Error! Switch argument not specified.
(6.22)
This expression can be simplified into

V

out

= - H ina V carrier

2 ∆ C x cosω signal t
Cf

specified.
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when Cf = Cf’, Cp3 = C'p3, Cx0 = C'x0, ∆Cx = ∆C'x and VD = VD’. When Cp3 ≠ C'p3, Cx0
≠ C'x0, ∆Cx ≠ ∆C'x and VD ≠ VD’, the inequalities will cause an offset shift in the
expression which can be eliminated by offset nulling.
In the case of the capacitive coupling between carrier voltage and seismic
mass, the simplified expression for the output voltage is, using equation (6.2),

V out

= − H ina Vcarrier

C couple ,total
C couple ,total + C sense ,total

⋅

2∆C x cosω signal t
Cf

(6.24)

The gain-bandwidth product of the inamp should be sufficiently high to
guarantee that the maximum bandwidth of the demodulation circuit can be obtained.
The significance of equations (6.23) and (6.24) for the accelerometer case is
that Vout = 0 when the device experiences no acceleration (∆Cx = 0) and Vout ≠ 0
when an acceleration is applied.

6.2.2 Noise behaviour of the capacitance to voltage converter
The capacitance to voltage converter with its noise sources is shown in figure
6.5. The output noise voltage of the current detector at A is called Vn,A and at B Vn,B.
It can be shown that the spectral density of the noise voltage at A is equal to
2
V 2n ,opamp 1+ ω 2carrier R 2f ( C x + C f + C p 2 + C p 3 )
⋅
=
2 2
∆f
∆f
1+ ω 2
R
Cf
carrier
f

V 2n , A

+

i 2n ,opamp
∆f

⋅

R 2f
1+ ω

2
carrier

Switch argument not specified.
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2

2

RfCf

+

V 2n, Rf
∆f

⋅

Error!

1
1+ ω

2
carrier

R 2f C 2f
(6.25)
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Figure 6.5. Capacitance to voltage converter with its noise sources
From this equation it can be seen that in order to obtain a low output noise
voltage, a fairly high operating frequency fcarrier should be used and the parasitic
capacitances should be as small as possible. The feedback resistor, Rf, should be
large to decrease its own noise voltage in combination with Cf, but should be small to
decrease the effect of the current noise of the opamp, so an optimum should be
found. A similar equation can be derived for Vn,B.
Since all noise sources are assumed to be uncorrelated and the CVC is
symmetrical it can be concluded that Vn,A2 = Vn,B2.
The demodulator circuit consists of a diode D, a resistor RD and a capacitor
CD. The resistor produces a thermal noise voltage Vn,RD = √(4kTRD∆f). The diode is
considered to behave as a shot noise source which can be modelled as a noise current
source in,diode [A]. The equivalent noise current of the diode can be calculated with
[9]

i 2n ,diode
∆f

= 2qI

D

Error! Switch argument not specified.

(6.26)

where q is the electron charge, q = 1.6 * 10-19 [C] and ID is the DC current through
the diode.
Both diodes in the CVC are assumed to have the same noise power, i2n,diode ≈
i2n,diode'. However, the diode noise current can be neglected with respect to the other
noise sources in the circuit, as will be shown in the following paragraphs.
The noise of the inamp can be represented by an equivalent input noise
voltage source Vn,ina and an equivalent noise current source in,ina at the input terminals
of the inamp. Other noise sources, such as the - uncorrelated - equivalent output
Differential capacitance to voltage converter
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noise voltage Vn,ina,out and the thermal noise voltage Vn,RG = √(4kTRG∆f) of the
resistor RG which determines the gain are only important for inamps with extremely
low input noise voltage levels.
For the calculation of the total output noise voltage, the two states in which
the diode can be have to be distinguished. When the diode is reverse biased (rb),
both the signal and the noise of the input opamps are not transferred by the
demodulator circuit due to the high resistance rdiode [Ω] of the diode: rdiode ≈ ∞. In
this case, the output noise voltage Vn,out,rb is given by
2
2
2
2


V 2
 V n,ina
 in,diode

V n,out,rb
V2
in,ina
1
R2D
2 . 4 kTRG + 2 R D .
= n,out,ina + H ina
+
+
.
+





∆f
∆f
∆f  1+ ω 2 R2D C 2D 
∆f 
 ∆f 1+ ω 2 R2D C 2D  ∆f
 ∆f

Error! Switch argument not specified.

(6.27)

It should be noted that in this case in,diode = 0 because the diode is reverse biased
and therefore the DC diode current ID = 0.
When the diode is forward biased (fb), the signal and the noise of the input
opamps are transferred by the demodulator circuit due to the low resistance of the
diode: rdiode ≈ 0. In this case, the output noise voltage Vn,out,fb is given by

 4 kTR
V 2n, A V 2n ,ina 
G
 Error! Switch
≈
+2
+
+ H 2 .
ina
∆f
∆f
∆f
∆f 
 ∆f


argument not specified.
(6.28)
V 2n ,out , fb

V 2n ,out ,ina

It should be noted that in this case in,diode ≠ 0 because the diode is forward biased
and therefore the DC diode current ID ≠ 0, but the diode noise current is shortcircuited by rdiode ≈ 0.
Every period of Vcarrier the diode is both reverse biased (about 7/8 part of the
period at Vcarrier = 5 V and fcarrier = 100 kHz) and forward biased (about 1/8 part of
the period at
= 5 V and fcarrier = 100 kHz), so a combination of the equations
(6.27) and (6.28) should be used to calculate the total output noise voltage Vn,out,tot.
However, since the diode is reverse biased most of the time and, moreover, when the
following condition is met

4kTR

V2n,out, fb V2n,out,ina
V2n,A V2nina
, 
G
2

≈
Error! Switch argument not
+2
+
+H .
ina  ∆f
∆f
∆f
∆f
∆f 


specified.
(6.29)
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then the output noise voltage can be calculated with only equation (6.27). Whether or
not the condition of equation (6.29) is met is dependent on the components and fcarrier
used.
In a bandwidth f2 - f1, the total output noise voltage Vn,out,tot of the CVC can be
calculated with
f2 V 2

V

n ,out ,tot

=

n ,out
∫ ∆f df
f1

Error! Switch argument not specified.

(6.30)

where Vn,out is equal to Vn,out,rb or a combination of Vn,out,rb and Vn,out,fb depending on
whether or not the condition is met as set in equation (6.29). The noise voltage
Vn,out,tot has to be less than the output voltage of the CVC due to the minimum
detectable acceleration of a = 0.01 m/s2.

6.3 Experimental results and discussion
6.3.1 Components used and bridge balancing procedure
Two test versions of the CVC were realised with different component values.
For the first tests, only fixed capacitors were used instead of the sensor capacitances.
When possible, SPICE simulations were carried out with ideal components.
Version 1: all components are SMD; the opamps are PMI OP237, the inamp is a
Burr Brown INA102 (Hina = 100), Rf = 1 MΩ, Cx0 = 12 pF, Cf is adjustable 5 .. 15 pF
(Cf ≈ Cx0), the diodes are BAS 40-06 (Schottky diodes with VD = 0.4 V), RD = 18 kΩ,
CD = 100 nF
Version 2: the opamps are National Semiconductor LF356, the inamp is a Burr
Brown INA103 (Hina = 150), Rf = 1 MΩ, Cx0 = 12 pF, Cf is adjustable 5 .. 15 pF (Cf ≈
Cx0), the diodes are 1N4148 (with VD = 0.6 V), RD = 18 kΩ, CD = 100 nF
Bridge balancing procedure: the supply voltage (+15V/-15V) is switched on and the
offset voltage of the inamp is adjusted to zero. The input voltage Vcarrier is switched
on and the two Cf's are adjusted so that VA and VB are equal to -Vcarrier and Vout is
equal to 0.
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6.3.2 Dependency of the transfer function of the opamps on the carrier
frequency
The dependency of the transfer function of the opamps on the carrier
frequency fcarrier was measured with version 2. In order to imitate a sensor with
parasitic components (as shown in figure 6.1), apart from the equivalent sensor
capacitance of 12 pF, extra components were added: Cp1 = Cp2 = C'p1 = C'p2 = 56 pF,
Cp3 = C'p3 = 5.6 pF, Rpp = R'pp = 20 MΩ and Rps = R'ps = 2.2 Ω.
The dependency of the transfer function of the opamps on the carrier
frequency fcarrier was investigated by varying it from 300 Hz up to 2 MHz while the
carrier amplitude was kept at 5 V. The resulting transfer function from Vcarrier to VA
(and VB) is displayed in figure 6.6.
According to the equations (6.4), (6.5) and (6.6) respectively, the expected
corner frequencies are 13.0 kHz, 450 Hz and 5.9 GHz. The SPICE and measurement
results for the lowest two corner frequencies show a good correspondence with the
theoretical values. The highest corner frequency is not shown in figure 6.6 and will
not be found in practice due to the limited gain bandwidth product and the slew rate
(because of the high amplitude) of the opamps. In the case of version 2, this causes a
decrease in the gain at frequencies higher than 400 kHz. Note that in the SPICE
simulation the gain at high frequencies does not decrease due to the use of ideal
components in the simulation.
The conclusion can be drawn that when fcarrier is in the frequency independent
part of the transfer function, small variations in this frequency as well as the parasitic
components - both parasitic capacitances and parasitic resistances - do not have any
influence on the transfer function. An optimum performance of this part of the circuit
is guaranteed when the carrier frequency fcarrier is higher than 50 kHz and lower than
400 kHz (in version 2).
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Figure 6.6. Bode plot of the transfer function of one of the opamps branches,
VA/Vcarrier; the continuous lines are the asymptotic representation of
the theoretically expected values

6.3.3 Conversion of capacitance to voltage: resolution and linearity
With a nominal capacitance of 12 pF, it is hard to realise variations of 2 ppm
experimentally (24 aF with respect to 12 pF; however, the SPICE simulations were
carried out with these small values). Therefore, the nominal capacitance was
increased to 120 nF, the frequency fcarrier was decreased to 15 kHz and the amplitude
Vcarrier down to 2 V. In this way a differential capacitance variation of 2 ppm can be
realised with two capacitances of 240 fF. This is equal to a single sided capacitance
change of 4 ppm or approximately 0.5 pF with respect to 120 nF.
The measurements were carried out with version 2. The capacitance ∆Cx, in
parallel with Cx0, was varied single sided from 12 nF down to 0.5 pF. The results are
shown in the figures 6.7a and 6.7b; figure 6.7b shows the output voltage due to
coarse and figure 6.7a the output voltage due to fine capacitance variations. The
expected theoretical output voltage can be calculated with equation (6.23) and is
represented in both figures by a line.
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Figure 6.7. Measured and simulated output voltage versus relative change in
capacitance (a) fine (b) coarse. The continuous line is according to equation (6.23)
The figures 6.7a and 6.7b show that the CVC converts capacitance to voltage
linearly for both large and small changes in capacitance, respectively. There is a
good correspondence between the theory, the SPICE simulations and the
measurements. Note that the accuracy of the absolute value of ∆Cx depends largely
on the accuracy and the stability of Cf.
The range in which the relative change in capacitance is linearly detected can
be increased by decreasing Vcarrier and Hina. However, the signal to noise ratio is
decreased when

is decreased.

6.3.4 Bandwidth
Since fixed capacitors were used instead of the variable sensor capacitance, an
AM voltage VAM, consisting of a carrier sine wave with amplitude Vcarrier and
and frequency fsignal,
frequency fcarrier and a signal sine wave with amplitude V
signal

instead of Vcarrier alone, has to be applied to the input in order to test the dynamic
response of the circuit. The input voltage of the CVC can now be described with
[10]:
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V

AM

= ( V

carrier

cos ω signal t) cos ω carrier t
+ V
signal

Error! Switch


V signal

cosω signal t  cos ω carrier t
= V
1 +
carrier 

V carrier



argument not specified.

(6.31)

After a similar derivation as used to obtain equation (6.23) and changing only
one of the two Cx0's in a permanent way by adding a small fixed parallel capacitance
∆Cx, the output voltage Vout of the CVC can be expressed as

V

out

= - H ina V carrier


V
∆C x 
 1+ signal cosω
 Error! Switch
t
signal 


C f  V carrier


argument not specified.

(6.32)

and since only the AC part is to be considered, the DC voltage is filtered out so

V

out

= - H ina V signal

∆C x
Cf

cosω signal t Error! Switch argument not

specified.

(6.33)

The bandwidth of the CVC (version 2, with Hina = 150) at two values of

Vcarrier , 2.5 V and 5.0 V, versus Vsignal is shown in figure 6.8. From figure 6.8 it
can be seen that below V
= 300 mV the theoretical bandwidth is higher than the
signal

measured bandwidth due to the diode not being forward biased. For Vsignal > 300
mV it can be calculated with equation (6.18) that K2.5 V ≈ 2.4 and K5 V ≈ 3.0.
When ∆Cx = 0.2 pF and Vcarrier = 2.5 V, the gain Vout / Vsignal is expected to
be 8.0 dB at low frequencies of Vsignal (equation (6.33)). The bandwidth of the circuit
is expected to be higher than 88 Hz (equation (6.11)), the maximum bandwidth
should be according to equation (6.18), provided that fcarrier >> fsignal.
The Bode plot of the gain of the CVC for three amplitudes of Vsignal, 400 mV,
600 mV and 800 mV at Vcarrier = 2.5 V, is shown in figure 6.9. As can be seen in
figure 6.9, for Vsignal = 400 mV f-3dB = 1350 Hz, for Vsignal = 600 mV f-3dB = 920
Hz and for V
= 800 mV f-3dB = 620 Hz which is all in good correspondence
signal

with equation (6.18) with K2.5 V ≈ 2.4.
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Figure 6.8. Measured bandwidth of the CVC versus signal amplitude at two carrier
amplitudes; the dashed lines without markers are according to equation (6.18)
with K2,5 V =2.4 and K5 V=3.0
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Figure 6.9. Measured Bode plot of the CVC at three different signal amplitudes;
the dotted horizontal line represents the -3dB level at Vcarrier = 2.5 V
In the accelerometer case, the signal amplitude caused by a change in
capacitance due to an applied acceleration will not exceed 50 mV, so, the specified
bandwidth of 50 Hz is guaranteed with this configuration. However, the maximum
bandwidth of the circuit will be lower than the value calculated by equation (6.18),
due to the diode not being forward biased. According to figure 6.8, accelerations
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with frequencies up to at least 10 kHz can still be detected. By adjusting Vcarrier , RD
and CD even higher bandwidths can be obtained.

6.3.5 Accuracy

Output voltage [V]

Version 1 was used to measure the accuracy during a certain period of time,
with ∆Cx = ∆Cx' = 0. The circuit was placed in a shielded box at ambient
temperature. An input voltage with fcarrier = 100 kHz and Vcarrier = 5 V was applied
and the output signal Vout was set to 0 V. After 400 hours it was still 0 V, with small
slow fluctuations with a maximum amplitude of 11 mV, as shown in figure 6.10. The
maximum amplitude of the fluctuations equals respectively 22 ppm single sided and
11 ppm differential. This means that in time an accuracy of 11 ppm is possible. The
fluctuations in the output voltage are possibly caused by inequalities in the diodes
and the limited geometric symmetry of the CVC. The accuracy of the CVC may be
improved after integration of the circuit.
0.10
0.00
-0.10
-0.20

0

100

200

300

400

Time [hours]

Figure 6.10. Fluctuations in the output voltage of the CVC

6.3.6 Noise and resolution
The spectral density of the output noise of the circuit was measured with a
spectrum analyser (HP 35670A dynamic signal analyser), the rms output noise
voltage with a measuring amplifier (Brüel & Kjaer 2610) and the peak output noise
voltage with an oscilloscope (Philips PM3305). The noise measurement was done
with version 1 with ∆Cx = ∆Cx’ = 0.
According to the specifications of the INA102 at Hina = 100, this
instrumentation amplifier has an equivalent input noise voltage Vn,ina which
decreases from 60 nV/√Hz at 1 Hz to 25 nV/√Hz at 100Hz. Its equivalent input noise
current in,ina decreases from 1.2 pA/√Hz at 1 Hz to 0.2 pA/√Hz at 100 Hz.
Differential capacitance to voltage converter
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Output noise voltage [dBV/sqrtHz]

At 100 kHz, the OP237 has a specified noise voltage Vn,op of 3.2 nV/√Hz and
a noise current in,op of 0.4 pA/√Hz. Using equation (6.25), with this opamp at this
carrier frequency the condition as set in equation (6.29) is not fulfilled, so the total
output noise voltage can not be approximated with equation (6.27). However, when
fcarrier is increased and Rf is decreased, it is possible to meet the condition as set in
equation (6.29).
Using the specifications, the noise levels can be calculated. The results of both
calculation and measurement are shown in figure 6.11.
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-112

1

10

100

Frequency [Hz]

Figure 6.11. Measured (markers) and calculated (dotted line, according to
equation 6.27)) output noise voltage density of the CVC with Vcarrier = 0
From figure 6.11 it can be seen that the measured output noise voltage density
Vn,out when Vcarrier = 0 (the diodes are reverse biased) is in good correspondence
with the theory. The total rms output noise voltage was measured in the frequency
range 2 - 50 Hz and was found to be 150 µV which is also in good correspondence
with the calculated (equations (6.27) and (6.30)) and measured values. In normal
operation, when Vcarrier = 5 V, the measured rms noise voltage was 750 µV instead
of the calculated 210 µV (equations (6.27), (6.28) and (6.30)). The mismatch is due
to the low frequency noise of the opamps which was assumed to be suppressed by
the dominant high carrier frequency fcarrier, but is nevertheless present. However,
when a high pass filter is added in between the opamp and the diode, the low
frequency noise of the opamps should be rejected so that the rms noise voltage will
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be reduced to the calculated value of 210 µV. It should be noted that this measure is
not necessary as long as the resulting rms output noise voltage is less than the output
signal voltage due to the lowest acceleration to be detected.
A noise voltage with a maximum amplitude of 2 mVmax was measured with
the oscilloscope (the input channel was DC coupled) in the frequency range ]DC,50
Hz], corresponding to an rms output noise voltage of 2 / √2 = 1.4 mVrms. When
Vcarrier = 5 V and Hina = 100, the resolution of the CVC can be calculated to be (∆Cx
/ Cf )min = Vout,min / (2·Hina·V
) = 1.4.10-3 / 1000 = 1.4 ppm (equation (6.23)) in
carrier

the frequency range ]DC,50 Hz].

6.4 Conclusions
In this chapter, a sensitive differential capacitance to voltage converter (CVC)
has been presented which can for instance be used with a differential capacitive
accelerometer. The CVC is completely symmetrical and consists of two frequency
independent half AC-bridges which act as AM modulators, two AM demodulators
consisting of a diode and an RC-filter and an instrumentation amplifier which rejects
common mode signals. The specific advantages of this CVC compared to other
CVCs are that it is intrinsically immune to parallel and serial parasitic resistances and
capacitances, that it can measure both static and dynamic variations in capacitances
in the wide frequency range from DC up to at least 10 kHz, that undesired common
mode signals are rejected because of the high degree of symmetry in the circuit and
that it can be easily realised with discrete components. The signal bandwidth can be
enlarged by increasing Vcarrier and decreasing the demodulation resistor RD and the
demodulation capacitor CD.
All the features of the CVC are summarised in table 6.2. The resolution of the
CVC was found to be 1.4 ppm (for instance 17 aF with respect to 12 pF). The
accuracy of the CVC was measured to be 11 ppm. The CVC is linear within relative
capacitance changes of 2 ppm and 1%, thus having a dynamic range of at least 74
dB. The rms output noise voltage is dominated by the low frequency noise of the
opamps and was measured to be 750 µV in the frequency range of 2 - 50 Hz and 1.4
mV in the frequency range ]DC, 50 Hz]. The noise voltage can be reduced to 210 µV
in the frequency range 2 - 50 Hz by putting high pass filters in between the opamps
and the diodes.
Furthermore, all measurement results showed a good correspondence with the
theoretical analyses.
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Table 6.2. Features of the differential CVC at Hina = 100,
Vcarrier = 5 V and fcarrier = 100 kHz
Parameter:
Frequency range [Hz]
Resolution [ppm]:
Linear range:
Accuracy [ppm]
Possibility to integrate the circuit:
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Specified:
DC - 50
2
2 ppm - 1 %
yes

CVC:
DC - 10,000
1.4
1.4 ppm - 1 %
11
yes
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7
DEVICE FABRICATION:
MATERIALS, TECHNOLOGY
AND ASSEMBLY PROCEDURE

7.1 Introduction
The structure of many micromachined capacitive accelerometers consists of
three wafers bonded to each other: the middle wafer contains the seismic mass
which also acts as flexible capacitor plate, in the top and bottom wafer the fixed
counter capacitor plates are realised [1-6]. Since the counter capacitor plates are
only on two opposite sides of the seismic mass, only the acceleration in the one
axis can be detected properly and, in the triaxial accelerometers, the off-axis
sensitivity of the device is used to detect the acceleration in the other two
directions [1-3] which causes a high off-axis sensitivity varying from 5% up to
21% in the devices [1]. Furthermore, the three wafer design is not symmetrical and
may therefore be sensitive to common mode interferences.

Parts of this chapter have been published before [7-12]
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The design as presented in this thesis is highly symmetrical and is truly
sensing the accelerations in three directions: the structure of the device consists of
a central cubic mass surrounded by six capacitor plates, so that accelerations in all
directions are differentially detected by their own capacitor plates, not using the
off-axis sensitivity of the device. In this design, only one wafer is used from which
structures are obtained which vary in complexity from separate wafer pieces
needing a complex assembly procedure to cross-wise connected foldable structures
which can easier be assembled.
The realisation of three-dimensional micromachined devices is a developing
field with technological challenges [13-17]. In order not to be limited by
technological boundaries and to validate the feasibility of the design, the first
prototypes of the triaxial accelerometer as described in chapter 3 were a
combination of some cleanroom processing, precision mechanics and a lot of
manual assembly. In the first prototypes, it was necessary to connect a gold bond
wire to the seismic mass to obtain an ohmic contact with the supply voltage.
However, the connection of a bond wire to the mass should be avoided because the
connection itself is difficult to realise and the bond wire introduces both
asymmetry and an extra spring into the design.
Therefore, an accelerometer is designed with the supply voltage capacitively
coupled to the seismic mass. Furthermore, the previously separated wafer pieces
are now interconnected by the flexible polymer polyimide in such a way that crossalike structures appear [7, 11, 13, 17]. In this way, it is possible to simplify and
facilitate the assembly procedure with respect to the separate pieces approach.
In this chapter, the technology and assembly procedure of the first triaxial
prototypes and of the folded triaxial devices is described. Each sensor design needs
its own specific fabrication procedure, in both designs a combination of
micromachining technology, precision mechanics and manual assembly is
involved.

7.2 First prototypes of the triaxial accelerometer
7.2.1 Introduction
The prototypes of the triaxial accelerometer consist of six capacitors with
nominal capacitance value C0 [pF] surrounding one central cubic mass at a distance t
[m], as shown in figure 3.1. The highly symmetrical structure can be obtained with a
new spring concept, based upon the flexibility and stability of PDMS structures in
between the movable seismic mass and the fixed capacitor plate. It should be noted
that two variations of the prototypes exist: one device with outer dimensions 5×5×5
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mm3 (figure 7.1a) and one device with outer dimensions 2×2×2 mm3 (figure 7.1b),
both with the PDMS structures directly connected to the tungsten mass.

(a)

(b)

Figure 7.1. Two-dimensional view of the structure of the first prototypes of
the triaxial accelerometers with dimensions (a) 5×5×5 mm3 and (b) 2×2×2 mm3
For the realisation of this sensor, little cleanroom time is needed: the wafers
with the PDMS structures are processed in the cleanroom. The other parts of the
sensor are made with precision-mechanics techniques. The manual mounting of the
device takes a lot of time and it has to be done by a person with a skilful hand. The
steps necessary to obtain the sensor are described in the next sections.

7.2.2 Cleanroom processing and technology
300 nm of aluminium was deposited by evaporation on both sides of a
standard cleaned silicon wafer and was annealed for 30 minutes at 450 oC applying
wet nitrogen, to eventually obtain an ohmic contact between the gold bond wires
and the capacitor plates (figure 7.2a). Polydimethylsiloxane (PDMS) was
spincoated and patterned on the front side of the wafer. Thus, several PDMS
structures with different thicknesses and areas were obtained, as shown in table 7.1
and figures 5.2 and 7.3. The processing of the PDMS PS851 and its properties after
cross-linking are described in detail in chapter 5. After the PDMS was processed, it
was covered with positive photoresist (S1828, 2000 rpm, 20 s.), which was dried for
30 minutes at 90oC, to protect the PDMS structures during sawing (figure 7.2c). The
wafer was sawed into separate pieces of 3×3 mm2 and of 1×1 mm2 with a wafer saw
(figure 7.2d). After the sawing, the separate capacitor plates were rinsed with acetone
to remove the positive photoresist (figure 7.2e).
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Table 7.1. Dimensions of the realised PDMS structures as shown in figure 5.2;
(1)-(4): capacitor plate area A = 3×3 mm2;
(5)-(8): capacitor plate area A = 1×1 mm2
Structure
1) circle, inner radius 0.94 mm, width 60 µm
2) square, 2×2 mm2, width 60 µm
3) 4 square dots of 315×315 µm2
4) 4 square dots of 120×120 µm2
5) circle, inner radius 0.4 mm, width 50 µm
6) square, 0.95×0.95 mm2, width 100 µm
7) 4 square dots of 100×100 µm2
8) 4 rectangles of 50×500 µm2

Area AR [m2]
4.0×10-7
4.7×10-7
4×10-7
5.8×10-8
1.3×10-7
1.8×10-7
4.0×10-8
1.0×10-7

Thickness t [µm]
5..40
10
10
6
3
3
3
3

Figure 7.2. Process flow on behalf of the first prototypes
of the triaxial accelerometer
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Figure 7.3. Two PDMS structures, (5) and (7) of table 7.1, on a silicon wafer:
circles on the left and four square dots on the right, on a mm scale

7.2.3 Assembly procedure
Sensors with outer dimensions 5×5×5 mm3
The assembly procedure is shown in figure 7.4. The wafer pieces were
cleaned with adhesive tape to remove dust particles. Thereafter, the wafer pieces
and the cubic mass, with a mass as shown in table 7.2, were degreased with a drop
of ethanol. One wafer piece at a time was placed on a side of the mass, the PDMS
structure sticks to the tungsten (figure 7.4a) [12]. The mass was turned and another
wafer piece was added until all sides of the mass were covered. The brass corner
pieces were degreased with some ethanol and covered with a little bit of silicone
glue. The silicone glue was used for both adhesion of the corner pieces to the wafer
pieces and electrical insulation. Eight corner pieces were glued upon the wafer
pieces (figure 7.4b) and the device was put in an oven at 60°C for one hour to
speed up the hardening of the glue. Thereafter, the device was turned, the
remaining four corner pieces were attached and again the device was put in the
oven at 60°C for one hour.

Device fabrication: materials, technology and assembly procedure

107

Figure 7.4. Assembly procedure of the first prototypes
of the triaxial device of 5×5×5 mm3
Seven gold bond wires were attached to the sensor with silver glue, one to
the seismic mass and six to the outer wafer pieces (figure 7.4c). The completed
device was put in an oven at 60°C for one hour to harden the silver glue. The
sensor was mounted with silicone glue on a printed circuit board (PCB), which was
smoothened with Hysol glue to obtain a good adhesion to the silicone glue. The
gold bond wires were connected to the corresponding copper tracks on the PCB
with silver glue and the assembled device was put in a dry place at ambient
temperature for 72 hours to harden the silicone glue. A picture of a thus
constructed sensor with outer dimensions 5×5×5 mm3 is shown in figure 7.5a.
Table 7.2. Material, dimensions and mass of the seismic masses used
material
dimensions [mm3]
mass [mg]
brass
3×3×3
220
tungsten
3×3×3
520
tungsten
1×1×1
19

Figure 7.5. First prototypes of the triaxial accelerometer with a size of
(a) 5×5×5 mm3 and (b) 2×2×2 mm3 on a printed circuit board;
the distance between two bar-lines on the ruler is 1 mm
Sensor with outer dimensions 2×2×2 mm3
The assembly procedure is shown in figure 7.6. The assembly procedure is
identical to that of the larger sensor with the exception that the brass corner pieces
are replaced by nylon corner pieces. A picture of a thus constructed small sensor is
shown in figure 7.5b.
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Figure 7.6 Assembly procedure of the sensor with outer dimensions 2×2×2 mm3

7.3 Folded triaxial accelerometer
7.3.1 Introduction
The structure of the folded triaxial accelerometer is shown in figure 7.7a.
The basic structure of the sensor consists of capacitors surrounding one central
cubic tungsten mass, two capacitors per side. The mass is suspended to the fixed
capacitor plates by springs made of polydimethylsiloxane (PDMS). From each
side, the inner capacitor is used to capacitively couple the excitation voltage to the
seismic mass and the outer capacitor is used to sense the applied accelerations. All
capacitor plates are cross-wise mechanically interconnected by polyimide (PI), as
shown in figure 7.7b. When this cross-alike structure is folded around the cubic
mass, the resulting cube is put inside a tungsten housing, after which gold bond
wires can be connected.
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(a)

(b)

Figure 7.7. (a) Two-dimensional cross-sectional view of the folded triaxial
accelerometer; (b) cross-wise mechanically interconnected wafer pieces
(front side)
For the realisation of this sensor, most of the time is spent in the cleanroom.
The tungsten mass and housing are made with precision-mechanics techniques like
spark erosion. The manual assembly procedure of the device did not take too much
time with respect to the procedure described in subsection 7.2.3 and it could be
done by anyone with a solid hand. The steps necessary to obtain the sensor are
described in the next sections.

7.3.2 Technology and cleanroom processing
Objective of the cleanroom technology is the realisation of a foldable cross
structure, as shown in figure 7.7b. A silicon wafer was oxidised applying wet
nitrogen for 5 hours at 1150oC resulting in 1.4 µm SiO2. The front side of the
wafer and an outer ring with a width of 5 mm of the back side were covered with
positive photoresist S1818 of Shipley. The silicon oxide was etched from the
uncovered part of the back side of the wafer during 25 minutes in 50% buffered
HF. The photoresist was removed in fuming nitric acid. The silicon at the back side
was etched during 5 hours in KOH at 76 oC so that a silicon membrane remained
of about 100 µm (figure 7.8a). This was done to decrease the RIE etch time in the
last process step and to obtain minimum dimensions. An aluminium layer of 300
nm was deposited on both sides of the wafer by evaporation and was annealed for
30 minutes at 450 oC applying wet nitrogen, to eventually obtain an ohmic contact
between gold bond wires and the capacitor plates (figure 7.8b). A chromium layer
of 200 nm was deposited on the back side of the wafer by evaporation to act as an
adhesive for the polyimide (figure 7.8c). At the back of the wafer, polyimide (PI,
HTR3-2000 of OCG) was spincoated and patterned to obtain the structure as
displayed in figures 7.7b and 7.10a with a height of 15 µm. At the front side,
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PDMS was spincoated. The processing of PDMS PS851 of ABCR and its
properties after cross-linking are described in chapter 5. Ten percent of TMSM and
a half percent of demi-water were solved in xylene and the mixture was heated up
to 60°C. The wafers were kept in this mixture for one minute so that methacryl
groups were present at the wafer surface, which will attach to the methacryl groups
of the PDMS. The wafer was rinsed with demi-water to remove the surplus of
TMSM and was spun dry. The PDMS was spun upon the wafer with spin rates
varying between 1000 and 5000 rpm during 20..60 seconds. After the spinning, the
PDMS layer was covered with Mylar foil of 23 µm to avoid sticking of the PDMS
to the mask and to keep oxygen away from the PDMS (otherwise no cross-linking
will take place). Thereafter, the PDMS was exposed to UV light for 40 s via a
mask, to obtain the desired structures as displayed in figure 7.9. Subsequently, the
Mylar foil was removed and the PDMS was developed in xylene for 30 s, rinsed
with isopropanol and spun dry (figure 7.8e). The thickness of the PDMS structures
was as shown in table 7.3. The front side of the wafer was covered with a PI layer
of 50 µm thick which is not baked, to protect the PDMS structures against the RIE
etching (figure 7.8f). The PI layer was patterned such that the aluminium and
chromium layers at the front side were not covered where all the capacitor plates
should be separated by RIE etching. The uncovered metal parts were etched with
aluminium and chromium etchant, respectively. Both the capacitor plates and the
crosses were separated by RIE etching, using the black silicon method [18]. It took
1 hour to etch through the wafer (figure 7.8g). After the RIE etching, all the crosswise connected structures were available (figure 7.10). The unbaked protective PI
layer was removed by putting the crosses in boiling water in an ultrasonic cleaner.
The protective aluminium and chromium layers were removed with aluminium and
chromium etchant, respectively, and the structures were ready to be assembled
(figure 7.8h).
Table 7.3. Dimensions of the polydimethylsiloxane structures;
outer plate area A = 3×3 mm2 in (1) and (2) and 1×1 mm2 in (2) and (3)
structure
1) circle, inner radius 0.95 mm, width 50 µm
+ four square dots of 100×100 µm2
2) four square dots of 315×315 µm2
+ four square dots of 100×100 µm2
3) eight square dots of 100×100 µm2

area AR,total [m2]

thickness t [µm]

4.4×10-7

10

4.4×10-7
8×10-8

10
2.5..10
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Figure 7.8. Process steps of the triaxial accelerometer:
from silicon wafer to foldable cross structure

Figure 7.9. Structures realised with polydimethylsiloxane
according to the folded accelerometer design with capacitive coupling
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7.3.3 Assembly procedure
The assembly procedure was as follows: the cubic tungsten mass was
cleaned with ethanol. The cross-wise connected wafer pieces (figure 7.10) were put
on the assembly device and the mass was placed on the central wafer piece, as
shown in figure 7.11. The flexible PI layer can easily be folded into the desired
shape [13], facilitating the assembly procedure. The four capacitor plates at the
sides of the mass were pushed onto the corresponding sides of the mass by bending
the PI layer with the push bars. The PDMS will stick to the tungsten, so no glue is
necessary [12]. The last capacitor plate was pushed onto the top of the mass and
the thus formed cube was put inside a tungsten housing which was put upon a
standard IC package (figure 7.12). The tungsten cover was glued upon the tungsten
housing and 12 gold bond wires were attached from the IC package to the sensor
via slits in the housing, 6 wires for the connection of the couple capacitances and 6
wires for the sense capacitances.

(a)

(b)

Figure 7.10. Foldable cross-alike structures on a mm-scale;
(a) 3×3×3 mm2, seen from the PI side, (b) 1×1×1 mm2, seen from the PDMS side

Figure 7.11. Assemble device for the accelerometer
Device fabrication: materials, technology and assembly procedure
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(a)

(b)

Figure 7.12. Triaxial accelerometers with a size of (a) 5×5×5 mm3 and
(b) 2×2×2 mm3 in a tungsten housing on a standard IC package.
Gold bond wires are attached via slits in the walls of the housing

7.4 Conclusions
In this chapter, two different three-dimensional sensor designs have been
described. Each sensor design needs its own specific fabrication procedure and
technology.
The first prototypes of the triaxial accelerometer were a combination of little
cleanroom processing, precision mechanics and a lot of manual assembly.
Furthermore, it was necessary to connect a gold bond wire to the central seismic
mass to obtain an ohmic contact with the supply voltage. However, connection of a
bond wire to the mass should be avoided because the connection itself is difficult
to realise and the bond wire introduces asymmetry and an extra spring in the
design.
Therefore, a new folded accelerometer was designed with the supply voltage
capacitively coupled to the seismic mass. The previously separated wafer pieces
are now mechanically interconnected by the flexible polymer polyimide in such a
way that cross-alike structures are obtained. The cross-wise connected wafer pieces
were put upon an assembly device and the cross-alike structure was folded around
the seismic mass. The thus formed cube was placed inside a tungsten housing
which was put upon a standard IC package. This assembly procedure is easier to
perform and requires less manual assembly effort than the earlier design.
Because the fabrication of the folded triaxial accelerometer requires more
cleanroom time and less manual assembly, these sensors should be better
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reproducible than the first prototypes. Therefore, the folded sensor design is
preferred.
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8
MEASUREMENT RESULTS
AND DISCUSSION

8.1 Introduction
Up to now, several types of triaxial accelerometers have been realised. The
triaxial accelerometers were designed and constructed according to the guidelines
described in chapters 4 and 7. The sensitivity and frequency response of the devices
was calculated according to the equations of the spring and damper constants as
described in chapter 3. For the practical measurements, the sensors were connected
to a CVC as described in chapter 6 and put on a shaker unit. All important features of
the sensor behaviour were tested and characterised: static and dynamic sensitivity,
resolution, linearity and off-axis sensitivity. Unfortunately, due to limited time,
sensor design E could not be fabricated and measurements concerning drift,
temperature behaviour and long term stability could not be performed.
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8.2 Data of all characterised sensors
In this section all relevant data of the realised triaxial accelerometers and the
electronic circuitry are displayed in the tables 8.1 through 8.3.
Table 8.1. Properties of the Capacitance to Voltage Converter
Feedback capacitor
Cf = 1..10 pF
Gain of the instrumentation amplifier Hina = 100
Carrier amplitude
Vcarrier = 5 V
Carrier frequency
fin = 100 kHz
In the calculations, the transfer function of the first opamp of the CVC
(equation 6.7) is assumed to have a value of -1 in the case of a sensor with a gold
wire bonded to the seismic mass and -0.5 in the case of a sensor of which the input
voltage is capacitively coupled to the seismic mass. This way, a reasonable
sensitivity and signal to noise ratio can be obtained and according to the design,
these values can be obtained with the range of Cf as mentioned in table 8.1. For each
capacitance C0 or Csense in a sensor, Cf is adjusted in such a way that this assumption
is true. However, when C0 or Csense are not within the range of Cf, the measured
values are compensated for the deviation to ensure a fair comparison with the
calculated values. The capacitances C0 and Csense were measured with the CVC and
the corresponding thickness t was calculated from these measured capacitance
values.
Table 8.2. Measured data of devices with a gold wire bonded to the seismic mass;
dimensions of sensors A and C are 5×5×5 mm3, of sensor B 2×2×2 mm3
Device PDMS
_axis structure
A3_x 4 dots
A3_y
A3_z
B3_x Circle
B3_y
B3_z
C2_x Circle
C2_y
C2_z
C3_x Circle
C3_y
C3_z

118

Area [m2]
APDMS
5.8×10-8
5.8×10-8
5.8×10-8
10-7
10-7
10-7
4×10-7
4×10-7
4×10-7
4×10-7
4×10-7
4×10-7

Thickn. t [µm] Plate area
1
2
A [mm2]
10.2 6.6
3×3
4.0
5.4
3×3
6.6
6.9
3×3
2.9
2.3
1×1
2.6
2.6
1×1
2.8
3.0
1×1
17.0 16.7 3×3
17.7 17.7 3×3
16.3 18.5 3×3
53.1 53.1 3×3
53.1 53.1 3×3
53.1 53.1 3×3

Cap. C0 [pF]
1
2
7.9
12.2
20.2 15.0
12.1 11.6
3.6
4.5
3.9
3.9
3.7
3.4
5.0
5.1
4.8
4.8
5.2
4.6
1.6
1.6
1.6
1.6
1.6
1.6

Seis. mass
[mg]
220

19

520

520
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Table 8.3. Measured data of devices with capacitive coupling of the supply voltage to the mass
All sensors have outer dimensions 5×5×5 mm3, seismic mass m = 520 mg
a circular PDMS structure with area APDMS = 4.4×10-7 [m2]
Device Thickn. t [µm] Sense area
Sense cap. [pF]
Couple area Couple C [pF]
_axis 1
2
Asense [m2]
1
2
Acouple [m2]
1
2
-6
-6
D2_x 15
15
6.75×10
4
4
2.25×10
1.3
1.3
-6
-6
12
5
2.25×10
4.0
1.7
D2_y 5
12
6.75×10
D2_z 10
10
6.75×10-6
6
6
2.25×10-6
2.0
2.0
-6
-6
D3_x 4.4
5.6
6.75×10
13.6 10.6
2.25×10
4.5
3.6
-6
-6
D3_y 5.3
5.1
6.75×10
11.2 11.8
2.25×10
3.8
3.9
D3_z 3.7
7.8
6.75×10-6
16
7.7
2.25×10-6
5.4
2.6
-6
-6
D4_x 6.5
6.5
6.75×10
9.3
9.3
2.25×10
3.1
3.1
D4_y 7.5
6.5
6.75×10-6
8.0
9.3
2.25×10-6
3.1
3.1
-6
-6
D4_z 8.3
9.4
6.75×10
7.2
6.4
2.25×10
2.5
2.2

When the data of the above mentioned tables is substituted in the equations of
chapter 3, the behaviour of the sensors can be theoretically predicted.
It should be noted that all initial thicknesses of PDMS layers should have
been equal in one sensor. However, the thickness of the PDMS structures can vary
due to two causes: the first one is that in the beginning of the project the clean
room processing of the PDMS was still under development, which affects the
behaviour of sensor A, and the second one is that initially equally high PDMS
structures are being compressed with a different compressive force per side during
the assembly procedure.

8.3 Sensitivity
8.3.1 Measurement protocol
The static sensitivity of an accelerometer is determined by changing the angle
between one of the sensor's sensitive axes and the earth's gravitational field from 0o
to 90o or from 0o to 180o, as shown in figure 8.1. Assuming zero off-set, the
corresponding output voltage equals once or twice the static sensitivity [V/g],
respectively. The second method is preferred, because this way a lower inaccuracy in
the measured output voltage is obtained, due to the fact that the sensitive axis is less
sensitive to variations in angles around θ = 0o or 180o than it is to variations in angles
around θ = 90o.
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Figure 8.1. Static sensitivity of an accelerometer: turn the sensitive axis of the device
(1) by 90o (a)-(b) and the measured voltage equals the sensitivity;
(2) by 180o (a)-(c) and the measured voltage equals twice the sensitivity
The dynamic sensitivity or frequency response of an accelerometer is
determined by putting the sensor on a shaker unit (Gearing and Watson GWV20), as
shown in figure 8.2, and applying accelerations to it with an amplitude of 1 g at
several frequencies, and by comparing the output voltage of the sensor with the
output voltage of a reference accelerometer (Piezotronics ICP 301A10). The
response of the triaxial accelerometer is measured with an HP 35670A Dynamic
Signal Analyzer.
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Figure 8.2. Accelerometer measurement set-up for dynamic experiments

8.3.2 Measurement results
static sensitivity
The measurement results concerning the static sensitivity are shown in table 8.4.
Table 8.4. Measured and calculated values of the static sensitivity
Device
_axis
A3_x
A3_y
A3_z
B3_x
B3_y
B3_z
C2_x
C2_y
C2_z
C3_x
C3_y
C3_z
D2_x
D2_y
D2_z
D3_x
D3_y
D3_z
D4_x
D4_y
D4_z

ktot [kPa]
Eq. (3.15)
22
30
24
96
95
91
63
61
62
19
19
19
97
130
112
220
215
219
158
154
140

Vout [V/(m/s2)]
Eq. (3.29) or (3.34)
1.3
1.8
1.4
0.08
0.08
0.08
0.5
0.5
0.5
0.52
0.52
0.52
0.18
0.28
0.23
0.24
0.24
0.24
0.33
0.33
0.29

Vout [V/(m/s2)]
Measured
3.0
1.8
1.3
0.08
0.01
0.09
0.4
0.5
0.5
1.0
0.5
0.4
0.35
0.27
0.15
0.22
0.24
0.36
0.28
0.42
0.29

Deviation [%]
((Vmeas-Vcalc)/Vcalc).100%
131
0
-7
0
-88
13
-20
0
0
92
-4
-23
94
-4
-35
-8
0
50
-15
27
0

dynamic sensitivity
The dynamic sensitivity of the triaxial accelerometers is shown in figure 8.3.
The theoretical frequency response was calculated with equation (3.35). It should be
noted that the graphs in figure 8.3 have been normalised with respect to the measured
sensitivities as shown in table 8.4.
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Figure 8.3. Calculated (dashed line, equation (3.35)) and measured (solid line)
output voltage of the triaxial accelerometers per axis versus the frequency

8.3.3 Discussion
static sensitivity
As can be seen in table 8.4, in general the measured and calculated
sensitivity show a reasonably good correspondence: the measured sensitivities of
16 of the 21 device axes show a deviation of less than 35 % with respect to the
calculated sensitivities. Differences in calculated sensitivity between the axes in
one sensor can be explained by unequal height of the PDMS structures due to
imperfect cleanroom processing and compression of the PDMS structures during
assembly.
When the measured sensitivity in a certain direction is much less than
calculated, as in B3_y and D2_z, this is probably caused by compression of the
PDMS structures in that direction. According to equation (5.1), when PDMS is
compressed its spring constant is increased, thus the sensitivity of the accelerometer
is decreased.
When the measured sensitivity in a certain direction is much higher than
calculated, as in A3_x, C3_x, D2_x and D3_z, the higher sensitivity is probably
due to a bad mechanical connection between (parts of) some of the PDMS
structures and the seismic mass so that some of the shear springs are not
mechanically active. For instance, in the case of A3_x, when the shear springs are
not considered in the calculation of the total spring constant (equation (3.15)), the
Measurement results and discussion
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spring constant in the x direction is reduced to 10 kPa, which causes the calculated
sensitivity to increase to 2.9 V/(m/s2) (equation (3.29)), thus decreasing the
difference between the calculated and measured sensitivity from 131 % to 3 %.
dynamic sensitivity
As can be seen in figure 8.3 there is a certain mismatch between the
calculated and the measured frequency response. At low frequencies, there is a
good correspondence and at higher frequencies and at frequencies around the
resonance frequency the correspondence is sometimes poor. The differences
between the calculated and measured frequency responses can be explained by
various reasons. For instance, there are system resonances due to multiple
mechanical connections like sensor to PCB, PCB to housing and housing to shaker.
Resonance peaks at unexpected frequencies are possibly due to a bad adhesion
between some of the PDMS layers and the seismic mass which introduces an extra
frequency dependent spring at higher frequencies. The absence or reduction of the
peak at the resonance frequency can be explained by a local deformation of some
of the PDMS structures at the area of the seismic mass due to compressive stress
[2] causing a much larger damping and therefore a different frequency response
than expected, see appendix III.
Furthermore, there is a difference between the frequency response of the
first prototypes (A, B and C) and the folded accelerometers (D and E). In the first
prototypes, all PDMS structures were mechanically well-connected to the seismic
mass. In the folded devices, there may be a small air gap between (a part of ) the
PDMS structure and the seismic mass due to an imperfect fit of the folded cross in
the tungsten housing, causing an unpredictable frequency response, as shown in
figure 8.3, sensor D4. However, all sensors were able to measure dynamic
accelerations with frequencies up to the specified 50 Hz.

8.4 Resolution of the sensor system
8.4.1 Measurement protocol
Provided that the noise level of the sensor is less than that of the CVC, the
resolution of the sensor system is determined by the noise level of the CVC used.
This condition can be verified by comparing the noise level of the CVC with fixed
capacitors and the noise level of the CVC with the sensor: when both noise levels are
equal, the noise of the sensor system is fully determined by the noise of the CVC.
When the sensitivity of the accelerometer is known, the measured noise level of the
CVC can be converted into an equivalent minimum acceleration representing the
resolution of the sensor system.
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8.4.2 Measurement results
In chapter 6, the noise level of the CVC with fixed capacitors was found to be
1.4 mVrms in the bandwidth ]DC-50 Hz]. When the fixed capacitors were replaced by
a sensor, the noise level remained the same, indicating that the noise was caused by
the CVC. Using the measured sensitivity of table 8.4, the resolution of the triaxial
accelerometers is shown in table 8.5.
Table 8.5. Resolution of the triaxial accelerometers;
noise CVC = 1.4 mVrms in ]DC-50 Hz]
Device
_axis
A3_x
A3_y
A3_z
B3_x
B3_y
B3_z
C2_x
C2_y
C2_z
C3_x
C3_y
C3_z

Resolution
[m/s2]
0.001
0.001
0.001
0.018
0.140
0.018
0.004
0.003
0.003
0.001
0.003
0.004

Device
_axis
D2_x
D2_y
D2_z
D3_x
D3_y
D3_z
D4_x
D4_y
D4_z

Resolution
[m/s2]
0.004
0.005
0.009
0.006
0.006
0.004
0.005
0.003
0.005

8.4.3 Discussion
The noise of the sensor system is fully determined by the noise of the CVC:
the noise level of the CVC with fixed capacitors and the noise level of the CVC with
the sensor were compared and the noise levels were equal in both cases.
Except for sensor B3 all sensors manage to obtain the specified resolution of
0.01 m/s2, this is due to the low sensitivity of B3. It should be noted that the absolute
accuracy of the sensor is limited by its over-all stability and not by the resolution.
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8.5 Linearity
8.5.1 Measurement protocol
Both the accelerometer under test and a reference accelerometer were
connected to a shaker unit, as shown in figure 8.2, and the amplitude of the applied
acceleration was increased from 0 up to 5 g. The regression coefficient of the linear
curve fit through the measured voltages reflects the extent of the linear relationship
between the measured voltages and the linear curve fit. The level of non-linearity is
allowed to be 1% in the amplitude range of 5 g which means that the minimum
regression coefficient is allowed to be r = 0.99. It should be noted that the gain of the
instrumentation amplifiers was decreased to Hina = 25 because of limited supply
voltage.

8.5.2 Measurement results
The output voltage of the triaxial accelerometers as a function of the applied
acceleration is shown in figure 8.4.
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Figure 8.4. Calculated (solid line) and measured (markers) output voltage of the
triaxial accelerometers per axis versus the applied acceleration
Table 8.6. Regression coefficients of the curves as shown in figure 8.6
Device
_axis
A3_x
A3_y
A3_z
B3_x
B3_y
B3_z
C2_x
C2_y
C2_z
C3_x
C3_y
C3_z

Regression
coefficient
0.999
0.993
0.996
0.999
0.996
0.999
0.999
0.999
0.999
0.999
0.999

Measurement results and discussion

Device
_axis
D2_x
D2_y
D2_z
D3_x
D3_y
D3_z
D4_x
D4_y
D4_z

Regression
coefficient
0.999
0.996
0.999
0.999
0.999
0.999
0.996
0.999
0.996
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8.5.3 Discussion
The value of the correlation coefficient r, which reflects the extent of a
linear relationship between the measured output voltages and the curve fit through
these measured voltages, is always greater than 0.99, which indicates a nonlinearity better than 1 % in the amplitude range of 0..5 g. Therefore, it can be
concluded that all devices meet the specifications.

8.6 Off-axis sensitivity
8.6.1 Method
The off-axis sensitivity of the triaxial accelerometer can be determined by
measuring its output voltage in for instance the x and y-axis while applying an
acceleration of 1 g in the z direction, as shown in figure 8.5. The acceleration of 1 g
is applied by a shaker unit and controlled by a reference accelerometer. The truly
occurring acceleration in the transverse direction, due to the finite rigidity of the
shaker unit, is detected with an ICSensors 3021 uniaxial accelerometer. The
measured output voltage of for instance the y-axis of the accelerometer under test is
related to the normal sensitivity of the y-axis and should be compensated for the truly
occurring accelerations in the y direction.

Figure 8.5. Measurement set-up to determine the off-axis sensitivity
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8.6.2 Measurement results
The measurement results of the off-axis sensitivity are shown in table 8.7.

8.6.3 Discussion
All devices but one show an off-axis sensitivity less than the specified 5 %
which indicates that the highly symmetrical design is truly advantageous with respect
to the triaxial accelerometers which use the z-axis off-axis sensitivity of the device to
detect the x- and y-axis accelerations and which show off-axis sensitivities from 5 %
up to 21 % [3].
Table 8.7. Measured values of the off-axis sensitivity
Device
_axis
A3_x
A3_y
A3_z
B3_x
B3_y
B3_z
C2_x
C2_y
C2_z
C3_x
C3_y
C3_z

Off-axis sensitivity
[%]
2
6
3
3
3
2
2
2
3
3
1
3

Device
_axis
D2_x
D2_y
D2_z
D3_x
D3_y
D3_z
D4_x
D4_y
D4_z

Off-axis sensitivity
[%]
2
1
4
5
3
4
4
1
1

8.7 Conclusions
Several highly symmetrical miniature cubic capacitive triaxial
accelerometers have been realised and tested. The outer dimensions of the sensor
are 2×2×2 mm3 and 5×5×5 mm3. The device is put upon a standard IC package for
easy testing. All measurement results are summarised in table 8.8.
As can be seen in table 8.8, the measured and calculated static sensitivity
show a reasonably good correspondence. Differences in calculated sensitivity
between the axes in one sensor can be explained by unequal height of the PDMS
structures due to imperfect cleanroom processing and compression of the PDMS
structures during assembly. Inequalities in sensitivity can be eliminated by adjusting
the gain of the CVC.
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As can be seen in table 8.8, in most cases the calculated bandwidth is higher
than the measured bandwidth. This mismatch can be explained in two ways: the
first one is the introduction of extra frequency dependent springs caused by a bad
adhesion between some of the PDMS layers and the seismic mass, thus influencing
the resonance frequency; the second one a much larger damping due to local
deformations of some of the PDMS structures at the seismic mass surface due to
compressive stress during the assembly.
There is a difference in the frequency response of the first prototypes and the
folded accelerometers. In the first prototypes, all PDMS structures are
mechanically well-connected to the seismic mass. In the folded accelerometers,
there may be an air gap between (parts of) the PDMS structures and the seismic
mass which introduce extra frequency springs in the mass-spring-damper system of
the sensor, thus causing an unexpected frequency response. Therefore, the
assembly procedure should be adapted in such a way that it is assured that there is
always a good mechanical connection between the PDMS structures and the
seismic mass.
In all devices, the non-linearity is better than 1 % in the amplitude range of
0..5 g and the off-axis sensitivity is better than 5 %. Except for sensor B3, the
resolution of the sensors is better than 0.01 m/s2.
In general, it can be concluded that the accelerometers meet all
specifications. However, in some devices the correspondence between some of the
calculated and measured values is rather poor. In addition, the reproducibility of
the sensor is a problem. To solve these problems, the assembly procedure should
be adapted in such a way that a good mechanical connection between the PDMS
structures and the seismic mass is guaranteed.
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Table 8.8. Measured and calculated values of important parameters
of the triaxial accelerometers
Device
_axis
Spec.:
A3_x
A3_y
A3_z
B3_x
B3_y
B3_z
C2_x
C2_y
C2_z
C3_x
C3_y
C3_z
D2_x
D2_y
D2_z
D3_x
D3_y
D3_z
D4_x
D4_y
D4_z

Dimens.
[mm3]
~2×2×2
5×5×5

2×2×2

5×5×5

5×5×5

5×5×5

5×5×5

5×5×5

S. [V/(m/s2)]
Calc.
1.3
1.8
1.4
0.08
0.08
0.08
0.55
0.5
0.5
0.52
0.5
0.5
0.18
0.28
0.23
0.24
0.24
0.24
0.33
0.33
0.29

Meas.
3.0
1.8
1.3
0.08
0.01
0.09
0.4
0.5
0.45
1.0
0.5
0.4
0.35
0.27
0.1
0.22
0.24
0.36
0.28
0.42
0.29
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Resol.
[m/s2]
0.01
0.001
0.001
0.001
0.018
0.140
0.018
0.004
0.003
0.003
0.001
0.003
0.004
0.004
0.005
0.009
0.006
0.006
0.004
0.005
0.003
0.005

Linearity
range[m/s2]
± 50
> ± 50
> ± 50
> ± 50
> ± 50
> ± 50
> ± 50
> ± 50
> ± 50
> ± 50
> ± 50
> ± 50
> ± 50
> ± 50
> ± 50
> ± 50
> ± 50
> ± 50
> ± 50
> ± 50
> ± 50
> ± 50

Off-axis
sens.[%]
<5
2
6
3
3
3
2
2
2
3
3
1
3
2
1
3
5
3
4
4
1
1

Bandw.
Calc.
0.05
0.9
0.4
1.4
12
12
12
2.5
2.5
2.5
1
1
1
2.5
2.5
2.5
3.5
3.5
3.5
3
3
3

[kHz]
Meas.
0.9
0.4
0.4
3
3
7
2.5
2.5
2.5
1.5
1.5
1.5
0.1
0.2
0.4
1.2
1.2
0.8
0.3
0.1
0.1

131

References
[1]

[2]
[3]

132

J.C. Lötters, W. Olthuis, P.H. Veltink, P. Bergveld, Polydimethylsiloxane, a
photocurable rubberelastic polymer used as spring material in
micromechanical sensors, Journal of Microsystem Technologies, 3 (1997),
pp. 64-67
C. Blom, Experimental study of linear viscoelastic properties of some
dispersions, Ph.D. thesis, University of Twente, 1985
K. Jono, M. Hashimoto, M. Esashi, Electrostatic servo system for multi-axis
accelerometers, Proceeding IEEE MEMS, 1994, pp. 251-256

Chapter 8

9
IN-USE
CALIBRATION PROCEDURE

9.1 Introduction
The monitoring of movement using triaxial accelerometers plays an important
role in the medical field, e.g. for Functional Electrical Stimulation (FES).
A significant problem with the use of accelerometers is the drift of the sensitivity
and offset. For the current commercially available accelerometers the drift of these
parameters causes the need for calibration within periods in the order of hours which
seriously limits the duration of an uninterrupted movement registration of a patient. To
solve the problem of the drift, a calibration procedure is sought with which it is
possible to calibrate a triaxial accelerometer while it is in-use, requiring only random
movements and without enforcing the patient to perform specified movements.
The existing calibration methods for triaxial accelerometers can roughly be divided
into two groups. The first group of calibration methods can be categorised as
laboratory oriented [1,2]: gravity is applied twice to each axis of the device, so this
method is unsuited to be used in most practical situations. The second group of
methods, which is often used in the field of robotics and aviation, makes use of
gyroscopes and sometimes even the Global Positioning System [3,4] and is therefore
not immediately appropriate for medical applications.
This chapter has been accepted for publication [5]
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In this chapter, an in-use calibration procedure for a triaxial accelerometer is
presented and some simulation and measurement results are described and
discussed.

9.2 Theory
In the static situation, the output voltage of a uniaxial accelerometer is a
measure for the angle θ [rad] between the sensitive axis of the device and the
direction of gravity. The parameters sensitivity and offset of a uniaxial
accelerometer can be obtained by applying two different angles to the device: thus,
two equations with two unknowns are obtained. Therefore, the triaxial
accelerometer could be calibrated by keeping each axis under two different known
angles θ with respect to gravity, as shown in figure 9.1, thus obtaining six
equations with six unknowns. This is the minimum required set of equations to
know the three different sensitivities sx, sy and sz [V/g] and offsets ox, oy, oz [V] of
the device.

Figure 9.1. Basic principle of the calibration procedure:
the accelerometer is held under six different known angles θ versus gravity
However, in an in-use situation, this method needs patient interaction: to
calibrate the sensor, the patient should apply six different known angles θ to the
part of the body where the accelerometer is attached. This is inconvenient for the
patient and may be difficult to perform. Furthermore, when the accelerometer is inuse, hardly any static situations will occur due to (small) movements of the patient.
Therefore, a calibration method should be found which does not need patient
interaction and which can discriminate between static and dynamic situations.
In figure 9.2 a schematic overview of such a calibration system is presented.
The system consists of the triaxial accelerometer and electronic circuitry, a voltage
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to acceleration value converter and the actual calibration procedure. The calibration
procedure consists of two parts: a quasi-static moments detector [6] and a
parameter estimator [7]. The quasi-static moments detector is used to obtain a
collection of quasi-static moments out of an arbitrary collection of output voltages
quasi static moments are moments in which the variance of the modulus of the
three-dimensional acceleration vector measured by the accelerometer acceleration
is small. The quasi-static moments detector discards all samples of which the
degree of movement is larger than a certain threshold value Tv above 1 g. The
threshold value represents the maximally allowed variance of the modulus of the
acceleration vector. The parameter estimator is used to obtain values of the
sensitivities sx, sy and sz [V/g] and offsets ox, oy, oz [V] of the triaxial accelerometer
out of a collection of quasi-static output voltages. When all six parameter values
are known and regularly updated, the output voltage of the accelerometer will
always be correctly converted into a corresponding acceleration value.

Figure 9.2. Schematic representation of the calibration system
The operation principle of the quasi-static moments detector can be
explained as follows. When the sensor signal is not changing over time, it can be
assumed that the sensor is not moving, because a constant acceleration or an exact
cancellation of acceleration and gravitational components during movements is not
to be expected for prolonged periods of time during normal body movements. This
characteristic feature can be used to discriminate between quasi-static and dynamic
moments. A quasi-static moments detector was constructed by applying a highpass filter with a cut-off frequency fc = 0.5 Hz, a rectifier and a low-pass filter with
a cut-off frequency fc = 0.5 Hz to the signal of the triaxial accelerometer. A
composition vin,detection of the output voltages in the three orthogonal directions is
created according to
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v in,detection = v x 2 + v y 2 + v z 2

(9.1)

with vx, vy and vz the output voltages of the accelerometer. Now, the quasi-static
moments detector is applied to vin,detection [V]. The resulting output voltage
vout,detection [V] can be equated with

v out,detection = LPF( REC( HPF(v in,detection )))

(9.2)



To clarify the operation of each component of the detector, some random
movements were performed with the triaxial accelerometer for a period of 30
seconds. The output voltages were registered and composed according to equation
(9.1), as shown in figure 9.3a. First, the high-pass filter was applied to vin,detection
(figure 9.3b), then the rectifier was applied (figure 9.3c) and finally the low-pass
filter was applied (figure 9.3d).
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Figure 9.3. Representation of the functioning of the static moments detector. In (a)
the composed accelerometer signal is shown, in (b) the signal after the high-pass
filter, in (c) the signal after the rectifier and in
(d) the signal after the low-pass filter
It can be seen that the high-pass filter eliminates the offset, the rectifier
creates an effective value and the low-pass filter smoothes the signal. The level of
the output voltage of the quasi-static moments detector is a measure for the amount
of movement that was present in the input signal. According to [6], the signal in
figure 9.3d has to be compared to a threshold voltage Tv [V]. When the signal is
smaller than the threshold voltage, the movement is static and otherwise dynamic.
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30

For the calibration procedure as described in this chapter, the optimum threshold
value was experimentally found to be Tv = 0.40 V [7].
There are a lot of estimation procedures [8]. The linear minimum variance
unbiased estimator is chosen, because it requires little or no knowledge of the
density functions of the random variables involved in the problem and the solution
to non-linear problems can be well-approximated by using linear theory.
The output voltage in each direction of the triaxial accelerometer can be
described with

v dir = sdir ⋅ a dir + odir

(9.3)

with v [V] the output voltage, s [V/g] the sensitivity, a [g] the measured
acceleration, o [V] the offset and dir the x, y or z-direction. In a certain period of
time, a collection of output voltages is obtained. The collection of output voltages
is supplied to a quasi-static moments detector with threshold value Tv which filters
out most of the dynamic signals, thus leaving a collection of quasi-static output
voltages. With this collection of quasi-static moments the parameter estimator is
able to estimate the parameters of the sensor, which can intuitively be explained as
follows. The collection of all possible static moments describes a sphere in the
ax,ay,az-frame with the centre point at the frame’s origin and with a radius of 1 g, as
shown in figure 9.4a.

(a)

(b)

Figure 9.4. Two-dimensional representation of all possible
(a) static accelerations and (b) static voltages
The triaxial accelerometer transforms the observed accelerations into
voltages according to equation (9.3) and creates in the vx,vy,vz-frame an ellipsoid
with the centre point at the offset vector (ox, oy, oz) and a radius of sx⋅g, sy⋅g and
sz⋅g in the vx-, vy- and vz-direction, respectively, as shown in figure 9.4b. When
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gravity is the only occurring acceleration, the ellipsoid is mathematically described
as in equation (9.4). By changing the parameters in such a way that for every point
(vx, vy, vz) equation (9.4) is satisfied, the parameters sx, sy, sz, ox, oy and oz can be
found. The continuous adaptation of the parameters is performed by the parameter
estimator.
2

2
2
 v y − oy 
 v x − ox 
 v z − oz 
 + 

 + 
 = 1 [ g ] in the static case! (9.4)
s
s
 sx 




y
z

The general equation used to perform one estimation with the linear
minimum variance unbiased estimator is [8]

 
y = h(v , p) + µ

(9.5)

 
where y is the measured signal, h(v , p) the mathematical model of the system to be

calibrated as a function of the parameter vector p

(9.6)
p = s x s y sz o x o y o z

and the input vector v

(9.7)
v = vx v y vz

(

(

)

)

and µ the noise.
The mathematical model can be rewritten according to equation (9.4)
2

2
2
 v y − oy 
 v x − ox 
 v z − oz 
 
 + 
h(v , p) = 
 + 

s
s
 sx 




y
z

(9.8)

In this chapter, a slightly different interpretation is given to y. Usually, y is
the measured value of the output. Here, however, y is assumed to be always 1 [g]
which is true in the static case. The noise µ represents the deviations from 1 [g],
caused by the fact that the collection of output voltages is not completely static but
quasi-static.
 
Since the model h(v , p) is a non-linear function of the elements of the

parameter vector p , the model is linearised by expanding it around a bias point
which is determined with the “previous estimation” [7]. It should be noted that the
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parameter vector needed for the first “previous estimation” is provided by a precalibration step as schematically shown in figure 9.1 and described in [9]. The
linearised mathematical model can be equated with

 
∂h( v , p)
 
 
 
p
h( v , p) = h(v , p (− )) +
(9.9)
( − p (−)) + h. o. t.

∂p p = p ( − )

in which p (− ) is the previous estimated value of the parameter vector and h.o.t.
represents the higher order terms. By substituting equation (9.9) in equation (9.5)
and by neglecting the higher order terms, the following equation is derived
 
∂h( v , p)
 
y − h(v , p (− )) =

∂p




p = p ( − )


( p − p (−)) + µ

(9.10)


The unknown parameter vector p can be estimated by solving equation (9.10) with
the linear minimum variance unbiased estimator. According to pages 147-148 of
[8], it follows that



q = B T ⋅ C µ −1 ⋅ B

(

(

)

−1




Ce = B T ⋅ C µ −1 ⋅ B

)



⋅ B T ⋅ C µ −1 ⋅ ξ

(9.11a)

−1

(9.11b)


where q is a vector representing the difference between the actual and the
estimated value of the parameter vector
  
q = p − p = s x − sx

(

s y − s y

sz − sz

o x − o x

o y − o y

o z − o z

)

(9.12)


B is a vector representing the partial derivative of the mathematical model with
respect to its parameters, substituting the previous estimate of the parameter vector
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2
 ∂h(v , p )
 (v x − o x (− ))
= −
B=

∂p p = p (− ) 
r ⋅ sx 3 (− )

−

(v
−

y

)

− o y (− )

r ⋅ s y 3 (− )

2

−

(v z − o z (−))2
r ⋅ sz 3 (− )

(9.13a)

v y − o y (− )
v x − o x (− )
v z − o z (− )

−
−
r ⋅ sx 2 (− )
r ⋅ s y 2 (− )
r ⋅ sz 2 (− ) 

with
2

2
2
 v y − o y ( − ) 
 v x − o x ( − ) 
 v z − o z ( − ) 
 + 
r= 
 + 


−
(
)
s
 sx ( − ) 
 sz ( − ) 


y

(9.13b)

ξ is a scalar representing the difference between the measured and estimated
output of the system
2
2
 v y − o y (− )
 v x − o x (− )
 v z − o z (− )
 
 + 
ξ = y − h(v , p (− )) = 1 [ g ] − 
 + 


−
s
(
)
 sx (− ) 
 sz (− ) 


y
(9.14)
2


Cµ is the variance matrix of the measurement noise µ and Ce is the error matrix
which represents the mismatch between the real and the estimated value of the
parameter vector.

By expanding ξ and B from one measurement to n measurements (which

implies that the dimension of ξ expands to a 1×n vector and the dimension of B


expands to a 6×n matrix), the vector ξ and the matrix B are obtained, as desired


for equations (9.11a) and (9.11b). Now, by constructing ξ and B from the

measured values of the output
voltages
, the change of the parameters can be
v

calculated. The error matrix Ce gives an indication of the variance of the estimated
parameters. For Cµ the variance of the collection of quasi-static moments is used,
where it is assumed that the variance of the collection of quasi-static moments is
constant.
Summarising, a tool is created with which it is possible to obtain the
parameters sx, sy, sz, ox, oy and oz from a collection of quasi-static voltages. So,
given the previous estimates of the parameters and a collection of quasi-static
moments it is possible to find the best estimates for the given collection by using
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the parameter estimator. The parameter estimator can be used to estimate either all
parameters or the offsets only, in case the sensitivities are assumed to be known
and stable.
It is not likely that during daily life movements are made in such a way that
the collection of quasi-static moments is equal to the collection of all possible static
moments. Instead, it is expected that a part of the ellipsoid as shown in figure 9.4b
is more likely to occur. It is anticipated that the accuracy of the estimated
parameters is related to the part of the ellipsoid that is known and this relation is
examined in the following section.

9.3 Experimental
The proposed calibration procedure was tested with three commercially
available uniaxial accelerometers (ICSensors 3021-010-P) which are placed
mutually orthogonal on a box. For the orientation of the sensor with respect to the
body of the patient two different orientations were chosen, as shown in figure 9.5.
The triaxial accelerometer can possibly be placed at the lower back of the patient
[10]. In that case, for orientation 1, the z-axis of the sensor is parallel to gravity
when the patient is standing; for orientation 2, gravity is equally distributed over
the three axes when the patient is standing.
Although orientation 1 is the most obvious one, it has the disadvantage that
the output voltage of the z-axis vz will hardly show any variation during normal
daily life, which may cause a large error in the estimated values of the parameters.
Since gravity is equally distributed over the three axes, orientation 2 should not
have this disadvantage. This assumption will be verified in the next section.

(a)

(b)

Figure 9.5. Representation of the orientation of the sensor with respect to the body
when the sensor is placed at the lower back of the patient and the patient is
standing; (a) orientation 1, the z-axis parallel with gravity;
In-use calibration procedure
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(b) orientation2, gravity equally distributed over the three axes
The part of the ellipsoid that occurs during activities of daily living (ADL)
in a patient with the sensor at his lower back in orientation 1 can be represented
with one single parameter, namely the maximum angle with respect to gravity, θ ,
which is shown in figure 9.6. It is assumed that the most occurring posture is
standing or sitting (az=1g, ax=0, ay=0 in the orientation of figure 9.5a) and that
other occurring postures are spread symmetrically like is indicated in figure 9.6.

Figure 9.6. Two dimensional representation of the part of the ellipsoid that occurs
during activities of daily living in a patient with
the triaxial accelerometer at his lower back
Two relations were examined, both by simulations and measurements and
both for estimating all parameters and estimating the offsets only. The errors in the
estimated parameters as a function of the angle θ for both orientations of the
sensor were analysed.
For the simulations, the necessary collections of quasi-static moments were
created by randomly generating samples over the part of the ellipsoid that was
examined (limited by θ ). The diagonal elements of the variance matrix Cµ of the
measurement noise µ were set to 0.05. For the measurements, the necessary
collections were created by manually moving the sensor (thus describing the
desired part of the ellipsoid) whilst the output voltages were recorded using a
LabView facility. The threshold value Tv of the quasi-static moments detector was
set at Tv = 0.40 V [7]. Each in-use calibration was preceded by a reference
calibration according to [9].
By comparing the parameters obtained by both calibration methods, the
propagation of the errors in the parameters into the estimated acceleration can be
calculated. The relative error in the estimated acceleration due to inaccuracies in
the estimated offset is called erroroffset [% of 1 g] and the relative error in the
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estimated acceleration due to inaccuracies in the estimated sensitivity is called
errorsensitivity [% of 1 g]. The relative errors can be equated with

erroroffset =

oestimated ,dir − oactual value,dir

errorsensitivity =

sactual value,dir

⋅ 100%

sestimated ,dir − sactualvalue,dir
sactual value,dir

⋅ 1 [ g ] ⋅ 100%

(9.15)

at 1 g (9.16)

It is chosen to express the relative error in the estimated acceleration as a
percentage of 1 g because that clearly shows the influence of the error on the
values of the accelerations as calculated from the measured output voltages. It
should be noted that errorsensitivity is dependent on the actual acceleration, so
errorsensitivity = 0 at 0 g and 10 times as high at 10 g as it is at 1 g.

9.4 Results and discussion
The measurement results for the two sensor orientations as shown in figure
9.5 are displayed in figures 9.7 - 9.9 and 9.10 - 9.12, respectively. It was chosen to
display the relative errors in the estimated acceleration for both all parameters and
offsets only, because the offsets were found to drift much more than the
sensitivities. In figures 9.7 and 9.11 the errors of the sensitivities are shown for the
situation in which all parameters were estimated. In figures 9.9 and 9.12 the errors
of the offsets are shown for the situation in which all parameters were estimated
and in figures 9.10 and 9.12 the errors of the offsets are shown for the situation in
which the offsets only were estimated.
In general, it is observed that the measurement results correspond well to the
simulation results for both orientations. It can therefore be concluded that the online calibration procedure performs as expected by the simulations. It can also be
seen that the error of the estimated parameters decreases when θ increases.
For orientation 1, when all parameters are estimated, θ should be larger than
105 degrees to obtain estimates of which the error is smaller than 3%. When only
the offsets are estimated, θ should be larger than 30 degrees to obtain estimates of
which the error is smaller than 3%. For orientation 2, it is found that to estimate all
parameters with an average error smaller than 3%, θ has to be at least 75 degrees.
To estimate the offsets only with an average error smaller than 3%, θ has to be at
least 20 degrees. It has to be noted that the movements performed provided enough
quasi-static samples to ensure a well-performed calibration. Also, it was assumed
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that the difference between the previous estimates and the new parameter values
was less than 5 % to ensure convergence of the estimator.
When the results of the orientation 1 (at which the z-axis is parallel to
gravity) is compared to the orientation 2 (at which gravity is equally distributed
over the three axes), it is seen that the errors of the estimated parameters of
orientation 2 are smaller than the errors of orientation 1, as was expected:
orientation 1 has the disadvantage that the output voltage of the z-axis vz will
hardly show any variation during normal daily use thus causing a large error in the
estimated parameter values. Since in orientation 2 gravity is equally distributed
over the three axes, orientation 2 does not have this disadvantage and is therefore
preferred.
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Figure 9.7. Relative error in the estimated acceleration due to inaccuracies in the
estimated sensitivities versus θ , for estimating all parameters with orientation 1
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Figure 9.8. Relative error in the estimated acceleration due to inaccuracies in the
estimated offsets versus θ , for estimating all parameters with orientation 1
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Figure 9.9. Relative error in the estimated acceleration due to inaccuracies in the
estimated offsets versus θ , for estimating offsets only with orientation 1;
note the scale of the y-axis
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Figure 9.10. Relative error in the estimated acceleration due to inaccuracies in the
estimated sensitivities versus θ , for estimating all parameters with orientation 2
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Figure 9.11. Relative error in the estimated acceleration due to inaccuracies in the
estimated offsets versus θ , for estimating all parameters with orientation 2
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Figure 9.12. Relative error in the estimated acceleration due to inaccuracies in the
estimated offsets versus θ , for estimating offsets only with orientation 2;
note the scale of the y-axis

9.5 Conclusions
A calibration procedure is developed with which it is possible to calibrate
the sensitivities and the offsets of a triaxial accelerometer while in-use, requiring
only random movements as input. The calibration can be performed within several
minutes. It was found advantageous to choose the orientation of the sensor with
respect to the body in such a way that gravity is equally distributed over the three
sensitive axes when the patient is at rest.
Considering practical applications, it was found possible to obtain an
average error in the estimated acceleration smaller than 3% with the calibration
procedure for inputs caused by ‘standing straight and moving slightly’ when only
the offsets are estimated.
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10
EXAMPLES OF
MEDICAL APPLICATIONS

10.1

Introduction

As mentioned in chapter 1, there are many applications for the triaxial
accelerometer as described in this thesis. In the medical field, the accelerometer can
for instance be used for:
• control purposes in functional electrical stimulation (FES) [1]
• objective assessment of clinical features of people with Parkinson’s disease [2]
• measurement of movements during quiet standing for rehabilitation purposes [3]
• detection of body position and movements for pacemaker rate control [4]
• detection of foetal movements in the uterus [5]
• identifying the causes of low back pain and injury in a back load monitor [6]

Parts of this chapter have been published before [7-9]
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In this chapter, two examples of clinical measurements with the triaxial
accelerometer are described, namely the objective assessment of clinical features of
people with Parkinson’s disease and the registration of accelerations during quiet
standing. These two topics have been selected because they make use of specific
advantages of the accelerometer such as its ability to measure accelerations in three
orthogonal directions, its small dimensions, its ability to measure angles with respect
to gravity and its low power consumption. These features may enable the realisation
of portable equipment for 24 hour monitoring of three-dimensional orientations and
movements during normal daily life without hindering the patient, which may help
medical doctors to gain insight in the progress of diseases concerning movement
disorders.

10.2

Registration of rigidity in Parkinson’s disease patients

10.2.1 Introduction
One example of a clinical measurement with the triaxial accelerometer is
the objective assessment of clinical features of people with Parkinson’s disease [10].
Characteristic symptoms of Parkinson’s disease are for instance a certain rigidity or a
tremor at a certain frequency and amplitude for the measurement of which a triaxial
accelerometer would be very useful. In this application, specific advantages of the
triaxial accelerometer are its:
• ability to measure accelerations in three orthogonal directions, so possible
preferences in the direction of the tremor or rigid movements can be traced
• small dimensions, so it can be applied without hindering and thus without
influencing the movements during the patient’s normal daily life,
• ability to measure angles with respect to gravity, so the position of the measured
part of the body is known
• low power consumption, so it can be battery powered and included in a portable
monitoring system. This portable equipment may be used for rehabilitation
purposes since the progress of the disease can be monitored over a long period of
time
In this section the properties of the sensor used and an example of a clinical
measurement on Parkinson's disease patients will be described.
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10.2.2 Properties of the sensor used
The prototype used (sensor A6) had outer dimensions of 5×5×5 mm3, a
sensitivity of approximately 0.5 V/(m/s2) in each axis, a resolution of 0.01 m/s2, an
off-axis sensitivity of less than 2%, a frequency range of DC .. > 1000 Hz and a drift
of maximum 10 mV in 5 minutes which is equivalent to 0.004 m/s2 per minute.

10.2.3 Method
Characteristic symptoms of Parkinson's disease are a certain rigidity or
tremor of for instance the hands. It should be possible to measure such symptoms
with a triaxial accelerometer. To measure the degree of rigidity, a sensor was
connected with an adjustable strap to the right or left wrist of a right or left handed
patient, respectively. There were four patients who were asked to perform eight
movements, such as a horizontal and vertical sway of the underarm with the elbow
supported by a table, as shown in figure 10.1, and the more complex sequence
standing up, walking, picking up an object, walk back, sit down and put the object
down. All tests lasted for 60 seconds and were performed at the academic hospital in
Leiden (AZL).
From the accelerometer data, it can be seen how quickly and fluently a
patient can move his arms or his body. It should be investigated if both the maximum
speed and the fluency in the increase and decrease of the speed of the movement are
a measure for the degree of rigidity.

(a)
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Figure 10.1. The sensor is attached to the patient's left or right wrist; the patient
performs a repeated (a) horizontal or (b) vertical flexion and extension of the elbow
from 0o to 90o to 0o, first with increasing velocity, then with decreasing velocity
Patient A
Patient B

1

2
(a)

(b)

Figure 10.2 Output of the triaxial accelerometer during a measurement on two
Parkinson’s disease patients performing a prescribed movement
according to the protocol of figure 10.1a
Patient C

Figure 10.3. Output of the triaxial accelerometer during a measurement on a
patient with Parkinson's disease according to the protocol of figure 10.1b
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10.2.4 Results and discussion
In figure 10.2, the movement of the wrist of two Parkinson’s patients are
shown. Both patients performed a prescribed movement according to the protocol of
figure 10.1a. From figure 10.2a, it can be seen that patient A was able to obtain both
a high speed and a fluent movement. This practically normal movement pattern is
due to the use of particular drugs and special therapy. In figure 10.2b, the movement
of the wrist of patient B with a visible tremor is shown. It is obvious that patient B is
not capable of controlling the movements as was the previous patient. When patient
B would be monitored over a certain period of time, the influence of drugs and
therapy could be investigated in an objective manner.
In figure 10.3, the output of the accelerometer for a third patient is shown.
Patient C performed a prescribed movement according to the protocol of figure
10.1b. Note that the peaks in the x-axis acceleration are caused by the hand hitting
the table. The z-axis should have measured 0 g all the time. That it is not totally zero
is due to limited stiffness of the attachment of the sensor to the wrist and a little
rotation of the wrist such that the z-axis is not perfectly perpendicular to gravity. The
measurement results indicate that it is fairly good possible to measure the position of
the wrist.
In clinical practice, five stages of Parkinson’s disease are defined, based on
the level of disfunctioning of the patient [11]:
• Stage 1. Unilateral involvement only, usually with minimal or no functional
impairment.
• Stage 2. Bilateral or midline involvement, without impairment of balance.
• Stage 3. First sign of impaired righting reflexes. This is evident by unsteadiness
as the patient turns or is demonstrated when he is pushed from standing
equilibrium with the feet together and eyes closed. Functionally the patient is
somewhat restricted in his activities but may have some work potential depending
upon the type of employment. Patients are physically capable of leading
independent lives, and their disability is mild to moderate.
• Stage 4. Fully developed, severely disabling disease; the patient is still able to
walk and stand unassisted but is markedly incapacitated.
• Stage 5. Confinement to bed or wheelchair unless aided.
This method of staging is practical, but it may not take some individual
characteristics into account. For example, this is the case in patients with such severe
rigidity that they are incapacitated even though righting reflexes remain intact, and in
patients who are more incapacitated by severe unilateral disease than other patients
are by milder bilateral disease. The accelerometer measurement method, on the other
hand, enables the objective registration of specific individual characteristics of each
Examples of medical applications
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individual patient from measurements during daily life. However, it should be noted
that the accelerometer measurement method does not directly show the stage a
patient is in.
The measurement results indicate that the triaxial accelerometer is sensitive
enough to register the kind of movement disorders which appear in Parkinson's
disease. When the triaxial accelerometer measurement system is used over a certain
period of time, a medical doctor can make a progress report for each individual
patient. A portable system, with which a patient can be monitored for 24 hours
during normal daily life, has been developed for this purpose.

10.2.5 Conclusions
The pilot test as described in this section has shown the usability of the
miniaturised triaxial accelerometer in the registration of movement disorders in
Parkinson’s disease patients. Further research is necessary to develop a method
which relates the occurring accelerations to the progress of the disease and the
usefulness of drugs and therapy in individual patients.

10.3

Registration of accelerations during quiet standing

10.3.1 Introduction
Up to now, standing stability measurements are heavily dependent on
expensive equipment such as fixed and moving force platforms [12,13].
Furthermore, quiet standing tests have difficulties distinguishing between apparently
stable and truly stable subjects. An apparently stable subject will keep balance during
a quiet standing test, but will not keep balance when he is pushed from standing
equilibrium with the feet together and eyes closed. A clinically useful test for
evaluating a person's postural stability must focus on the amount of skill a person has
to maintain balance under different perceptual and cognitive conditions. In addition,
the test should be inexpensive to implement, easy to administer, usable in different
environments and simple to interpret. Therefore, a system has been developed for
clinical application to eventually perform standing stability evaluation substituting
the force platform with a triaxial accelerometer, incorporating cognitive (dual) tasks
and eyes closed conditions. The triaxial accelerometer was placed at the back of the
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subject at the height of the centre of mass. The combined acceleration vector will be
processed to obtain the performance parameters of mean radius, mean speed, mean
frequency, and the standard deviation in the anterior-posterior (A/P) and in the
medial-lateral (M/L) directions. The accelerometer method may be suitable for
assessment in rehabilitation because it registers the patient’s ability to stand quietly
which provides information about his information processing capacity.
In this section, the measurement method and the properties of the sensor
used are described and an interpretation of the results from the tests is given.

10.3.2 Properties of the sensor used
The prototype used (sensor A3) had outer dimensions of 5×5×5 mm3, had a
sensitivity of approximately 0.5 V/(m/s2) in each axis, a resolution of 0.01 m/s2, an
off-axis sensitivity of less than 4%, a frequency range of DC .. > 300 Hz and a drift
of maximum 10 mV in 5 minutes which is equivalent to a drift of 0.004 m/s2 per
minute.

10.3.3 Methods
The measurement method and equations for calculations of the performance
parameters are described in detail elsewhere [3,16]. In short: the triaxial
accelerometer was attached to a motorcyclist belt and placed at the back of the
subject at the height of the subject's centre of mass, as shown in figure 10.4. The
subjects were asked to stand on the force plate (AMTITM, for reference
measurements) in a comfortable position, their eyes fixed on a picture 1.5 m away
directly ahead. The level of the accelerometer was checked and minor adjustments
made, if necessary, every time the subject changed position between tests. When the
subject was standing as quietly as possible for 30 seconds, data were sampled
simultaneously from the force plate and the accelerometer using an analogue to
digital converter at 50 Hz and stored on computer disk. The test conditions were, in
order of increasing unbalance: comfortable position eyes open (CPEO), comfortable
position eyes closed (CPEC), feet together eyes open (FTEO) and feet together eyes
closed (FTEC). The dual task tests challenged the balance control function of the
brain by adding a cognitive task [13]. There were three different tests: mathematics,
Examples of medical applications
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auditory Stroop and memory, all pre-recorded on audio tape. The tapes were played
during the data collection periods. The different test conditions should not affect the
balance of healthy subjects too much but it is expected that for instance Parkinson’s
disease patients in stage 3 will show unbalance during the dual task test.

(a)

(b)

Figure 10.4. Overview of the measurement set-up; (a) the subject is standing on a
force plate with feet together and eyes closed; (b) close-up of the sensor attachment
to a motor cyclist belt at the back of the subject at the height of his centre of mass

10.3.4 Results
Figure 10.5a shows a typical stabilogram plotted from the travel of the
centre of pressure obtained from the force plate. Figure 10.5b shows the
stabilogram obtained simultaneously from the travel at the level of the centre of
mass as measured by the accelerometer. The centre of pressure data is referenced to
the physical centre of the force plate (indicating the relative position of the
subject’s centre of pressure, and feet, with respect to this centre) while the centre of
the accelerometer data corresponds to the mean of the measurements on both
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horizontal axes. In the case depicted, the subject’s centre of pressure was always
anterior to the physical centre of the force plate. Both measurement systems
provide different quantities, as they have been obtained in very different ways, but
the characteristics described by the performance parameters, such as the standard
deviation in the A/P direction being higher than the standard deviation in the M/L
direction, do coincide.
In general, the experimentally found changes under the different test
conditions were similar for both the force plate and the accelerometer. Furthermore,
it was found that closing the eyes under the same foot position causes an increase
in the speed, radius and displacement performance parameters.
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(b)

Figure 10.5. Stabilograms of a normal person in comfortable position and with
eyes open from (a) the force plate and (b) the triaxial accelerometer

10.3.5 Discussion
In our study, it was found that closing the eyes under the same foot
position produces an increase in the speed, radius and displacement performance
parameters. This is in good agreement with results reported by Bles and Brandt
[14]. Putting the feet together reduces the base of support influencing the
mechanical stability of the body; therefore increases in speed, radius and M/L
displacement are expected and have been reported [15]. These changes are
observed in the findings of both measurement systems used. This means that the
accelerometer system is sensitive enough to distinguish between these very similar
conditions successfully, especially in the case when the feet are together.
As was found in this study, dual tasks should only influence the
performance of individuals with standing balance deficits. The performance
parameter values found in this study and their changes with different conditions are
those expected for normal individuals.
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The actual values of the parameters resulting from force plate and
accelerometer data are not directly comparable because different variables are
measured. Only when the human body is conceived as an inverted pendulum, the
measured data would have been equivalent. However, this simple model appeared
not to be valid [16]: the speeds, frequencies and displacements as calculated from
accelerometer data were much larger than those calculated from the force plate data.
However, the analogous parameters found by either system follow the same
behaviour, making them equivalent for clinical use.
Since the mean radius and M/L standard deviation are linked to the
mechanical stability of the system [12], they are particularly affected by the
reduction in the base of support (feet together), while the mean speed is linked to
the balancing mechanisms and is more sensitive to deprivation of vision; one of the
inputs needed to control balance. The speed in the A/P direction is the largest and it
is no surprise that it follows the same pattern as the M/L parameters.
In the clinical setting, this test should be interpreted according to the
presence or absence of the expected changes in the parameters under the different
conditions and on the relative size of their increases and decreases. Clinical
relevance would be best evaluated comparing two or more tests done at different
times, at different stages of a disease or therapeutic intervention. Improvement or
deterioration can then be seen by direct comparison of the results obtained at
different times by the same subject.
An implementation of a clinical standing stability evaluator without the
use of the force platform allows the system to be portable and thus can be used
outside the laboratory environment; it is much cheaper than a force plate; the test is
simple to administer and easy to interpret. The dual task tests can help to
distinguish between apparently stable and unstable standing. It is also suitable for
long-term monitoring applications. The accelerometer measurement system is now
being implemented by Roessingh Research and Development.

10.3.6 Conclusion
The accelerometer measurement system is sufficiently sensitive to
distinguish between different test conditions during quiet standing in healthy subjects
and is therefore an alternative for the force plate system.

10.4
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A pilot test on Parkinson’s disease patients has shown the usability of the
triaxial accelerometer in the assessment of rigidity and other movement disorders.
Further research is necessary to develop a method which relates the occurring
accelerations to the progress of the disease and the effect of drugs and therapy on
individual patients.

A standing stability evaluator which makes use of the triaxial accelerometer
was found to be sufficiently sensitive to distinguish between different test conditions
during quiet standing in healthy subjects and is therefore an alternative for the
expensive force plate system.
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11
CONCLUSIONS
AND SUGGESTIONS
FOR FURTHER RESEARCH

11.1 Introduction
In this thesis, the development and application of a highly symmetrical
capacitive triaxial accelerometer for biomedical purposes has been described. This
chapter comprises the main observations and conclusions stemming from the work
as described in this thesis. These observations and conclusions are grouped in
sections to their corresponding subject. At the end of this chapter, some
suggestions for further research are listed.
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11.2 Design and modelling of the sensor
The sensor developed in this project has a highly symmetrical configuration,
consisting of six sensing capacitors surrounding a central cubic tungsten seismic
mass. The high degree of symmetry is absent in other inherently triaxial
accelerometer designs and is advantageous with respect to the reduction of the offaxis sensitivity and common mode interferences. The highly symmetrical structure
could be obtained with a new spring concept, based upon the flexibility and
stability of structures made of the rubber elastic material polydimethylsiloxane
(PDMS) in between the capacitor plates. The device has been modelled as a second
order mass-spring-damper system and its dynamic behaviour could accordingly be
calculated. Thus, the design of the device could be adapted in order to fulfil the
specifications.

11.3 Properties of PolyDiMethylSiloxane
Polydimethylsiloxane (PDMS) is a commercially available fluid silicon
rubber, suitable for application in a clean room environment. It can be applied on
silicon wafers with a thickness varying between 2 and 40 µm. PDMS is one of the
most flexible polymers with a shear modulus G ≈ 250 kPa at room temperature. Its
shear modulus is independent of the applied frequency but linearly dependent on
the temperature with a slope of 1.1 kPa/oC. Its loss tangent tanδ has a value tanδ
<< 0.001 which is extremely low. These values show that PDMS is a rubber
elastic material which does not suffer from creep and stress relaxation. Therefore, it
is a suitable polymer to be used as spring material, instead of silicon beams, in
micromechanical sensors such as accelerometers.

11.4 Capacitance to voltage converter
A sensitive differential capacitance to voltage converter (CVC) has been
presented which can for instance be used with a differential capacitive accelerometer.
The CVC is completely symmetrical and consists of two frequency independent half
AC-bridges which act as AM modulators, two AM demodulators consisting of a
diode and an RC-filter and an instrumentation amplifier which rejects common mode
signals.
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The specific advantages of this CVC compared to other CVCs are that it is
intrinsically immune to parallel and serial parasitic resistances and capacitances, that
it can measure both static and dynamic variations in capacitances in the wide
frequency range from DC up to at least 10 kHz, that undesired common mode
signals are rejected because of the high degree of symmetry in the circuit and that it
can be easily realised with discrete components.
The resolution of the CVC was found to be 1.4 ppm, its accuracy was
measured to be 11 ppm. The CVC is linear within relative capacitance changes of 2
ppm and 1%, thus having a dynamic range of at least 74 dB. The rms output noise
voltage is dominated by the low frequency noise of the opamps and was measured to
be 750 µV in the frequency range of 2 - 50 Hz and 1.4 mV in the frequency range
]DC, 50 Hz].

11.5 Fabrication of the sensor
Two different types of the triaxial accelerometer have been fabricated. The
first prototypes of the triaxial accelerometer were a combination of little cleanroom
processing, precision mechanics and a lot of manual assembly. Furthermore, it was
necessary to connect a gold bond wire to the central seismic mass to obtain an
ohmic contact with the supply voltage. However, connection of a bond wire to the
mass should be avoided because the connection itself is difficult to realise and the
bond wire introduces asymmetry and an extra spring in the design. The outer
dimensions of the thus fabricated sensors are 2×2×2 mm3 and 5×5×5 mm3.
Therefore, a folded accelerometer was designed with the supply voltage
capacitively coupled to the seismic mass. The previously separated wafer pieces
are now mechanically interconnected by the flexible polymer polyimide in such a
way that cross-alike structures are obtained. The cross-wise connected wafer pieces
were put upon an assembly device and the cross-alike structure was folded around
the seismic mass. The thus formed cube was placed inside a tungsten housing
which was put upon a standard IC package. This assembly procedure is easier to
perform and requires less manual assembly effort than the earlier design. The outer
dimensions of the fabricated sensors are 2×2×2 mm3 and 5×5×5 mm3.
Because the fabrication of the folded triaxial accelerometer requires more
cleanroom time and less manual assembly, these sensors should have been better
reproducible than the first prototypes. Unfortunately, the (inner) dimensions of the
tungsten masses and housings did not meet the specifications which caused
unpredictable behaviour of the sensors.
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11.6 Characterisation of the triaxial accelerometer
Generally, the measured and calculated static sensitivity show a reasonably
good correspondence. Differences in calculated sensitivity between the axes in one
sensor can be explained by unequal height of the PDMS structures due to imperfect
cleanroom processing and compression of the PDMS structures during assembly.
Inequalities in sensitivity can be eliminated by adjusting the gain of the CVC.
In most cases the calculated bandwidth is higher than the measured
bandwidth. This mismatch can be explained in two ways: the first one is the
introduction of extra frequency dependent springs caused by a bad adhesion
between some of the PDMS layers and the seismic mass, thus influencing the
resonance frequency; the second one a much larger damping due to local
deformations of some of the PDMS structures at the seismic mass surface due to
compressive stress during the assembly.
There is a difference in the frequency response of the first prototypes and the
folded accelerometers. In the first prototypes, all PDMS structures are
mechanically well-connected to the seismic mass. In the folded accelerometers,
there may be an air gap between (parts of) the PDMS structures and the seismic
mass due to faulty dimensions of the tungsten housings, thus causing an
unexpected frequency response. Therefore, the assembly procedure should be
adapted in such a way that it becomes independent of the (dimensions of) the
tungsten housings.
In all devices, the non-linearity is better than 1 % in the amplitude range of
0..5 g and the off-axis sensitivity is better than 5 %. The resolution of the sensors is
better than 0.01 m/s2 and the bandwidth is much higher than 50 Hz.
In general, it can be concluded that the accelerometers meet all
specifications. However, in some devices the correspondence between some of the
calculated and measured values is rather poor. In addition, the reproducibility of
the sensor is a problem. To solve these problems, the assembly procedure should
be adapted in such a way that a good mechanical connection between the PDMS
structures and the seismic mass is guaranteed.

11.7 In-use calibration procedure
A calibration procedure is developed with which it is possible to calibrate
the sensitivities and the offsets of a triaxial accelerometer within several minutes
while in-use, requiring only random movements as input. The calibration
procedure consists of two parts: a quasi-static moments detector and a parameter
estimator. It was found advantageous to choose the orientation of the sensor with
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respect to the body in such a way that gravity is equally distributed over the three
sensitive axes when the patient is at rest.
Considering practical applications, it was found possible to obtain an
average error in the estimated acceleration smaller than 3% with the calibration
procedure for inputs caused by ‘standing straight and moving slightly’ when only
the offsets are estimated.

11.8 Examples of medical applications
A pilot test on Parkinson’s disease patients has shown the usability of the
triaxial accelerometer in the assessment of rigidity and other movement disorders.
Further research is necessary to develop a method which relates the occurring
accelerations to the progress of the disease and the effect of drugs and therapy on
individual patients.
A standing stability evaluator which makes use of the triaxial accelerometer
was found to be sufficiently sensitive to distinguish between different test conditions
during quiet standing in healthy subjects and is therefore an alternative for the
expensive force plate system.

11.9 Suggestions for further research
Before the highly symmetrical capacitive triaxial accelerometer can be
reliably used in an implantable FES system, a number of measurements still have to
be performed and some problems have to be solved. A list of suggestions on
measurements and research directions that could lead to an improved and more
reproducible sensor is given below.
measurements/characterisation:
•
temperature behaviour
•
drift, long term stability
•
shock resistance
design/fabrication:
•
fabrication of sensor type E, the folded accelerometer of 2×2×2 mm3
•
more accurately fabricated tungsten masses and housings, or micromachined
silicon masses and housings, or a design change towards a fully
micromachined accelerometer
•
realisation of more and easier to fabricate sensors, in order to check the
reproducibility
Conclusions and recommendations
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electronic circuitry:
•
decrease of the noise level of the CVC, by adding a high pass filter between
the input opamps and the demodulation diode
•
integration of the CVC, to reduce the overall size of the sensor plus the
electronic circuitry
application:
•
more medical experiments in which the in-use calibration procedure is applied

164

Chapter 11

APPENDIX I:
Lateral film damping constant

When a plate with area l2 [m2] moves harmonically in parallel with a fixed
plate in the x-direction, as shown in figure I.1, the induced velocity vx [m/s] of the
air in between the two plates in the x-direction will gradually decrease from the
maximum speed v x = v x ⋅ cosωt at the boundary plane of the air and the movable
plate to the minimum speed vx = 0 at the boundary plane of the air and the fixed
plate. When it is assumed that vx = vx(z, t) is only a function of the z position and
the time t [s], and the pressure difference between the upper and lower side of the
plates is zero, then the Navier-Stokes differential equation for the movement of an
incompressible viscous liquid or gas can be applied [1]:

ρ

δv x
δ 2v
= µ 2x
δt
δz

(I.1)

with ρ [kg/m3] the mass density and µ [Pa.s] the dynamic viscosity of the liquid or
gas.
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Figure I.1. Gradient in the velocity of the air
in between a fixed and a movable plate, as induced by the movable plate
The induced velocity of the air vx in between the movable and the fixed plate
causes damping, because kinetic energy is lost during the transfer from plate
movement to air movement. In order to know the influence of this lateral film
damping mechanism on the dynamic behaviour of the triaxial accelerometer, an
expression for the lateral film damping constant bLFD [N.s/m] will be derived.
The force Fx [N] needed to give a damper with damping constant bLFD,x a
velocity vx can be equated with

Fx = bLFD, x ⋅ v x

(I.2)

Thus, the damping constant bLFD,x can be equated by rewriting equation (I.2):

bLFD, x =

Fx
vx

(I.3)

When equations for Fx and vx can be found, it is possible to obtain an expression
for bLFD,x. First, an expression for vx will be derived.
When the velocity of the air in between the plates is assumed to be a
harmonic function, v x = v x ⋅ cosωt , then the complex notation can be used. Thus,
rewriting equation (I.1), it follows that

jωρ x = µ
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δ 2vx
δz 2

(I.4)
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When m2 = −

δ 2vx
δz 2

jωρ
is substituted in (I.4), this equation can be rewritten into
µ

+ m2 ⋅ v x = 0

(I.5)

The general solution of equation (I.5) is

v x = A1 ⋅ e jmz + B1 ⋅ e − jmz

(I.6)

with A1 [m/s] and B1 [m/s] initial velocities which follow from the boundary
conditions. When a Couette-type damper is assumed [2], the boundary conditions
of differential equation (I.5) are

(1) A1 + B1 = 0;

(2) A1 ⋅ e jmd

+ B1 ⋅ e − jmd = vx ⋅ cosωt

When these are substituted in equation (I.6), it yields
vx =

(

)

v x ⋅ cosωt
v ⋅ cosωt
sin mz
⋅ e jmz − e − jmz = x
⋅ 2 ⋅ j ⋅ sin mz =
⋅ v x ⋅ cosωt (I.7)
sin md
2 ⋅ j ⋅ sin md
2 ⋅ j ⋅ sin md

which is the desired expression for vx as needed for substitution in equation (I.3).
Now, an expression for Fx(z,t) should be found. Fx can be equated with [2]

Fx ( z, t ) = τ 0 ⋅ l 2

(I.8)

with τ0 [N/m2] the frictional shear stress which acts on the area l2 of the movable
plate. According to Newton’s viscosity law, τ0 is proportional to the gradient vx(z,t)
[2]:

 δv 
τ 0 = + µ x 
 δz  z = d
According to equation (I.7),

(I.9)

δv x
can be expressed as
δz

δv x
cos mz
= m⋅
⋅ vx ⋅ cosωt
δz
sin md
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When equation (I.10) is substituted in equation (I.9), it yields

τ0 = + µ ⋅ m ⋅

cos md
⋅ v x ⋅ cosωt
sin md

(I.11)

When the Taylor series for cos(md) and sin(md) are substituted, equation (I.11)
can be rewritten into

 (m ⋅ d ) 2 (m ⋅ d ) 4

−
+
−
1
...


µ
2!
4!
 ⋅ vx ⋅ cosωt ≈ ⋅ v x ⋅ cosωt (I.12)
τ 0 = +µ ⋅ m ⋅ 
d
(m ⋅ d ) 3


⋅
−
+
m
d
...


3!
When (I.12) is substituted in (I.8) it yields

µ ⋅ l2
⋅ vx ⋅ cosωt
Fx =
d

(I.13)

which is the desired expression for Fx as needed for substitution in equation (I.3).
Finally, after substitution of equation (I.13) in equation (I.2), the expression
for the lateral film damping constant bLFD,x [N.s/m] can be written as

bLFD , x =

µ ⋅ l2
d

(I.14)
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APPENDIX II:
Non-linear behaviour of the sensor

II.1 Introduction
In this appendix, possible sources of non-linear behaviour of the triaxial
accelerometer are investigated. The non-linear behaviour may be caused by the nonlinear stress-strain relation of the rubber elastic material PDMS and the non-linear
mass displacement-change in capacitance relation of the capacitive transducer. The
non-linear behaviour will be calculated according to a “worst-case” scenario, so all
sensors realised should have a better linearity than predicted in this section.
In this appendix, the relation between two quantities is called linear when the
deviation between a linear curve fit and the actual curve representing the relation is
less than 1 %. The data used in all calculations are: the shear elastic modulus of
PDMS is G = 250 kPa, the nominal thickness of the PDMS structure is t = 10 µm,
the area of the PDMS is APDMS = 4·10-8 m2, the tungsten seismic mass is m = 520 mg
and the capacitor plate area A = 3 × 3 mm2.
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II.2 Transduction of acceleration into change in thickness
Single PDMS structure
The relation between the change in thickness ∆t [m] of a single PDMS
structure as shown in figure II.1 with initial thickness t [m] and the acceleration a
[m/s2] applied to a mass m [kg] connected to the PDMS can be equated by rewriting
equation (5.1) into

FCE = m ⋅ a = APDMS





∆t 
1



⋅ G ⋅  1 +  −
2

t  
∆t  

1 +  


t  

(II.1)

with FCE [N] the compressive or extensive force exerted on the PDMS structure due
to the applied acceleration. A curve showing the change in thickness ∆t of a single
PDMS structure as a function of the acceleration a, which can be obtained from
equation (II.1), is displayed in figure II.2.

Figure II.1. Single PDMS structure with a seismic mass on top. The PDMS structure
is respectively (a) at rest, (b) extended and (c) compressed
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Figure II.2. The change in thickness of a single PDMS structure as a function of the
applied acceleration, using the data as given in the introduction of this appendix,
(a) overview and (b) close-up
As can be clearly seen in figure II.2, the relation between the change in
thickness of a single PDMS structure with an area APDMS = 4·10-8 m2 and the
applied acceleration is non-linear. In this case, the relative change in thickness ∆t/ t
is allowed to be only 1 % to obtain a linear relation. The 1 % range corresponds to
an upper limit for linearly detectable accelerations of approximately 0.5 m/s2 which
is far below the specified maximum of 50 m/s2. Therefore, in the case of a single
PDMS structure, the area of the PDMS should be sufficiently increased, up to
APDMS = 4·10-7 m2, to enlarge the linear range of the sensor up to 50 m/s2.

Two mechanically interconnected PDMS structures
Before an equation can be derived which deals with the change of thickness ∆t
of two mechanically interconnected PDMS structures as a function of the applied
acceleration, it should be noted that in this case both compression and extension of
the PDMS structures occur at the same time, as shown in figure II.3. Therefore,
equation (II.1) should be divided into two separate equations, one for compression
and one for extension:

Fextension





∆t 
1



= AR ⋅ G ⋅  1 +  −
2

t  
∆t  

1 +  


t  
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Figure II.3. Mechanically interconnected PDMS structures with a seismic mass in
between; the PDMS structures are respectively (a) at rest, (b) compressed and
extended and (c) extended and compressed

Fcompression





1
 − ∆t 


= − AR ⋅ G ⋅   1 +
−
2

t   − ∆t  

1 +
 


t  

(II.2b)

Now, the relation between change in thickness ∆t [m] of two mechanically
interconnected PDMS structures with initial thickness t [m], as shown in figure II.3,
and the acceleration a [m/s2] applied to a mass m [kg] connected to the PDMS
structures can be equated by adding the equations (II.2a) and (II.2b)

FCE









1
1
 ∆t 
 − ∆t 



 (II.3)
−
⋅
⋅
+
= m ⋅ a = AR ⋅ G ⋅   1 +  −
−
A
G
1


R


t   ∆t  2 
t   − ∆t  2 


1 +  
1 +
 




t  
t  

with FCE [N] the compressive or extensive force exerted on the PDMS structures due
to the applied acceleration. A curve showing the change in thickness ∆t of the two
mechanically interconnected PDMS structures as a function of the acceleration a,
which can be obtained from equation (II.3), is displayed in figure II.4.
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Figure II.4. The change in thickness of two mechanically interconnected PDMS
structures as a function of the applied acceleration, using data as given in the
introduction of this appendix, (a) overview and (b) close-up
In this case, the relative change in thickness is allowed to be approximately
20 % to obtain a linear relation between the change in thickness of the two
mechanically interconnected PDMS structures and the applied acceleration. The
range of 20 % corresponds to an upper limit for linearly detectable accelerations of
approximately 25 m/s2. Therefore, in the case of two mechanically interconnected
PDMS structures, the area of the PDMS should approximately be doubled, from
APDMS = 4·10-8 m2 to APDMS = 8·10-8 m2, to enlarge the linear range of the sensor up
to 50 m/s2. Since the mechanical sensitivity of the sensor decreases with an
increasing area of the PDMS, the accelerometer configuration with two
mechanically interconnected PDMS structures is preferred because it is capable of
obtaining the specified linearity range with a higher mechanical sensitivity than the
sensor configuration with a single PDMS structure.

II.3. Transduction of displacement into capacitance
Single parallel plate capacitor
The relation between the capacitance of a single parallel plate capacitor and
the displacement of the mass, as shown in figure II.5, is given by equation (4.4) and
is graphically represented in figure II.6.
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Figure II.5. Single capacitor with one fixed capacitor plate and one movable
capacitor plate with a seismic mass on top. The capacitance value is (a) nominal, (b)
decreased and (c) increased due to the displacement of the mass
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Figure II.6. Relation between the displacement of the mass and the corresponding
capacitance of a single parallel plate capacitor, using the data as given in the
introduction of this appendix, (a) overview and (b) close-up
As can be seen from figure II.6, the relation between the capacitance and the
displacement of the mass is non-linear. However, the non-linearity is within 1%
when the relative displacement of the mass ∆t/ t is limited to 10 %. Therefore, in
the case of an accelerometer consisting of a single parallel plate capacitor, it should
be ensured that the maximum acceleration of 50 m/s2 corresponds to a maximum
relative mass displacement of 10 %. This condition can be fulfilled when the spring
constant of the device is sufficiently high.
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Two differentially measured capacitors
The relation between the capacitance Cdiff of two differentially measured
capacitances and the mass displacement ∆t, as shown in figure II.7, is given by
equation (II.4) and graphically represented in figure II.8.

1 
 1
−
Cdiff = ε 0ε r A ⋅ 

 t + ∆t t − ∆t 

(II.4)
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Figure II.7. Two differentially measured capacitors consisting of two fixed capacitor
plates and one movable common capacitor plate which is connected to a mass.
The differentially measured capacitor value is (a) zero, (b) positive and (c) negative
due to the displacement of the mass
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Figure II.8. Relation between the capacitance of two differentially measured
capacitors and the displacement of the mass, using the data as given in the
introduction of this appendix, (a) overview and (b) close-up
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As can be seen from figure II.8, the relation between the capacitance and the
displacement of the mass is non-linear. However, the non-linearity is within 1%
when the relative displacement of the mass is limited to 20 %. Therefore, in the
case of an accelerometer consisting of two differentially measured parallel plate
capacitors, it should be ensured that the maximum acceleration of 50 m/s2
corresponds to a maximum relative mass displacement of 20 %. This condition can
be fulfilled when the spring constant of the device is sufficiently high. It can be
concluded that, compared to the single capacitor configuration, the sensor design
with differentially measured capacitors is advantageous because of an improved
linear behaviour.

II.4 Transduction from acceleration into capacitance
Single parallel plate capacitor with PDMS between the capacitor plates
The relation between the applied acceleration and the capacitance of an
accelerometer consisting of a single capacitor with a PDMS structure between the
capacitor plates can be obtained by combining equations (3.6), (4.4) and (5.1) and is
shown in figure II.9. The regression coefficient r of the linear curve fit, as shown in
figure II.9b, reflects the extent of the linear relation between the calculated data
points and the linear curve fit. The regression coefficient was found to be r = 0.999.
So, with the minimum area of PDMS APDMS = 4·10-8 m2, the requirement of a
maximum non-linearity of 1% is fulfilled in the specified acceleration range of
-50..+50 m/s2.
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Figure II.9. Relation between the capacitance of an accelerometer consisting of a
single capacitor with PDMS between the capacitor plates and the applied
acceleration, using the data as given in the introduction of this appendix,
(a) overview and (b) close-up

Two differentially measured parallel plate capacitors with PDMS between
the capacitor plates
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The relation between the applied acceleration and the capacitance of an
accelerometer consisting of two differentially measured capacitors with each a
PDMS structure between the capacitor plates can be obtained by combining
equations (3.6), (3.28) and (5.1) and is shown in figure II.10.
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Figure II.10. Relation between the capacitance of an accelerometer consisting of two
differentially measured capacitors with each a PDMS structure between the
capacitor plates and the applied acceleration, using the data as given in the
introduction of this appendix, (a) overview and (b) close-up
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The regression coefficient r of the linear curve fit, as shown in figure II.10b,
was found to be r = 0.999 in the acceleration range of -50..+50 m/s2. So, also in the
case of the two capacitor configuration, the minimum area of the PDMS AR,min =
4·10-8 m2 is sufficient to meet with the specified requirements. However, since the
mechanical sensitivity of the sensor decreases with an increasing area of the
PDMS, the accelerometer configuration with two mechanically interconnected
PDMS structures is preferred because it is capable of obtaining the specified
linearity range with a higher electromechanical sensitivity than the sensor
configuration with a single PDMS structure.
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APPENDIX III:
Measuring the Q-factor of PDMS

III.1Introduction
In this appendix, the quality factor of PDMS is experimentally determined.
To obtain a quantitative measure for the quality factor, the relation between the
damping coefficient and the impulse response of a torsion pendulum was used. The
measurement method used was suggested by dr. ir. C. Blom, who studied the
subject of torsion pendula for his Ph.D. thesis [1]. For the experiments, a torsion
pendulum was created out of a cylindrical mass and a cylindrical slice of PDMS, as
shown in figure III.1. The cylindrical mass was a copper weight of 200 grams with
a radius of 1.55 cm and a height of 3.1 cm. The PDMS structure had a radius of 4
mm and a height of 1.3 mm.
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Figure III.1. Side and top view of a torsion pendulum,
made of a copper mass and a PDMS structure

III.2Theory
The torsion pendulum can be represented by a second order mechanical
system, like a mass spring damper system, and has a transfer function of

H ( jω ) =

1
2

 jω 
jω

 + 2β ⋅
+1
ω0
 ω0 

(III.1)

with
Q=

1
2⋅β

(III.2)

with β the damping coefficient and ω0 the resonance frequency of the torsion
pendulum. When the mass is slightly turned and then released, the system will
respond with an impulse response according to
u(t ) = u 0 ⋅ e − β ⋅ω0 ⋅t ⋅ cos 1 − β 2 ⋅ ω 0 ⋅ t − φ 



(III.3)

with u(t) the amplitude of rotation as a function of the time t, u0 the amplitude at t =
0 and φ the phase difference between the impulse and the response. For values of β
much smaller than 1, the amplitude decreases by a factor 1/e (≈1/3) every 1/(β ⋅ω0)
seconds, or
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t 1/ 3 =

2⋅Q
1
=
β ⋅ω 0
ω0

or

Q=

t1/ 3 ⋅ ω 0
2

(III.4)

III.3Measurement set-up and protocol
The measurement set-up used for this experiment is shown in figure III.2.
The measurement protocol was as follows. First, an impulse response was created
by rotating the mass slightly and releasing it. Then, the time t1/3 and the resonance
frequency ω0 were determined. To measure the resonance frequency, the frequency
of the photo-diode output signal was measured by an oscilloscope. The time t1/3
was found by measuring the time in which the amplitude of the projection of the
rotation decreased by one third.

Figure III.2. Representation of the measurement set-up used
to measure the Q factor of PDMS

III.4Results and discussion
With this set-up, several measurements were performed. The resonance
frequency of the total system was measured to be 8.8 Hz. The time t1/3 was found to
vary per measurement within a range from 2 to 8 seconds which corresponds to a
range in the quality factor from 50 to 221, respectively. After some experiments, it
was found that the pressure applied on the top of the mass, to put the mass firmly
on the PDMS structure, had a great influence on the Q factor. Namely, when more
pressure was applied on the top of the mass, the Q factor became much smaller.
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Now, the following hypothesis has been formed. By applying pressure on
the mass, a local deformation of the PDMS occurs at the boundary of the PDMS
structure and the mass. This deformed region is apparently much stiffer than the
rest of the PDMS and its mechanical behaviour can not be predicted with the
equations for the rubber elastic stress-strain relations as given in chapter 5. A result
of this “bad mechanical connection” is that a damping occurs which is much larger
than expected.
Because the Q factors of the sensors measured in chapter 8 were found to be
much less than theoretically calculated, in these sensors there is apparently a bad
mechanical connection between the seismic mass and the PDMS structures. It is
expected that the dynamic behaviour of the sensors will correspond better with the
theory after solving the problem of the bad mechanical connection
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SUMMARY

There are several biomedical movement analysis methods which are based
on the specific properties of a triaxial accelerometer. However, up to now no
triaxial accelerometer has been presented which fulfils all specifications of the
biomedical application. A triaxial accelerometer design which meets the
specifications is presented in this thesis.
In chapter 3, a theoretical description of the highly symmetrical capacitive
triaxial accelerometer is presented: the sensor structure and its corresponding
electromechanical transfer function are described. In chapter 4, several designs are
proposed according to the theory of chapter 3.
In chapter 5, the polymer polydimethylsiloxane (PDMS) is described which is
used as spring material. Measurement results show that PDMS is a very flexible
rubber elastic material which can successfully be applied as spring material in
mechanical sensors.
In chapter 6, a sensitive differential capacitance to voltage converter (CVC) is
presented. The specific advantages of this CVC compared to other CVCs are its
intrinsical immunity to parallel and serial parasitic resistances and capacitances, its
ability to measure both static and dynamic variations in capacitances from DC up to
at least 10 kHz and its configuration consisting of discrete components.
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In chapter 7, the device fabrication is presented and the materials, cleanroom
technology and assembly procedure used are described. Several highly symmetrical
miniature cubic capacitive triaxial accelerometers have been fabricated.
In chapter 8, the measurement results are presented and discussed. The
measured values of the static and dynamic sensitivity, resolution of the sensor
system, linearity and off-axis sensitivity are compared to the theoretically expected
values.
In chapter 9, an in-use calibration procedure is presented with which it
is possible to calibrate the sensitivities and the offsets of a triaxial accelerometer
while performing measurements on a patient.
In chapter 10, two examples of medical applications are described. First
example is the registration of rigidity in Parkinson’s disease patients, second
example is the registration of accelerations during quiet standing.
Finally, in chapter 11, conclusions are drawn and some suggestions for
design improvements and future research are given.
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Summary

SAMENVATTING

Zoals aangegeven in hoofdstuk 1 zijn verscheidene biomedische bewegingsanalysemethodieken gebaseerd op de specifieke eigenschappen van een drie-assige
versnellingsopnemer. Uit hoofdstuk 2 blijkt echter dat er tot nu toe nog geen enkele
drie-assige versnellingsopnemer beschikbaar is die voldoet aan alle eisen van de
biomedische toepassing. In dit proefschrift wordt daarentegen een drie-assige
versnellingsopnemer gepresenteerd die wel aan de specificaties voldoet.
In hoofdstuk 3 worden de structuur en de theoretische elektromechanische
overdrachtsfunctie van de zeer symmetrische capacitieve drie-assige versnellingsopnemer beschreven. In hoofdstuk 4 wordt een aantal mogelijke uitvoeringsvormen
van het sensorontwerp gepresenteerd dat is ontstaan aan de hand van de theorie van
hoofdstuk 3.
In hoofdstuk 5 wordt het polymeer polydimethylsiloxaan (PDMS) beschreven
dat wordt gebruikt als veermateriaal. Meetresultaten tonen aan dat PDMS een zeer
flexibel rubber-elastisch materiaal is, dat goed kan worden toegepast als
veermateriaal in mechanische sensoren.
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In hoofdstuk 6 wordt een gevoelige differentiële capaciteit naar spanning
omzetter (CVC) gepresenteerd. De specifieke voordelen van deze CVC in
vergelijking met andere CVC’s zijn de volgende: hij is ongevoelig voor parasitaire
weerstanden en condensatoren die parallel of in serie staan met de sensor, hij kan
zowel statische als dynamische variaties in capaciteit meten in het brede
frequentiebereik van DC tot en met minimaal 10 kHz, hij elimineert ongewenste
common mode signalen vanwege zijn symmetrische opbouw en hij kan makkelijk
worden opgebouwd uit losse componenten.
In hoofdstuk 7 wordt de sensorfabricage omschreven. De cleanroomprocessen en -technologie en de afmonteerprocedure worden beschreven voor zowel
de eerste prototypes als voor de uiteindelijke versie van de sensor. Verscheidene zeer
symmetrische
geminiaturiseerde
kubusvormige
capacitieve
drie-assige
versnellings-opnemers zijn afgemonteerd. De afmetingen van de sensoren zijn
2×2×2 mm3 en 5×5×5 mm3.
In hoofdstuk 8 worden de meetresultaten weergegeven en besproken. De
gemeten waarden voor de statische en dynamische gevoeligheid, resolutie van het
sensorsysteem, lineariteit en overspraak tussen de assen worden vergeleken met de
berekende waarden. Verschillen tussen de berekende en gemeten waarden worden
besproken en er wordt een aantal suggesties voor de optimalisatie van het
sensorontwerp gegeven. In het algemeen kan worden gesteld dat de gerealiseerde
versnellingsopnemers aan de specificaties voldoen.
In hoofdstuk 9 wordt een calibratieprocedure gepresenteerd waarmee het
mogelijk is de gevoeligheden en de offsets van een drie-assige
versnellingsopnemer te calibreren tijdens het uitvoeren van metingen aan een
patiënt. De calibratie-procedure heeft slechts willekeurige bewegingen nodig als
ingangssignaal en kan binnen enkele minuten worden uitgevoerd. Het is gebleken
dat het mogelijk is om met deze calibratieprocedure, wanneer alleen de offsets
worden geschat, in praktische situaties, zoals het maken van lichte bewegingen
tijdens rechtop staan, de gemiddelde fout in de geschatte versnelling te beperken
tot maximaal 3 %.
In hoofdstuk 10 worden twee voorbeelden van medische toepassingen
beschreven. Eerste voorbeeld is de registratie van stijfheid bij Parkinsonpatiënten,
tweede voorbeeld is de registratie van versnellingen gedurende stilstaan. De testmeting aan Parkinsonpatiënten heeft de bruikbaarheid van de drie-assige
versnellings-opnemer aangetoond voor het registreren van stijfheid, tremor en andere
bewegings-storingen. De drie-assige versnellingsopnemer was gevoelig genoeg om
verschillen in beweging bij gezonde personen die stilstaan te kunnen waarnemen.
Tenslotte worden in hoofdstuk 11 conclusies getrokken en wordt een aantal
suggesties gegeven voor ontwerpverbeteringen en toekomstig onderzoek.
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