
 Eindhoven University of Technology

MASTER

Elastomer accelerometer

Mauritz, A.

Award date:
2007

Link to publication

Disclaimer
This document contains a student thesis (bachelor's or master's), as authored by a student at Eindhoven University of Technology. Student
theses are made available in the TU/e repository upon obtaining the required degree. The grade received is not published on the document
as presented in the repository. The required complexity or quality of research of student theses may vary by program, and the required
minimum study period may vary in duration.

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain

https://research.tue.nl/en/studentTheses/f89891ba-ab58-4cbc-9732-fb5316efb4cd


Elastomer accelerometer 

A. Mauritz 

Report MNSE2007017 

Master thesis 

Supervisor: Ir. F.G.A. Homburg 
Professor: Prof. dr. A.H. Dietzel 
EINDHOVEN UNIVERSITY OF TECHNOLOGY 

D EPARTMENT OF MECHANICAL ENGINEERING 

MICRO- AND N ANOSCALE ENGINEERING 

Supervisor: Dr. K. le Phan 
NXP SEMICONDUCTORS 

Eindhoven, June 2007 



Abstract 

Acceleration sensors are widely used in many applications, such as automotive, navigation, 
impact/shock detection, PDA (Personal Digital Assistent) input devices, motion monitor
ing, gaming, appliances etc. With present day technology and micromachining the sensor 
can be made having dimensions below the millimeter. 
There are two main read out principles for accelerometers, stress-based and displacement 
based, both of which give an output signal related to the acceleration. 
Stress based measurements make use of the piezoresistance effect, piezoelectric effect or 
resonators, whereas displacement based measurements use a capacitive, gas convection, in
ductive, optical, magnetic or electron-tunneling read out principle. Displacement based 
measurements make use of a proof mass. When the accelerometer is subjected to an ac
celeration the proof mass will be displaced causing a change of signal in t he sensor substrate. 

In this report the development of two displacement based accelerometers is described, one 
using a magnetic read out principle and the other one utilizing an optical read out principle. 
The accelerometers have been developed at NXP Semiconductors, where the desire existed 
to develop a low cost accelerometer. The accelerometers will be used to measure low accel
erations ( up to 5 g) at frequencies up to 50 Hz, where they can be used in applications such 
as tilt measurements or motion sensing. 

Based on work carried out at NXP Semiconductors [33] PDMS (Polydimethylsiloxane) is 
chosen as a material for the proof mass of the accelerometer. It is chosen because it bas 
excellent elasticity and flexibility. Furthermore it exhibits small temperature and time varia
tions of the physical constants ( except for the therm al expansivity), is relatively inexpensive, 
can be mixed with magnetic powder and is optical transparent. 

T he magnetic accelerometer described in this report consists of two parts. A proof mass 
resembling a mushroom shape, having a stem made of pure PDMS and a head made of 
PDMS mixed with 50 wt% Sr/Ba ferr ite powder, and a sensor substrate. Magnetoresistors 
are imbedded in the sensor substrate and the mushroom shape is mounted on the sensor 
substrate by using oxygen plasma. 
The working principle of the magnetic accelerometer is based on the fact that when the head 
of the mushroom shape deflects the direction of the magnetic field changes which causes a 
change in resistance in the magnetoresistors. 
The design of the proof mass is based on calculations carried out at NXP Semiconduc
tors [33]. Simulations using a finite element method (executed by the software package 
Ansys) are carried out to calculate the natural frequency. With t his the frequency range 
of the magnetic accelerometer can be determined. The tilt angle of the mushroom shape 
when it is subjected to an acceleration is calculated as well and when later compared to the 
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measurements the conclusion could be drawn that they are in agreement. 
Measurements are carried out on a fabricated magnetic accelerometer to determine the sen
sitivity of the accelerometer (in V /V /g), when corrected for the earth magnetic field and 
creep. Also, the minimal acceleration which can be measured is determined. 
This resulted in a magnetic accelerometer having a height of 1.2 mm and a maximum width 
of 1.5 mm, which can be used up to a frequency of 31 Hz, which is lower than was required. 
It can measure acceleration of 0.5 µ,g and is measured to have a linear relation between the 
acceleration and the signa! up to 3.9 g. 

The optica! accelerometer described in this report resembles the magnetic accelerometer 
in the fact that it consists of a proof mass, which has a shape looking like a mushroom, and 
a sensor substrate. The sensors used are photodiodes and the mushroom shape is made en
tirely of pure PDMS. The working principle of the optica! accelerometer is that a light source 
radiates light into the mushroom shape, the rays of light will travel through the mushroom 
shape being reflected and refracted and eventually rad iate on the sensor substrate. When 
the mushroom shape is subjected to an acceleration it will deflect, the submitted rays will 
diffract different and the irradiance pattern on the sensors will change. This will cause a 
change in signa!, which can be measured and used to determine the acceleration. 
To obtain a working optica! accelerometer a light source is necessary and for this an organic 
light-emitting diode (OLED) is used . The OLED will be mounted on the sensor substrate 
and the mushroom shape will be placed on the OLED by using an oxygen plasma. It wil 
radiate green light, having a wavelength between 500 and 550 nm. 
Three mushroom shapes are designed using data obtained from a finite element method 
( carried out by the software package Ansys) and Zemax, which is a ray tracing program. 
Two mushroom shapes have the same dimensions, one having a mirror surface on top and 
one without a mirror surface, the third shape has different dimensions and a mirror surface 
on top. Using the finite element method is has been found that shape 1 can be used up to 
a frequency of 28 Hz and shape 2 can be used up toa frequency of 43 Hz. These are lower 
frequencies than were demanded. 
For each mushroom shape two sensor substrates are designed having optima! dimensions. 
An seventh sensor substrate is designed, it has large diode areas, therefore a signa! will 
always be produced. When designing the sensor substrates the placement of the OLED is 
taken into account. 
The sensor substrates are produced and measured. The data from the measurements and 
the simulations are compared and combined. It is expected based on data from simulations 
and measurements that a minimal acceleration varying from 0.6 µ,g to 1 mg can be measured 
depending on the combination of the mushroom shape and the sensor substrate. Based on 
results from simulations using a finite element method it was expected that the relation 
between the tilt angle and the acceleration will be linear up to at least 10 g. The relation 
between the tilt angle and the signa! will not be linear but the signa! will increase with 
increasing tilt angle up to at least 10 degrees. 
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Samenvatting 

Versnellingsmeters worden gebruikt in veel verschillende toepassingen, bijvoorbeeld in au
tomotive, navigatie, stoot/schok detectie, in PDA's (Peronal Digital Assistent), bij het 
controleren van bewegingen, in spelletjes, apparatuur etc. Met de huidige technologie en 
fabricage technieken kunnen sensoren gemaakt worden die kleiner dan 1 millimeter zijn. 
Er zijn twee veel gebruikte methoden om een uitgangssignaal te produceren gerelateerd aan 
de versnelling, namelijk gebaseerd op rek en op verplaatsing. 
Metingen gebaseerd op rek maken gebruik van een piëzo-weerstand effect, piëzo-elektrisch ef
fect of resonatoren. Daarentegen, metingen die gebruik maken van verplaatsingen gebruiken 
capacitieve, gas convectie, inductieve, optische, magnetische of elektron tunneling methodes 
om het uitgangssignaal uit te lezen. Versnellingsmeters gebaseerd op verplaatsingen maken 
gebruik van een zogenaamde bewijs massa. Wanneer een bewijs massa aan een versnelling 
wordt onderworpen zal de massa verplaatsen wat een verandering in het uitgangssignaal 
van de sensoren tot gevolg heeft. 

In dit verslag wordt de ontwikkeling van twee versnellingsmeters gebaseerd op verplaatsing 
beschreven, waarbij een gebruik maakt van een magnetisch uitlees principe en de ander van 
een optisch uitlees principe. De versnellingsmeters zijn ontwikkeld bij NXP Semiconductors, 
waar er de wens was om goedkope versnellingsmeters te ontwikkelen. De versnellingsmeters 
zullen gebruikt worden om kleine versnellingen (tot 5 g) te meten met frequenties tot 50 Hz, 
waarbij ze gebruikt kunnen worden in applicaties voor het meten van rotaties en de detectie 
van bewegingen. 

PDMS (Polydimethylsiloxane) is gekozen als material voor de bewijs massa van de ver
snellingsmeter. Deze beslissing is gebaseerd op onderzoek uitgevoerd bij NXP Semicon
ductors [33]. PDMS is gekozen omdat het een uitstekende elasticiteit en flexibiliteit heeft. 
Verder zijn de veranderingen van fysische constanten door tijd of temperatuur klein (be
halve de thermische uitzettingscoefficiënt) , het is relatief goedkoop, kan gemengd worden 
met magnetisch poeder en is optisch transparant . 

De magnetische versnellingsmeter beschreven in dit verslag bestaat uit twee delen. Een 
bewijs massa die lijkt op een paddestoel, waarbij de stam is gemaakt van puur PDMS and 
het hoofd is gemaakt van PDMS gemixt met 50 massa procent Sr/Ba ijzer poeder, en een 
sensor substraat. Magneetweerstanden zijn geïntegreerd in het sensor substraat en de pad
destoel vorm wordt op het substraat geplaatst met behulp van een zuurstof plasma. 
De werking van de magnetische versnellingsmeter is gebaseerd op het feit dat wanneer het 
hoofd van de paddestoel verplaatst de richting van het magnetische veld zal veranderen wat 
zal resulteren in een verandering van de weerstand van de magneetweerstand. 
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Het ontwerp van de bewijs massa is gebaseerd op berekeningen uitgevoerd bij NXP Semicon
ductors [33]. Simulaties worden uitgevoerd met behulp van een eindige elementen methode 
( uitgevoerd door het software pakket Ansys) om de eigenfrequentie te berekenen. Hiermee 
kan het frequentie bereik van de magnetische versnellingsmeter bepaald worden. Tevens 
wordt de rotatiehoek van de paddestoel vorm wanneer er een versnelling wordt opgelegd 
berekend en wanneer dit later vergeleken wordt met metingen blijkt dat de resultaten 
overeenkomen. 
Metingen zijn uitgevoerd op de vervaardigde magnetische versnellingsmeter om de gevoe
ligheid van de versnellingsmeter (in V / V /g) te bepalen, waarbij er gecorrigeerd is voor het 
aard magnetisch veld en de kruip. Ook wordt de minimale versnelling die gemeten kan 
worden bepaald. 
Dit resulteert in een magnetische versnellingsmeter met een hoogte van 1.2 mm en een 
maximale breedte van 1.5 mm , die gebruikt kan worden tot een frequentie van 31 Hz. Het 
kan versnellingen meten van 0.5 µgen uit metingen blijkt dat er een lineaire relatie bestaat 
tussen de versnelling en het signaal tot ten minste 3.9 g. 

De optische versnellingsmeter lijkt op de magnetische versnellingsmeter, het heeft namelijk 
ook een bewijs massa met de vorm van een paddestoel en een sensor substraat. De sensoren 
die gebruikt worden voor de optische versnellingsmeter zijn fotodiodes en de paddestoel vorm 
is gemaakt van puur PDMS. De werking van de optische versnellingsmeter is gebaseerd op 
het feit dat een lichtbron licht de paddestoel vorm in straalt, de lichtstralen gaan door 
de paddestoel en worden gebroken en gereflecteerd en bereiken uiteindelijk het sensor sub
straat . Als de paddestoel aan een versnelling wordt onderworpen zal er een verplaatsing 
plaatsvinden waardoor de lichtstralen op een andere manier breken en reflecteren en het 
stralingspatroon op de sensoren zal veranderen. Hierdoor ontstaat er een verandering in 
signaal, wat gemeten kan worden en waaruit de versnelling kan worden berekend. 
Om een werkende optische versnellingsmeter te verkrijgen is er een licht bron nodig, hiervoor 
wordt een organische light-emitting diode (OLED) gebruikt. De OLED wordt bevestigd op 
het sensor substraat en daarbovenop wordt de OLED geplaatst met behulp van een zuurstof 
plasma. De OLED zal licht uitstralen met een golflengte tussen 500 en 550 nm. 
Er zijn drie paddestoel vormen ontworpen met dat a verkregen met een eindige elementen 
methode (uitgevoerd door het software pakket Ansys) en Zemax, een programma dat licht 
stralen volgt. Twee paddestoel vormen hebben dezelfde afmetingen, een daarvan heeft een 
spiegelend oppervlak op de bovenkant, de andere niet. Een derde vorm heeft andere afmetin
gen en een spiegelend oppervlak op de bovenkant. Simulaties met de eindige elementen 
methode hebben uitgewezen dat de verschillende paddestoel vormen gebruikt kunnen wor
den tot een frequentie van 43 respectievelijk 29 Hz. Dit is minder dan werd geëist. 
Voor elke paddestoel vorm zijn er twee sensor subst raten ontworpen die optimale afmetingen 
hebben. Een zevende sensor substraat wordt ontworpen met maximale afmetingen waar
door er altijd licht op zal vallen en er een signaal kan worden gemeten. In het ontwerp van 
het sensor substraat wordt rekening gehouden met de plaat sing van de OLED. 
De sensor subst raten zijn gefabriceerd en er zijn metingen mee gedaan. De data van de 
metingen en simulaties worden vergeleken en gecombineerd. Gebaseerd op de dat a is er 
de verwachting dat de kleinste versnelling die gemeten kan worden varieert tussen 5 µgen 
1 mg, afhankelijk van de combinatie tussen de paddestoel vorm met het sensor substraat. 
Gebaseerd op de resultaten van de simulaties waarbij een eindige elementen methode wordt 
gebruikt is er de verwachting dat er een lineaire relatie best aat tussen de rotatiehoek en de 
versnelling tot t en minste 10 g. 
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List of symbols 

A area [m2] 
a acceleration [m s-2] 
C current [A] 
dz dis placement [m] 
E Young's modulus [N m-2] 
Ee irradiance [wm-2] 

e strain [-] 
I moment of inertia [m4] 
Ie radiant intensity [W sr- 1] 
lv luminous intensity [lm sr-1] 
J creep compliance [m2 N-1] 
F force [N] 
G shear modulus [N m- 2] 
g gravitational acceleration [m s-2] 
H magnetic field [A m- 1] 
K(.\) luminous efficacy [lm w- 1J 

k spring stiffness [N m- 1] 
Le radiance [W sr- 1 m- 2J 

Lv luminance [cd m-2] 
1 length [m] 
Me radiant exitance [wm- 2 ] 

m mass [kg] 
n refractive index [-] 
Qe radiant energy [J] 
Qv luminous energy [lm s] 
R electrical resistance [D] 
R magnetic resistance [H-1] 
r radius [m] 
s frequency [Hz] 
s standard deviation [-] 
T transmittance [-] 
u energy [J] 
V voltage [VJ 
V(.\) luminous efficiency [-] 
X displacement [m] 



vi List of symbols 

G reek letters 
Cl: coefficient of thermal expansion [K-1] 
Cl: angle [degree] 
(3 proportional factor [-] 
(3' correction factor [N m- 2] 

1 calibration factor [-] 
ö deflection [m] 
tan J loss tangent [-] 
En amplitude [-] 
0 angle [degree] 
l correction factor [-] 
l'i, correction factor [-] 
A logarithmic decrement [-] 
À wavelength [nm] 
V poisson's ratio [-] 
ç damping ratio [-] 
p density [kg m- 3 ] 

a stress [N m-2] 
T retardation time [s] 
<I> e radiant flux [W] 
<I>v luminous flux [lm] 
n steradian [-] 
w frequency [Hz] 
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Chapter 1 

Introduction 

Research has been carried out at NXP Semiconductors on two accelerometers which are low 
cost in material and in fabrication and have simple signa! processing. The accelerometers 
are displacement based , which means that a proof mass will move when it is subjected to 
an acceleration, causing a change in signa! in the sensor subst rate. The accelerometers will 
be used to measure low accelerations (up to 5 g) at frequencies up to 50 Hz, where they can 
be used in applications such as tilt measurements or motion sensing. 
One accelerometer is based on a magnetic read out principle and the other one is based on 
an optica! read out principle. 
The research executed at NXP Semiconductors [33] concerns the material of the proof mass 
of the accelerometers. Also, the design of the proof mass of the magnetic accelerometer has 
been investigated. 

The goal of the research described in this report is to develop a working prototype of 
the magnetic accelerometer and the theoretica! development and designs of the optica! ac
celerometer. 

In chapter 2 several types of accelerometers are described to get more insight in the different 
accelerometers available and their working principle. 

In chapter 3 the working principle of the accelerometers developed in this report is de
scribed. When this is known the demands for the material can be set and a material will 
be chosen which complies with the demands. 

In chapter 4 the development "of the magnetic accelerometer is described. The working 
principle of the sensor subst rate is explained, the design of the proof mass is explained and 
it is described how the accelerometer will be fabricated. Simulations are conducted using a 
finite element method to determine the tilt angle when the proof mass is subjected to an 
acceleration. Measurements are executed on the accelerometer to determine the sensit ivity 
of the accelerometer and the minimal acceleration which can be measured. Also the data 
obtained from simulations is compared to the measured data. 

The development of the optica! accelerometer is described in chapter 5. First the work
ing principle of the sensor subst rate is explained . Using a finite element method and a 
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ray tracing program simulations are carried out to see how the reflected light spot behaves 
when the proof mass is deformed. The results from this are used to determine the design 
of the mushroom shape and the sensor substrate. Measurements are carried out on the 
designed sensor substrates. With this the sensitivity and the minimal acceleration which 
can be measured is determined based on theoretica! results and measurements. 
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Chapter 2 

Accelerometers 

2.1 lntroduction 

Before st arting developing an accelerometer the working principle should be clear, this will 
be described in this chapter first. Also several types of accelerometers that have been 
developed are described , both stress based and displacement based. This is not a complete 
list, t here are many more, but most of them are based on the principles that are described 
here. 

2.2 Working principle 

Accelerometers are devices that measure accelerations. They operate based on Newton's 
second law of motion, which states that the acceleration a [m s- 2] results in a force F [N] 
acting on a mass M [kg] ( often denoted as proof mass). 

F= mx a (2.1) 

An accelerometer can be described as a mass suspended from a spring with a stiffness k 
[N/ m]. When the accelerometer (m1 ) is subjected to an acceleration (a 1 ) the accelerometer 
will be displaced (x 1) . The proof mass (m 2 ) will have a different displacement (x 2 ) . The 
displacement of t he proof mass depends on the subjected acceleration (a2 ) and on the force 
exerted by the mass of the accelerometer through the spring. This has been summarized in 
the following equations. 

m 1 x a1 + k x x 1 - k x x2 = 0 

m2 x a2 - k x x 1 + k x x2 = 0 

The acceleration can now be related to the relative displacement of the proof mass by 

(x2 - x1)k 
a2= ---

m 1 

A schematic representation can be seen in figure 2.1. 

(2.2) 

(2 .3) 

(2.4) 
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a 1,X1 

Figure 2.1: Principle of an accelerometer 

Now a direct relation is found between the relative displacement and the acceleration. The 
mass is known and the spring stiffness is geometry and material dependent and can therefore 
be calculated. With this information the acceleration can be calculated when the displace
ment is known through measurements. 
The purpose of accelerometers is to measure the displacement or stresses to be able to define 
the acceleration. 

2.3 Stress-based accelerometers 

P iezoresistive accelerometer 

Piezoresist ance is the change in resistance due to an applied strain. 
In the accelerometer shown in figure 2.2 the piezoresistive material is placed in the beam 
suspensions. When an accelerometer is subjected to an acceleration, the mass moves up or 
down, thereby resulting in a stress-profile in the beam suspension, causing the value of the 
piezoresistors to change. 
By connecting several piezoresistors located in the beams in a Wheatstone configuration, in 
such a way that two piezoresistors experience t ensile stress and two other resistors experience 
compressive stress, the acceleration can be determined. 
The advantage of this read out mechanism is the simplicity; no extra electronic circuitry 
is needed, since the output voltage of the Wheatstone bridge is related directly to the 
acceleration. The major drawback of this read out principle are the strong temperature 
dependence of the piezoresistance effect, the drift and the high high power consumption ( a 
permanent current is required to perform continuous measurements) . [24] 

Piezoelectric accelerometer 

In many crystalline materials a mechanica! stress produces a voltage. This effect is called 
the piezoelectric effect. [24] 
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Plezoresistor 

/1 \~ 

Piezoresistor under 
tensile stress 

I \ 

~ 
Piezoresislor under 
compressive stress 

Figure 2.2: A possible configuration for a piezoresistor accelerometer 

5 

In the case of the piezoelectric accelerometers shown in figure 2.3 the voltage which the 
material produces when it is compressed is measured. Many different sizes and shapes of 
piezoelectric materials can be used in piezoelectric sensors. Three different principles are 
explained in short here. 
The red part of the structure shown in 2.3 represents the piezoelectric crystals, while the 
arrows indicate how the material is stressed. Accelerometers typically have a seismic mass, 
which is represented by the gray color. 
The compression design (figure 2.3a) features high rigidity, making it useful for implemen
tation in high frequency pressure and force sensors. lts disadvantage is that it is sensitive 
to thermal transients. 
The simplicity of the flexural design (figure 2.3b) is offset by its narrow frequency range 
and low overshock survivability. 
The shear configuration (figure 2.3c) is typically used in accelerometers as it offers a well 
balanced blend of wide frequency range, low off axis sensitivity, low sensitivity to base strain 
and low sensitivity to thermal inputs. [10] 

t 
Comprrssion Hcxural 

(a) (b) 

Shrar 
(c) 

Figure 2.3: Different configurations of a piezoelectric accelerometer [10] 

Piezoelectric and -resistive accelerometers can be used for large shock measurements. Their 
disadvantage is that they do not produce a reliable signal at statie accelerations (such as 
the gravitational force). An advantage is that the accelerometer does not consume energy 
and is relatively inexpensive to manufacture. 

Resonant frequency accelerometer 

The approach of this accelerometer is based on the fact that the resonant frequency of a 
micro bridge changes when submitted to tensile or compressive stresses. 
A possible configuration of a resonant frequency accelerometer can be seen in figure 2.4. 
The proof mass is placed on (flexible) constraining bridges and is suspended by resonant 



6 Accelerometers 

bridges (250 µm long and 100 µm wide). The resonant bridges are driven into resonance 
either electro-thermally or electro-statically (D in figure 2.4). When an acceleration is ap
plied to the accelerometer the proof mass will undergo a displacement and the stresses in 
the resonant beams change. This will lead to a change in the spring const ant and through 
w = ....JkÏm, a change in the frequency is given. 
The frequency can be determined piezoresistively, capacitively or optically (S in figure 
2.4). [24] 

D s / Resonant bridges ~ 

Proef 
mass 

~ ~ 

"' Constraining bridges / 

Figure 2.4: A resonant frequency accelerometer 

In this case the coefficient of thermal expansion of the read out device is not an important 
parameter, because it merely affects the amplitude of the output signa!, without affecting 
the resonant frequency. 
The remaining thermal behavior of the device arises from the mechanica! properties of the 
sensor, such as the Young's modulus and thermally induced stress in the package. [14] 

2.4 Displacement based accelerometers 

Capacitive position accelerometer 

When using a capacitive accelerometer, the position of the proof mass is measured by using 
the proof mass as a capacitive electrode and one or more fixed electrodes as counter elec
trodes, this can be seen in figure 2.5. The capacitance depends on the distance between the 
electrodes therefore at changing mass position, the sensor capacitances change as well. By 
measuring the capacitance the position of the mass and thus the acceleration is known. 
As the coefficient of thermal expansion of silicon is very small, thermally induced capaci
tance changes due to geometrical variations are very small as well. Also, in this case, the 
thermal behavior of these type of accelerometers is mainly determined by variation of the 
Young's modulus and thermally induced stress in the package, similar to the resonant type 
of accelerometers. [38] 
A capacitive accelerometer can measure statie accelerations, in contrast to piezoelectric and 
-resistive accelerometers. 
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11 TOP VIEW 

+
CENTER 
PLATE 

,------, r--~~-~~. 
1 1 ! -.jcs,~J l [ : :lcsz : 

1 1 L ____ _ _________ J 

TOP VIEW 

/'--, APPLIED 
'\,----J ACCELERATION 

CS2 

Figure 2.5: A schematic drawing of a capacitive accelerometer [38] 

Inductive accelerometer 

7 

In this approach, the sensor consists of two planar coils, one on the proof mass and one on 
t he encapsulation, which can be seen in figure 2.6. [11] 
One of the coils is used to generate an alternating magnetic field. As a result, an induced 
voltage is generated in the other coil, having an amplitude proportional to the distance 
between the two coils. In this way, the mass displacement and thus the acceleration can be 
determined. 

Figure 2.6: An inductive accelerometer [11] 
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Optical accelerometer with shutter 

This optical accelerometer shown in figure 2.7 has a micromachined optical shutter inte
grated between a LED (light emitt ing diode) and a photodetector. 

Dlod0aroas 

Figure 2. 7: Accelerometer using an optica] read out mechanism, based on intensity changes [12] 

The surface of one of t he photodiodes is divided into <lark and t ransparent strip areas which 
is used to detect the amount of light received. A shutter with a slot width similar to the 
strip lines on the diode is used to control the light flux reaching the diode. The shutter is 
suspended by two cant ilever beams and is aligned to t he strips on the diode. A LED is used 
as the light source and is located on top of the shut ter. Depending on the acceleration, the 
shutter moves laterally and the amount of the light reaching the diode changes. 
The other diode operating under <lark condit ions is used as a reference to compensate for 
the t emperature drift . 

Electron-t unneling accelerometer 

When two conductors are brought into extreme proximity ( ~ 1 nm) with an applied bias 
between t hem, electrons will 'tunnel' across the gap. As the distance between the two con
ductors changes, the amount of tunneling electrons changes, causing a change in potential 
difference. [21] 
A possible configuration for an elect ron-tunneling accelerometer can be seen in figure 2.8. 
Using this acceleromet er the displacement of the proof mass is measured by using a micro
machined silicon tip on the proof mass and a counter-electrode, through which the tunneling 
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occurs. The counter-electrode posit ion or the position of the proof mass is controlled, thus 
ensuring a constant gap. 

Tunneling contacts 

Proof Mass 
deflection electrodes Proof Mass 

Wide-bandwith cantilever 

I 

Cantilever deflection 
electrodes 

Figure 2.8: Schematic drawing of an electron tunneling accelerometer [20] 

The electron tunneling accelerometer was originally developed for use in a Scanning Tun
neling Microscope (STM) for measuring small variations in the tip-surface separation. [23] 

Gas convection accelerometer 

The basic part of this device is a suspended microheater, which can produce local tempera
tures of up to 1000 K on the chip. The thermal difference between t he heated element and 
the surrounding gas generates a buoyant force that causes the convective flow of the gas. 
The convective flow is the proof mass for this accelerometer. T his is shown in figure 2.9 
[27] where arrows indicate convective airflow due to gravity and applied lateral acceleration 
in addition to gravity. 
When acceleration is applied , the change in convective flow (which is now away from the 
resultant acceleration, see figure 2.9b) causes a temperature difference between the sides of 
the heated element. This temperat ure difference is proport ional to the applied acceleration. 
Temperature sensors placed on either side of the heat source measure a differential output 
corresponding to the applied acceleration. 
An advantage of this method is that it can be used in applications where both a high dy
namic range and a high bandwidth are required. The major drawback is the need of a high 
bias voltage of typically 200 - 300 V. 
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Figure 2.9: Convective airflow from a suspended microheater [27] 

2.5 Conclusion 

In this chapter a number of accelerometers are described having different read out principles. 
A lot more have been developed successfully. 
NXP Semiconductors wants to develop two accelerometers which are low cost in material 
and in fabrication, have a displacement based read out principle and have simple signal 
processing. In the remainder of this report the development of these accelerometers will be 
described. 
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Chapter 3 

Elastomer Material 

3.1 Introduction 

To choose a suitable material for the proof mass for the accelerometers it should become 
clear what the requirements for the material should be. First the proof mass of the ac
celerometer is described to find out what the important material properties should be to 
obtain a working accelerometer. Then the material which is chosen based on the require
ments will be described. 
The accelerometers that are described in this report are displacement based. One accelerom
eter makes use of a magnetic read out principle and the second one utilizes an optica! read 
out principle. They are used to measure low accelerations (up to 5 g) at a low frequency 
(about 50 Hz) this can be used in applications such as tilt measurements or motion sensing. 

3.2 Working principle of the accelerometer 

Both accelerometers which are developed in this report consist of two parts, a movable 
structure (behaving as a proof mass) and a sensor substrate. In the sensor substrate, made 
of silicon, the read out sensors are integrated. The movable structure has the same basic 
shape for both accelerometers. It is made of an elastomer material and has a shape which 
looks like a mushroom (see figure 3.1). The movable structure is mounted chemically to the 
sensor substrate. 
For the magnetic accelerometer, apart of the movable structure has to be magnetic. When 
the mushroom shape undergoes an acceleration it will tilt and the direction of the magnetic 
field will change, which can be detected by a sensor that is sensitive to a magnetic field. 
The movable structure of the optica! accelerometer has to be transparent. A light source 
will be placed under the stem of the mushroom shape radiating light in the mushroom. The 
light will be reflected and refracted until it hits the sensor substrate. When the mushroom 
shape tilts the radiation pattern on the sensor substrate will change which can be detected. 
Using the mushroom shape as a movable structure the head of the mushroom acts as the 
mass and the stem acts as a spring. 
The difference with the simple representation in figure 2.1 (in Chapter 2) is that the head 
will deflect due to bending of the stem instead of elongation of the stem. 
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Mushroom shape 

Sensors 

◄ 
Acceleration 

Figure 3.1 : Schematic drawing of the accelerometer 

The deflection of the mushroom head can be calculated through Castigliano's method. [33] 
With this method equations for four load types are given , these are axial, bending, torsion 
and transverse shear loads. For this application only the bending and transverse shear loads 
are applicable. The energy U [J] is calculated and the deflection ( d) [m] of t he shape can 
be calculated through 

(3.1) 

The mushroom shape consists of two parts , the stem and the head. They have different 
dimensions (and in case of the magnetic accelerometer different material properties as well). 
Therefore the energy has to be calculated for both parts individually. 
A force is applied to the center of mass of the mushroom shape equivalent to the acceleration. 
This is because when an acceleration is applied to the whole body, the structure acts in the 
same manner as when a force is applied equivalent to the acceleration at the center of mass. 
The energy equation according to Castigliano's method for the bending load is 

_ IL p 2x2 
U - Jo 2EI dx (3.2) 

where E [N / m2 ] denotes t he Young's modulus and J [m4] represents t he moment of inertia. 
The equation for the transverse shear load is 

IL p 2 
U = Jo 5GAdx (3.3) 

with G [N/ m2] being the shear modulus and A the area [m2] . 

The moment for inertia for a cylindrical shape having a radius r [m] is 

7rr4 
I=-

4 
(3.4) 

Combining equations 2.1 to 2.4 this give an equation for the energy of the mushroom shape 
equation 3.5 with constants t aken as are represented in figure 3.2 . The constants of t he 
stem are denoted having subscript 1 and of the head 2. 

1
x-h1 p2x2 

1

x p 2x2 

1
x- h1 3p2 1 x 3p2 

U = --dx + --dx + --dx + --dx 
o 2E2h x-hi 2E1Ii O 5G2A2 x-hi 5G1A1 
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Figure 3.2: Schematic representation of the mushroom shape with several constants 

F 2 (x - h1)3 F 2[x3 - (x - h1)3] 3F 2 (x - hi) 3F 2h1 
= ---- +------ +---- +--

6E 2h 6E1li 5C 2A2 5C 1A1 
(3.5) 

The deflection ó [m] of the shape can be calculated with 

(3.6) 

Later in the report this method will be compared to simulations and measurements. 
It becomes clear from the equations of the deflection that in order to have a large deflection 
the Young's and shear modulus have to be relatively small . In other words, the material 
should be flexible. Therefore elastomer material is chosen, since t his is a very flexible 
material. 

3.3 Requirements for the elastomer material 

An important feature of the stem of the mushroom shape is that it should be flexible and 
elastic. 
Flexibility is an important property because the stem has to be able to deform due to a 
relatively low force. Elasticity is needed to ensure that when the mushroom stem undergoes 
a deflection it should come back to its original form without being deformed plastically. 
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Therefore rubbers (also called elastomers) are chosen. At ambient temperatures rubbers 
are relatively soft (E '.:::' 3 MPa) and deformable. [25] 
Another requirement for the material is that it should be relatively easy to mount it firm 
on the (Silicon) sensor substrate. Furthermore the material should be relatively inexpensive 
and requires a low-cost production process. 
To have a working magnetic accelerometer the material should be easy to mix with magnetic 
powder. 
For a working optica! accelerometer the material should be sensitive for visible light. 

3.4 Chosen elastomer material 

The material used for both accelerometers is polydimethylsiloxane (PDMS) which is a sili
cone rubber. When considering all rubbers, silicone rubbers appear to be the most flexible 
elastomers. PDMS is a much used material and is easy to fabricate. 
The PDMS used is from the firm Dow Corning, Midland , MI and has the product name 
Sylgard 184. [l] 
In this section the material properties of PDMS are described and compared to the requ ire
ments. 

3.4.1 Low Young's modulus 

The Young's modulus describes the material's response to linear strain (like pulling on the 
ends of a wire). 
The shear modulus is a measure of the deformation of a solid when it experiences a force 
parallel to one of its surfaces while its opposite face experiences an opposing force. 
Young's modulus and shear modulus are related through 

E = 2G(l + v) (3.7) 

with v [-] the Poisson's ratio, for PDMS v = 0.5. [33] 
W hen the mushroom shape deflects both the Young's and the shear modulus have an effect. 
When they are small the deflection due to a force will be relatively big and vice versa. 
Since the Young's and shear modulus of PDMS are relatively small , E = 0.3 to 9 MN m- 2 

and G = 0.1 to 3 MN m- 2 (depending on the curing parameters). While for steel E = 207 
GN m- 2 and G = 80 GN m- 2 . [16] 
Therefore, the conclusion can be drawn that PDMS is a very flexible material. 

3.4.2 Low loss tangent 

The loss tangent is a very important material property which can be calculated with the 
following equation 

E1 
tanó = E 

s 
(3.8) 

where Es [N m- 2] is the elastic part of t he Young modulus (the so-called 'storage modulus') 
and E1 [N m- 2] is a measure of the energy dissipated in heat (the so-called 'loss modu
lus' ). [37] 
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T he loss tangent for PDMS is tan 8 « 0.001 [-] [25]. 
The loss tangent is dependent on the temperature, but for temperatures between -100 and 
+ 100 °C it is close to constant. 

The loss tangent can be used to describe three phenomena: hysteresis, creep and the damp
ing ratio. 

H ysteresis 

T he difference between Es and E1 can be seen when doing a stress-strain test. vVhen the 
loss tangent is small, a lmost no energy is lost . T his means that the relation between t he 
stress and strain is almost the same for applying a load on the material as for removing t he 
load. The difference between applying the load and removing it is called hysteresis. 
When an experiment was executed on PDMS t he low loss tangent is confirmed through the 
small hysteresis (2-3 % of the signal [34]). 
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Figure 3.3: A stress-strain test executed on pure PDMS [33] 

C reep 

If the loss tangent is relatively small, there will be a relat ively small creep effect . 
Creep is the time-dependent relative deformation under a constant force (such as tension, 
shear or compression) . This means that when a PDMS structure is quickly subjected to a 
load , it deforms instantaneously and then, even though the load is kept constant , it continues 
to defor m further slowly with t ime and finally stabilizes at an equilibrium state. Another 
related phenomenon is stress relaxation, in which the stress in the structure relaxes wit h 
t ime even though its st rain is kept unchanged . 
This effect can be seen in figure 3.4 where an elastomer structure is subjected toa mult i-step 
loading, in which increasing stresses l:.0"1 , l:.0"2 , . . . are added at times T 1 , T 2 , . .. respectively. 
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The following expression gives the total strain e [-] at timet. It is the sum of an instantaneous 
term (first term) and a creep term which is time dependent. 

e(t) = Cl(t)J + ecreep(t) (3.9) 

where in the first term Cl (t) [N m- 2] is the stress, which may be varied with time, J [m2 

N- 1] is the instantaneous compliance which is time-independent. The second term ecreep(t) 
[-] is the time-dependent (creep) part of the strain, even when the load is fixed . 
The creep term is a function of the entire past loading history of the specimen. Each loading 
step makes an independent contribution to the final deformation (strain) and the amount 
of creep at each loading step is proportional to the increment to load at that step. 
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Figure 3.4: Schematic creep phenomenon of an elastomer structure [32] 

In figure 3.4 a schematic graph of a creep measurement on an elastomer structure can 
be seen. The upper graph shows the stress profile with time and the lower graph shows 
the corresponding strain of the structure. Creep at any loading step is a superposition of 
individual creep created by all preciously loading steps. [32] 
A correction method can be configured from equation 4.6 to correct the creep phenomena. 
The used correction method will be explained in Chapter 4, paragraph 6. 

Damping ratio 

The loss tangent can be related to damping by the following equation 

A 
tano = -

7r 
with A = ln(~) 

fn+l 
(3.10) 

with A [-] is the logarithmic decrement, which is a measure of the logarithmic relation 
between two successive amplitudes (En and fn+i) of a decaying vibration. A schematic 
representation of equation 3.10 can be seen in figure 3.5. [37] 

Because the loss t angent is small (tano « 0.001) there will be virtually no damping. The 
accelerometer can therefore be represented as a mass-spring system. 
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Figure 3.5: Schematic representation of equation 3.10 [37] 

When the loss t angent is known the damping due to t he material can be calculated through 
equation 3.11 [37] 

(3.11) 

with ç [-] being the damping ratio. 
Now the damping ratio is known the t ransfer function can be calculated, which is the 
mathematica! representation of the relation between the input and the output of a system. 
To get a reliable accelerometer the output signal should follow the input signal. When the 
frequency of t he input signal gets close to the natura! frequency the output signal will no 
Jonger follow the input. The natura! frequency is the frequency where the system comes 
into resonance. At this frequency the output signa! has a greater magnitude than is to be 
expected from t he input signal. When the damping ratio is very small the enlargement of 
the output signa! will only take place close to the natura! frequency. 
Another effect that takes place around the natura! frequency is the phase change. The 
phase change is a measure for how soon the output signal reacts to the input signal. When 
the phase is O degrees the output signa! follows the input signa! immediately and when the 
phase is -180 degrees t he output signa! will be in opposition to the input signal. [17] 
The t ransfer function for a step function (which is the most used input signa! for the 
accelerometer) is given in the following equation 

1 
G( 8 ) = -( s-/ -wn-)~2 _+_2_ç (-s-/ W_n_) _+_l (3.12) 

with s [Hz] being the frequency and Wn [Hz] the natura! frequency. [?] 
With this a graph representing the frequency versus the magnitude and the phase can be 
calculated , this is called a Bode-plot. 
From equation 3.10 and 3.11 the damping ratio can be calculated (ç = 5 x 10-4 ) . The 
natura! frequency is set to one so the relative frequency, the frequency divided by the 
natura! frequency, is given instead of the absolute frequency. 
The Bode diagram for a structure constructed of PDMS can be seen in figure 3.6 and is 
calculated using Matlab. 
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Bode Diagram 
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Figure 3.6: A Bode diagram of a structure constructed of PDMS 

The x-axis (representing the relative frequency) has a logarithmic scale. It can be seen that 
for a system with very little damping the change in phase around the natura) frequency is 
very sharp. This means that there will be virtually no change in phase at frequencies below 
the natura! frequency. 
An additional demand has been set on the magnitude of the output signal. The output 
signa) can have a difference with respect to the input signa! of 10 %. The magnitude in 
decibel can be calculated through 

Magnitude (dB)= 20 x log10 (1.l) (3.13) 

This gives a magnitude of 0.8 dB, which is reached at a frequency 30 % of the natura) 
frequency. Therefore the accelerometer can be used up to 30 % of the natura! frequency. 

In this section the loss tangent is assumed to be constant , but it also depends on the 
frequency. At high frequencies (near the natura! frequency) the elongation of the material 
will be small and therefore the loss modulus E1) will be very small. The loss tangent will be 
smaller and there will be virtually no damping. At a low frequency the loss t angent is very 
small as well. The energy dissipation will be very low due to the small rate of deformation. 
In between the loss t angent will have a maximum [37] . 
This will have an effect on the damping ratio and the creep effect and thus on the response 
of the accelerometer. 
It should be noted that for the damping only the material is taken into account, but the 
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connection between the movable structure and the sensor substrate can have an effect on 
the damping. Also the air surrounding the mushroom can have a damping effect. 

3.4.3 Chemica! stability 

The material parameters of PDMS do not strongly depend on time and temperature. For 
example, the shear modulus changes only with 1.1 kPa 0 c- 1 between -100 to +100°C. [26] 
The only property that changes much with temperature is the coefficient of thermal expan
sion (a: ~ 20 x 10-5 K- 1 [24]) . This means that with a temperature difference of 20°C the 
dimensions of the accelerometer change with 1 %. This is quite a large change in dimensions 
which can produce a change in signal and can give an error in the interpretation of the 
measured signa!. 
So the change in dimensions due to thermal variations can produce an inaccurate signa!. 

3.4.4 Good adhesion to silicon 

PDMS can forma chemica! bond to silicon when both materials are subjected to an oxygen 
plasma and are placed in contact within two minutes. 
Oxygen is subjected to a very strong electric field . When the electric field becomes very 
strong (on the order of tens of thousands of volts per cm), conditions are ripe for the air 
to begin breaking down. The electric field causes the surrounding air to become separated 
into positive ions and electrons, now there exists a plasma. The oxygen ions and electrons 
hit the surfaces with a large velocity. Through this atoms that are in the substrate can be 
knocked out of the surface and their place can be taken by the oxygen ions. 
The chemica! formula of PDMS is (CH3)3SiO[SiO(CH3)2]nSiO(CH3)3. When PDMS is 
oxidized in a plasma discharge barrel -OSi(CH3)2O- groups at the surface are converted 
to -OnSi(OH)4 -n -. The silicon converts to Si-OH (silonal) groups when subjected to 
an oxygen plasma. The formation of the bond by silanol groups between the PDMS and 
the silicon wafer surface occurs by a condensation reaction at room temperature or slightly 
above. The result is a covalent siloxane bond of Si-O-Si. 
A schematical overview of the chemica! process of bonding PDMS and silicon can be seen 
in figure 3. 7. The chemica! structures of silicon and PDMS are given on the left side of the 
figure. At step one an oxygen plasma is applied resulting in silanol groups at the surfaces 
of both PDMS and silicon wafer. At step two the silicon wafer and the PDMS are placed 
in contact, resulting in a chemica! bond of Si-O-Si. 
To produce a firm chemica! connection between silicon and PDMS the silicon is placed in 
the plasma discharge barrel for five minutes at 300 Watt. Then silicon and PDMS are 
placed together in the plasma discharge barrel for six seconds at 300 Watt. The silicon 
is placed in the oxygen plasma relatively long in comparison to PDMS. The connection 
between the silicon atoms is quite strong and therefore it will take relatively long for silicon 
to be oxidized . When an oxidized surface is exposed to air the surface will recover to the 
original state. Therefore the silicon substrate and PDMS are put in the discharge barrel 
together. PDMS is much more sensitive to an oxygen plasma and therefore it should not stay 
in the plasma barrel longer than six seconds. Tests were carried out on PDMS subjecting 
it to the oxygen plasma between twelve to ninety seconds. The longer PDMS stayed in the 
oxygen plasma the weaker the bond became between silicon and PDMS. Six seconds was 
the shortest time that could be set for this barrel and it resulted in a strong bond. 
When PDMS is subjected to an oxygen plasma for a couple of minutes the surface will 
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Figure 3. 7: The chemica) reaction of PDMS and silicon 

deteriorate visibly. There will be cracks at the surface, the material feels softer (like jelly) 
and PDMS will not stick to the wafer. Why these cracks appear in the surfaces is not 
exactly known yet. lt bas been speculated that the cracks come as a result of the difference 
in elasticity between the oxidized layer and t he bulk phase. These cracks are thought to 
begin during the plasma treatment process, when enough time bas elapsed for sufficient 
modulus difference to occur. [18] 
A picture of the damaged PDMS due to a oxygen plasma of twenty minutes at 300 W can 
be seen on the right in figure 3.8b. In figure 3.8 on the left there is a picture of untreated 
PDMS. 

Figure 3.8: Untreated PDMS (left) and PDMS when exposed to an oxygen plasma for 20 minutes 
(right) 

When the silicon wafer and PDMS are taken out from the oxygen plasma barrel they will 
be placed in contact with a small pressing force. The bonding reaction should take place 
immediately and therefore the mushroom shape bas to be placed correct immediately, once 
it has come into contact the two surfaces will bond. If the mushroom shape is removed 
some PDMS will stay on the silicon, this will pollute the silicon substrate and the surface 
of the mushroom shape will be damaged. To make sure the bonding reaction is complete 
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the silicon substrate and the mushroom shape are left for two hours. 
The silicon wafer and PDMS have to be placed in contact within two minutes after the 
oxygen plasma treatment to prevent hydrophobic recovery of the surface. 
This process results in a strong chemica! bond where the two materials cannot be separated 
wit hout destroying the bulk PDMS. [39] [15] A picture of PDMS connected t o silicon can 
be seen in figure 3.9 

Figure 3.9: A picture of PDMS connected to silicon 

In Appendix 8 it is described how PDMS can be removed from the sensor substrate using 
an oxygen plasma. 

3.4.5 Ability to mix with Sr /Ba ferrite powder to form an elastic 
magnet 

Sr / Ba (St ront ium Barium) ferrite is a material which has good magnetic properties. lt can 
be bought in a powder form . The powder can be mixed quite easily with PDMS while 
PDMS is still in the liquid phase. After curing under pressure the magnetic particles will 
be embedded evenly throughout t he mat erial and mechanically aligned . 
The particles have a shape resembling a disc. When the material is cured under pressure 
the particles will align as shown in figure 3.10. 

non-compressed compressed • r f 

. H . H 
Figure 3.10: Alignment of the Sr/Ba particles due to compression 

The alignment of t he material is important to ensure that when t he material will be mag
netized t he direction of t he magnetic field will be the same for all the part icles. This is to 
ensure that when the mushroom head will deflect the change in magnetic field will be as 
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large as possible. 
Only the mushroom head is mixed with Sr/Ba ferrite powder, because the mixed PDMS 
has a higher Young's modulus and is therefore less flexible. Since the stem should be very 
flexible to ensure deflection due to acceleration, the stem is made of pure PDMS. 
Mixed PDMS will consist of 50 wt% Sr / Ba. For at higher percentages the powder will not 
mix smoothly with PDMS anymore and cloths of powder will remain in the PDMS. If the 
percentage is chosen lower the magnetic field produced by the mushroom will become less. 

3.4.6 Good transmittance of visible light 

PDMS has a high transmittance for visible light. For a wavelength between 400 and 800 
nm the transmittance is about 92%. 
A graph of the transmittance versus the wavelength can be seen in figure 3.11. 
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Figure 3.11: T'ransmittance of PDMS related to the wavelength [nm] [Ij 

The transmittance T [-] is defined as 

1 
T = 

10 
x 100% (3.14) 

with J [W sr- 1] being the transmitted intensity and 10 [W sr- 1] being the incident intensity. 

3.4. 7 Low cost material and ease of fabrication 

PDMS is a relatively low cost material and the mushroom shape can be constructed by 
moulding. This is a relatively inexpensive way of fabrication. And further, to attach PDMS 
to the silicon no additional material is necessary. 
Further fabrication details will be discussed in Chapter 4.4 and Appendix A. 
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3.5 Conclusions 

From this chapter the conclusion has been drawn that PDMS is a material that is well suited 
for the production of the accelerometers. 
It is flexible, has a very low loss tangent, small temperature and time variations of the 
physical constants (except for the thermal expansivity), is relatively inexpensive, can be 
mixed with magnetic powder and is optica! transparent. 
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Chapter 4 

Magnetic Accelerometer 

4.1 Introduction 

The magnetic accelerometer described in this chapter consists of two parts, a proof mass 
(having a flexible stem and a magnetic head, resembling a mushroom) and a sensor sub
strate. Magnetoresistors are imbedded in the sensor substrate and the mushroom shape is 
mounted on the sensor substrate by using oxygen plasma. 
The working principle of the magnetic accelerometer is based on the fact that when the head 
of the mushroom shape deflects the direction of the magnetic field changes which causes a 
change in resistance in the magnetoresistors. 
A schematic drawing of the accelerometer in rest and when an acceleration is applied can 
be seen in figure 4.1 and in figure 4.2. 
To understand how the accelerometer works the working principle of the magnetoresistive 
sensors should be understood first. This is described in the next paragraph, subsequently 
the design of the mushroom shape is specified, based on work already conducted [33]. With 
this information simulations are conducted concerning the natural frequency and the rota
tion of the shape due to an acceleration. Finally measurements on a fabricated magnetic 
accelerometer are executed and compared to the simulations. 

Elastic magnet 

No acceleration 

Figure 4.1: Schematic drawing of the sensor arrangement in rest 
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Elastic magnet 

Substrate Sensors 

Acceleration 

Figure 4.2: Schematic drawing of the sensor arrangement when subjected to an acceleration 

4.2 Magnetoresistive sensors 

Magnetoresistive (MR) sensors make use of the magnetoresistive effect, the property of a 
current-carrying magnetic material to change its resistivity in the presence of an external 
magnetic field. 
Figure 4.3 shows a thin film strip of ferromagnetic material, called permalloy. Assume that, 
when no external magnetic field is present , the permalloy has an internal magnetization 
vector parallel to the current flow ( shown through the permalloy from left to right). If an 
external magnetic field H is applied, parallel to the plane of the permalloy but perpendicular 
to the current flow, the internal magnetization vector of the permalloy will rotate around 
an angle a. 
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Figure 4.3: The magnetization effect in permalloy [5] 

As a result, the resistance of R [H- 1]] of the permalloy will change as a function of the 
rotation angle a, as given by 

R = Ro + !).Ro x cos2a ( 4.1) 

R0 and !).R0 are material parameters, where Ro is the resistance of the magnetoresistor 
when no external field is applied and !).R0 describes the strength of the magnetoresistive 
effect. To achieve optimum sensor characteristics Ni19Fe81 is used, which has a high !).Ro 
value and low magnetostriction (which is a property of ferromagnetic materials that causes 
them to change their shape when subjected to a magnetic field) [9]. Using this material 
!).Ro has a maximum in the order of 3% with respect to Ro. [5] 
The relationship between an external magnetic field Hy and angle a is determined by the 
dimensions of the strip and the magnetic anisotropy of the permalloy. This is taken into 
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account by introducing a field Ho which can be regarded as a material constant representing 
the demagnetizing and anisotropic field. These fields are internal fields in the magnetore
sistor and depend on the material and processes used (anisotropic field) or on the geometry 
( demagnetizing field). 

From equation 4.1 it can be derived that the maxima! resistivity is reached when o: = 
0 or 180 degrees and the minimal resistivity is reached when a = 90 degrees. Also the 
resistance / magnetic field characteristic is non-linear and in addition, R is not a single
each value of R is not necessarily associated with a unique value of H. 
In figure 4.4 a graphical representation of the relation between R and Hy/ Ho is shown. 
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Figure 4.4: Relation between R [H- 1
] and H y/Ho [-] [6] 

To measure a relatively small magnetic field a linear characteristic of the magnetoresistive 
sensor is required . The linear behavior of the magnetoresistive sensor is achieved by using 
a so-called Barber pole geometry. This geometry is shown in figure 4.5. 
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Figure 4.5: Linearization of the magnetoresist ive effect with Barber poles [6] 

The permalloy strip is covered with aluminium strips having an angle of 45 degrees to the 
strip axis. As aluminium has a much higher conductivity than permalloy, the effect of the 
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Barber poles is to rotate the current direction through 45 degrees, assuming a 'saw-tooth' 
shape, effectively changing the rotation angle of the magnetization relative to the current 
from o: to o: ± 45 degrees. It should be taken into account that Barber poles do not effect 
the direction of magnetization [ 6]. 
The relationship between resistance and magnetic field is now as follows 

R = Ro + 6.Ro ± 6.Ro 
2 

( 4.2) 

A linear characteristic of the sensor is given around o: = 0. The characteristic of a sensor 
with ( continuous line) and without ( dotted line) the Barber poles is presented in figure 4.6. 
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F igure 4.6: Relation between R and Hy/ Ho fora sensor with (continuous line) and without (dotted 
line) Barber poles [6] 

In the sensor substrate used eight sensors are placed in a sensor arrangement, having an 
angle of 45 degrees with respect to each other. In figure 4. 7 a schematic drawing of the 
sensor arrangement can be seen. Four sensors are used for the x-direction and four sensors 
are used for the y-direction. 
The four sensors for the x- or y-direction are placed in a Wheatstone configuration. In the 
figure 4.8 on the left the numbers corresponding with the resistors are given and on the 
right the place of the resistances in the Wheatstone configurations is shown. 
Signal 1 and 2 are measured and subtracted resulting in voltage Vm [V] which depends on 
the resist ances through 

(4.3) 

with V8 [V] being t he input voltage. 
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Figure 4. 7: Schematic drawing of the magnetoresistor (33] 
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Figure 4.8: Numbering of the magnetoresistors and the Wheatstone configuration 
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When the mushroom shape tilts the center of the radial field moves to a direction, conse
quently the resist ance in the magnetoresistors 1 and 4 increases and in 2 and 34 decreases. 
The denominators approximately stay the same as when there is no tilt . The result ing 
bridge imbalance is now a linear function of the amplit ude of the external magnetic field 
[6]. 
An advantage of the Wheatstone bridge configuration is that if the temperature changes 
the resist ance can change. When all the resistors are ident ical they will all change t he same 
with temperature and will t herefore have no temperature drift. [5] 

4.3 Design of the mushroom shape 

Calculations on the dimensions of t he mushroom shape have been carried out [33]. 
The head of the mushroom shape should be relatively large with respect to the stem to 
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make sure that the rnushroorn shape will tilt enough to provide a signa!. The maximum 
diameter of the rnushroorn is set at 1.5 mm and the height at 1 mm, this is a limit set to 
ensure that the accelerorneter does not get too large in size. 
The desired tilt angle is between 0.5 and 1 degree. The minimum limit is set to ensure 
that the rnushroorn shape has enough tilt to produce a signal large enough to detect. The 
maximum limit is set to make sure that the accelerorneter can be subjected to several g's 
without tilting too rnuch and colliding with the sensor substrate. 
With these dirnensions and lirnits set calculations were carried out using the Castigliano's 
rnethod. The tilt angle was calculated with the rnushroorn shape subjected to 1 g, to find 
the optirnal stern radius and height. 
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Figure 4.9: Tilt angle of the mushroom calculated using the Cast igliano's method [35] 

In figure 4.9 the tilt angle is presented versus the stern radius and stern height , this is calcu
lated using the Castigliano's rnethod described in Chapter 2.1. The tilt angle is calculated 
for the center of rnass. 
When the tilt angle is calculated for different stern radii the stern height is set at 100 µm 
and when the tilt angle is calculated for the stern height the stern radius is set at 100 µm. 
During experirnents with different stern rad ii it was concluded that a stern radius of 100 µm 
is the minimum radius. When the radius is smaller the connection will be relatively weak, 
since the small bond surface is too weak to hold the rnushroorn to the substrate. 
It is therefore decided to use a stern radius of 100 µm. In figure 4.9 it can be seen that a 
stern having a radius of 100 µm and a height of 200 µm the tilt angle will be about 1 degree 
for an acceleration of 1 g. Therefore during the experirnents the stern has a radius of 100 
µm and a height of 200 µm. 
Later it was decided to make the height of the rnushroorn head 1 mm instead of 0.8 mm. 
The height of the rnushroorn shape is now 1.2 mm, which is still an acceptable dirnension. 
The height of the head of the rnushroorn shape is enlarged because rnoulding plates are 
available having a thickness of 1 mm at the workshop where the rnoulding plates are fabri-
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cated. Whereas plates of 0.8 mm have to be produced. 
A schematic drawing of the final design of the mushroom shape can be seen in figure 4.10. 
In this figure a coordinate system is shown. In t he rest of this chapter the axes are denot ed 
as they are shown here. 
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Figure 4.10: The final design of the mushroom shape (dimensions in µm) 

4.4 Moulding the mushroom shape 

There are two moulding plates used to produce t he mushroom shape, one for the stem and 
one for the head. Because t he stem and t he head have different dimensions and are con
struct ed from different composition of material this is an easier and cheaper method . In 
figure 4.11 a moulding plate can be seen. The plate is made of brass because PDMS does 
not bond to brass and it is relatively easy to fabricate. Drawings of t he mushroom shapes 
can be found in Appendix 8. 
In t he middle of t he plate 64 holes are fabricated for moulding t he mushroom stem or head . 
On the edge of the plate a round and a cylindrical hole are located . They are used for 
alignment of the two moulding plates. The other four holes are used to fix the plat es to a 
steel block. 
In figure 4.12 a drawing can be seen of the entire setup, which consist s of two brass mould
ing plates and two steel blocks. On the left an exploded view is shown, wit h the blocks on 
the outside and the moulding plates in the middle. On the right the setup can be seen in 
compression. 
To fabricate the mushroom shapes PDMS has to be mixed as will be described in Appendix 
8. The moulding plate for the stem is fixed to a steel block and PDMS is poured onto t he 
plate. Another steel block is placed on top and t he setup is placed in a pressure bench for 
two hours. The pressure bench has a temperature of 90 °C and an applied force of 20 kN. 
In the mean time the remaining PDMS is mixed with the magnetic powder and after two 
hours the setup is t aken out of the pressure bench. The moulding plate for the mushroom 
head is fixed on t op of the moulding plat e for the stem. Mixed PDMS is poured into the 
holes and the setup is placed in the compression machine again for 16 hours under the same 
conditions. After 16 hours PDMS is completely cured. 
The stem is part ly cured first to make sure that the mixed PDMS will not blend with pure 
PDMS. The curing time of the st em should not be Jonger than two hours since PDMS should 
still be somewhat liquid to ensure a firm connection between the stem and the head . 
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Figure 4.11: Moulding plate 

Figure 4.12: Moulding plates in exploded view (left) and in compression (right) 

The mushroom head consists of magnetic material, but the material can only produce a 
magnetic field when it has been magnetized. This is carried out on a magnetizer machine, 
with a magnetic field of 2 Tesla. The mushroom is placed between the coils with the bot
tom of the mushroom shape pointing to one coil and the top to the other coil. The created 
magnetic field of the mushroom shape is now in the z-direction of the mushroom. 

To align the two moulding plates the bottom steel block (see figure 4.12 on the left) has two 
pins. It is important that the stem and head are aligned. If this would not be the case the 
deflection of the mushroom shape would differ for an acceleration in different directions in 
the x-y plane. Using the pins the plates can be aligned with an accuracy in the order of 10 
µm. 
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In the moulding plat es, one hole for t he alignment is round and the other one has an el
liptical shape, this is to avoid internal stresses and buckling. If the plate would get larger, 
due to for instance temperature differences, t he plate has room now to elongate without 
deforming. If this would not be the case the plat e will bend and a gap will exist between 
the moulding plate where PDMS could flow into. This would result in a sit uation where 
t he mushrooms are connected and can not be used anymore. 
Both moulding plates are made of the same material and will therefore expand the same, 
thus t he plates remain mut ually aligned . 
In Appendix 8 more information can be found on mixing t he PDMS, moulding the mush
room shapes and the design of the moulding plates. 
Two pictures of the mushroom shape mounted on a chip can be seen in figure 4.13. 

Figure 4. 13: The mushroom shape mounted on the chip 

4.5 Simulations 

The natural frequencies and t he deflection of the mushroom shape are calculated using the 
finite element method (executed by t he software package Ansys). Finite element analysis is 
a numerical method. It carries out equations t hat are valid for t he behavior of the elements 
and solves them all , creating a explanation of how t he system acts as a whole. 
The element type chosen is solid95. This element consist of 20 nodes, t hree degrees of free
dom per node (translations in x , y and z) and can undergo large deflections and strain. This 
means that t he element can tolerate irregular shape without much loss of accuracy and it 
is well suited to model curved boundaries [13]. 
The material paramet ers used are [33]: 

Pure PDMS 
- Young's modulus (E) = 1.90 x 106 N m- 2 

- Density (p) = 1.05 x 103 kg m- 3 

- Poisson's ratio (v) = 0.495 
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Mixed PDMS 
- Young's modulus (E) = 4.1 x 106 N m- 2 

- Density (p) = 2.10 x 103 kg m-3 

- Poisson's ratio (11) = 0.495 

In table 5.3 the first four natura! frequencies of the mushroom shape are shown. The 
response of the structure is different at each of the different natura! frequencies. These 
deformation patterns are called mode shapes. 

Table 4.1: Natura! frequencies 

Natura! frequency Mode shapes 

104 Hz 

107 Hz 

1189 Hz 

1475 Hz 
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The first mode shape is the bending of the stem, the second mode shape is a rotation around 
the z-direction, the third mode shape is a bending of the stem in two different parts and 
the fourth mode shape is an elongation in the z-direction. 
The first natura! frequency is at 104 Hz. In Chapter 3.4.2, figure 3.6 it was concluded from 
the Bode plot that the accelerometer could be used up to 30% of the natura! frequency. 
This means that the accelerometer can be used having a maximum frequency of 31 Hz. It 
was demanded that the accelerometer could be used up to 50 Hz, thus this demand has not 
been satisfied. 

A second st atie simulation to calculate the tilt angle shows that with an acceleration of 
10 m s-2 the tilt angle is 1.28 degrees. The tilt angle is calculated by finding the translation 
in the x- and z-direction for the point on the top of the mushroom shape exactly in the 
middle (in Cart hesian coordinates in mm (0,0,1.2)). 
What could also be concluded from the simulations is that t he relation between the accel
eration and the rotation is linear up to at least an acceleration of 10 g. The goal for the 
accelerometer is to be used up to an accelerat ion of 5 g and based on the simulations it is 
expected that the acceleration will have a linear relation with the tilt angle. 

This sensor only measures accelerations in the x-y plane, it is interesting to know what 
will happen when a large acceleration is applied in the negative z-direction. 
To investigate this two simulations are carried out. With t he first simulation the mushroom 
shape is only subjected to an acceleration in the x-y plane, result ing in a t ilt angle of 1.276 
degrees. With a second simulation an acceleration of 10 m s- 2 is applied to t he mushroom 
shape in the x-y plane and simultaneously an acceleration in the negative z-direction of 100 
m s-2 is applied. This results in a t ilt angle of 1.274 degrees. 
The conclusion can be drawn that an acceleration in the z-direction will have a negligible 
influence on the tilt angle, and hence t he measured signa!. 
Thus the magnetic accelerometer will only work for accelerations in the x-y plane and will 
not be disturbed by accelerations in t he z-direction. 

4.6 Measurements 

All measurements are executed with t he same setup, which can be seen in figure 4.14. The 
accelerometer is placed on a plane t hat can tilt 360 degrees. Two reference magnetoresistors 
are placed on the setup, t heir function will be explained lat er in this section. 
The goal of t he measurements is to determine the sensitivity of t he accelerometer (in signa! 
per volt input signa! per g). 
To determine the sensitivity the following two phenomena have to be compensat ed for. The 
first phenomenon is the earth magnetic field and the second is the creep. 

4.6.1 Earth magnetic field correction 

The earth magnetic field is present on the entire eart h. In principle, when the magnetore
sistive sensors are working in t he saturation regime the influence of a small earth magnetic 
field can be ignored. However t he magnetic field of the mixed PDMS is not strong enough 
to fully saturate the sensors, some influence of the eart h magnetic field can be present. 
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Figure 4.14: Measurement setup 

To cancel out the error due to the earth magnetic field a correction is made. The error 
includes an off-set and an angle dependent fluctuation. 
To calculate the correction factors two external magnetoresistive sensors are placed outside 
the direct influence of the mushroom shape. They are positioned in the x- and y-directions 
and are used as the reference sensors. 
The x-bridge of the magnetoresistor in t he sensor substrate measures two types of signa!, a 
component of the acceleration and a component of the earth magnetic field in that direc
tion. Reference sensor x only measures the component of the earth magnetic field. When 
the signa! from the reference sensor is subtracted from the sensor in the x-direction of the 
Wheatstone bridge only the signa! from the tilt of the mushroom shape remains. This is 
the same for the y-direction. 
Generally, due to a small misalignment between the sensors, there is a small contribution 
of the reference sensor y to the corrected signa! for the x-direction and vice versa. 
The following calculations are used to find the corrected signals (Corrected Vx [V] and Vy 
[V]) by knowing the correction factors ( l x, "-x, Offset Vx, ly, "-y and Offset Vy). 

Corrected Vx 

Corrected Vy 

Vx - ( l x Ref Vx + "-x Ref Vy + Offset Vx ) 

Vy - ( iy Ref Vx + "-y Ref Vy + Offset Vy) 

( 4.4) 

( 4.5) 

with Vx and Vy the measured signals [V] and Ref Vx and Ref Vy the signa! [V] from the 
two reference magnetoresistors placed in the setup (see figure 4.14). 
The best way to extract the correction factors is to perform a calibration measurement in 
which the sensor is rotated 360 degrees in the x-y plane. In this measurement the influence of 
acceleration is canceled out, since the mushroom is in a horizontal position. At every angle 
equations 4.4 and 4.5 must be satisfied. The correction factors are obtained by averaging 
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over all angles. The extraction of the averaged correction factors can be carried out by fitting 
the measured curves to a sine function. This fitting is performed by a Fourier analysis [33]. 
A graph showing the measurement of a sensor in the x-direction when rotated over 360 
degrees can be seen in figure 4.15 
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Figure 4.15: Measurement of earth magnetic field over an angle of 360 degrees using a sensor in 
the x-direction 

The correction factors depend on influences of the surroundings and the placement of the 
mushroom shape on the sensor substrate. If there is an appliance creating an external 
magnetic field in the neighborhood this will effect the correction factors. Also, when the 
mushroom shape is placed out of the middle there is a bridge impedance and thus the offset 
will be different than when the mushroom shape is placed exactly at the middle. Therefore, 
when measurements are executed at a different location and with different sensors to get the 
right correction factors for the earth magnetic field a new calibration measurement should 
be carried out. 

4.6.2 Creep correction 

For the creep correction the Voigt model is used. The model uses the following equation for 
the strain e [-] [32] 

(4.6) 

where O" [N m-2] is the loading stress and J [m2 N- 1] the instantaneous compliance. To
gether this forms the instantaneous strain. The other part is the time dependent strain, 
where /3 [-] is a proportional factor (depending on the sensor) and T [s] is the retardation 
time. 
Two different correction methods can be used, a substraction method and an addition 
method. Using the substraction method the time dependent strain is subtracted from the 
signal (see figure 4.16). When the addition method is used the complementary part of the 
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creep is added to the raw signal in order to reach the equilibrium state of the creep signal 
(see figure 4.17). On both axes for the unit a. u. is used , which means arbitrary unit. 
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Figure 4.16: Schematic representation of the substraction method [32] 
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Figure 4.17: Schematic representation of the addition method [32] 
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• Substraction method 
Creep behavior depends on the loading history, therefore the measurement has to start 
from a known state. The best known state for this method is the zero-acceleration 
state, when t he accelerometer is in the horizontal position. 
Based on the Voigt model a correction method is proposed using interactive loops with 
the creep compliance described as a superposition of many exponential functions. The 
equation for the substraction method is [32] 

Vraw(ti) - /3' L Ck [ Vcor(ti-1) - exp (-ti- i/Tk) X 

k 

X t ( Vcor(tj _i) - Vc0 r(tj-2))exp (tj-i/Tk)] (4.7) 

where c [-] is a constant and /3'= a./3/J [N m- 2] is a correction factor, with Î [-] a 
calibration factor between the signa! V(t) [V] and the strain e(t) [-]. 
The superposition of exponential functions to best describe the creep compliance is 
achieved by taking k=3. k can be taken higher , but 3 is sufficient to achieve an 
acceptable creep correction. 
As can be seen in equation 4.7 the correction term (second term) lags one step behind 
the real signa!. This will give no significant error when the sampling frequency is 
notably larger that t he frequency range of the measurement. 
A measurement (figure 4.18) is carried out using the substraction method and with 
the earth magnetic field correction applied. The accelerometer at zero seconds is in 
t he horizontal plane (0 g) and is quickly rotated to 90 degrees (1 g). After about 
260 seconds the accelerometer is quickly rotated back to the 0 g position. The raw 
signa! is continuously creeping after changing load, while the corrected signa! has been 
stabilized immediately. 
The correction factors are material dependent and are equivalent for sensors made of 
the same material and with the same dimensions. The correction factors used for the 
su bstraction method are: 

- /3' = 0.097 

- 71 = 85.445 

- 72 = 25.1 

- T3 = 3.2472 

- cl= 0.2765 

- c2 = 0.1764 

- c3 = 0.5471 

Since the factors have a mutual influence no clear impact of the creep correction can 
be attributed to one of the factors. But there are some remarks that can be made 
concerning the correction factors. 
The factors with the lowest subscripts have the largest influence. lt is therefore wise 
to first adjust the factors with subscript 1 to reach a good fit and subsequently fine 
tune the other factors. Also /3' does not need much fine tuning, it has an influence, 
but it can be corrected with the other factors chosen wisely. And finally it should be 
noted that the terms c1, c2 and c3 should add up to one. 



40 Magnetic Accelerometer 

.;; 
C 

r7, 

r 

0 
' 1(lJ 200 

"-

Il] 

1m (s) 

1- S1 nal 1aw 1 
- S1gnal coriected 

400 500 600 

Figure 4.18: A creep measurement using the substraction method 

• Addition method 
The formula for the addition method is [32] 

Vraw(ti) + /3' L Ck [ Vcor(ti-I) - exp (-ti- 1 / Tk) X 
k 

X t ( Vcor(tj-I) - Vcor(tj-2))exp (tj - i/Tk)] 
J=Ü 

( 4.8) 

In genera! the difference between Vcor and Vraw is smaller than the substraction 
method which results in a minimal error . Another advantage is that the measurement 
does not have to start at a known position, since at equilibrium Vcor(t) = Vraw(t ). [32] 
In figure 4.19 a measurement has been conducted using the addition method with the 
earth magnetic field correction applied. This measurement was conducted in the same 
manner as was the measurement for the substraction method. The accelerometer at 0 
seconds is in the horizontal plane (0 g) and is quickly rotated 90 degrees (1 g). After 
about 260 seconds the accelerometer is quickly rotated back to the 0 g position. 
The correction factors used for the addition method are 

- /3' = 0.097 

- T1 = 95.235 

- T2 = 24.686 

- T3 = 2.568 

- cl = 0.302 

- c2 = 0.169 

- c3 = 0.529 
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Figure 4.19: A creep measurement using the addition method 

4.6.3 Characterizing magnetic accelerometer 

41 

With the correction factors for t he creep and t he earth magnetic field known a measurement 
is conducted in which t he accelerometer is rotat ed . A graph showing the measurement can 
be seen in 4.20. 
The accelerometer is rotat ed t o -90 degrees and is slowly rotat ed with even time spans of 
+ 10 degrees, this is continued up to + 90 degrees and t hen back again to -90 degrees. 
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Figure 4.20: Accelerometer is rotated from -90 to +90 degrees and the signa! is recorded 
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Due to the creep correction and the earth magnetic field correction there is virtually no 
hysteresis and at a rotation of O degrees the signal is almost zero. 

The tilt angle (in degrees) of the accelerometer can be converted to acceleration through a 
sine function ( acceleration = sin( angle)). 
In figure 4.21 the signal versus acceleration for a measurement can be seen. In the figure a 
linear fit is plotted as well. 
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Figure 4.21: Signa) versus acceleration for a measurement and a linear fit 

To draw a conclusion on the linearity of the measured data an error analysis has been con
ducted on the measured signal and the linear fitted data. For this the standard deviation 
is used. The equation for the standard deviation is the following [28] 

s= 
I::~= 1 (xi - x)2 

n-1 
(4.9) 

where x is the measured value and x is the value from the fitted dat a. If s is smaller than 
0.1 there is relatively little difference in the measured values and the fitted data. 
The standard deviation between the linear fitted dat a and the measured data [V] is 7 x 10-5 . 

From this the conclusion can be drawn that the magnetic accelerometer has a good linear 
relation between the acceleration and the signal for an acceleration up to 1 g. 
From this the conclusion can be drawn that the characteristic of the accelerometer is linear 
for accelerations up to 1 g. 
Also, different measurements on the same accelerometer are compared and the st andard 
deviation for the different measurements is 7x 10- 5 as well. This means that the measure
ments are in good agreement with each other. 
From the dat a presented in figure 4.21 the sensitivity can be calculat ed. The sensitivity is 
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calculated using 

Sensitivity = Signa! (V) / Input Signa! (V) / Acceleration (g) 

The input signa! is 2.5 V, combined with the data from figure 4.21 , that at an acceleration 
of 3.9 g the signa! is 0.845 mV, the sensitivity can be calculated to be 

Sensitivity = 8.7 x 10- 5 V / V /g 

Looking at the creep measurements differences in signa! can be found of 5 x 10- 11 V with 
an input voltage of 2.5 V. This means that an acceleration of 0.5 µg can be measured. 
A final measurement is executed in which the mushroom shape is forced to deflect by a 
needle while the signa! is measured. Through this measurement a relation can be found on 
how much the mushroom shape will tilt when subjected t o an acceleration. This can then 
be compared to the simulation with the finite element method and the analytica! method. 
In figure 4.22 a picture of the needle against the mushroom head can be seen. The picture 
is t aken through a microscope. 

Figure 4.22: Needle against mushroom head 

The needle was soldered on a copper rod (since copper is not magnetic) and mounted on a 
x-y-z manipulator. The needle was placed against t he t op of the mushroom head and t he 
manipulator was aligned with t he mushroom. The manipulator has a minimal translation of 
10 µm. The needle is placed against the mushroom head and t ranslat ed over 100 µm wit h 
steps of 10 µm and immediately after that unloaded again with t he same step size. During 
this measurement a correction for t he earth magnetic field and creep was applied. With 
the dat a from the analytica! method (the tilt angle compared to the applied acceleration) 
a relation can be found between the acceleration angle and the acceleration. 
From figure 4.23 the conclusion can be drawn that t he relation between acceleration and 
signa! is linear up to at least 3.9 g. 

The dat a from the measurement in figure 4.23 can now be converted to tilt angle ver
sus acceleration. This is compared to the tilt angle due to acceleration obtained from t he 
simulations wit h the finite element method. 
In the figure it can be seen that the dat a from the simulations with the finite element method 
are in good agreement with the measured dat a. 
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Figure 4.23: Acceleration versus signa! 

The analytica! model calculates the tilt angle for the center of mass. When the tilt angle of 
the center of mass of the mushroom shape is calculated using a finite element method there 
is a difference of 20 %. The tilt angle of the mushroom shape subjected to an acceleration 
of 10 m ç 2 calculated using the analytica! model is 1.5 degrees, the tilt angle calculated 
using the finite element method is 1.2 degrees. Right now there is no explanation for the 
difference. 
This means that only the finite element method can be used to predict the the tilt angle 
when the accelerometer is subjected to an acceleration. This can be useful when the dimen
sions of the mushroom shape are changed , for instance when the mushroom shape is scaled 
down. 

4. 7 Conclusion 

In this chapter a magnetic accelerometer has been introduced. The dimensions for the 
mushroom shape are determined based on calculations using Castigliano's method. The 
mushroom head has a height of 1000 µm and a radius of 750 µm, the mushroom stem has 
a height of 200 µm and a radius of 100 µm. 
Through simulations using a finite element method it has been determined that the ac
celeromet er can be used for a frequency up to 31 Hz, when 50 Hz was required. 
The characterization of the magnetic accelerometer is obtained through experiments . When 
the measurements are compared to the dat a from the simulations it could be concluded that 
they are in agreement with each other. The sensitivity of the magnetic accelerometer de
termined through experiments is 8.7 x 10- 5 V / V /g and it can measure accelerations of 0.5 
µg, when corrected for the earth magnetic field and creep. The sensitivity is measured to 
be linear up to 3.9 g. 
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Chapter 5 

Optica! Accelerometer 

5.1 Introduction 

In this chapter the design of a second accelerometer is described. 
It resembles the magnetic accelerometer in the fact that it has a proof mass , which has a 
shape looking like a mushroom, and a sensor substrate. The sensors used are photodiodes 
and the mushroom shape is made entirely of pure PDMS. The principle of the optica! ac
celerometer is that a light source radiates light into the mushroom shape, the rays of light 
will travel through t he mushroom shape being reflected and refracted and eventually radiate 
on the sensor substrate. When the mushroom shape is subjected to an acceleration it will 
deflect, the submitted rays will diffract different and the irradiance pattern on the sensors 
will change. This will cause a change in signa!, which can be measured and can be used to 
determine the acceleration. 
With this accelerometer a light source is necessary and for this an organic light-emitting 
diode (OLED) is used. The OLED will be mounted on the sensor substrate and the mush
room shape will be placed on top. It wil radiate green light, having a wavelength between 
500 and 550 nm. 
A schematic drawing of the accelerometer in rest and during acceleration can be seen in 
figure 5.1 and in figure 5.2. 
In this chapter theory, designs, simulations and experiments concerning the optica! ac
celerometer will be described. 

Substrate Oled 
----.__', 

J 

Sensors 

No acceleration 

Figure 5.1: Schematic drawing of the sensor arrangement in rest (Ieft) and the irradiance pattern 
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Substrate Oled -Sensors 

Acceleration 

Figure 5.2: Schematic drawing of the sensor arrangement when subjected to an acceleration (left) 
and the irradiance pattern (right) 

5.2 Opties 

Before starting designing the different parts of the accelerometer the basics of opties will 
be explained , starting with the optica! terminology. Because of the complicated history of 
geometrie opties its t erminology is far from standardized. To avoid confusion, all the terms 
that will be used are described and explained. 
Also, the theory concerning diffraction is discussed, the laws of refraction and reflection are 
described. 

5.2.1 Optical terminology 

Units used to characterize energy quantities with respect to light , can be divided into two 
groups. 

• Radiometric units are used to characterize the energy content of radiation 

• Photometric units are used to characterize the energy content of radiation related to 
the sensitivity of the human eye 

In table 5.1 the optica! units that will be used in the report are described and explained. 
The human eye does not respond with equal sensitivity to all wavelengths. A st andard 
response has been determined by the International Commission on Illumination (CIE) , since 
not all human eyes are identical. The st andard response can be seen in figure 5.3. 
The relative response of brightness for the eye is plotted versus the wavelength, showing 
that peak sensitivity occurs at the "yellow-green" wavelength of 555 nm. 
Radiometric quantities can now be related to photometric quantities through the luminous 
efficiency curve of figure 5.3 using equation 

Photometric Unit = K (À) x Radiometric Unit (5.1) 

where K(>.) [lm w- 1] is called the luminous efficacy. The luminous efficiency (V(>.)) [-], as 
given in figure 5.3, is related to the luminous efficacy by 

K(>.) = 683 V(>.) (5.2) 

A unit frequently used in opties is the steradian, which is the SI unit of solid angle. It is 
used to describe two-dimensional angular spans in three-dimensional space, analogous to 
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Table 5.1: Optica! units 

Term Symbol (units) Defining equation Notes 

Radiant energy Qe (J=W s) - Radiant energy 
Radiant flux <I>e (W) Qe/dt Radiant energy per unit time or 

radiant power 
Radiant intensity Ie (W sr- 1

) Ie = d<I> e/dw Power per unit solid angle 

Radiance L (W sr- 1 m- 2 ) Le= die/dA cos 0 Power per unit projected area per 
unit solid angle 

Radiant exitance Me (W m - 2
) Me = d<I> e/dA Emitted power per unit a rea 

Irradiance Ee (W m- 2
) Ee = d<I>e/dA Received power per unit area 

Luminous energy Qv (lm s) - Photometric energy 
Luminous flux <I>v (lumen) <I>v = dQv/dt Photometric energy per unit time 

or photometric power 
Luminous intensity Iv (lm sr- 1 or cd) I = d<I>v/dw Power per unit solid angle 
Luminance 

Luminous efficacy 
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Figure 5.3: CIE luminous efficiency curve [31] 
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the way in which the radian describes angles in a plane. 
A single unit of steradian (sr) [-] is defined as "the solid angle subtended at the center of a 
sphere of radius r [m] by a portion of the surface area A [m2] of the sphere, having an area 
r 2

" [9]. 
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A single unit of steradian is depicted in figure 5.4. 

Figure 5.4: Representation of a single unit of a steradian [9] 

To calculate a steradian the following equation can be used 

(5.3) 

From this equation it can be concluded that the steradian is dimensionless, since 1 sr = 
m 2 x m - 2 = l. 

5.2.2 Diffraction of light 

Diffraction is the change in direction of a wave due to a change in its velocity. The velocity 
of a ray of light will be less when a medium is denser and vice versa. A change is direction 
is most commonly seen when a wave passes from one medium to another. At the interface 
part of the light is reflected and part is t ransmitted (undergoing refraction) into the second 
medium. 
The laws that describe the subsequent direction of the rays are the following: 

• Law of Refraction When a ray of light is refracted at an interface dividing two 
uniform media the refracted ray goes into the second medium with an angle. This 
angle depends on the opt ica! propert ies of the media and t he angle of incidence. This 
is described in Snell 's law 

ni sin e i = nt sin 0t (5 .4) 

Where n denotes the refractive index for the incident (i) or t ransmitted (t ) ray and 
sin 0 denotes the incident or transmitted angle. 
When light moves from a dense toa less dense medium (nt < ni ), such as from PDMS 
to air , Snell 's law cannot be used to calculate the refracted angle when the resolved 
sine value is higher than 1. At this point , light is reflected in the incident medium, 
known as the total internal reflection. 
The incident angle at which tota l reflection occurs is known as t he critica! angle, t his 
angle can be calculated with the following equation 

0 . - 1 (nt) 
crit = sin ni (5.5) 

For light t raveling from PDMS into air the critica! angle is 45 degrees. 
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• Law of Reflection When a ray of light is reflected at an interface dividing two 
uniform media, the reflect ed ray remains within the plane of incidence. Also, the angle 
of reflection equals t he angle of incidence. 

Both laws are depicted in figure 5.5, in which an incident ray is partially reflected and 
part ially transmitted at a plane interface separating two media. Which part of the light is 
refracted or reflected depends on t he incident angle, the index of reflection of the media and 
the polarization of t he incident light. 

k k" 

\ 

k' 

Figure 5.5: Illustration of the law of refraction and reflection 

More on polarization can be read in Appendix 8. 
Due to polarization light is already reflected having an angle of incidence smaller than the 
crit ica! angle. When light t ravels from PDMS to air the division between the reflected and 
refracted light can be seen in figure 5.6. 

When light t ravels from PDMS into air having an angle of incidence of about 35 degrees 
10% of the light will be reflected. Wit h an increasing angle of incidence the amount of light 
reflected will increase. Rays of light will follow different patterns than is expected when 
polarization is not taken into account. Therefore, t he irradiance pattern in reality might be 
different t han is expected from simulations. 
This effect should be taken into account when working with the opt ica! accelerometer, be
cause it can have a large effect on t he results. 
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Figure 5.6: Percentage of refracted and reflected light 

5.3 The mushroom shap e 

To find the opt imal shape for the opt ical accelerometer simulations have to be carried out. 
For t he simulations two programs are used: 

• A finite element method (executed by t he software package Ansys)is used to calculate 
the natural frequencies and t he deflection of t he mushroom shape. The element type 
chosen for the simulations is solid95, as was chosen for the simulations for t he magnetic 
accelerometer. 

• Zemax is a software package used for ray tracing. It traces rays coming from the 
source, t hrough a structure unt il they reach t he detector surface. The irradiance (in 
W m- 2 )on the detector surface is given. When the mushroom shape deflects the irra
diance pat tern will change and t his change can be calculat ed using Matlab. Through 
this the change in flux due to rotation of the mushroom shape can be det ermined. 

5 .3 .1 B asic d esign 

There are some requirements set for t he design of the mushroom shapes 

• The rotation due to an acceleration of 10 m s- 2 has to be at least 0. 5 
degrees 
This requirement is set to make sure that a change in signal can be measured when 
the mushroom shape is subjected to an acceleration. 

• T he accelerometer has to function up to a frequency of 50 H z To ensure a 
frequency range which is large enough this demand is set . 

• T he mushroom shape can have a maxim um w idth of 3 mm 
This limit is set to ensure that t he accelerometer does not get too large in size. 
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• The sensor substrate can cover a maxima! area of 3 x 3 mm2 

Like the last requirement, this limit is set to prevent the accelerometer to become too 
large in size. 

• Rays coming from the center of the stem must be able to reach the entire 
top surface 
To get a sensitive accelerometer as much light as possible should reach the sensors. lt 
is therefore demanded that a ray of light coming from the center of the stem should 
be able to reach the ent ire top surface to get a minimum level of radiation. 

A graphical representation of the last three requirements can be seen in figure 5. 7 

<3mm 

< 3 mm 

Figure 5.7: Demands for the mushroom shape 

To get a large rotation of the head of the mushroom due to an acceleration the stem has to 
be as thin as possible having a minimal diameter of 200 µm. This minimal diameter is set 
to assure a firm connection between PDMS and silicon. 
A number of mushroom shapes have been designed, some examples can be seen in figure 5.8 

Figure 5.8: Possible mushroom shapes 

The problem with these shapes is that they are difficult to fabricate. The mushroom shapes 
for the optical accelerometer will be produced using moulding plates. The object is to design 
an accelerometer which is easy and cheap to fabricate, when shapes from figure 5.8 will be 
used the plates will become relatively expensive. lt is therefore decided that the top surface 
of the mushroom shape will be fl at and the sides of the head of the mushroom shape will 
be straight . This does not mean that the sides have to be vertical. lt is also important 
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that the mushroom shapes have compatible dimensions, to make sure that within one set 
of molding plates different designs can be fabricated. 
The basic design for the mushroom shape can be seen in figure 5.9 

D 

1--------------;!_,H_ 
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,----+-+-------l 
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C 

Figure 5.9: Basic design for mushroom shape 

It was required that rays coming from the center of the mushroom stem should be able to 
reach the entire top surface. When the different mushroom shapes were designed it became 
clear that a stem with a diameter of 200 µm will interfere with the rays. Therefore the stem 
has to be tapered. A stem having a taper will increase the moment of inertia and through 
this the tilt due to an acceleration will decrease (see equation 3.6. When not the entire stem 
is tapered, but the lowest part is st raight and then a tapered the moment of inertia will be 
lower and the tilt angle will be larger. A drawing of a total and a partial tapered stem can 
be seen in figure 5.10. The start of the taper and the angle of the taper depends on the 
diameter of the head of the mushroom. 

vu 
Figure 5.10: A total tapered and a partial tapered stem 

The height of the stem of the mushroom (E and F in figure 5.9) is 300 µm. This is a 
compromise between the limit in dimensions and a tilt angle large enough to create a signa! 
in the sensor. 
The height of the head of the mushroom (G in figure 5.9) is 1 mm because of the fact that 
the plates which wil! be used to mould the mushroom shape are available having a thickness 
of 1 mm. 
For the basic design shown in figure 5.9 2 moulding plates have to be used. The sides of 
the head of the mushroom must be optically smooth and therefore the sides of the holes in 
the moulding plate must be optically smooth. It is easier to fabricate this separately from 
the shape of the stem of the mushroom. When the mushroom shapes are molded this does 
not have to be carried out in two steps because the same material is used for the entire 
mushroom shape. 
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5 .3.2 D esign of the mushroom shape 

The dimensions for the mushroom shape depend on the results of three simulations, which 
are: 

• The tilt angle of the mushroom shape when it is subjected to an acceleration of 10 m 
s- 2 . This simulation is carried out using a fini te element method. 

• The natura! frequency has to be calculated using a finite element method. 

• The sensitivity of the mushroom shape which is calculated using Zemax. 

The material parameters for pure PDMS used for the simulations are [33] [1] : 
- Young's modulus (E) = 1.90 x 106 [N m-2] 

- Density (p) = 1.05 x 103 [kg m-3] 

- Poisson 's ratio (v) = 0.495 [-] 
- Refractive index (n) = 1.41 [-] 
- Transmittance ( T)= 92 % [-] 

Seven shapes were investigated based on the basic design in figure 5.9 . The dimension 
of D is varied between 1.5 and 3 mm. The minimum is set at 1.5 mm because if a smaller 
size is taken the tilt angle due to an acceleration of 10 m s- 2 is smaller than 0.5 degrees. The 
dimension of C is varied (between 1 and 4 mm) to obtain a positive and negative tapered 
head and a straight. These three variations are researched to see what the influence of a 
t aper would be on the radiation pattern. A maxima! dimension of the head was set at 3 
mm to keep the size of the total accelerometer limited . T he seven shapes can be seen in 
Appendix 8. 
Two of them met the demands that were set in section 4. 3.l. These two shapes can be seen 
in table 5.2 

Table 5.2: The final shapes 

Shape 1 Shape 2 
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The tilt angle, when the mushroom shapes are subjected to an acceleration, is calculated 
using the finite element method. The simulations showed that the tilt angle has a linear 
relation with the acceleration up to at least 10 g. For shape 1 the tilt angle due to an 
acceleration of 1 g is 1.21 degrees, for shape 2 it is 0.52 degrees. 
Shape 1 will have a layer on top which has the characteristics of a mirror. This layer has 
to be sputtered on the mushroom and has to be reflective for a wavelength between 500 
and 550 nm. Aluminum is used, since it has a constant reflectance of 92% for wavelengths 
between 500 and 550 nm. 
Shape 2 will have two designs, one without a mirror surface (denoted as shape 2a) and one 
with a mirror surface ( denoted as shape 2b) deposited on the top surface of the mushroom 
shape. Since the angle of total reflection is 45 degrees and the angle from t he middle of 
the OLED to the edge of the top surface is 49 degrees. Therefore shape 2 has been chosen 
as a final design, although the tilt angle due to an acceleration is quite small. This mirror 
surface is not taken into account when carrying out the simulations using a finite element 
method. The layer will be very small and will therefore has a negligible effect on the tilt 
angle and the natural frequency. 
The natural frequencies are calculated using a finite element method. This simulation is 
carried out to determine if the shapes comply with the demand set (in chapter 4.3.1) con
cerning the frequency range of the accelerometer. 
The first mode shape is a rotation around the z-direction, the second mode shape is a bend
ing of the stem, the third mode shape is a bending of the stem in two different parts and 
the fourth mode shape is an elongation in the z-direction. 
As was determined in chapter 3.3.2 the accelerometer can be used up to 30% of the natural 
frequency. the lowest natural frequency for shape 1 is 93 Hz, shape 1 can be used up to 28 
Hz. For shape 2 the lowest natural frequency is 143 Hz and thus it can be used up to 43 Hz. 
From this the conclusion can be drawn that these shapes do not comply with the demand 
set with respect to the frequency range. 

The relative change in flux of the mushroom shape is calculat ed using Zemax, with flux 
the radiant energy in Watt. 
There are two assumptions made using Zemax which are explained in Appendix 8. The 
assumptions will not have a large effect on the results obtained with Zemax. 
What can have a effect is polarization, this is not taken into account during the simulations 
with Zemax. Due to polarization 10% of the light t raveling from PDMS into air having an 
angle of incidence of about 35 degrees will be reflected. The amount of reflected light will 
increase when the angle of incidence increases up to an angle of 45 degrees when all light will 
be reflected. This can be seen in figure 5.6. Rays of light will follow different patterns than 
is expected when polarization is not taken into account. Therefore, the irradiance pattern 
in reality might be different than is expected from simulations. 
The mushroom shape is tilted over an angle between zero and ten degrees. Calculations are 
carried out on the irradiance pattern to determine the relative change in flux. The relative 
change in flux [-] is calculated using 

. . flux(A) - flux(B) 
Relat1ve change m flux = flux(Ao) + flux(Bo) (5.6) 

There are four photodiodes embedded in the substrate. A and B are used to denote opposing 
diode surfaces. The relative change in flux is determined by subtracting the the flux [W] 
from diode A from B and dividing this by the flux of Ao added to Bo when the mushroom 
shape is in rest . This is represented schematically in figure 5.11 . 
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Natura! frequency 
Shape 1 Shape 2 

93 Hz 143 Hz 

96 Hz 184 Hz 

1127 Hz 1200 Hz 

1400 Hz 1480 Hz 

57 

Table 5.3: Natura! frequencies 

Mode shapes 

When the mushroom shape is placed in the middle of all four diodes and the acceleration is 
in the directions as depicted in figure 5.11 the relative change in flux is maxima! for diode 
surface A and B and zero for diode surface C and D. 
Calculations are carried out on the two shapes for the maxima! relative change in flux. 
For a tilt angle between 0 and 10 degrees the irradiance pattern is obtained from Zemax 
and processed using Matlab. Now the relative change in of the sensors due to a tilt of the 
mushroom shape can be calculated. 
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Acceleration 

Figure 5.11: Schematic representation of the diode configuration 

The relative change in flux of the shapes can be calculated for a tilt angle of 1 degree. The 
diodes have a surface of 1.5 x 1.5 mm2 . The result is shown in table 5.6 . Shape 2 is denoted 
as was explained on page 58. 

Table 5.4: change 

Relative change in flux 
with tilt angle of 1 degree 

Shape 1 0.016 
Shape 2a 0.3382 
Shape 2b 0.0104 

In table 5.5 for the mushroom shapes the irradiance patterns can be seen, having an area 
of 3 x 3 mm2

. The acceleration is directed from the bottom left to the top right of the 
picture. The color red denotes the highest irradiance and blue the smallest. The colors are 
all relative, so the same color has another a bsolute irradiance in different pictures. 
Drawings for the moulding plates used to produce the mushroom shapes can be seen in 
Appendix 8. 

5.4 The sensor substrate 

With the mushroom shapes known the diodes can be designed . Before designing them the 
working principle of photodiodes is explained here. 

5.4.1 Photodiodes 

To measure the change in irradiance on the detector due to the acceleration of the mushroom 
shape NIP photodiodes are used. Silicon NIP diodes are used because they are sensitive, 
have a fast response, are cheap and have a relatively low clark current. 
NIP photodiodes consist of a trilayer structure in which an intrinsic silicon (i) layer is 
sandwiched between positively charged silicon (p) and negatively charged silicon ( n) . 
For NIP diodes the convention is that the name follows the order in which the layer are 
deposited. 
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Table 5.5: Illumination patterns of the mushroom shapes 

Tilt 
angle 
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p•layer 
--------------

intrinsic layer 

1---------------n· layer 
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1 

Figure 5.12: Cross section of a NIP Photodiode 
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The positive or negative load in the material is created by doping the base material by a 
certain type of atoms that increase the number of respectively free (positive) charge carriers 
or free (negative) charge carriers. 
When a photon ( a bundle of light energy) hits a piece of silicon, one of three things can 
happen [9]. 

• The photon can pass straight through the silicon, this (generally) happens for larger 
wavelengths, which have lower energy photons 

• The photon can reflect off the surface 

• The photon can be absorbed by the silicon which either: 

Generates heat 

Generates electron-hole pairs, if the photon energy is higher than the silicon band 
gap value 

Only in the last case a photocurrent will be created. 

If an electron-hole pair is created in the intrinsic silicon layer the electron will travel to 
the n-layer and the hole to the p-layer. These moving charges cause current flow through 
the external circuit, which is called photocurrent. The current is proportional to the amount 
of photons that hit the diode. 
Besides absorption in the intrinsic layer, absorption in the p- and n-layer can also take 
place. Due to high carrier concentration in these layers generated electron-hole pairs will 
rapidly recombine and not contribute to the photocurrent. The photons creating blue light, 
in particular can be easily absorbed in the top p-layer, which therefore has to be as thin as 
possible [29]. 

Because photodiodes generates a power due to the photovoltaic effect, they can operate 
without the need for an external power source. However, frequency response and linearity 
can be improved by using an external voltage. 
Forward-bias (5.13) occurs when the p-layer is connected to the positive terminal of abat
tery and the n-layer is connected to the negative terminal. 

>--- p 1 N -

1, 
+ 1 '-

Figure 5.13: A silicon NIP diode in forward-bias 

Using this set-up, the holes in the p-layer and the electrons in the n-layer are pushed towards 
each other and into the intrinsic layer. This reduces the effective width of the intrinsic layer 
since part of the intrinsic layer becomes positively charged and part of the layer becomes 
negatively charged. This effect makes the diode less sensitive to photons, since most of the 
photocurrent is generated in the intrinsic layer. 
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Reverse-bias occurs when the p-layer is connected to the negative terminal of the battery 
and the n-layer to the positive terminal. The connections are illustrated in figure 5.14. 

N p 

+ 

Figure 5.14: A silicon NIP diode in reverse-bias 

Because the p-layer is now connected to the negative terminal of the power supply, the holes 
in the p-layer are pulled away from the junction, causing the effective width of the i-layer to 
increase. Similarly, because the n-layer is connected to the positive terminal, the electrons 
will also be pulled away from the i-layer. 
This effectively increases intrinsic layer and greatly increases the electrical resistance against 
the flow of charge carriers. For this reason there will be minimal electric current across the 
junction. The chance that a photon upon hitting the diode will create a free electron and 
hole in the effective i-layer will increase, making the diode more efficient. 
Even when there is no optica! power present, a small reverse current flows t hrough a reverse
biased diode. This is called the <lark current. Dark current is caused by the thermal gen
eration of free charge carriers in the diode and recombination of electron-holes pairs. It 
flows in all diodes, where it is conventionally called the reverse leakage current. The <lark 
current , being of thermal origin, will increase rapidly with temperature, sometimes doubling 
for every 10 °C increase near room temperature. [30] 
Because of this phenomenon a small optie a signa! might be undetectable, because the small 
photocurrent that is generates could be masked by the <lark current. 

5.4.2 Sensor substrate design 

Using Matlab, the data obtained from Zemax is converted to a relative change in flux for 
the researched design of the sensor substrate. Several designs are investigated, they can be 
seen in figure 5.15 

X 
Figure 5.15: Several designs for the sensor substrate 
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The requirements for the design of the sensor substrate are: 
- The sensor subst rate must consist of four diodes, placed symmetrie when rotated over an 
angle of 90 degrees 
- The sensor subst rate has the maximum dimension of 3 x 3 mm2 

- There has to be an empty area in the middle of the sensor substrate of at least 400 x 400 
µm 2 where the OLED can be placed 
- Between the four diodes there has to be a space of at least 80 µm 

The figures obtained using Zemax are processed using Matlab to determine the change 
in irradiance over de diode design in the direction of the applied acceleration. The line over 
which the irradiance is calculated can be seen in figure 5.16. 

mushroom stem 

Direction of tilt of 
mushroom shape 

Line depicted in 

f,gure showlng 

irradlance change 

Figure 5.16: Schematic drawing of the setup for irradiance changes 

In table 5.6 pictures of t he irradiance change for the different mushroom shapes can be seen. 
The intensit ies are given for different t il t angles (in degrees), which are denoted in the label 
in the picture. 
These figures are used to design the sensor substrate, because in the figures it can be seen 
where the largest changes in irradiance occurs. It was decided to use a circular design. 
When a non-circular design is used and the direction of the tilt changes it is possible that 
the area with the largest change in irradiance falls outside the diode area. In figure 5.17 the 
basic design for the sensor substrate can be seen. 

Figure 5.17: Basic design of the diode shape 
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Table 5.6: Change in irradiance at different tilt angles for the mushroom shapes 
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In table 5. 7 the final design of the sensor substrate is presented. For each of the mushroom 
shapes an optima! sensor substrate is designed. This sensor substrate has critica! dimen
sions, when the mushroom is placed out of the center it will not function optima!. Therefore 
a second sensor substrate is designed with slightly larger dimensions for which the place
ment of the mushroom shape is less critica!. If the simulations do not correspond with the 
situation when the fabricated optica! accelerometer will be measured, it is possible that the 
sensor substrates will not produce (enough) signal. Therefqre a seventh sensor substrate is 
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designed which has a maximum area, the area will always be illuminated and will always 
give a signal. 
The relative change in flux for the mushroom shapes is given in the second column of table 
5.7 for each design of the sensor substrate. In t he third column the sensitivity (in flux/ g) is 
given, which can be calculated through 

Sensitivity = Relative change in flux x Tilt angle at 1 g (5.7) 

In the last column the flux that reaches a diode with respect to t he amount of energy 
radiated by the source (denoted as relative flux) is given. 

Table 5. 7: Characteristics of diode shapes combined with diode shapes 

Designed R1 [µm] R2[µm] Relative change Sensitivity Relative flux (in %) 
for in flux per diode 

Shape 1 200 400 0.0330 0.0399 A=l.04 
B= 0.98 
C= l.01 
D= l.01 

Shape 1 200 500 0.0256 0.0310 A=2.17 
B= 2.06 
C=2.12 
D=2.12 

Shape 2a 750 1000 3.12 1.63 A= 0.38 
B=0.00 
C= 0.10 
D=0. 10 

Shape 2a 700 1100 0.407 0.212 A=l.17 
B=0.51 
C=0.83 
D= 0.83 

Shape 2b 400 800 0.0276 0.143 A= 3.70 
B= 3.ll 
C=3.36 
D= 3.36 

Shape 2b 300 900 0.0226 0.0117 A= 5.24 
B= 5.01 
C=5.13 
D=5. 13 

Extra sensor substrate design 
250 1500 -

Shape 1 0.0163 0.0197 -
Shape 2a 0.343 17.8 -
Shape 2b 0.0061 0.32 -

In table 5.7 it can be seen t hat shape 2a the sensitivity is very high. This is due to the 
fact that from a certain tilt angle no light will radiate on diode surface B and therefore the 
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increase of radiation on surface A will have a linear relation with the sensitivity. 
What can also be concluded is that a relatively small amount of the light radiated from the 
source will reach the diode. 
What is not shown in table 5. 7 but has been seen when the simulations were carried out 
is that the sensitivity is not linear with the acceleration. This is due to the fact that the 
diodes area do not cover the entire illuminated area. But it is also shown that the sensitivity 
increases with increasing acceleration. Graphs showing the relation between the irradiance 
and the acceleration can be found in Appendix 8. 
Several sensor substrates are fabricated simultaneously on a wafer. A picture of part of a 
wafer and several sensor substrates can be seen in figure 5.18. 

Figure 5.18: The fabricated sensor substrates 

All the sensor substrate designs can be found in Appendix 8. 

5.5 OLED design and fabrication 

On the sensor substrate an organic light-emitting diode (OLED) will be placed. An OLED 
is used as a light source because it radiates light with relatively high intensities and has a 
thickness in the order of 100 nm. 
To understand the fabrication steps of the OLED (described in section 4.5.2) the working 
principle of an OLED is explained first. 

5.5.1 Working principle of an OLED 

OLED's are based on the same working principle as photodiodes. The difference is that 
an OLED radiate photons when subjected to a current and photodiodes absorb photons 
creating a current. 
An OLED is composed of two different layers, anode and cathode, in addition to the sub
strate layer. The substrate layer is divided in two layers, which are called the emissive and 
the conductive layers and are fabricated from organic molecules or polymers. 
As a voltage is applied across the OLED such that the anode is positive with respect to 
the cathode, a current starts flowing through the device. The direction of ( conventional) 
current flow is from anode to cathode, hence electrons flow from cathode to anode. Thus, 
the cathode gives electrons to the emissive layer and the anode withdraws electrons from 
the conductive layer. 
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Figure 5.19: The OLED structure [9] 
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After a short period, the emissive layer will become rich in negatively charged electrons 
while the conductive layer has an increased concentration of positively charged holes. These 
two are attracted to each other. It should be noted that in organic semiconductors the hole 
mobility is greater than the mobility of electrons. Hence, as the two charges move towards 
each other, it is more likely that their recombination will occur in the emissive layer. Due 
to this recombination, there is an accompanying drop in the energy levels of the electrons 
and this drop is characterized by the emission of photons with frequency lying in the visible 
region. 
The device will not work when the anode is put at a negative potential and the cathode at 
a positive potential. This is because the anode will pull holes towards itself and the cathode 
will pull the electrons. Therefore, the electrons and holes are moving away from each other 
and will not recombine. [30] 

5.5.2 Fabrication of the OLED 

A design of a sensor substrate can be seen in figure 18 

Figure 5.20: Design of a sensor substrate 

The color red depicts the diode surfaces, the color blue depicts electric conducting layers. 
In the middle of t he figure a blue cirkel is drawn, which is t he anode. The anode consists 
of conducting material and is placed in the sensor substrate. 
On the anode a layer is sputtered acting as a substrate, which is made from Alq (Tris(8-
Quinolinolate)Aluminum(III) ). The substrate will only radiate light where it is in direct 
contact with the anode. On the substrate the cathode is sputtered made from Lithium 
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Fluoride Silver. When a voltage is applied across the OLED such that the anode is positive 
with respect to the cathode, a current starts flowing through the device and light will be 
radiated from the OLED. The electric connection for the cathode has a ring shape. A ring 
shape has been chosen to make sure that the cathode will always be in contact with the 
ring. When the layer is deposited with an error of 100 µm it will still be in contact with 
the ring. 
On t he cathode a passivation layer is deposited, this has two reasons. The cathode material 
will deteriorate when it is exposed to air (especially Sulphur in air). A second reason is that 
the mushroom shape has to be attached to the sensor substrate, therefore the passivation 
layer has to contain oxide groups. 
For the deposition of the layers for the OLED a mask is used, this mask has to be aligned 
with the sensor substrates having an accuracy of about 50 µm, for this a simple setup is 
fabricated. 
More information on t he fabrication of the OLED and the design of the sensor substrate 
can be found in Appendix 8. 

5.6 Measurements of sensor substrate 

In this section the result of measurements conducted on the sensor substrate are described. 
For measuring the sensor substrate a setup shown in figure 5.21 is used. This setup is used 
to measure the current produced by the diode when it is radiated. 

~ Da rk box 

___._.---iL1ght source 

,....__. ra il 

Probe needles 

XY stage 

Figure 5.21: Setup used to measure the sensor substrate [29] 

The sensor substrate is placed on the XY stage with the probe needles placed on contact 
points which are depicted in figure 5.22. The contact point for the ground is the free square 
on the top right of the sensor substrate. The contact point for the plus is the square which 
has a line connecting it to the (red) diode area, there are four contact points for the plus 
because there are four diode areas. 
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Figure 5.22: A design of a sensor substrate 

In the setup in figure 5.21 a binoculair can be seen as well , this is used to position the needles 
on the contact points. There is a rail which can be used to place a fiber connected to a 
light source above t he sensor subst rate. Between the fiber and t he sensor substrate a filter 
holder is positioned. These filters can be used to obtain light containing a single wavelength 
± 10 nm. The setup is placed in a dark box to prevent surrounding light disturbing the 
measurements. 
The light source that is used in the measurement setup is a 150 W (15 V) Halogen lamp in 
a Schott KL1500 housing. It is often used as a light source for microscopes. An optica! fiber 
is used to transport the light from the light source to t he filter holder. In the filter holder 
two different band gap filters can be placed. One filter passes light having a wavelength 
of 510 ±10 nm [2], the other passes light having a wavelength of 550 ± 10 nm [3]. These 
wavelengths are in the green region. Since the wavelength of the light radiated by the 
OLED is not known and a photodiode bas a sensitivity which depends on the wavelength 
two wavelengths in the green region are measured. 
A luminance meter (Minolta (LS-100) [4]) is used compare t he luminance of the light source 
in the setup with the data on t he OLED that will be used. The luminance met er measures 
the source in Cd/ m2 , the luminous intensity of the OLED is given in candela. But candela 
is not an absolute unit , it still depends on the steradian. 
The steps carried out to compare the source of the measurement setup to the source used 
in the simulations are the following: 

• Calculations on the source of the measurement set up 

Measure the luminance of the light coming from the source 
The luminance of the source is measured using a luminance meter. With this it 
is measured t hat light having a wavelength of 510 nm bas a luminance of 170,000 
Cd/ m2 and for a wavelength of 550 nm t he luminance is 110,000 Cd m- 2 . 

Calculate the luminous intensity of the source 
If the measured luminance of the source is multiplied by the area of the diode 
the luminous intensity [Cd] is given. 

Determine the luminous flux on the diode 
Multiplying t he luminous intensity by the st eradian t he luminous flux [lm] is 
calculat ed, this is an absolute unit and can therefore be compared to the source 
used for the simulations. 
The steradian for the measurement setup is the diode area divided by the squared 
distance between the filter and the sensor su bstrate, with the dist ance being 104 
mm. The distance to the filter is t aken and not to the source, because the 
luminance of the source for the measurement setup was measured on the filter. 
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• Calculations on the simulated setup and the OLED 

Determine the luminous intensity of the OLED 
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The OLED will have a luminous intensity of about 5 µCd/ A and can be used 
having a maximal current of 4 ampere. 

- Calculate the luminous flux of the OLED 
The luminous intensity can be calculated by multiplying the luminance with the 
steradian. In this case the steradian is equal to 21r , because the OLED will 
radiate over half a sphere, this is also simulated using Zemax. 

- Determine the luminous flux on the diode surfaces 
With the simulations using Zemax it was determined what the amount of radi
ation was that reached the diode surface with respect to the tot al radiation of 
the source. This percentage is calculated for each diode shape and can be found 
in table 5. 7. The percentage is multiplied by the luminous flux of the source to 
calculate the luminous flux on the diodes. 

Now the luminous flux on each diode when using the measurement setup and for the sim
ulations with the dat a from the OLED can be calculated. From the measurements the 
current produced by a luminous flux is known. Measurements with different luminances are 
conducted which proved that the diodes have a linear relation with the luminance. With 
this information the signal created by the diodes when the accelerometer would be used can 
be calculated by comparing the fluxes from the sources. 
The current generated by each diode surface can be calculated using the following equation 

C _ Cm X f vs X rl s (5.8) 
8 

- L vm X Ad X (rlm/l;, ) 

With Cs [A] the current generated by a diode surface for the accelerometer based on the 
simulations. Cm [A] is the measured current , this depends on the reverse bias, which is set at 
4 Volt because at this voltage the current is very stable. If the voltage would vary this would 
not have a negligible effect on the current. Ivs [lm sr- 1] represents the luminous intensity 
of the OLED, rls [-] is the steradian of the light emitted from the source in the simulations 
and rlm [-] is the steradian of t he light emitted from the source in the measurement setup. 
The luminance of the source of the measurement setup is represented by Lvm, Ad [m2] is 
the diode area and lm [m] is the dist ance between the filter and the sensor substrate in the 
measurement setup. 
When the current generated by each diode is known the sensitivity can be calculated in 
ampere per g. First the relative change in signal is calculated, analogous to the relative 
change in flux described on page 59. Now the sensitivity in V / g can be calculated trough 

Sensitivity = Relative change in signal x Tilt angle at 1 g (5.9) 

The results for this can be seen in table 1, as well as the smallest acceleration measurable 
(relative to g) , which is calculated by dividing the sensitivity by the <lark current. 
From t able 1 it can be concluded that based on simulations and measurements an optical 
accelerometer can be manufactured having a sensitivity between 9x 10- 8 and 4 x 10- 5 A/g 
for an acceleration of 1 g. And a minimal acceleration varying from 0.6 µg to 1 mg can be 
measured for an acceleration of 1 g. The extra shape has a lower sensitivity, but according 
to the results, can be used as an accelerometer. 
What can also be concluded that there is a difference in sensitivity for light radiating with 
a wavelength of 510 or 550 nm. But the difference is relatively small and will not result in 
a malfunctioning accelerometer. 
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Table 5.8: Sensitivity of the mushroom shapes combined with the diode surfaces 

Designed R1 [µm] R2[µ m] Sensitivity Sensitivity Minimal g Minimal g 
for (for 510 nm) (for 550 nm) (for 510 nm) (for 550 nm) 

Shape 1 200 400 5.9 x 10-0 3.3x 10- 0 5x10-o 8x 10- 0 

Shape 1 200 500 2.3x 10- o 7.8x10- r 9x10- 0 3x l0- 4 

Shape 2a 750 1000 4.3x 10- 5 6.7x10- 5 9x 10- 7 6x10-7 

Shape 2a 700 1100 3.4x10- 0 5.3x10- 0 l XlO-b 9x10-0 

Shape 2b 400 800 3.6x10-1 l.9x 10- 1 lxlü- 4 2xl0- 4 

Shape 2b 300 900 l.9 x 10-r 9.1 X 10-ö 5xl0- 4 l x lü- 0 

Extra sensor substrate design 
250 1500 

Shape 1 l.l x 10- 7 5.2 x 10-ö 2x10-::s 5x10-::s 
Shape 2a 9.8x10- 7 4.7x10-7 2x10-4 5x10-4 

Shape 2b l.8x 10- 8 8.4 x 10- 9 1x 10- 2 3x 10- 2 

5. 7 Conclusion 

In this chapter several designs which form an optical accelerometer have been presented. 
Three mushroom shapes were designed. Two shapes will have the same dimensions, one 
having a mirror surface on top and one without a mirror surface. The third shape will have 
different dimensions and a mirror surface on top. For each mushroom shape two sensor 
substrates having an optimal area were designed. An extra sensor substrate was designed, 
it has large diode areas, therefore a signal will always be produced when it will be used in 
combination with each mushroom shape. In t he sensor substrate designs the fabrication of 
the OLED was taken into account. 
Using the finite element method is has been found that shape 1 can be used up toa frequency 
of 28 Hz and shape 2 can be used up toa frequency of 43 Hz. Since it was demanded that the 
accelerometers will work up to a frequency of 50 Hz, it can be concluded that this demand 
has not been met. 
The sensor substrates were produced and measured. The data from the measurements and 
the simulations were compared and combined. The sensitivity of the optical accelerometer 
based on data from simulations and measurements was determined to be between 9 x 10- 8 

and 4x10-5 A/g up to 1 g, depending on the combination of the mushroom shape and the 
sensor substrate. It was expected also that a minimal acceleration varying from 0.6 µg to 
1 mg can be measured up to 1 g. Based on results from simulations using a finite element 
method it was expected that the relation between the t ilt angle and the acceleration will 
be linear up to at least 10 g. The relat ion between the tilt angle and the signa! will not be 
linear but the signa! will increase with increasing tilt angle up to at least 10 degrees. 
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Chapter 6 

Conclusions 

In this report the development of two dis placement based accelerometers was described. The 
goal was to develop two accelerometers which have a displacement based read out principle. 
One accelerometer will make use of a magnetic read out principle and the second one utilizes 
an optica! read out principle. The accelerometers will be used to measure low accelerations 
(up to 5 g) at a low frequency (about 50 Hz), which can be used in applications such as tilt 
measurements or motion sensing. 

In chapter 2, a number of accelerometers have been described having different read out 
principles. From this more insight has been obtained in different types of accelerometers 
which have been developed. 

In chapter 3, the requirements for the material that was used as the proof mass have been 
set. PDMS was chosen since it matches the requirements that were set. lt is flexible, has 
a very low loss tangent, small temperature and time variations of the physical constants 
(except for the thermal expansivity), is relatively inexpensive, can be mixed with magnetic 
powder and is optica! transparent. 

In chapter 4 a magnetic accelerometer has been introduced. The working principle of the 
magnetic accelerometer is based on the fact that when the head of the mushroom shape 
deflects the direction of the magnetic field changes which causes a change in resistance in 
the magnetoresistors. 
The dimensions for the mushroom shape have been determined based on calculations using 
Castigliano's method. The mushroom head has been produced having a height of 1 x 103 

µm and a radius of 750 µm. The mushroom stem was fabricated having a height of 200 µm 
and a radius of 100 µm. lt was fabricated through moulding and has been attached to the 
sensor substrate using a oxygen plasma. 
Through simulations using a finite element method it has been determined that the ac
celerometer can be used for a frequency up to 31 Hz, when 50 Hz was required. 
The characterization of the magnetic accelerometer was obtained through experiments. 
When the measurements were compared to the data from the simulations it was concluded 
that they were in agreement with each other. 
The sensitivity of the magnetic accelerometer was determined to be 8.66 x 10-5 V /V /g and 
it was able measure accelerations of 0.5 µg, when it was corrected for the earth magnetic 
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field and creep. The sensitivity was measured to be linear up to 3.9 g. 

The optica! accelerometer has been described in chapter 5. Three mushroom shapes were 
designed using data obtained from a finite element method and Zemax, a ray tracing pro
gram. Two mushroom shapes will have the same dimensions, one having a mirror surface on 
top and one without a mirror surface, the third shape has different dimensions and a mirror 
surface on top. For each mushroom shape two sensor substrates were designed having an 
optimal shape. An seventh sensor substrate is designed, it has large diode areas, therefore 
a signal will always be produced. 
Using the finite element method is was been found that shape 1 can be used up to a fre
quency of 28 Hz and shape 2 can be used up to a frequency of 43 Hz. Since it was demanded 
that the accelerometers will work up toa frequency of 50 Hz this demand has not been met. 
The sensor substrates were produced and measured. The data from the measurements and 
the simulations were compared and combined. The sensitivity of the optical accelerometer 
based on data from simulations and measurements was determined to be between 9 x 10- s 
and 4x10-5 A/g, depending on the combination of the mushroom shape and the sensor 
substrate. It was expected that a minimal acceleration varying from 0.6 µg to 1 mg can be 
measured. Based on results from simulations using a finite element method it was expected 
that the relation between the tilt angle and the acceleration will be linear up to at least 10 
g. The relation between the tilt angle and the signa! will not be linear but the signal will 
increase with increasing tilt angle up to at least 10 degrees. 
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Chapter 7 

Recommendations 

In this report research executed on two accelerometers has been described. To obtain 
accelerometers ready for production additional research and measurements have to be exe
cuted. 

Magnetic Accelerometer 

For the magnetic accelerometer additional research has to be carried out on two things. 
First the effect of the coefficient of thermal expansion should be investigated. Since it is 
quite large it can have an effect on the performance of the accelerometer. 
The developed accelerometer is quite large compared to some accelerometers available. The 
working principle of the accelerometer has been proved to work in this report, now it can 
be investigated whether the accelerometer will still have an acceptable sensitivity when the 
dimensions are reduced. 
The extra measurements that should be conducted are dynamic measurements. These 
measurements can be used to observe the behavior of the accelerometer when it is subjected 
to accelerations at different frequencies. 
Also measurements should be carried out to determine the signal when accelerations are 
larger than 1 g and are applied in different directions. 

Optical Accelerometer 

In this report the design of the optica! accelerometer was set. To establish a working ac
celerometer the mushroom shapes have to be fabricated first. Also, the OLED has to be 
fabricated on the sensor substrate. To prevent surrounding light having an influence on the 
signal a box has to be placed over the mushroom shape. This will have to be designed and 
fabricated. 
Statie measurements can be executed on the fabricated optica! accelerometer to determine 
the sensitivity. The measurements described in this report used for the magnetic accelerome
ter can be used for the optical accelerometer. Also dynamic measurements can be conducted 
on the optical accelerometer to determine the sensitivity of the accelerometer when accel
erations are applied larger than 1 g and in different directions. And to observe how the 
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accelerometer behaves when accelerations are applied having different frequencies. 
Since the signal of the optical accelerometer will probably not be linear with acceleration, 
the accelerometer will have to be calibrated for the ent ire working range. 
Finally simulations can be carried out to determine the effect of reducing t he dimensions of 
the accelerometer. 

And finally it would be interesting to investigate why the results from the analytical method , 
using Castagliano's model does not agree with the measurements and the finite element 
method. 
Also the results obtained from dynamic measurements at different frequencies can be used 
to obtain a better insight in the relation between the frequency and the loss tangent. 
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Appendix 1: Removing PDMS 
sensor substrate from the 

8 1 

If for some reason PDMS has to be removed from the sensor substrate oxygen plasma can 
also be used to clean the sensor surface without damaging it. As much material as possible 
should be removed from the sensor surface. Then the sensor is put in the oxygen plasma 
barrel for at least 30 minutes making the residual PDMS very soft . The material can now 
be removed by a tool which will not scratch hut is still relatively firm (for example a piece of 
paper). This should be repeated several t imes until the sensor surface is clean. It should be 
noted that between treatments in the plasma discharge barrel the sensor surface should be 
cleaned (for example in an ultrasonic bath with acetone). This is because small dumps of 
removed PDMS will still lie on the surface and when they are not removed and are subjected 
to an oxygen plasma they will forma new bond with the sensor substrate. 

Figure 1: Untreated PDMS (having a diameter of 200 µm (left) and PDMS when it is subjected 
to an oxygen plasma during 60 minutes and subsequently cleaned with a piece of paper (right) 
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Appendix 2: Fabrication of the 
mushroom shape 

83 

In this section the fabrication of the mushroom shape is described and drawings of the 
moulding plates are shown. 

Fabricating the mushroom shape 

The mushroom shapes for the magnetic accelerometer are produced using the setup which 
can be seen in figure 1. 

Figure 2: Moulding plates in exploded view (left) and in compression (right) 

The setup consist s of two brass moulding plates , used to mould t he stem and the head of 
the mushroom shape. Two steel blocks are used to align and fix the moulding plates. 

The mushroom shape can be produced by following the steps described here. 
The prepolymer and the curing agent forming PDMS (having a 10:1 mixing ratio) have to 
be mixed and stirred thoroughly. During stirring air get s trapped in bubbles in the material, 
therefore the mixture is degassed under vacuum. To fill the moulding pla tes about 50 grams 
of PDMS should be mixed. 
A piece of foil is cleaned using ethanol ( the ethanol should be completely evaporated when 
placed in the setup otherwise PDMS will not cure). This piece of foil is put on t he steel 
block and on this the moulding plate for the stem is placed. It is very important that the 
stem will have a smooth surface at the bottom to get a good connection between t he sensor 
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subst rate and the mushroom shape. Therefore the foil is used , having a smooth surface. 
The moulding plate has to be fixed to the steel block using screws to make sure that there 
will be no room between the moulding plate and the foil. If there would be a gap PDMS 
will flow into it, connecting the mushroom sterns, making them useless. 
PDMS is poured on the plate and divided evenly over the plate and in the holes using a 
latex (powder free) glove. A small residu of PDMS is left on the plate. When the setup is 
put in t he pressure bench PDMS will be pushed in the holes in the moulding plate which 
are not completely filled and the remaining PDMS is pushed out. 
On top of the moulding plate another piece of foil is placed and the second block is posi
tioned on top. The setup is placed in a pressure bench for two hours. The pressure bench 
has a temperature of 90 °C and an applied force of 20 kN. 
In the two hours that the setup is in the pressure bench the remainder PDMS is mixed. 50 
wt% Sr/ Ba ferrite powder is added to the remaining PDMS and this is mixed in an internal 
mixer using roller blades. This is mixed for about 45 minutes. The mixer can be cleaned 
using ethanol. 
After two hours the set up is taken out of the pressure bench. T he top block and the foil are 
removed and the moulding plate for the head of the mushroom shape is fixed on the other 
moulding plate and the steel block. Mixed PDMS is put onto the plate and divided evenly 
in the holes and on the plate using a glove. As was the case for pure PDMS some additional 
material is left on the plate and a cleaned piece of foil is placed between the moulding plate 
and t he top steel block. This is placed in the pressure bench again having a temperature of 
90 °C and an applied force of 20 kN. After 12 hours the mushroom shapes are completely 
cured . 
The mushroom shape can be taken out of t he plates by first removing the moulding plate 
for the mushroom stem. This plate is relatively thin and quite flexible and can therefore 
be removed easily. The mushroom shape will st ay in t he moulding plate for the mushroom 
head. When pushing the mushroom head with an object having a small tip t he mushroom 
can be pushed out of the moulding plate. 
It is possible that PDMS will remain in the moulding plates when the mushroom shapes 
have been taken out. The remaining PDMS can be removed by placing the plates in an 
ultrasonic bath containing water and an etching soap. After about 30 minutes PDMS will 
be removed from the plates entirely. Now t he plates can be placed in an ultrasohic bath 
containing acetone to obtain clean plates which can be used to make new mushroom shapes. 
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Drawings of the moulding shapes 
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Figure 3: Schematic drawing of the moulding plate for the head of the mushroom shape; they all 
have a diameter of 1.5 mm 
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Figure 4: Schematic drawing of the moulding plate for the stem of the mushroom shape; dimensions 
are in mm 

a I b I c d e I f g h 

1 200 300 400 200 200 400 300 200 
2 300 400 200 200 200 200 400 300 
3 400 200 300 200 200 300 200 400 
4 200 300 200 200 200 200 300 200 
5 200 300 400 200 200 400 300 200 
6 300 400 200 200 200 200 400 300 
7 400 200 300 200 200 300 200 400 
8 200 300 200 200 200 200 300 200 

Table 1: Hole diameters in µm for the mushroom sterns 
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Appendix 3: Polarization 

The easiest manner to understand polarization is to visualize a plane wave, which is a 
good approximation to most light waves ( a plane wave is a wave with infinitely long and 
wide wavefronts). All elect romagnetic waves propagating in free space or in a uniform 
material of infinite extent have electric and magnetic fields perpendicular to the direction 
of propagation. Convent ionally, when considering polarization, the electric field vector is 
described and the magnetic field is ignored since it is perpendicular to the electric field and 
proportional to it . The electric field vector may be arbitrarily divided into two perpendicular 
components labeled s and p . In figure 5 the s- component is in the plane of vibration of the 
electric field vector which is perpendicular to the plane of the paper, and the p-component 
is the plane of vibration which is in the plane of the paper. 

k" 

Figure 5: Illustration of the law of refraction and reflection 

Fresnel's laws of reflection describe the distribution between reflected and refracted light at 
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a boundary between two media. Fresnel's laws can be summarized in the following equations 
which give the reflectance and refractance of the s- and p-components. 
The components of refract ance are [19]: 

ni cos 0i - nt cos 0t 
T s = -------

ni cos 0i + nt cos 0t 

The components of reflectance are: 

2n cos 0 t - i i 

s - ni cos 0i + nt cos 0t 
2 nt cos 0i 

t p = -------
ni cos 0t + nt cos 0i 

(1) 

(2) 

Because the light that will be emitted from the OLED is unpolarized (it has no principal di
rection of polarization) both s- and p-components will amount equally to the total reflection 
and refraction. 

T = nt cos 0t t2 

ni cos 0i s 

T = nt cos 0t t2 

ni cos 0i P 

(3) 

(4) 

In figure 6 the percentage of refracted and reflected light is shown, when light travels from 
PDMS (n= l.41 [1]) to air (n= l) . The x-axis, showing the incident angle, is only depicted 
up to 45 degrees, since 45 degrees is the critica! angle when all light is reflected. 
At an angle of incidence of about 35 degrees 10% of the light will be reflected. With an 
increasing angle of incidence the amount of light reflected will increase. This will result in 
less light being transmitted and reaching the sensor. 
This effect should be taken into account when working with the optica! accelerometer, 
because it can have a large effect on the results. 
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Appendix 4: Drawings for the 
optical accelerometer 

Drawing of the mushroom shapes 

Table 2: Drawings of the investigated mushroom shapes 
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Drawing of the moulding plates 
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Fig ure 7: Schematic drawing of the moulding plate for the stem of t he mushroom shape; dimensions 
are in mm 
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Fig ure 8: Schematic drawing of t he moulding pla te for the head of the mushroom shape; dimensions 
are in mm 
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Drawing of the sensor substrates shapes 
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Fig ure 9: Schematic drawing of sensor substrate design; designed for mushroom shape 1, dimen
sions in µm 
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Fig ure 10: Schematic drawing of sensor substra te design ; designed for mushroom shape 1, dimen
sions in µm 
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Fig ure 11 : Schematic drawing of sensor substrate design; designed for mushroom shape 2a, dj
mensions in µm 
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Figure 12: Schematic drawing of sensor substrate design; designed for mushroom shape 2a, di
mensions in µm 
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Figure 13: Schematic drawing of sensor substrate design; designed for mushroom shape 2b, di
mensions in µm 
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Figure 14: Schematic drawing of sensor substrate design; designed for mushroom shape 2b, di
mensions in µm 
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Figure 15: Schematic drawing of sensor substrate design; extra shape, dimensions in µm 
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Appendix 5: Assumptions made 
using Zemax 

Two assumptions are made using Zemax concerning the source. They are described here. 

A ssumption 1 

In the Zemax it was only possible to create point sources. To simulate a source having a 
diameter of 200 µm five point sources are used. One at the center and four on a radius of 
100 µm, this can be seen in figure 16. 

0.2mm 

Figure 16: The sources used in the Zemax model 

In this model one billion rays are traced and the flux radiated is 1 Watt ( or 0.2 Watt per 
point source) . 

A ssumption 2 

The OLED used has a radiation pattern following a Lambertian function. This implies 
that the fl ux of a ray of light radiating perpendicular to the OLED surface wil! be one 
and decreases with a eosine function up until the ray radiates parallel to the OLED surface 
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where the flux is zero. In Zemax only a Gaussian function can be defined to obtain the 
right rad iation pattern. The Gaussian function is defined by the following equation 

(5) 

with x being an angle, A being the irradiance at that angle and G a factor which can be 
chosen. 
When G is chosen to be 1.35 the results obtained when using the Lambertian and the 
Gaussian function and the simulated radiation pattern are in agreement up to an angle of 
52 degrees. This can be seen in figure 17 where are three radiation patterns are plotted. 16. 
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Figure 17: Radiation pattern obtained using a Lambertian and a Gaussian function and simulated 
with Zemax 

The largest angle with which light radiates from the source is 49 degrees (in shape 2). 
Therefore the effect of this assumption will be negligible. 



Appendix 6: Fabrication of the 
OLED 

A design of a sensor substrate can be seen in figure 18 

Figure 18: Design of a sensor substrate 
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The color red depicts the diode surfaces, the color blue depicts electric conducting layers . 
In the middle of the figure a blue cirkel is drawn, which is the anode. The anode consists of 
conducting material and is placed in the sensor substrate. The sensor substrate is passivated, 
or a protective layer is deposited to isolate the substrate from the surroundings. The anode 
is etched, therefore and electric contact can be constructed there. There is a line connecting 
the anode to a square in the bottom right of the sensor substrate. The line is protected, 
the square is etched, therefore it can be used as a contact point. 
On t he anode a layer is sputtered acting as a substrate, which is made from Alq (Tris(8-
Quinolinolate)Aluminum(III)). The substrate will only radiate light where it is in direct 
contact with the anode. On the substrate the cathode is sputtered made from Lithium 
Fluoride Silver. The cathode must be in contact with the ring around the anode on the 
sensor substrate. This ring is also etched and is connected to a square ( acting as a contact 
point) on the top left of the sensor substrate. The OLED will radiate light when a voltage 
is applied over the contact points. A ring shape has been chosen to make sure that the 
cathode will always be in contact with the ring. When the layer is deposited with an error 
of 100 µm it will still be in contact with the ring. 
On the cathode a passivation layer is deposited, this has two reasons. The cathode material 
will deteriorate when it is exposed to air (especially Sulphur in air). A second reason is that 
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the mushroom shape has to be attached to the sensor substrate, therefore the passivation 
layer has to contain oxide groups. 
The cathode and the anode cannot be in direct contact, because this will result in a short
circuit . Therefore the area covered by the substrate has to be larger than the area covered 
by the anode. 
Since the anode and cathode cannot be in contact and the cathode must be in contact 
with the etched ring the layers forming the OLED have to be deposited with a precision of 
about 50 µm. For this an alignement setup is fabricated. With this the mask used for the 
deposition of the layers can be translated with respect to a wafer with a precision in the 
order of 10 µm. A schematic drawing of the setup can be seen in figure 19. 

(a) 

(b) 

Figure 19: The setup used to align the mask with the wafer 

The layers forming an OLED are deposited on a wafer which is not diced yet. This has the 
advantage that for all sensor substrates a layer can be deposited simultaneously and only 
one alignment is necessary per layer. 
The wafer and the mask have to be put in a setup for a layer to be deposited. During the 
deposition of the material the wafer and mask are put in a rectangular cup which rotates. 
Therefore the two plates have to be fixed to each other. 
The wafer is clamped in a plate (19a) using a leaf spring and a thin plate (200 µm thick) 
is placed under the clamped wafer. This plate is used to make sure that the wafer will not 
fall out of the plate in which it is clamped. Also, since the plate is thin it can bend and 
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will press the wafer against the mask. The clamped wafer and the thin plate are put in the 
setup in figure 19b. The mask is placed on a edge to prevent the mask from touching the 
wafer. When the wafer and mask would touch during alignment it is possible that the wafer 
will get scratched by the mask. 
Screws with an eccentric head are used to align the plates. A screw with an eccentric head 
has the characteristic that the middle of the head of the screw does not coincide with the 
middle of the stem of the screw. In total six screws are used, three for the rough alignment 
and three for the fine alignment. Beca use three screws per alignement are used the plates 
can be translated and rotated in the plane of the plàtes. Using these screws the clamped 
wafer and the mask can translate with respect to each other by 50 µm by rotating the screw 
for the fine alignment 180 degrees. When the plates are aligned they can be clamped and 
taken out of the setup and placed in the setup for the material deposition. 
Because the setup for the alignment is quite flat the alignment can be carried out using a 
microscope. 
The drawings used to fabricate the described setup can be seen in figure 20 and 21. 
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Figure 20: The design of the pla te used to d amp the wafer 
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Figure 21: The design of the set up for the alignment 
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In this section two graphs can be seen representing the relative change in flux versus the 
acceleration for two sensor substrates. It is shown that the relative change in flux increases 
with increasing acceleration, however the relation is not linear. 
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Figure 22: Relative change in flux versus acceleration fora sensor substrate designed for mushroom 
shape 2b 
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Figure 23: Relative change in flux versus acceleration for the extra sensor substrate 




