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Foreword

The Second International Conference on Sensor Device Technologies and Applications (SENSORDEVICES
2011),held between August 21-27, 2011 in Nice/Saint Laurent du Var, France, was a multi-track event
covering topics related to sensing device technologies: ultrasonic, piezo, infrared, medical, etc .

Most of the sensor-oriented research and industry initiatives are focusing on sensor networks, data
security, exchange protocols, energy optimization, and features related to intermittent connections.
Recently, the concept of Internet-of-things gathers attention, especially when integrating IPv4 and IIPv6
networks. The followup and complementing event SENSORDEVICES 2011, The Second International
Conference on Sensor Device Technologies and Applications, initiates a series of events focusing on
sensor devices themselves, the technology-capturing style of sensors, special technologies, signal
control and interfaces, and particularly sensors-oriented applications. The evolution of the nano-and
microtechnologies, nanomaterials, and the new business services make the sensor device industry and
research on sensor-themselves very challenging.

SENSORDEVICES 2011 also included:
e WISH 2011, The First International Workshop on Intelligent Sensor Hub

We take here the opportunity to warmly thank all the members of the SENSORDEVICES 2011 Technical
Program Committee, as well as the numerous reviewers. The creation of such a broad and high quality
conference program would not have been possible without their involvement. We also kindly thank all
the authors who dedicated much of their time and efforts to contribute to SENSORDEVICES 2010. We
truly believe that, thanks to all these efforts, the final conference program consisted of top quality
contributions.

Also, this event could not have been a reality without the support of many individuals, organizations,
and sponsors. We are grateful to the members of the SENSORDEVICES 2011 organizing committee for
their help in handling the logistics and for their work to make this professional meeting a success.

We hope that SENSORDEVICES 2011 was a successful international forum for the exchange of ideas
and results between academia and industry and for the promotion of progress in the area of sensor
devices and their applications.

We hope Cote d’Azur provided a pleasant environment during the conference and everyone saved some
time for exploring the Mediterranean Coast.
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Microcondensation Sensorsfor Field Tests
and for Simulation of Environmentsin Climate Chambers

Thomas Frank, Michael Hintz, Barbara March, anddAi®teinke

CiS Forschungsinstitut fir Mikrosensorik und Phattaik GmbH
99099 Erfurt, Germany
e-mail: tfrank@cismst.de; mhintz@cismst.de; bmarcls@st.de; asteinke@cismst.de

Abstract - Condensation associated with the risk of
electrochemical and chemical migration plays an increasing
significance in the field of reliability of eectronic components.
The trends towards challenging electronic assembly
technologies such as minimization of conductive track widths
and spacing, and higher density in electric elements are
increasingly faced with the negative influences of micro-
condensation. The condensation occurs as a result of the
thermodynamic conditionsin the environment of the electronic
board. The condensed water isin equilibrium of condensation
and evaporation, not in a static state. Due to this fact, thereis
ademand for sensorsto record thereal state permanently. Due
to its miniaturized packaging, a new generation of micro-
condensation sensors allows placement on different parts of
electronic devices. Results of field testsin different automobiles
and in climate chambers are presented.

Keywords — condensation, humidity, migration, cosion.

l. INTRODUCTION

In recent years, humidity sensors have found aenebeid
range of application. Increasing demand for impmoeets of
quality, reliability and energy control of techrii@nd non-

technical processes lead to new relative and atesolu Dendrite [5]

range up to 30 ug/nfimDepending on the comb pattern of
specifically designed stray field capacity in corraiion with

a water drops sensitive detection system, a chahgle
capacity with increasing water mass is fact. Byiay the
comb pattern, the sensitivity to the measured watess can
be adjusted (water drops in the range of 5 - 15 er30
pag/mm?).

1. INFLUENCE OFCONDENSATION ON CORROSION

In the last years, an increasing number of papenew
published dealing with any kind of corrosion of ned
circuit electronic boards [5, 6]. Most of these estated to
failures concerning the electronic reliability. S®rauthors
reduce the failure to electrochemical or chemiaatasion
[7, 8, 9]. Adding the growth of dendrites, the desb is
becoming worse. Figure 1 presents a selection pitdl
failures.

measurement humidity sensors [1]. The common type o

sensors, the polymer sensors, is fabricated from a

hygroscopic material. The electrical propertiesngeaas it

absorbs water molecules. For measurement of alsolut

Figure 1. Different kinds of failure

What do all these examples of corrosion have in

humidity dew point hygrometers are offered. The @gas common? An essential role for the initiation of resion

cooling down until condensation appears on a smailor.

The temperature at which this happens is measurddsa

plays the presence of moisture. The presence o$tumei
causes electrolysis processes. These cause udamhtro

defined as the dew point temperature. The onset dfurrents (leakage). The corrosion occurs by disismlwf the

condensation is sensed optically [2].
Failures of electronic components due to corrosisra
result of condensate ion can be studied only témiteld

metal due to anodic oxidation. Electrolysis proessare
already initiated significantly at relative humidi& below
dewing. Very thin films of water are formed alreaty40 %

extent with the above mentioned instruments [3]r Forelative humidity. At relative humidity of 60 %, tea films

monitoring by measurements of condensation prosesse

field tests or laboratory conditions, new measusygtems
are required.

The presented microcondensation sensors measure

condensation directly. The basic principle consi$ta stray
field capacitor where the electric flux lines irgect the
condensed water drops [4].

The miniaturization of the stray field interdigital

capacitor in combination with a signal preprocegsilose to
this transducer, allows the measurement of watasrimathe

Copyright (c) IARIA, 2011.  ISBN: 978-1-61208-145-8

are formed with a thickness up to 4 molecular lgydiis
water film can already interact with hygroscopicumities
on the board. At relative humidity of 80 %, watémé are
tiemed with a thickness up to 10 molecular layet8].
These act similar to "normal water". Solution piss=s of
salts on the surface can start and ionic processas
subsequently. In combination with higher tempeegithese
corrosion and migration processes are accelerated.
Electronic boards are more exposed to changingatiim
conditions. This is a growing risk of condensatainwater
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vapor on the materials and components of electrdenices
and consequently the risk of corrosion.

The processes could not only be described by thk re

climatic conditions. Rather, knowledge of the pss&s near
the surface is required. Quantitative data of werfa
temperature, of humidity in the boundary layer, ,amd
particular, of the real condensation are necessadsng
microcondensation sensors, these data can be etbtain

Ill. MICROSYSTEM

Based on the increasing interest in direct condimsa
testing, different principles exist (e.g. opticalll],
optoelectronical [12], and capacity [13] transdsger

We introduce an impedimetric principle and prefestsa
solution for reasons of better miniaturization, téet
integration of condensation and temperature sersut,to
create smart systems with lower power consumption.

Because the customer is mainly interested in &redéd
sensor signal, the complete micro sensor systent beis
integrated. Starting with the detection systermsdaicer and
signal pre-processing, the system has to be coeaplst the
signal processing (linearization, error compensatio
calibration, programming) and interface.

A. Detection system

The detection system consists of a PE CVD Si3Nédrlay
typically approximately 500 nm in thickness. Thistem

has to guarantee a high and long term stability and

reproducibility (see Figure 2) of condensation.ekand task
of this layer is the protection of the metal laygderneath
against corrosion.

Figure 2. Condensation on sensor surface

B. Transducer

Figure 4. Design of interdigital electrodes

C. Sgnal pre-processing

With the demand regarding Ill, the signal pre-pesieg
has been reduced to a capacity-frequency convertas.
converter allows a distance from the sensor elerntetite
signal processing of about 1 - 2 meter. The tentpera
sensor does not need signal pre-processing. Thegehaf
temperature related flow voltage (2 mV/K) can bepared
for the electronic via the same signal line.

The detection system, transducer, and signal
processing are hybrid integrated components (fi§re

pre-

| Encapsulation

[ Temperature Diode

Siicon Chip

| PCB Board with thermal Vias

Signal pre-processing Detection System / Transducer

Figure 5. Draft of a cross section of a sensor element (tletesystem,
transducer, signal pre-processing)

D. Sgnal processing/Interface

To obtain calibrated output signals for temperatame
water mass, the primary signals from the sensanesié
have to be reworked. Therefore, the electronic pantains
the appropriate parameters for linearization, tewatpees

Two transducers are necessary, one for the measotem compensation, and programming. Tests for radiafirence

of temperature of the condensate and one for watess
measurement. The temperature transducer has balerede
with a typical monolithic pn - junction. The watenass
transducer has been designed as stray field cypadtit
interdigital structures (Figure 3). With a gap/linatio of

25/33 (Figure 4), water mass measurements are bpossi

between 5 and 25 pg/mma2.

Figure 3. Model of stray field capacity

Copyright (c) IARIA, 2011.  ISBN: 978-1-61208-145-8

emission and immunity to electromagnetic fields ever
carried out and the results confirm that the sersgstem
(figure 6) meets the requirements of the autonaobil
industry.

Figure 6. Complete sensor system
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IV. RESULTS Figure 8 shows the sensor modules placed on thd HIF
control unit.

C. Testsin climate chambers

Based on the results in the automobile, comparable
conditions were simulated in climate test chambefigh the
standard ISO/DIS 16750-4 a temperature and humidity
profile was defined to generate a dewing effechsagin an
automobile environment (Figure 9) [14].

A. Calibrated output signal

The sensor system provides calibrated analog drabig
output signals for temperature and water mass.

The calibration of the water mass is realized ynta
pictures of the sensor surface at different staesewing
and simultaneous measurement of the output signtieo
sensor. By means of image processing, knowing dnéact
angle of water at the sensor surface, and matheahati
models, a correlation between the determined waigss o N
and the output signal was fixed. An external preoces N \\\\\\\\ ;
processes the signals to an analog (0-1V) or digif€) 0] ‘ Q
output signal (Figure 7). 7 e,

HY 9% Aupiwiny aagejey

Drying —
%h

Time

lr‘.f' 1482
) @% ‘ ’
SRR ) 'Q' E
_, ?,:f;z%% E :
- %h \ :
128 o W
+25 Py b

22 ;
2 1%
[ 34— e e e ey

voltage / V

°
@
5
&
»
S
»
&
@
&

water mass / pg/mm * 5h
1cycle

Figure 7. Calibration curve Figure 9. Dewing test cycle according to ISO/DIS 16750-4

_ The calibration of temperature is realised by carspa With the condensation sensor mounted on the sutéace
with resistance thermometer as reference in theahbath e detected, statements can be taken about themiead
in dipping process. climate at the boundary layer during the test cyéligure
10).

B. Test resultsin automobiles

Different automobile suppliers have measured the sl
condensation on different printed circuit boardsseveral '
places in an automobile and under different climati
conditions by means of the condensation sensor.
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Figure 8. Sensor module on HIFI control unit (picture couytesBMW
Group Minchen)

Figure 10.Measurement of condensation (watermass_sensornaodl
. temperature (t_sensor modul) during the dewingcagde in climate
One of the last tests was carried out at BMW, for chamber (t_climate, rH_ climate)

example. Mounting places chosen were the batterthé

right-side tray, the transmission tunnel on théagr sensor,

the fuse box on the passenger side, the vehicterpathe The measured values in Figure 10 confirm that duitire
data acquisition, and the HIFI control unit in tear trunk.  cycle time of 3 h the surface temperature has asee from
Sensor modules are used to measure condensation atfl °C up to 80 °C and a condensate of dfmm2 has
temperature as well as relative humidity and temipee. formed on the board.
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V. CONCLUSION

In the paper a miniaturized sensor system has bqu]

described. The sensor system allows first time tjagine

measurement of condensate mass and temperature with

calibrated output signals. The system is suitable field
measurement. Tests in climate chambers and in abites
are presented.

This sensor system is a tool for reliability teatsd to
support R&D and production of highly integrated nped
circuit boards.
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Abstract— A silver gate field effect transistor (FET) integrated
thermal controller was developed for a new type of oxygen gas
sensor. It showed a threshold voltage change at a temperature
as low as 80°C. Oxygen response characteristics of the FET
prepared with different productions of silver materials using a
vacuum-evaporated membrane, printed material using silver-
nanoparticles and silver epoxy were compared. The FET with
a gate of silver epoxy showed the largest sensitivity of 135
mV/decade in the oxygen concentration range from 5% to 40%
at120°C.

Keywords-FET; oxygen gas; silver gate

l. INTRODUCTION

The oxygen gas sensor is one of the most commonly used
chemical sensors. There are many types of sensor such as
potentiometric, resistive, amperometric and optic sensors.
Miniaturization and mass-production are desired for sensor
devices, especially in multipoint measurement such as in
sensor networks. A solid-state sensor is suitable for such
demands. At present, oxygen sensors based on yttria-
stabilized zirconia (YSZ) electrolytes as solid-state are being
successfully utilized for automobile and industry monitoring.
An oxygen sensor with YSZ is suitable for high temperature
conditions such as in automobile exhausts and furnaces. On
the other hand, it is limited to low temperature operation
lower than 500°C because the resistivity of YSZ is too high
at low temperatures. Recently, solid-state oxygen sensors
operable at low temperature have been reported. For
example, a ZnO nanowire-based sensor [1] and platinum-
doped In,03 nanocrystals [2] operable at room temperature
showed resistance change to oxygen. One of the authors
reported a field effect transistor (FET) type oxygen sensor
operable at room temperature, and the FET-type sensor
showed a sensitivity of 6 mV/decade to oxygen partial
pressure [3]. The FET-type sensor has a gate of about 10-
nm-thick platinum/ YSZ layer deposited on the gate insulator
of FET. The interface between the YSZ layer and the Pt
layer was an active site for oxygen dissociation. However, it
was very difficult to optimize the gate structure because the
interface of gas-Pt-YSZ had to exist on the gate surface.
Silver is an oxygen selective material and acts as a catalyst to
oxygen; therefore gas diffusion electrodes with silver
catalysts have been investigated for fuel cells, batteries, etc
[4]. In this study, we applied silver as the gate material for
the FET-type gas sensor.
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Il. EXPERIMENTAL

The developed FET has a gate structure of upper silver
material as the oxygen sensitive layer, and double insulator
layers of a 125-nm-thick SisN4 and a 43-nm-thick SiO, (Fig.
1), which are based on a similar structure to that of the
previous reported hydrogen sensor [5]. The FET is an n-
channel type FET with a channel 40 pm long and 390 um
wide. To investigate the optimization of the silver gate, three
types of fabrication method were compared. One is a thin
film that was fabricated by vacuum evaporation. The second
material was fabricated using silver-nanoparticles. The FET
insulator gate was coated with the silver-nanoparticles ink
(nanometal ink L-Ag, ULVAC), and then baked at 120°C.
The third material was silver epoxy (CircuitWorks®), which
was fabricated by a printing mixture of epoxy and hardener,
and then cured at room temperature. To control the
temperature of the Ag-gate FET sensor, a temperature sensor
using a p-n junction diode and a heater using Ti/Ni/Au
resistance were integrated into the same chip. To measure the
oxygen response, voltage follower circuits were used to
determine the threshold voltage change of the FET. The
voltage follower circuits worked to maintain the constant
drain-source voltage and current of the FET. To maintain the
constant gate voltage, the Ag-gate was connected to the
electrode. This circuit configuration operated such that the
output voltage change of the circuit was the same as the
work-function change of the silver. The work-function
change was equal to the threshold voltage change of the FET.
Sample gases with different oxygen concentration were
prepared by a gas mixture using oxygen and nitrogen gases.
The gas sensor was installed in a flow-through cell, and
sample gas was flowed into the cell at a flow rate of 0.5
I/min.

I1l.  RESULTS AND DISCUSSION

The oxygen gas response of the developed sensor was
evaluated by the gas flow system. To control oxygen
concentrations, pure oxygen and nitrogen gas were mixed.
First, the sensor reproducibility as a function of oxygen
concentration ranging from 10% to 20% was studied at
100°C (Fig. 2). The oxygen sensor with silver epoxy
showed the largest sensitivity and best stability. In contrast,
the sensor with silver nanoparticles showed poor response.
The sensitivity of the FET with silver epoxy was 50
mV/decade, and it was larger than the Nernstian response
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Figure 1. Schematic diagram of the structure of the integrated silver-
gate FET with thermal control.

sensitivity (19 mV/decade at 100°C) based on the
equilibrium reaction as below.

20, +2¢” © 02" (1)
If the reaction occurs at the membrane surface, the silver

membrane potential changes according to the Nernst
equation below:

@m = const — (g) InP,, )
where ¢n,is the membrane potential, F is Faraday’s
constant, R is the gas constant, T is absolute temperature,
and Pq, is the partial pressure of oxygen. The sensitivity of
the sensor with the silver vacuum evaporation was 20
mV/decade, and it was nearly equal to the Nernstian
response.

To investigate the response difference, membrane
structures were observed by scanning electron microscopy
(Fig. 3). The silver vacuum evaporation membrane showed
a very smooth surface whereas the silver nanoparticle
membrane showed a crushed surface. This was due to the
poor adherence to the Si3N4 gate insulator, and therefore it
showed the lowest response. The silver epoxy membrane
showed a porous and rough surface. This created the largest
surface, so active sites of the silver membrane were
considered to be rich. The silver vacuum evaporation
membrane had a very smooth surface, where it was assumed
that the smooth surface created the monolayer reaction at
the activated site on the membrane, and then the membrane
potential was described by the Nernst equation. On the other
hand, the sensor with the silver epoxy had a porous and
rough surface, and it created the multilayer of the
dissociated oxygen inside the gate membrane. The higher
sensitivity was considered due to the dissociated oxygen
diffusion inside the silver gate.

The oxygen response was obtained over 80°C, and
sensitivity was increased according to the temperature
increment (Fig.4). It was not linear. According to the
temperature increment, activation energy increased and then
oxygen dissociation reaction was accelerated. The oxygen
response to a wider oxygen range from 5% to 40% was
investigated. The sensor showed a linear response to
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Figure 2. Comparison of oxygen response characteristics of the FET-
type sensor using different silver membranes at 100°C: (a) silver
nanoparticle membrane, (b) silver vacuum evaporation membrane, (c)
silver epoxy membrane.
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Figure 3. SEM images of the silver membrane: (a) silver
nanoparticle membrane, (b) silver vacuum evaporation membrane,
(c) silver epoxy membrane.
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Figure 4. Temperature dependence of the sensitivity of FET-type
oxygen sensor with silver epoxy gate.
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Figure 5. Calibration curve of the FET-type oxygen sensor at 120°C.

logarithmic oxygen concentration, and it was 135
mV/decade at 120°C (Fig. 5).

In this study, we proposed a new oxygen sensor for the
silver-gate FET. The silver-gate FET using silver epoxy
showed the largest sensitivity compared with other silver
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membranes. This was considered due to the sterically-
congested dissociated oxygen at the silver membrane.
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Abstract— The primary calibration of force transducers using
sinusoidal excitations with electrodynamic shaker systems will
be described. First a view comment concerning the importance
of dynamic force measurements will be given. That will be
followed by a mathematical description of the basics of
dynamic measurements based on linear differential equations.
Some useful approximations are given to average measured
data. The technical equipment will be introduced together with
a discussion concerning the traceability as well as the
uncertainty consideration. Finally an exemplary calibration
performed on a strain gage transducer will be presented.

Keywords: dynamic force, force calibration, laser vibrometer,
acceleration measurement

1. INTRODUCTION

In the last few decades very precise static force
measurements were developed and are now routinely used
for calibration services in many national metrology
institutes (NMI’s) around the world. The force scale which
is covered nowadays reaches from uN-MN [1-2]. Thereby,
relative measurement uncertainties down to 2107 are
obtained using deadweight machines, which are the best
standard to realize a traceable force. The force, F, is just the
product of the SI base unit mass, m, and the gravitational
acceleration, g, following Newton’s law, F=m-a, with the
acceleration, a=g.

Besides the precise realization of a force in a standard
machine, there must be selected force transducer available
which can be used as a transfer standard to give the primary
calibration to the secondarily calibration laboratories and
industry. The crucial fact is now that often these static
calibrated force transducers are used in dynamic
applications. That is the reason why more and more NMI’s
have established procedures for a dynamic calibration of
force transducers and also other sensors.
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Currently in the European Metrology Research Programme
(EMRP) one promoted research topic is the: “Traceable
Dynamic Measurement of Mechanical Quantities”, which
includes, apart from a work package about dynamic force,
also work packages about dynamic pressure, dynamic
torque, the electrical characterization of measuring
amplifiers and mathematical and statistical methods and
modelling [3].

Similar to the static calibration philosophy primary
calibrations have to be provided which guarantee
traceability to the SI base units and also transfer transducers
(reference standards) to transfer these calibrations e.g. to an
industrial application. This transfer turned out to be the most
complicated task because of the crucial influence of
environmental conditions present in certain applications.
Mostly the transducers are clamped from both sides which
lead to sensitivity losses due to the dynamics of these
connections which are more or less not infinitely stiff. On
the other hand the resonant frequency often shifts down to
lower frequencies which can also drastically change the
sensitivity. The problem can be solved to a certain extent by
modelling the whole construction including all relevant
parameters. For that reason it is also important to determine
the force transducer parameters like stiffness and damping
which can be obtained during a dynamic calibration. This
article describes one possibility for a primary dynamic force
calibration using sinusoidal excitations. The whole
procedure as well as most of the set-ups where developed
over two decades and are extensively described in [4]. Other
methods as well as analysis procedures for dynamic force
calibration are described in [5-9].
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II. MATHEMATICAL DESCRIPTION

To obtain an analytical “handle” for the description of the
dynamic behaviour of a dynamically excited force
transducer, the well-known spring-mass-damper model can
be applied. In figure 1 one can see a simplified picture of a
force transducer which is equipped with a test mass, m,. The
connection of that mass to the transducer is modelled by a
certain stiffness, k., and a damping constant, b.. The
transducer itself consists of a bottom mass, m,, and a head
mass, m;. Both masses are also connected by a spring with
stiffness, ks, and a corresponding dumping constant, b The
coordinates in space of all three masses are then given by
the vector (x, x;, x,), if only a vertical movement is
considered. A periodical force acts from the bottom on the
mass, my, (see Fig.1). This force is generated by an
electrodynamic shaker system. The acceleration of the top

mass, )'C', , the acceleration on the shaker table, )'C'b, and the

force transducer electrical signal are measured during the
calibration procedure. This transducer signal is directly
proportional to the material tension/compression and can be
described in the model by the difference of the spring
coordinates x;-xp, .

The system depicted in figure 1 can be finally modelled by
the following system of linear differential equations with
constant coefficients:

X
t
1
k ?
j i .
L I
ol m.
O I I
=] [
Sl
| L
@ | kf bf | X
s 1 %b
|_I 'l ?
| i
o I
=
| m, :
|

F=Fysin(wt+)

Figure 1. Schematic model of a force transducer equipped with a top mass.
The transducer itself can be seen as a spring-mass-damper, which consists
of two masses connected by a spring. The adaptation of the test mass is also
modelled by a damped spring, whose stiffness is mostly much stronger than
that of the transducer.
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(0

It should be noted that the system can be simplified if the
coupling of the top mass has practically no influence on the
dynamic process. This would correspond to the special case,
k. = o, b, = 0, and the top mass as well as the head mass
of the transducer can be summarized as one mass body. In
the calibration process the dynamic sensitivity, which is the
ratio between the measured force transducer signal and the
acting dynamic force, is measured as follows.

2
-2 - b +(a)2ﬂJ

‘xl’ _xb‘ — mt +ml . k(; lelk(, k(;
‘ Xy ‘ kf b 2 2 2
1+l oL | |1+ a)&
kg k.
@)

In equation 2 the reduced mass wu=(m,;m;)/(m+m; was
introduced. This equation can be drastically simplified if the
top mass coupling is neglected and one applies a Taylor
series development of the second order for the frequency w:

=P1'(1_P2‘5‘72)

©)

This equation is very convenient for fitting purposes to
approximate the measured sensitivities just by the two
parameters, p; and p,.

The measured sensitivity is calculated from the ratio of the
transducer signal, Uy, and the acting dynamic force:

— v,
- (m,+m,)-X, - K

S, =S, -(1-pa’)

corr

“

The parameter, K., takes into account the vertical
acceleration gradient over the mass body. Finite element
simulations have shown that the individual mass points of
the mass body have slightly different accelerations in the
vertical direction [4]. This correction factor can be
neglected, if quite small masses are used (only a few
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centimetres in height). The factor S is the static sensitivity
obtained for the limiting case w=0, whereby p=p,. As one
can see from approximation (4), the sensitivity drops down
quadratically with increasing the frequency w.

Besides the amplitude of the sensitivity according to
equation (4), also the phase shift between the acceleration x,
and the force signal Uy can be derived by the model:

S

p(w) =tan”'| ——L o- l+w2'f1(1/kc.b/,ﬂ)
k, 1+ f2(1/kc_bf,u)+w2 - fi(Uk b, 42)

o(w) = tan™ —b—fa) = —b—fa)
k k

G

The quite complicated equation (5) contains functions f;-f3
which are all proportional to 1/k,, so that these terms can be
neglected for the limiting case of infinite coupling stiffness
of the top mass. In addition the arcus-tangent function can
be approximated by a Taylor series of the first order for the
frequency o, which leads to a linear phase shift between the
acceleration- and force transducer signal.

III. MEASUREMENT SET-UP

The essential prerequisites for a primary sinusoidal force
calibration are seen in figure 2. First of all one needs an
exciter. At PTB we have three electromagnetic shaker
systems, a small one for forces up to 100 N and 10 Hz until
2 kHz, a medium one up to 800 N for 10 Hz till 3 kHz and a
large shaker up to forces of 10 kN and frequencies of 10 Hz
to 2 kHz. The shakers consist of two parts, the vibration
exciter itself and a power amplifier. The kind of excitation is
determined by the chosen signal created by a function
generator. This signal directly modulates the current signal
which drives the coil of the shaker armature.The
acceleration of the top mass can be measured principally in
two different ways, either by a primary method using a laser
Doppler vibrometer or by accelerometers.

Usually the vibrometer is used, which consists of a laser
head providing a 632.8 nm red laser beam and a certain
controller. There are two kinds of laser heads, one with a
fixed beam and the other one with a scanning opportunity.
The scanning vibrometer is able to scan surfaces in an angle
region of £25° in the x- and y- directions. This offers the

Copyright (c) IARIA, 2011.  ISBN: 978-1-61208-145-8

)

Digital Controller
- 1Q Signal

Laserhead

— Junction-
——————

Box
Chargeamplifier PC with AD-
Card
_ Vibsoft 4.6
GPIB

- Topmass

Functiongenerator

Forcetransducer

Figure 2. Schematic measurement set-up for the sinusoidal force calibration

possibility to investigate surface vibrations. The modular
controller consists of different digital processing units, two
velocity decoders, a displacement decoder and a digital
quadrature decoder. In summary a frequency range from O-
2.5 MHz with a maximum velocity of 10 m/s and a
resolution of 0.02 pm/s can be realized. The signal
processing inside the decoders is fully digital, the output is
provided as an analogue signal. For precise calibrations the
digital quadrature encoder is used in connection with certain
software which calculates the displacement according to the
arcus-tangent procedure. The analogue IQ output signals are
bundled together with the transducer output signal and the
acceleration signal from the shaker armature in a junction
box which is then cabled to a 5 MHz PC sampling card.

IV. TRACEABILITY AND UNCERTAINTY CONSIDERATION

The sinusoidal calibration of force transducers is a primary
calibration method which means that all measured quantities
are traceable to the SI base units and all measuring
equipment used is calibrated using certain standards, which
are well established procedures. The calibration of the
weights used as top masses is done according to the
international recommendation OIML R 111-1 [10].
According to this document the top masses can be classified
at least as Class M;, which leads to a maximum error for a 1
kg weight of 50 mg or a relative standard measurement
uncertainty of 5-107, Apart from the mass determination,
the acceleration measurement is the most important part of
the calibration. In figure 3 the traceability chains are shown
for different ways

10
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Figure 3. The traceability chains of the acceleration measurement are
shown for a primary and secondary method. Left hand side shows the
primary method using laser interferometers/vibrometers, the right hand side
show the traceability using accelerometers with certain conditioning
amplifiers.

of acceleration measurement. There are, in principle, two
ways, the primary method using interferometers/vibrometers
and the secondary method based on a certain electrical
chain. The vibrometer measurement can differ according to
the involved overlap of certain laser beams in the homodyne
or heterodyne interferometers. Both instruments are based
on modified Mach-Zehnder interferometers. In the
heterodyne interferometer, the measuring laser beam is
spitted whereby one part is additionally mixed with a high
frequency using a Bragg cell, usually 40 MHz, to provide
the Doppler encoding. The homodyne interferometers are
used for larger displacements which can be determined by
counting the interference maxima, which is also known as
the fringe counting method. The displacement is, thereby,
only a function of the laser wave length and the number of
fringes. Fringe counting can be performed with very precise
instruments, like the high performance counter Fluke
PM6681. According to the fringe counting equation, see
figure 3, the uncertainty is very small. The relative counting
error of the Fluke counter is at 1 kHz, ACounts/Counts
~5-10"® and the relative wavelength error is in the order of
AMA=10°. The main error is made if the displacement
comes in the order of A/2, because this is the resolution limit
of the fringe counting. Keeping in mind a lower limit for the
displacement of 400 pm, one can obtain uncertainties of
0.1% in the range from 10 Hz to 1.5 kHz.

As mentioned above, the heterodyne technique is based on
the arcus-tangent calculation of the quadrature signal. If one
plots the IQ measuring points in a 2 dimensional grid, as
seen in figure 3, one obtains a circle in the most perfect
case. The fully digital quadrature encoding avoids all errors
made in former times by analogue filters and mixing
devices. By default the whole electrical chain of the
vibrometer controller is calibrated by the manufacturer
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through coupling of very precise known artificial
displacement signals directly in the controller. These
measurements result in uncertainties which are below 0.1%
[11]. On the other hand, the vibrometer used for the
sinusoidal force calibration was calibrated against the
national acceleration standard. Thereby, the acceleration
values obtained by the measuring program had deviations
from the standard set-up of 0.02-0.04%. With a clear
conscience one can obtain an uncertainty at least of 0.1% for
the frequency range of 10Hz-1.5 kHz with the heterodyne
method.

The right-hand side of figure 3 shows the conventional
method of acceleration measurement using accelerometers
in combination with certain conditioning amplifiers.
Normally a charge amplifier is used which can be calibrated
with a very precise reference capacity and a high accurate
voltmeter. The relative standard measurement uncertainty of
both devices is a few 10 % according to the calibration
certificate which was obtained by a standard calibration
procedure at PTB. For the use in a calibration set-up, one
has to consider the whole measuring chain consisting of the
accelerometer and its conditioning amplifier. The measuring
chain can be included by a calibrated sensitivity factor, Sga,
which commonly has an uncertainty around 0.2 %, as
illustrated by example in figure 3. According to the charge
amplifier calibration for the accelerometer measuring chain
also the force transducer can be handled, if a piezoelectric
transducer is used.

For the case of transducers based on the strain gage
technique, a special calibration device, also called bridge
standard, was developed [4]. The bridge standard simulates,
in principle, a force transducer and is based on a Wheatstone
bridge whose bridge voltage is, as in the real case, provided
by the amplifier. In place of a force transducer the bridge
standard is connected to the conditioning amplifier. The
output to the amplifier is a dynamic bridge detuning which
can be steered through an analogue input signal from an
arbitrary function generator with voltage amplitudes. Inside
the device the input signal is transformed to a mV voltage.
The signal which is seen from the amplifier can be
measured in addition on an auxiliary output channel.

The total (combined) measurement uncertainty, u., of the
sinusoidal calibration can then be separated into two main
parts, a set-up dependent part, u, and a part which is
obtained by the actual calibration measurement, ,,:

2 2
U, = Ug + U,
The part, ug, is, in principle, a constant given for a certain
set up and reflects the smallest achievable measurement
uncertainty. This part depends - according to equation 4 on
three parts, the uncertainty of the acceleration measurement,
the uncertainty of the conditioning amplifier calibration and
the uncertainty of the mass determination. Note that the
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Modell Equation:
S=UIV)/(m-a)

S: Sensitivity, U: Conditioning amplifier voltage, V> Amplification factor, m: Topmass,
a: Acceleration

Uncertainty-Budget:

Quantity Value Standard Degree | Sensitivity | Uncertainty | Index
measurment of coefficient | contribution
uncertainty freedom

1) 205.0 mV 0.00488 % 50 400:10° | 4.0-10°mV/N | 0.3 %
v 2500.0 8.00:10 % 50 -33:10° | -6.6:102mV/N| 0.0 %
M 10.0kg 0.0500 % 50 -8.2:10° | -41:10° mV/N | 30.7 %
a 100.0 m/s* 0.0750 % 50 -820:10° | -62:10° mV/N | 69.0 %
S 82.0-10°mV/N| 0.0903 % 87

Result:

Sensitivity-Value: 82.00-10¢ mV/N

Relative expanded measurement uncertainty: £0.18 %
Expansion Factor: 2.0

Coverage: t-Table 95%

Figure 4. There is shown an example of the standard uncertainty
evaluation, u,, of the dynamic sensitivity at a frequency of 400 Hz. The
calculation was done according the “Guide to the expression of uncertainty
in measurement”, GUM [12].

uncertainty of the head mass, m;, of the transducer is not
included in this part, because this mass has to be determined
with the aid of the actual measurement. According to the
numbers for the certain uncertainties given above, this part
results in an uncertainty contribution of 0.1-0.25 %. Figure
4 shows as an example the uncertainty evaluation for u;
which is obtained at 400 Hz.

The part, u,, includes the uncertainty of the internal mass
determination and depends further mainly on the standard
deviations of the performed measured sensitivity points. By
using the scanning vibrometer for the acceleration
measurement on the top mass one can measure up to 100
points, depending on the actual geometry of the weight.
Through this opportunity special disturbing influences like
rocking modes or mechanical adaptation influences of the
transducer can be taken into account. It should be noted that
these influences contribute more than other errors made, by
e.g., the sine approximation of the measured data or the
uncertainties caused by special filter techniques applied in
the analysis procedure.

Experience has shown that the uncertainty part, u,, is on
average below 1 kHz between 0.4-1% and above 1 kHz
around 1-2%.

V. MEASUREMENT EXAMPLE

Figure 5 illustrates the output of a special calibration. In this
case a 25 kN force transducer based on the strain gage
technique was measured with five top masses as seen in the
upper panel of figure 4. As seen from the sensitivity plot, all
masses are in good agreement below a frequency of 1 kHz.
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Figure 5: Dynamic sensitivity, upper panel, of a 25 kN strain gage force
transducer measured by five top masses. The lower panel shows the un-
certainties of the individual measuring points.

This is also confirmed by the combined relative standard
measurement uncertainty, given in %, which can be seen in
the the lower panel of figure 5. The different top masses
cause different resonance frequencies which lay in the range
of 700-1400 Hz. Measuring points near the resonance and
also beyond naturally have a bigger uncertainty.

To acquire a figure of merit, all the sensitivity curves
obtained with the different top masses can be fitted with a
function according to equation 4 and the mean value for the
obtained parameters can be calculated. Including the
uncertainties of the individual points in the fit procedure
moreover, leads to a realistic error also for the fit
parameters. The averaged fit results, together with the
obtained uncertainty range are shown in figure 6. The
sensitivity at frequency, f=0, was scaled to 100 % to
illustrate the sensitivity drop as a function of frequency in
an easy readable way. Thus, it can immediately be seen, that
the transducer shows only 96% of its sensitivity at 1.6 kHz.

T T T T
1000 1200 1400 1600
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Figure 6: Averaged sensitivity according to the described fit procedure
normalized at an indication of 100% given by the transducer at f=0 Hz.

VI. CONCLUSION

The traceable sinusoidal calibration of force transducers was
demonstrated. The calibration mainly depends on the
acceleration measurement and the calibration of the
electrical chain of the conditioning amplifiers used. For the
most accurate acceleration measurement, laser Doppler
vibrometers can be used which are traced back to the laser
wavelength. In the case of piezoelectric force transducers
the charge amplifiers can be very precisely calibrated using
a reference capacity and a primary calibrated multimeter.
For strain gage transducers, a special calibration bridge
standard was developed to dynamically calibrate voltage
ratios.

In chapter IV it was shown that one can perform the
calibration depending on the involved top masses with
relative standard measurement uncertainties of ~0.4-2.0%.
The main uncertainty contributions are not caused by the
set-up but rather by the mechanical influences like
adaptations and the rocking modes of the transducer. These
disturbing influences can be detected during a calibration
measurement by applying additional sensors like, e.g.,
triaxial accelerometers. If a certain threshold of transverse
acceleration is exceeded, e.g., caused by rocking modes or
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side resonances of the transducer, the corresponding data
will be no further considered. In addition special adapters
can be developed to suppress these effects.
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Detection of Ice Formation over a Road Surface
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Abstract—The reliable detection of ice over road surfaces
is an important issue for reducing maintenance costs and
improving traffic safety. An innovative capacitive sensor was
developed to detect the presence of ice on its surface, and
its repeatability, stability and reliability were assessed in
simulations and experiments described in previous papers. The
indications of the sensor are compared in this paper with
the objective identification of ice formation or melting over
a road surface in laboratory, under dynamic or stationary
conditions. The sensor provides indications which are in line
with the condition of the road surface, with a mean error in
the identification of the time instants of ice-wet and wet-ice
transitions lower than about 10 minutes, both under different
temperature gradients or in stable conditions.

Keywords-Capacitive sensor; ice detection; road and runway
information system.

I. INTRODUCTION

Detection of ice formation found important applications in
different fields. For instance, an adequate assessment of the
conditions of road surfaces may enhance traffic safety [1];
detection of ice on the surface of the runway of airports can
improve safety during take off and landing of the aircrafts
[2]; finally, the detection of presence of ice on walkways
may prevent people falls.

Different technologies were developed to detect ice, de-
pending on the application. Some techniques put directly
the sensor in contact with the surface over which ice may
form, others allow for a remote sensing. Different sensors
were developed exploiting different physical principles, e.g.
concerning vibration [3], electro-optics [4], fiber-optics [5],
radio frequency [6], micro-mechanics [7], ultrasounds [8],
and inductive [9] effects.

In order to detect ice formation on the surface of a road or
a runway, embedding the sensors directly on the pavements
is preferable. However, the previously indicated methods are
not feasible for this application since they are not enough
robust or they are based on indirect measurements. Thus,
an innovative, low cost ice sensor was introduced in [10]
to detect water and ice on exposed surfaces, based on a
capacitance measurement. The sensor was investigated by
simulations and experiments, both in laboratory [11] and in
the field [12] [13].
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Reliability and repeatability of the estimates were investi-
gated in laboratory conditions by comparing the instants in
which ice formation and melting were identified by different
sensors [10]. The sensors provided indications close to each
other, with a spread of the time instants in which a state
transition was identified in the order of a few minutes.
However, the surface of the sensor is flat and very different
from that of the road, which is a rough surface due to the
bitumen. Moreover, the sensor blocks percolation of water,
which is very important in determining the road surface
conditions. Thus, the icing and melting processes on the
sensor and on the surface of a road may have a deviation,
which is difficult to predict. In order to address this issue,
some sensors were embedded in a road, with bitumen
covering some of them [10] [12]. Nevertheless, the icing
process over a bituminized sensor may be different from
that of a road even if the two surfaces are the same, since
percolation under them is different. Moreover, the indication
of a bituminized sensor is still mediated by the sensor, so
that it cannot be considered as an external reference. The
METAR (METeorological Aerodrome Report) message of
the Turin Airport was considered in [12] as an external,
objective indication. Data were acquired for 10 months.
Rain, fog, and snowfall events were highly correlated with
the output of the sensors, but correlation with ice could not
be assessed. In the same paper, the indications of the sensor
were compared to those of a mathematical model of indirect
ice prediction from meteorological data. Correlation was low
and, trusting on the sensor indications, it was suggested
that a precise prediction of ice formation should require
an adaptive model which fits local weather data and ice
formation on the specific road under consideration, instead
of a simple general law. Thus, also the mathematical models
proposed in the literature to relate meteorological variables
to ice formation are not considered as reliable independent
references to test the sensor.

This work is devoted to the objective of test our sensor: its
indications are compared with the ice formation and melting
over a road model identified by direct inspection.
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Figure 1. (A) Relative permittivity of air, water (at 25°C), and ice (at
-10°C) as a function of frequency. (B) Picture of the ice sensor. (C) Picture
of the road core.

II. METHODS

The sensor described in [10] consists of a multi-frequency
capacitance measurement system. The capacitance is related
to the relative permittivity of the material placed over the
sensor, which depends on temperature and measurement
frequency [14]. On the other hand, it is worth noticing
that it is not affected by contaminants (e.g. salt) present
over the road [12]. Figure 1A shows the relation between
the relative permittivity of air, water and ice, and the
measurement frequency for specific values of temperature.
Due to the variations of relative permittivity with frequency,
it is possible to distinguish between water, ice and air by two
capacitive measurements, at low (200Hz) and high (20MHz)
frequency [10]. The capacitance is measured using a transfer
charge circuit. The sensor is shown in Figure 1B.

The road model was obtained using a road core with
diameter of 30 cm and thickness of 20 cm, shown in
Figure 1C. It does not contain the sensor and is constituted
by three layers, with asphalt and concrete with different
granularity, allowing a good distribution of loads and a
proper drain and filtration. The road core is a representation
of the asphalt of the runways of the Turin-Caselle airport.

In order to compare the indication of presence of ice
provided by the sensor with the ice formation and melting
over a road, experimental tests were performed applying the
same environmental conditions to three sensors and to the
road core, and evaluating the dispersion of the time instants
in which phase changes were detected. Experimental tests
were executed inserting the sensors and the road core in a
climatic chamber (Angelantoni - Challenge 250; temperature
range for climatic test from -40°C to +180°C), as shown in
Figure 2A. Sensors were connected to a data acquisition
system via the RS485 communication protocol, for the
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Figure 2. (A) Picture of the experimental setup. Sensors and road core
placed in the climatic chamber, together with an USB webcam to acquire
images. (B) Representation of the two experiments.

collection of the data. At the top of the climatic chamber,
an USB webcam (Logitech - QuickCam Pro 9000; operative
temperature range from -20°C to +60°C) was inserted to
acquire images from the road core in order to detect the
formation of the ice over it. A PC was used to store images
from the USB webcam and sensory data from the acquisition
system using the RS232 protocol. Images and data were
simultaneously acquired using a sampling frequency of 1
sample per minute.

Two different experimental tests were performed, the
first imposing a linear gradient of temperature, the second
leaving the climatic camber in static condition. Specifically,
in the first test, the sensors and the road core were first
introduced into the climatic chamber with a temperature
of 25°C, for approximately 10 minutes in order to wait
that the indications of the sensor became stationary. Then,
I mm of tap water was placed over each sensor and at
the center of the road core. Different temperature gradients
were applied and the time instants in which the sensors
identified ice formation and the road core surface froze
were investigated. Specifically, the climatic chamber was
arranged to reach -20°C with different temperature gradients
equal to -0.25°C/min, -0.5°C/min, and -0.75°C/min. During
this period, the water froze. Once reached the minimum
temperature of -20°C, the climatic chamber kept stable
conditions for approximately 10 minutes, and then it was
arranged to reach 25°C with opposite temperature gradient.
During this period, the ice melted. The climatic chamber
kept the temperature of 25°C for approximately 10 minutes.
Then, sensors and the road core were dried.

In the second test, sensors and road core were first placed
in the climatic chamber. Then, the chamber was arranged to
reach -10°C with a temperature gradient of -1°C/min. Once
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Figure 3. Example of data processing during the second type of
experiment. Images captured by the camera are shown on the top. On the
bottom, the values of sensor capacitance and the temperature of the climatic
chamber are depicted.

reached the temperature of -10°C, the climatic chamber was
arranged to keep stable conditions. One mm of tap water
was placed over each sensor and at the center of the road
core. After closing the chamber, the water placed over the
sensors and the road core froze. Then, the climatic chamber
was open at ambient conditions and the ice melted. Finally,
sensors and the road core were dried. This experiment was
repeated in three different days in order to investigate the
repeatability of the data.

A representation of the two experiments is shown in
Figure 2B.

III. RESULTS

An example of data processing is shown in Figure 3. The
images captured by the camera allowed for the identification
of the time instants in which water over the road core started
to ice, or when ice started to melt. A synchronous detection
of the sensor capacitance (one example is shown in the
figure) indicates the formation or melting of ice over the
sensor. Data from the camera and from the sensors were
compared in terms of the time instants in which ice was
formed or melted over the road core and those in which
state transitions were identified by the sensors.

The general results of the experiments are shown in
Figure 4. The time intants of formation and melting of ice
are shown for the sensors and compared to those in which
the same happened over the road model. The indication
of the sensors are repeatable: in the first experiment, the
standard deviation (STD) of identified transition instants
is about 3 and 2 minutes for the wet-icy and icy-wet
transition, respectively; for the second experiment, STD
of the identified transition instants is about 4.5 and 2.5
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Figure 4. Time instants in which ice formed or melted over the road core
compared to the indications of the sensors. A) First experiments, in which
different gradients of temperature are applied. B) Second experiments, in
which stable conditions at -10°C were maintained by the chamber till water
froze and then it was switch off and the door was opened till the ice melted.

minutes for the wet-icy and icy-wet transition, respectively.
Moreover, their indications are in line with the formation or
melting of ice over the road core: mean difference between
the mean transition instants identified by the sensors and
the actual time of state change of water over the road model
was about 11 and 2.5 minutes, for the wet-icy and icy-wet
transition, respectively, during the first experiment; for the
second experiment, the mean difference was about 5 and 7
minutes for the wet-icy and icy-wet transition, respectively.
There was always a negative bias between the indication of
the sensors and the conditions of the road.

IV. CONCLUSIONS

Repeatability and reliability of the estimates provided by
the ice sensor are investigated comparing the time instants
in which water state transitions occurred over a road core
and those indicated by the sensor. Controlling the surface of
a road model placed in the same environmental conditions
of a sensor is an objective way to get an external validation
of its indication.

Repeatability was satisfied, as different sensors provided
the same indication with time delay of a few minutes
(in line with [10]). Spread of the wet-icy transitions was
larger than in the case of icy-wet transition (see [10] for
discussion about this result). The reliability of the estimates
was also satisfied, as the delay between the state changes
identified by the sensors and those obtained over the road
were reasonably low (lower than about 10 minutes in all
experiments considered).

It is worth noticing that there is a deviation between the
indications of the sensor and what happens over the road
core, as the indications of the sensor anticipate the road
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conditions (of a few minutes, as stated before). Ice forms be-
fore over the sensor, due to the smooth surface of the sensor,
which facilitates the formation of ice crystals on it than over
the road. Moreover, ice melts before over the sensor than
over the road core: this is probably due to the low power
consumption of the electronics, which warms the surface of
the sensor. Caution is recommended before exploiting this
deviation in order to predict road surface conditions, as the
time delay surely depends on the specific weather conditions.
Nevertheless, the precision of the indications of the sensor
indicates its feasibility for different applications, such as ice
forecasting or identification of different liquid solutions.
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Abstract—This paper presents a description of two different
approaches to determine and measure the yarn mass
parameters. The first approach (YSQ) is based on: a capacitive
sensor to determine yarn mass and on optical sensors with
Fourier optics to determine yarn hairiness and diameter. The
second approach determines all yarn mass parameters using
image processing techniques. Both approaches present
innovative, low cost, portable and high-precision yarn
evaluation testers, for quality control of yarn characteristics
under laboratory conditions. It is believed that the solution
based on image processing techniques allows a high level of
advantages, among others, reduced hardware and maintenance
necessities with a very high resolution. The software was
developed in LabVIEW, using the toolbox IMAQ Vision for
image processing.

Keywords-yarn mass parameters; optical signal processing;
yarn hairiness; yarn diameter;capacitive sensors; optival sensors;
image processing.

I. INTRODUCTION

The correct and accurate evaluation of yarns is a subject
of major importance to the Textile Industry, as the final
fabric quality depends directly on the yarn quality. To
undertake these yarn tests several companies have
developed specific equipment. The Tester 5 from Uster [1]
is important for its relevant contribution to the development
of quantitative yarn characterization.

However, these yarn testers have a significant cost,
require a considerable area for their installation and present
limited resolution and precision in the evaluation of certain
yarn parameters.

As a result, many yarn producers do not have their own
yarn testers and, instead, choose to subcontract dedicated
testing laboratories for yarn quality determination. This
process is time consuming and eliminates the possibility of
acting in useful time during yarn production, reducing
efficiency.

To overcome these drawbacks, we have developed new
equipment, entitled YSQ (Yarn System Quality) [2]. The
YSQ measures the yarn diameter, the yarn hairiness and the
yarn irregularity based on optical and capacitive sensors.
Moreover, it integrates an external module to obtain yarn
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production characteristics, based on image processing (IP).
At present, in the Textile Industry there are no available
commercial equipment or known prototypes to obtain these
characteristics automatically. Instead, they are obtained
manually by human ocular inspection or by using an
analogue microscope, being the results susceptible to errors
[3,4].

The high precision levels of parameterization performed
by the YSQ, together with its low cost and high portability
make it a reliable and efficient solution for the Industry.

Furthermore, and after studying the image processing
possibilities in the production characteristics module of the
YSQ, we started considering to specify the traditional yarn
mass parameters as technological solutions based on IP, as
they are characterized by high reliability and efficiency and
can present some advantages over the traditional methods
(very low cost, small size and weight, reduced hardware,
reliability and possibility of very high resolution).

IP based applications have been used in the textile field
since 1964 [5], although they have not yet been converted to
viable quality control methods [6].

Due to its influence on the quality of textiles, yarn
hairiness is considered to be one of the most significant
parameters. In textile industry the equipment used to
measure the hairiness are based on photoelectric methods,
like the Shirley’s apparatus and the Uster Tester 3 devices
[7]. Several algorithms are currently under development to
characterize the yarn hairiness with IP. The method
proposed by [8], measures the real length of the protruding
fibers from the yarn core, as well as, their number in order
to quantify hairiness. Reference [9] introduced a new
method to measure hairiness, based on the assumption that
the hairs close and parallel to the yarn core would be a
better indicator of hairiness, proposing then a new
parameter: Hair Area Index. This concept measures the area
covered by hairs and is divided by the area of the yarn core
to obtain a dimensionless quantity. Nevertheless, it is still
necessary to develop algorithms to detect and characterize
loop fibers length and to clearly distinguish between
protruding fibers and loop fibers when they are interlaced.

Another important parameter is the yarn diameter, since it
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is used to predict fabric structural parameters such as width,
cover factor, porosity and fabric comfort [10]. The
characterization of yarn diameter with IP can also be
achieved with algorithms already applied to the extraction
of yarn core [11, 12]. But, algorithms to measure the exact
length of yarn irregularities (thin places, thick places and
neps) [13] need to be developed. The characterization of
yarn mass can be inferred from the yarn diameter,
depending, among other parameters, on the yarn fiber
density and porosity [14, 15].

Besides the YSQ, this paper also presents a new solution
to automatically characterize the mass parameters of yarn
and a preliminary study to identify and quantify the loop
and protruding fibers (hairiness) based on IP.

This paper considers the following organization: Section
I — Introduction, presents an overview over the traditional
methods of yarn parameterization as well as describes the
evolutions obtained with the solutions presented in this
work; Section II — Textile Parameters Theoretical
Considerations, describes the theoretical concepts of the
yarn parameters quantified; Section III — YSQ Sensors
System, presents the electronic and optical hardware used as
well its configurations over the technical solutions of this
work; Section IV — Yarn Mass Parameterization Using
Image Processing, describes the image processing
algorithms used to quantify the yarn parameters measured in
this work; Section V — Conclusions and Future Work,
presents the final remarks and the project following steps.

II.  TEXTILE PARAMETERS THEORECTICAL
CONSIDERATIONS

This section describes the typical configuration of a yarn,

the definition of faults, hairiness and the most important
yarn production characteristics [3, 4, 16-18].

A.  Yarn Configuration, Faults and Hairiness

The most important parameters used to specify yarn
quality are linear density, structural features and fibre
content. An example of yarn configuration is shown in
Figure 1.

Diameter

=

'y
T

Mean Value

Length

Figure 1. Yarn configuration example

As Figure 1 suggests there is a direct relationship
between the variation of yarn mass and the yarn diameter.
Thus the calculation of the diameter can be obtained by
d(mm) = 0.037sqrt( Tex) , where Tex is the mass of the yarn
in one kilometer of length (g/km) — yarn linear mass. This
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relation allows the possibility of determining yarn
irregularity based on yarn diameter measurements.

The number of yarn faults and yarn mass measurements
enables a quality rating of the products tested. There are
three kinds of yarn faults, classified as (Figure 2): thin
places - a decrease in the mass during a short length (4 mm);
thick places - an increase in the mass, usually less than 100
% of the sensitivity, and lasting more than 4 mm; neps -
huge amount of yarn mass (equal or superior to 100 % of
sensitivity) in a short length (typically from 1 mm to 4 mm).

- T~

Thin Places _

-

Thick Places
-

NAWAWAN

Neps

AVAVAVE

Figure 2. Types of yarn faults

Apart from faults, another important feature which
greatly influences the appearance of fabrics is the level of
yarn hairiness. Hairiness is the result of released fibres over
the strand. Figure 3 presents an example of hairiness [3, 17,
19-21].

Figure 3. Identification of yarn hairiness in an electron microscope picture

The hairiness coefficient (H) specifies the length of hairs
in a meter of yarn.

Measurements of the yarn hairiness, mass and diameter,
allow the determination of several statistical parameters
which are relevant when characterizing yarn quality and,
subsequently, the fabrics.

B.  Yarn Production Characteristics

Four important production characteristics of commercial
yarns are the fiber’s twist orientation, the number of cables
(folded yarns and non-folded yarns), the folded yarn twist
step and the folded yarn twist orientation [3, 4]. The two
final production characteristics mentioned are only obtained
when dealing with folded yarns. Figure 4 identifies the four
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described production characteristics using as an example an
electron microscope image of a 4.2 g/km cotton yarn. It is a
folded yarn as two separate cables are clearly visible. The
folded yarn twist step (d) is 0.3334 mm, with an orientation
clockwise and a fiber twist orientation opposite (anti-
clockwise) to the folded yarn direction.

Figure 4. Identification of the yarn production characteristics in an
electron microscope picture

II1.

This section describes the optical and electronic setups
used to obtain the measurements of yarn hairiness, yarn
diameter and mass variation in the YSQ [22-24]. Moreover,
it also describes the hardware of the external YSQ module,
employed to obtain the yarn production characteristics.

YSQ SENSORS SYSTEM

A.  Three Directions Optical Configuration — Main
Module

In order to reduce YSQ volume and cost, one diode laser
source was employed (Eudyna FLD6A2TK [18]) to
establish three different beams. This single source (Src) was
divided in three beams using two beam splitters (S1, first
beam splitter division 50 % / 50 % of full signal for each
resultant direction, S2, second beam splitter division = 2 % /
48% of full signal for each resultant direction), as presented
in Figure 5.

Full Signal (100%) == Portion (2%) of Full Signal —

Half Signal (50%) ——= Portion (48%) of Full Signal ==

Src

w
'y

. B

s2

= H
o CE========utif
=

Figure 5. Light signal source intensity beam division
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Figure 6 presents the YSQ optical setup employed
where, Src is the diode laser source that emits light at 685 +
10 nm in both a single transverse and a single longitudinal
mode, with a low aspect ratio of 1.3, the two HPF represent
a high-pass spatial filter, LPF is a low-pass spatial filter, FL
is the Fourier lens, S1 is the first beam splitter, S2 is the
second beam splitter and L1 to L4 are plano-convex lenses.

Figure 6. 'YSQ optical configuration

Observing Figure 6 one can see that the beam splitters
were placed immediately after the Fourier lens. As in this
case there are two different types of spatial filters (high-pass
filters, HPF and low-pass filters, LPF), the beam division
should be performed before the signal filtering to allow the
application of different filters. Figure 7 presents an image
obtained in the image plane of lenses L2 (HS-Hairiness
Sensor) and L3 (PDA-Photodiode Array), where only the
yarn contours and hairiness are highlighted by the high-pass
spatial filter (the yarn core and light which is not blocked by
the yarn were eliminated).

line %ﬂﬂle

Figure 7. Image plane of lenses L2 and L3

Figure 8 presents an image obtained in the image plane of
lens L4 (DVS-Diameter Variation Sensor), where only a
shadow of the yarn core and light which is not blocked by
the yarn are transmitted by a low-pass spatial filter (the yarn
contours and hairiness were eliminated).
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Figure 8. Image plane of lens L4

B.  Electronics Configuration — Main Module

The images obtained in the image plane of lenses L2
(HS) and L4 (DVS) are aquired by two equal configurations
of the developed electronic yarn measurement hardware
shown in Figure 9 [22, 23].

Photodiode Transimpedance

Amplifier Data Acquisition
$122140108R | *| Burgrown | | BoardUsB2st |7 FC(LabVIEW)
Hamamatsu OpPA277P

Figure 9. Custom developed electronic yarn measurement hardware for
the HS and DVS

The measurement of precise yarn diameter (PDA) was
based on line profile analysis [24]. Figure 10 presents the
line profile analysis indicated in Figure 7 for 512 pixels,
where the red plane intensity line profile signal, is
proportional to the voltage signal resulting from the
hairiness distribution image of the linear array photodiodes.

Considering the typical hairiness distribution profile
(Figure 10), starting from the yarn core signal (reduced
signal intensity of between the two main distribution peaks),
in the right and left directions, respectively, the first signal
peak intensity is obtained for the yarn contours.

250 4

right yarn countour
left yarn countour gty

N}
1=}
15}

@
S

main released yarn fibre

1=}
15}

Red Plane Intensity

/

50

0 100 200 300 400 500
Pixels

Figure 10. Line profile analysis example

The yarn diameter characterization can be determined
considering the number of pixels between the left and right
yarn contour pixels, the optical amplification (0.37) and the
pixels pitch.

The experimental setup was developed based on the
S8378-256Q CMOS line array and the C9001 Driver
Circuit, both from Hamamatsu [25].
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The yarn mass variation system considers a 1 mm parallel
plate capacitive sensor based on the integrated circuit
MS3110 from Irvine Sensors [16, 26, 27], allowing direct
yarn mass measurements in samples of 1 mm. The sensor
adopts a differential configuration to assure a higher
robustness to variations in temperature, air humidity and
pressure. It integrates transducer amplification and signal
conditioning as shown in Figure 11.

T

-

— |||-‘;:)-E|
L

Figure 11. Capacitive sensor configuration [C1,C2 — Adjustable capacitors
to calibrate the sensors, AMP — Capacity to voltage converter and
amplifier, S/H — Sample and hold, LPF — Two pole low pass filter, and
BUFF — Output buffer]

The software to acquire and process the data was developed
in LabVIEW from National Instruments [28].

C. Yarn Productions Characteristics ExternalModule
Hadware Design — Optics and Electronics

In order to keep the total system price at an acceptable
level, a low cost analogue microscope coupled to a web
CMOS camera was used. The microscope provides
sufficient amplification and image detail, while there are no
special requirements regarding the camera resolution. Figure
12 shows the flowchart of the designed system.

USB - Web NI

Analogue PC
Camera g IMAQ VISION

microscope

.

Figure 12. Yarn Image Acquisition Flowchart

The analogue microscope employed is the Biolux Al
from Bresser [29] and the USB Web Camera used is the
Deluxe from Hercules [30]. The web camera was placed at
the exit plane of the microscope ocular, capturing the
analogue image produced by the microscope. With an
optical amplification of 40X, it was found that a sensor
resolution of 640x480 pixels is adequate to correctly
evaluate the yarn production characteristics.

In order to obtain higher contrasts for the yarn geometry
relief, the illuminated yarn surface must be as close as
possible to a monochromatic light source. As the white led
illumination available on the microscope emits a wide range
of wavelengths, an external yellow light source was used,
which is somewhat closer to an ideal monochromatic light
source. Figure 13 presents an example of a picture of a 22
g/km linear mass yarn obtained using the described setup.
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Figure 13. Picture of a 22 g/km yarn

Therefore, considering the clear contrast between the
yarn zones with higher relief, corresponding to the most
accentuated twist areas or yarn areas which are closer to the
light source (as seen in Figure 13), a tool was developed
using the IMAQ Vision software [31-33] for LabVIEW®, to
determine the yarn production characteristics. Then it was
possible to classify the yarn production characteristics by
the following:

e Folded (multiple cable) yarn twist step: obtained by
the average of the horizontal pixel distance
between particles;

e Folded yarn twist orientation: determined by the
orientation angle for each particle, under the
following conditions: If the orientation angle lies
between 90° and 180°, then the twist orientation is
anti-clockwise; if the orientation angle lies between
0° and 90°, than the twist orientation is in the
clockwise direction.

e Number of cables (folded or non-folded (single)
yarn): If only one particle is identified - single
cable (non-folded yarn); if the number of particles
is greater than one - multiple cables (folded yarn).

e  Fibers twist orientation: in folded yarns, the fibers
twist orientation is opposite to the twist orientation.
This is a general fact in Textile Industry to avoid
the fibers untwist over the yarns [3, 4].

IV.  YARN MASS PARAMETERIZATION USING IMAGE
PROCESSING

This section describes the methodology used for
measuring the diameter, for calculating of the hairiness
coefficient and the detection of imperfections in the yarn,
through image processing techniques. Furthermore a
preliminary study for the detection and differentiation
between protruding and loop fibers is also presented.

A. Diameter Determination

Figure 14 represents the block diagram of the algorithm
used to determine the diameter by image processing
techniques.

The algorithm summarizes the application of various
techniques of image processing that allows obtaining, as
final result, the contours of the yarn core, excluding, all
hairiness around the core. The diameter calculation is made
through the detection of all the edges along a set of parallel
searching lines. Once all edges are detected, the distance is
calculated between the pairs of edges detected by all the
search lines. The diameter is obtained by, the average of all
the distances calculated. Once calculated the diameter, the
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yarn mass is easily obtained through the theoretical
correlation between mass and diameter, presented in section

II-A.

Image Acquisition

5

Is the image in

horizontal position?

Rotate Image

Yes
v

Extract Luminance

Plane

v

‘ Binarization ‘

)

‘ Segmentation

v

Detection of all edges

v

Measure the distance

between the pairs of
the edges

v

Calculate the average of

all distances measured

h
End

Figure 14. Diameter determination block diagram

Figure 15 presents the image-based sample of the yarn
captured by the image acquisition system and Figure 16, the
result after the application of the sequence of functions
presented in Figure 14.

Figure 16. Image resultant from the aplication of the Figure 14 functions to
Figure 15.
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B.  Determination of yarn faults (Thin and Thick places)

With the yarn diameter and due to the correlation
between the mass and the diameter, thick and thin places can
be analyzed by comparing the distances measured along the
yarn with the average diameter at several levels of analysis.

Figure 17 shows the algorithm applied.
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|

Calculation for reference

value to thick places

Calculation for reference

value to thin places

Last

distance

Yes
End

Compare reference
values with the distance

values

Thick
Places?

Yes

Count places

Yes

Count places

¥

Increments to the

next distance value

]

Figure 17. Algorithm used to detect yarn faults

C. Yarn Hairiniess Determination

In this study, spatial pre-processing techniques, as well as
segmentation and spatial filtering techniques were used to
isolate the yarn core and to highlight and quantify the
protruding and loop fibers from the original image. In order
to isolate the protruding and loop fibers from the yarn,
logical operators were used between the image with the
highlight fibers and the yarn core. Figure 18 presents the

algorithm implemented.
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Figure 18. Algorithm used to measure the yarn hairiness index

Figure 19 shows the sample base yarn image where the
image processing techniques were applied and Figure 20, its

result.

Figure 19. Original sample image acquired
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Figure 20. Image resultant from the aplication of the Figure 18 functions to
Figure 19.

V. CONCLUSIONS AND FUTURE WORK

This paper presents two different approaches to quantify
the yarn mass parameters, namely, based on capacitive and
optical sensors and based on image processing techniques.

To perform the measurements of the first approach, the
equipment YSQ was built. A capacitive sensor is used to
measure yarn mass, and optical sensors, with optical signal
processing are used to quantify yarn hairiness and diameter.
An additional module of yarn production characteristics was
developed using image processing. This equipment presents
several advantages when compared to the commercial
available equipment, like low cost, high portability and
superior resolution (all the analysis is performed in steps of
yarn length of 1mm or inferior).

Considering the computational power evolution of
computers, a solution to measure the yarn mass parameters
(diameter, hairiness and mass) with image processing was
developed. This solution presents even more advantages to
the traditional equipment, as low cost, equipment hardware,
maintenance, dimension and high resolution.

Future work will consider a comparison of results
between both approaches. Furthermore, the optimization of
the algorithms of image processing applied in the second
approach is still under work.
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Abstract— In this paper, we present two potential sensors
used to monitor the state of charge of a solid-state hydrogen
storage device. The embedded sensors are based on the
variation of the electrical properties of the storage material
related to the hydrogen content. Specifically, the proposed
sensors are based on variation of the resistivity and the
magnetic properties. We present the preliminary results.
The measured results confirm the possibility to determine
the state of charge of the LaNis hydrogen storage devices
using the variation of the resistivity while the study of the
magnetic properties is under progress.

Keywords: Embeded sensor; hydrogen monitoring; metal
hydride; solid-state hydrogen storage device

. INTRODUCTION

The continuously growing demand in energy
motivated the development of renewable energy sources.
An interesting solution is hydrogen, an excellent energy
carrier. Its use reduces pollution that traditional fuels emit
[1]. There are several products on the market using this
energy vector such as cars, buses, power generators,
electronic devices and appliances. The hydrogen storage
devices are clearly one of the important components in the
portable hydrogen energy systems. The hydrogen can be
stored in various forms such as pressurized gas, cryogenic
liquid, solid fuel as chemical or metal hydride
compounds. Metal hydrides provide safety advantages
over high pressure, compressed storage or low
temperature, cryogenic storage, as the hydrogen is stored
in a solid metal matrix at a low pressure with a slow
release rate. These metal hydrides are promising mediums
for portable hydrogen-powered generators. However, an
important challenge with the metal hydride storage
devices concerns the hydrogen metering techniques. The
current approach consists in estimating the remaining
hydrogen in the storage device based on electrical energy
consumption. This solution is not precise and needs to be
replaced by a specific sensor. The commercial products
need low cost and compact sensors embedded into the
metal hydride devices for the hydrogen metering.

This paper presents two approaches for the
development of sensors embedded in the solid-state
hydrogen storage devices to evaluate the state of charge.
In this work, the storage material is the lanthanum nickel
hydride (LaNi5). As opposed to the gaseous form, the
pressure measurement cannot be used to determine the
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hydrogen content. Indeed, we propose to monitor the
hydrogen content through the variation of the electrical
properties of the storage material (LaNi5). Specifically,
the proposed sensors are based on variation of the
resistivity and the magnetic properties. The theoretical
approach and the preliminary results are presented.

Il.  THEORY

The metal hydrides have phases that are named the o
phase, where the metal begins to absorb hydrogen, and the
B phase, where the metal is returned to its absorption
maximum. These phases change depending on the
substance used. Fig. 1 illustrates the variation of the
pressure during the hydrogen absorption and desorption.
Clearly, the pressure remains constant even if the amount
of hydrogen changes.
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Figure 1. Typical PCT curve for LaNib5.

Several studies have focused on the characterization of
intermetallic compounds. The electrical resistivity for
various hydride compounds, such as the MmTm;s, the
MmNi,sAlgs and the LaNis has been characterized [2-6].
The studies illustrate that the resistivity varies with
hydrogen. Especially, the resistivity of the LaNis
decreases during the absorption of hydrogen. In other
hand, the magnetic properties vary also with the hydrogen
content. The susceptibility of the LaNis is affected by the
concentration of  hydrogen absorbed by the
compound, as discussed in several researches [7-9].

A. Proposed Sensing Principles

The recent technologies of micromachining make it
possible to manufacture compact and low cost sensors

25



SENSORDEVICES 2011 : The Second International Conference on Sensor Device Technologies and Applications

suitable for embedment in the hydrogen storage device.
The mass production of these technologies helps to reduce
the estimated cost of the sensors and measuring circuits to
less than a few dollars per unit. The variation of the
electrical properties of the hydrogen storage material, in
this case LaNi5, will affect the output of the sensor.

B. Resistivity

The resistance of the LaNi5 changes with the
concentration of hydrogen. The measurement device is
based on two conductive electrodes in contact with the
LaNi5. The state of charge is thus estimated by measuring
the resistance between the electrodes.

C. Susceptibility

The susceptibility of the LaNi5 changes with the
concentration of hydrogen. The state of charge is
estimated by measuring an inductance embedded in the
LaNis storage device. The susceptibility variation
modifies the inductance value. Fig 2b presents both
sensing approaches.

Inductance

Electrodes

Figure 2. The proposed sensor device :
a) resistive sensor and b) inductive sensor.

IIl.  SIMULATED RESULTS

The simulations, using a finite element simulator, were
performed with the parameters and the data presented in
Table 1. While the LaNis powder is presenting large
grains, the parameters for the bulk material have been
used. The simulated model includes the variation of the
electrical properties of the LaNi5 according to the
hydrogen content.

X108

= N W s 0O N 0 W

Figure 3. Simulated Current Density (A/m?) .

SIMULATED RESULTS USII;II-(?BALFEIll\IlITE ELEMENT SIMULATOR
H, State Parameters Unit Value
Charged Resistance Q 0,018530

Empty Resistance Q 0,001307

TABLE |
PARAMETERS USED FOR THE SIMULATIONS
H, State Parameter Unit Value
Charged Resistivity [5] pQm 430
Susceptibility [9]  m*/Kg 16,3x 10°
Empty Resistivity [5] uom 10
Susceptibility [9]  m®/Kg 57,8x 10°
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The resistance variation is 1,72% between the charged
and the empty states. However, Fig. 2 shows the current
distribution in the material. While the electrodes’ spacing
is quite small compared to the LaNi5 volume, the current
distribution is present only in a local region. Additional
characterization are required to determine if longer
electrodes are needed.

IV. EXPERIMENTAL RESULTS

A. Proposed Test Bench

The PCT (Pressure, Composition and Temperature)
test bench enables the absorption and desorption of
hydrogen by controlling its pressure and temperature. We
have set a Labview platform that captures the data with
external equipment. The test devices are: a multimeter, an
LCR meter, an oscilloscope and a function generator. This
allows monitoring in real time of the sensor and observes
its evolution in relation to the change of hydrogen.

Signal Generator

ot kcas]

Sample |
_holder

Digital Multimeter
To PCT
=7

Figure 4. Automated Test Bench for Electrical Characterization during
the absorption and desorbtion of hydrogen

i
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B. Resistivity Measurement

The experiment was conducted on a sample of 254
grams of LaNis, with a temperature controlled chamber of
23°C. The procedure of charging the metal hydride with
hydrogen was to: first fill an adjacent tank, then monitor
the hydrogen pressure of the reservoir and that of the
sample, and when the storage tank was filled to capacity
and we had a pressure of 2800kPa, close the valve of
hydrogen and open the valve of the sample so that the
metal hydride would charge. The changing value of the
resistance was collected through an automated test bench.
Here are the data stored.
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Figure 5. Variation of resistance during hydrogen absorption
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Figure 6. Variation of resistance during hydrogen desorbtion

The simulations illustrate a perfect contact between
the block of metal and the electrodes. The resistance of
the wire and the contact with the LaNis must be taken into
account. The measured resistance of the wire used in the
test bench is 0.325Q while the contact resistance is
estimated at 0.125Q. Table Il presents the measured
results and the simulated results including the correction
for the wire and the contact.

Copyright (c) IARIA, 2011.  ISBN: 978-1-61208-145-8

6000

TABLE 11l
COMPARISON BETWEEN EXPERIMENTAL
AND SIMULATED RESULTS

H, State Parameters Unit Value
Simulated Resistance

Charged with corrections Q 0.4513
Measured Resistance Q 0,445
Simulated Resistance

Empty with corrections 2 0,4685
Measured Resistance Q 0,464

Further experimentation is necessary to determine if
the resistive sensors are suitable for this application. The
effects of the temperature have to be investigated.

C. Developped Sample Holder

The sample-holder that contains the sensor was
assembled by stereolithography. The fabrication was done
at the University du Québec a Trois-Riviéres. In our case,
we used polymer to achieve the coveted results. The
circuit was glued with epoxy. An electrical feedthrough
allowed the connection of the embedded sensor to the
automated test bench.

Sensor

Feedthrough

Sensor holder
Figure 7. Developped Sample Holder Used in the Projet

V. FUTURE WORK

A. Theory of Magnetic Properties

Alternatively, we begin to study another phenomenon,
which will reveal the hydrogen content in the sample. The
other feature is the variation of the magnetic powder
which is influenced by the presence of hydrogen. What
will be revealed is the concentration of the entire surface
of the cylinder and not just of a specific place. Studies
clearly show the variation in susceptibility of LaNis by
presence or absence of hydrogen [8, 9].

We will discuss this feature by using inductance
directly in the sample. The inductance is not required to
be in contact with the powder as opposed to resistivity.
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We calculate the inductance of the magnetic field in
relation to the surface. This relationship has a direct effect
on the value of the inductor, because it is the latter, which
is multiplied by the number of turns of the coil and
everything is divided by the current, see equation 1[10].

__ NJBds
T

L

(1

where L represents the inductance, N is the number of
turns of the inductance, B is the magnetic field, ds is the
variation of the surface and finally | is the effective
current.

B. Developped Magnetic Sensor

We propose to fabricate the inductive sensor on an
alumina substrate. The proposed inductive sensors will be
fabricated using a three-mask process. First, a 40 nm layer
of evaporated chromium and a 1 pum layer of gold are
defined using a typical bi-layer lift-off technique. Next, a
30 nm TiW adhesion layer and a 0.7 pm PECVD silicon
oxide layer is deposited and dry-etched in a reactive ion
etching chamber in the second photolithography step.
This oxide layer is used as the insulator between the
inductance and the LaNi5. Finally, the bridge is formed
using a 1.0um thick electroplated gold on a 100 nm Au
seed layer. Fig. 8 shows the proposed inductive sensor.

IGold
Ivia
Air bridge
4,6 mm
J Open Pad

A

4 mm
Figure 8. Inductance Sensor

VI. CONCLUSION

In this article, we presented the development of an
embedded sensor in a solid-state hydrogen storage device.
Two approaches are currently studied based on the
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variation of the electrical properties of the storage
material. The resistive solution has been validated with
experimental measurements. While the resistance
decreases in the presence of hydrogen. Further
experimentation is necessary to determine if the resistive
sensors are adaptable to other metal hydride such as
magnesium. On the other hand, the variation of the
magnetic properties seems a good alternative. An
inductive sensor is currently under development.
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Abstract—The method of total spectroscopic ellipsometry in its
total internal reflection (TIRE) mode was utilized in this work
for the study of protein-protein interaction. Two different
systems were studied here: (i) the interaction of chaperones,
such as heat shock proteins Hsp70 and Hsp81 with different
chaperone receptors including the new one OEP61-TM; (ii) the
aggregation of alpha-synuclein monomers and oligomers
(involved in Parkinson’s diseases) in phospholipid
membranes. The method of TIRE provides unique quantified
information on such protein interaction. Changes in the
effective thickness of adsorbed molecular layer obtained by
fitting the single TIRE spectra allows us to quantify the
process of binding of chaperons to receptors or aggregation of
alpha-synuclein in the lipid membrane. TIRE dynamic
measurements allow monitoring protein interaction in-situ and
evaluate the association (affinity) constants of such interaction.
TIRE study revealed a clear separation between specific and
non-specific interaction of proteins; such data were reported
for the first time. A complementary method of atomic force
microscopy (AFM) was used in this work to visualize the
protein build-up on the surface.

Keywords- chaperone,  receptors, alpha-
synuclein, spectroscopic ellipsometry, total internal reflection
ellipsometry, electrostatic layer-by-layer deposition; AFM

1. INTRODUCTION

This work is dedicated to the study protein-protein
interaction, a problem which is far from being extensively
studied and fully understood, as compared to more
established fields of immune and enzyme reactions. Two
examples are studied in our work: first, the interaction of
chaperone proteins with respective receptors extracted from
plants, and second, the study of aggregation of o-synuclein,
a peptide involved in Parkinson’s disease.

Chaperone proteins play an important role in cells
protecting proteins from high temperatures and other cellular
stresses, stabilizing protein structure and preventing them
from aggregation and degradation. It was recently suggested
that molecular chaperones, such as heat shock proteins
Hsp70 and Hsp81, can form complexes with freshly
translated proteins and thus prevent their aggregation [1].
Furthermore, the recent finding of chaperone receptors in
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plants [2] indicates more specific involvement of molecular
chaperones in protein targeting. The study of the
mechanisms of protein targeting may have a substantial
impact in a number of applications including the origin of
neurological diseases.

The problem of aggregation of o-synuclein in lipid
membranes was identified as the main mechanism of
Parkinson’s disease development. These «a-synuclein
oligomers are thought to be the toxic entities responsible for
bring about cell death, and similar oligomers have also been
implicated in a range of other disease states. One of the
possible mechanisms of o-synuclein build-up is the
penetration of oligomeric a-synuclein into the membrane as
opposed to resting on the surface. This is a novel mechanism
that indicates cellular toxicity can be caused by punching
holes through the membrane.

Physical methods such as total internal reflection
ellipsometry (TIRE) can compliment traditional biological
methods of studying protein-protein interaction and provide
necessary quantification of such interactions. The method of
(TIRE) was selected here because of its high sensitivity to
molecular adsorption [3] and its recent successful
applications in bio-sensing [4-6]. The results of TIRE study
of interaction of chaperones (Hsp70 and Hsp81) with the
novel plant chaperone receptor OEP61 are presented here for
the first time. The method of atomic force microscopy was
exploited in this work as a complimentary technique of
visualizing protein aggregates on the surface; it was
successfully implemented here for direct observation of o-
synuclein oligomers in lipid membranes.

II. TEXPERIMENTAL METHODS AND SAMPLES
PREPARATION

The experimental set-up for total internal reflection
ellipsometry (TIRE), schematically shown in Fig. la, is
based upon commercial M2000 J.A. Woollam spectroscopic
ellipsometer with the addition of a 68° glass prism which
provides the coupling of light into a thin metal (gold) film
[3,4]. By its geometry, the method of TIRE closely
resembles the technique of surface plasmon resonance (SPR)
with one crucial difference of detecting two parameters of ¥
and A in comparison to only one parameter of reflected light
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intensity in SPR. Parameters of W and A can be defined,
respectively, as the ratio of amplitudes and the phase shift
between p- and s- components of polarized light:
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M2000 Ellipsometer

light source

photodiode array

680 prism
analyser

<— Cr/Au coated glass slide

—_—s Tl >
inlet outlet (a)
500 ; ; 40
450 - A (corrected)
] —38
400 -
350
300 4 36
250
w [}
8 200 1348
8 3
g 150 3
A Ja o
< ]
100 A B
50
—30
04
504
428
-100 4
T T T T T T T
300 400 500 600 700 800 900 1000
A, nm (b)

Fig. 1. (a) TIRE experimental set-up. (b) Typical TIRE spectra o1
Y and A measured on bare surface of gold. Dotted line shows
corrected (by adding 360° to negative values) of A(A) spectrum.

Fig. 1b shows typical spectra of ¥ and A; the spectrum of ¥
is very much similar to a traditional SPR curve, while the
spectrum of A provides a new phase related quantity not
available in the SPR method. The method of TIRE often
called as “phase SPR” was proved to be much more (at least
10 times) more sensitive than traditional SPR [3].

Two types of TIRE measurements were performed: (i)
Single spectroscopic scans which were carried out in the
same Trizma-HCI buffer solution (pH 7.5) after completion
every adsorption (binding) steps. These measurements were
followed by fitting of TIRE spectra to the four-layer model
and evaluation of the thickness of the molecular layer
adsorbed on the surface of gold. The details and limitations
of the fitting procedure were outlined in detail in our early
publications, for example [3]; (ii)) Dynamic spectral
measurements during in which a number of ¥ and A spectra
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were recorded in-situ during all adsorption (or binding)
stages after a certain time interval; then the time
dependences of ¥ and A at a selected wavelength were
presented and further analyzed for the purpose of studying
the kinetics of adsorption and binding processes. Following
the procedure outlined in detail in [4-6] the rates of
adsorption r, and de-sorption r; were found, and the
association K, and affinity K constants were found as their
ratio:

k,

=S
kd

k 1
K,(/mol)=—, K, (molll)=—
4 ) X, b ) X,

The method of atomic force microscopy (AFM) in
tapping mode was utilized here for the study of morphology
of adsorbed molecular layers and evaluation of the surface
roughness of the surface. Nanoscope Illa instrument (from
Digital Technology) was used in a tapping mode with the
mean oscillation frequency of 300 kHz, and scanning rate of
1s. The radius of silicon “super sharp” tips (from Veeco) was
about 2 nm.

The substrates for TIRE measurements were prepared by
thermal evaporation of a Cr layer (3 nm) on microscopic
glass slides followed by a Au layer of (25-27nm in
thickness) without breaking the vacuum of about 10 Torr
using BOC Edwards Auto-360 vacuum system. The presence
of thin Cr layer improves the adhesion of gold to the glass.
Depending on the application, Cr/Au coated slides were
treated differently to achieve the best adhesion properties for
deposition of different molecular layers.

For immobilization of chaperones receptors the
technology of electrostatic layer-by-layer deposition [7] was
utilized. In this case, in order to increase the negative surface
charge on the surface, the gold layer was treated overnight in
the 0.1 M solution of mercaptoethyl sodium sulfonate in
methanol. Then the layer of polycations (polyallylamine
hydrochloride or PAH) was adsorbed on the surface
providing a positive charge required for electrostatic
adsorption of chaperone receptors such as OEP61.

For deposition of natural chloroplast membranes
containing chaperone receptors the method of Langmuir-
Schaefer was used. The monolayers of chloroplast were
formed on the water surface in the Langmuir trough (NIMA
mini trough) and then compressing it to a surface pressure of
20mN/m. The layer of chloroplast was transferred onto silion
and gold coated sample by touching the surface with a
sample (method of horizontal lifting or Langmuir-Schaefer).

Finally, the samples for deposition of lipid membranes
were prepared by treating gold coated samples in cystamine
hydrochloride solution (0.1 M solution in methanol,
overnight treatment) to increase the positive surface change.

The samples (solutions) of chaperone receptors (OEP61,
HOP, HOP2A, TOC64 , chaperones (Hsp70 and Hsp81), «-
synuclein in both monomer and oligomer forms, chloroplast
membranes, and phospholipids were supplied by our
collaborators from Biomedical Research Centre. The
methodology of protein preparation was described earlier in
detail.
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III. RESULTS AND DISCUSSON

A. Interaction of chaperons with receptors immobilized
electrostatically

Typical results of TIRE single scans (e.g. A spectra)
taken after each step of adsorption (binding) are shown in
Fig. 2a. The calibration curve, e.g. the dependence of the
thickness of adsorbed layer vs. the concentration of
chaperones, which was obtained by fitting the A spectra are
given Fig. 2b.
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Fig. 2. (a) Typical set of A spectra for bare gold surface (1), after
adsorption of PAH (2), OEP61 receptors (3) and binding of Hsp70
chaperones of different concentrations: 300 ng/ml (4), and 10pg/ml
(5); (b) Time dependence of the thickness increment on the
concentration of Hsp70 in solution. Zoomed-in section of the
calibration curve at low concentration is given as inset in a linear
scale.

The spectral shift in Fig. 2a corresponds to adsorption (or
binding) of different molecular layers. Due to a limited
resolution of the original A spectra, only spectra of two
concentrations 300 ng/ml and 10pg/ml of Hsp70 are shown.
The correction of A spectra allows increasing the resolution;
the same effect can be achieved by TIRE data fitting.
Typical calibration curve for binding Hsp70 chaperones to
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OEP61 specific receptors is given in Fig. 2b. As one can see,
the effective thickness of adsorbed molecular layer increases
and reaches saturation upon binding the chaperones in low
concentrations (up to 1 pg/ml) to respective receptors. The
maximal values of the response, summarized in Table 1,
depend on the type of receptors and chaperones used. It is
clear, that OEP61 receptor binds specifically Hsp70 but does
not bind non-complementary chaperone Hsp81. At the same
time the receptors HOP2A and TOC64 known to be specific
to Hsp81 demonstrate binding behavior. However at large
concentrations of chaperones exciding 1:1 ratio, a sharp
increase of the response is observed for all receptor-
chaperone pairs and is most likely caused by non- specific
binding.

Table 1. The thickness increment (at saturation) and affinity
constants for different pairs of chaperone-receptor.

Receptor Chaperone | Low concentration High
concentrat.
8dya | Ka (I/Mol) Ka
(nm) (1/Mol)
Hsp70 0.23 (1.03+0.18) | (2.08 +0.03)
OEP61 x 10° x 10°
Hsp81 0 n.a. (947 £1.27)
x 10
HOP2A Hsp81 0.63 (4.9+£0.54) | (2.46+0.43)
x 10° x 10
TOC64 Hsp81 0.45 (7.56£1.86) | (8.34 £0.95) x
x 10° 10°

The study of binding kinetics using dynamic TIRE
measurements allowed the evaluation of the association
constant K, (see an example in Fig. 3). The values of K,
summarized in Table 1 for different receptor-chaperone pairs
are typically in the range of 10%10° (I/mol) which is
characteristic for specific receptor-chaperone interaction at
low concentrations of chaperones.
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Fig. 3: (a) Typical time dependencies of ¥ and A during binding
Hsp70 chaperone to OEP61 receptor; (b) Evaluation of the
association constant (Kj)

At large concentrations of chaperones, however, much
lower values of K, in the range of 10*-10° (1/mol) were found
confirming the earlier suggestion of non-specific interaction.
The above quantitative analysis demonstrates a clear
separation of specific and non-specific binding.

B. Interaction of chaperones with receptors naturally
present in chloroplast membranes

Similar type of TIRE measurements and data analysis
were performed for binding chaperones to OEP61 receptors
present in natural samples of chloroplast membranes. The
results obtained are in line with those presented in the
previous section. Binding of Hsp70 at low concentrations
from Ing/ml up to 1pg/ml yields the thickness increase
reaching saturation at the level of 0.35 to 0.47nm. At larger
concentrations (from 5 to 500 wg/ml) however, the thickness
increases sharply again which indicate non-specific binding
of chaperones. The study of TIRE kinetics also revealed a
huge difference in K, values (from 8.510% to 10° (1/mol) at
low concentrations of chaperones and those in the range of
10° to 3'10° (I/mol) at high concentrations. Such 4 orders of
magnitude difference gives clear separation between
specific and non-specific binding of Hsp70 chaperons to
OEP61 receptors in chloroplast membranes.

It is interesting that to note that blocking OEP61
receptors with specific antibodies diminish binding of low
concentrations of Hsp70 chaperones to almost zero values;
the association constant can not be calculated in this case.
However, at high concentrations of Hsp70 chaperones non-
specific binding appeared again yielding the K, values of
about 8.5°10* (1/mol) typical for such processes.

Typical AFM image of a sample of chloroplast
membrane after binding Hsp70 chaperones in Fig. 4 shows
clearly the aggregates with the height of about 6 nm and
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horizontal dimensions of about 25 nm. At the same time,
AFM images of bare chloroplast membranes revealed rather
flat and mostly featureless surface with the mean roughness
of about 0.5nm. Considering the enlargement of horizontal
features due to a finite tip radius of 2-4 nm, these aggregates
could correspond to chaperone molecules of on the surface
of a sample.

Fig. 4. Typical AFM tapping mode image of chloroplast membrane
on silicon surface after adsorption of Hsp70 chaperones.

C. The study of aggregation of o-synuclein in lipid
membranes.

Preliminary study of the surface morphology of o-
synuclein oligomers adsorbed on the surface of lipid
membranes deposited on mica was carried out using AFM.
Fig. 5 shows typical AFM images of a lipid layer containing
a-synuclein. The features with the horizontal dimensions of
20-30nm may correspond to o-synuclein aggregates or
oligomers containing 5 to 6 monomer molecules.
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Fig. 5. Tapping mode AFM images of a lipid layer containing o
synuclein oligomers on mica support: (a) pseudo-3D image; (b)
section analysis showing horizontal and vertical dimensions of
features along the selected line.

Since the height of these features is in the range of 2 to 3
nm, it can be concluded that o-synuclein oligomers are
embedded in the lipid membrane. The roughness analysis of
AFM images confirms the above conclusions. It showed
that the surface of mica substrates is very flat with the mean
roughness of 0.150nm. After deposition of a lipid layer
mean roughness has increased to 0.224 nm; the presence of
a-synuclein oligomers has resulted in further roughness
increase to 1.266 nm.

Further study of o- synuclein monomers and oligomers
on the surface of lipids using the methods of AFM and
TIRE is currently underway.

IV. CONCLUSIONS AND FUTURE WORK

The optical analytical technique of total internal
reflection ellipsometry has found another useful application
in the study of protein-protein interaction. The obtained
quantified information on the thickness of adsorbed
molecular layers and the association constant of binding
allows detailed characterization of a novel chaperone
receptor extracted from plants in its abilityto  bind
specifically Hsp70 chaperone. The binding abilities of
OEP61 receptors electrostaically adsorbed on the surface
and those present naturally in chloroplast membranes were
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accessed and found to be similar. This confirms one more
time that the method of electrostatic layer-by-layer
deposition can be successfully used for immobilization of
proteins, and elecrostatically immobilized proteins
(chaperones this time) retain their functionality. A clear
separation of specific and non-specific interactions of
proteins was demonstrated in the work for the first time.

A complementary AFM study revealed the presence of
proteins (chaperones) on the surface. An important finding
of embedding of o-synuclein oligomers into the lipid
membrane was confirmed with AFM. Further study of the
mechanism of o-synuclein aggregation in lipid membranes
using methods of AFM and TIRE is currently underway.
This work may shed light into the origin of Parkinson’s
other neurological diseases.
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Abstract— In the framework of a collaborative work with
industry aiming at the development of a robust smal Il.  SENSORSCHARACTERISTICS AND ELECTRICAL

size (1 cm) large bandwidth magnetometer, a theoretical and EQUIVALENT MODEL IN FLUX MODE AND LENZ MODE

experimental comparison of optimized search coils dsed In the Lenz mode, the search coil generates agelta
magnetometers, operating either in the Flux mode o the — giona) nronortional to the flux time derivative riotthe field

classical Lenz-Faraday mode, is presented. The impvements  yoqi B and is connected to a voltage instruntienta
provided by the Flux mode in terms of bandwidth and I S
amplifier. In the flux mode, the short circuit oemt,

measuring range of the sensor are detailed. : . o
A compa?;t or?ginal flux mode differential magnetomeer is prqportlonal to the field density, is measuredthat case .the
presented and detailed in terms of measurement ramg COil has to be connected to an infinite input atamite
bandwidth and transfer. Theory, SPICE model and (transimpedance amplifier [2]. Thus, search coilssee can
measurements are in perfect agreement. be considered as voltage or current source depgrdithe

mode they are being operated. Their Thevenin etgriva

Keywords-search coil sensor; differential magnetometer; voltage generator 4 Thevenin impedance ¢, Norton

transmpedance amplifier; biomedical and geomagnetic  equivalent current generatory land Norton equivalent

measurements; non destructive evaluation admittance ¥ (Fig. 1) can be calculated as a function of
both the flux density Bto measure and the coil features:
. INTRODUCTION inductance |, noisy resistance jRparasitic capacity gand

flux equivalent surface.g which is defined as the ratio of
the collected flux to the flux density and expenmtadly
Yetermined. One gets:

€1Rro ~ ijeSeq

This research work takes place in the context of a
industrial contract aiming at developing a robustal
size (1 cm) large bandwidth magnetometer. We investigated

benefits provided by using search coils operatinthe flux S 1-L,Cpw?) +jwR,Cy

mode, instead of the classical Lenz-Faraday modes T R, +jol

paper consists in a theoretical and experimentaipenative Zy, = b > b

study of sensors specifications (bandwidth, sevitsiti 1-LpCpw?) +juR,Cy
measuring range) depending on the operating mazlendet €nrp — JWB S, 1
the industrial constraints, we fixed a budget (eselected a In = L . d Yy==—,
search coil and a low noise differential instrunaéion Rp +jwly Zin

amplifier). The obtained results are providing nesutions ~ Where ggy, stands for the Johnson voltage noise source.of R
for applications requiring large bandwidth like ged eddy
current non destructive evaluation [1], biomedicait

Lb Rb Zth
. . . L IRAVAY, —
geomagnetic measurements in the [1Hz-1MHz] bandhyidt J\ l /L
/:) ch \+> iz N Yn

for which Lenz mode magnetometers are not well sdap Isc
We present in the Section 1l the main charactesstif - ‘o oy J

the sensors for the two operating mode. In Sedtiprwe (E F”‘ T W

discuss how to optimize the signal conditioning & to

obtain low noise and large bandwidth magnetic fegddsors. \ / S

We show that using search coils in a Flux mode lesa® a b c

large enhancement of both bandwidth and measuanger Figure 1: Electrical equivalent circuit of a seamtil (a)

of the sensor without reduction of its sensitiviBection IV operating in Lenz mode (b) or Flux mode (c). In zemode

is devoted to the study of a coupled search ceifsar in  the magnetic flux is related to the open circuitage Voc

Flux mode and the design of a small size diffeegnti whereas in Flux mode, the flux density is relatethe short

magnetometer. circuit current Isc.
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- _0ly

The transfer function T, and

aE_Th and TI =
Be e

the intrinsic magnetic noise sensitivity, definedthe input

noise flux density T/«/Hz) that produces a voltage (or

current) equal to the contribution of the Johnsoise of the
resistance R are plot as a function of the frequency in
Fig. 2. One deduces from these figures that in.#re mode
the bandwidth is intrinsically upper limited by tremil
resonant frequency and that the measuring ranigedssely
proportional to the frequency, whereas in the fiobade the
bandwidth is larger, since not affected by the ceslonant
frequency, and the measuring range is constanteahdow
Rp
mLy
sensitivity in the Lenz mode decreases as the émyuand
is thus better at high frequency than in the fliode In this
latter case, the sensitivity is constant over thedwidth
sensor.

As a brief conclusion, intrinsically, the flux modensor is
well suited to applications requiring a large baittfkv and
frequency independent measuring range whereas ¢he L
mode magnetometer is rather adapted to applications
limited frequency range and provides in that cadmetter
sensitivity than the Flux mode magnetometer.

cut off frequency equal t(2 [3]. The magnetic

Signal amplification is different depending on thgeration
mode of the search coil. The signal has to be diegblfor
the Lenz mode by a voltage amplifier, with as high
possible input impedance; and for the Flux mode Lenz

Zth . Zo=0
Vit ®+
en_eq | Vi Av*Vi Ve
ks Zi
Eth in_eq
Vi2 %

Figure 3: Equivalent electrical model of the Lenada
magnetometer. Av is the voltage Gain andtize input
impedance, which has to be as large as possible.

TN 7 Zo=0
In  |yn en_eq Yi\ ’ k*li ::o
(4 ] Cf
in_eq
S e La

Figure 4: Equivalent electrical model of the Fluxde
magnetometer. Za is the amplifier transimpedanckYans
the input admittance, which has to be as largemasilple.

For signal conditioning, we selected an instrumgra
amplifier structure (like the one included in theAl 163
integrated circuit) that we configurated so asgerate either
as a voltage amplifier (for the Lenz mode) or as
transimpedance amplifier (for the Flux mode), aswshon

mode by a transimpedance amplifier, with as large aFig.5 and 6.

possible input admittance .Y These amplifiers can be
replaced by their equivalent noisy quadripolar nhodg
shown on Fig. 3 and 4. Such models are very udeful
calculating the effective sensitivity of the sensaking into
account the noise due to the amplifier stage andemo
generally to state the required characteristicbath search
coils and amplifier for given sensor specificatiomserms of
bandwidth and sensitivity.

-

input_noise, T/VHz
transfer,V/IT;A/T

frequency, Hz

Figure 2: Transfer function and intrinsic sensijivof
search coil magnetometer in Lenz mode (2 & 4) ahk F
mode (1 & 3) as a function of the frequency.
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Vo1

Vi1 ¥
Rl Lb ,\ R2 ina163 R3
U0 1 o
R1 6k 6k
3 a e
+ Shl = 3 |As Vo
%E T
l l‘m 3k \R/Z R3
AZ> v\
Vit s 6k 6k %
Vo2
Figure 5: Signal conditioning for Lenz mode
magnetometer. Rq is the gain-set resistor.
Vo1
R2 ina163 R3
Rb Lb i—‘\
A1
'/m 6k 6k
Cb i
— 3k +A3 O Vo

R1

[ K
—{£2>

w

R2 R3

/

6k 6k

&

mode

I

Signal

Vo2

Figure 6: conditioning for Flux

magnetometer
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[Il.  SEARCH COILS SENSORS OPTIMIZATION 1508 i 5
1,E407 — 2 Transf_mf_opt,dB i\
— 3 Transt_mt_std 08 \
The classical Lenz mode magnetometer, which ierath bl 1 Trmnsf Il ot 8 :
magnetic flux derivative meter, can be converted in B '§ 1.E405 4=
field meter by using an integrator output stage [Mle C— 4
designed a solution with the integrator embeddsitiinthe £ -
amplifier (Fig. 7). The transfer function_gf,, of this Lenz = 3
mode B field meter is in that case given by: s
1,E+01
H 1,E+00
TL = % = J(A)Seq 1+& 1,E+00 1,E+01 1,E+02 1E+03 1,E+04 1,E+08 1,E+06
9B, 1-L,Cow® +jwR,,C,y Zy Figure 9: Transfer function of standard (std 1 &3)
magnetometer and optimized (opt 2 & 4) magnetometer
R4R 1+jwt
where Z, = €2 g J g . .
Ry+Ryp 1+jwTt The function transfer {,, writes:
al 92 g2
v jwS Ry@+jwT
andt =9 T :—Lg TFqu: &= J .eq E& R;+ d( J 62)
o Ry | 92 Ry +Ry, 0B, Rpl+jwt,) R, A+ jwTy)

The magnetometer low cut off frequency can be &eljusy Where T, =L,/Ry,, T4= Ce(Rg+Re2), Ter =CcReo

proper choice of integrator parameters. Nevertselése

magnetometer bandwidth is still limited by the skacoils  Using the compensation stages described aheadewenas

resonance and the measuring range is not enlargétieb  the mode of the magnetometer, one can obtainedzaime

Integrator stage. cut off low frequency and the same transfer valuehie
magnetometer bandwidth. The Lenz mode magnetometer

For the standard Flux mode magnetometer, the law Clhandwidth stays nevertheless limited by the searoih
off frequency is fixed by the search coil parametéris low  resonant frequency.

cut off frequency can be significantly reduced heluding a
compensation stage in the transimpedance ampldier
described in Fig. 8. IV. DIFFERENTIAL MAGNETOMETER BASED ONCOUPLED

SEARCH COILS
G Vo1t

A significant reduction of common mode signals adl w
B LB e R2 inat63 R3 as parasitic signals sensed in connecting wiressiglly
g Lo % achieved by the use of a differential structure. gkiginal
- ’ flux mode differential magnetometer is presenteéim 10.
— " X A3 Vo The Norton equivalent model and the transfer fiamctdf
E : this magnetometer can be calculated as follows:
' Roi ~._ 3k R2 R3
A2 .
e Sk Sk %7 | = (enRhl + eanZ)_ZJmBeSeq
" 2Ry +jwlLy +M))

Figure 7: Lenz mode B field meter with embedded
integrator stage (Lg, Rgl and Rg2), which replates :
gain-set resistor Rg in Fig. 5. - 2Ry +J°J(L2“+ M))
YN (\1_(Lb +M)wa )+jooRbe

Vo1

w w L A A c RMRZ Vs 2R,R, _ PS,
— Ton =35 “R.R, Dl-I-T—qp
Ch e b't2 bd
<] ’
‘J co ' Re2 where Ty, = Lo*M - ond M=k Ll o

6l
chz

Figure 8: Flux mode magnetometer with compensation
stage (Rcl, Rc2 and Cc) for bandwidth enhancentdotva
frequency.
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Vo1

Il i
1 o ‘ R2 ina163 R/?»
= Rbl  Lb1 Lo e I \4\# \G/k\/i
I R1
al S amAVAVE § VA
5 \ V
Q—' M\‘ 3 7\3/ O Vo
B Re2 k2 ) 5}\ :
By e .
L VLTI s 3K ‘ R2 R3
Cb2 AZ> N—AN\/\—
I 4‘*/ 6k 6k
%:/
A;Voz

Figure 10: Flux mode differential magnetometancitire

The low cut off frequency can be significantly redd
by including the compensation stage described atig@elll.
The theoretical study was compared to experiment
measurements and calculations using a SPICE sionuksit
results are in very good agreement as shown oriEig.

The search coils coupling leads to correlation toé t
voltage noise sources of the two input amplifiefsaAd A
of the instrumentation amplifier and thus to naisduction
of the sensor [5]. The coupling allows also a digaint size

reduction of the magnetometer since the coils can b

wounded together on the same magnetic coil. Inrotde
check the validity of the theoretical study, expamntal
measurements and calculations using a SPICE sionulat
were performed. All results fits very well as shown
Fig. 12.

1,E+06 I T
—=—exp = = = theory ——spice_sim
|_
=
=
B“'l E+05
+05

“g . I
©
s

1,E+04

1,E+01 1,E+02 1,E+03 1,E+04 1,E+05 1,E+06

frequency, Hz

Figure 11: Transfer function of the differential ukl
mode magnetometer. Theoretical, experimental anCEP
simulation curves are in very good agreement. Secods
features are: R=Ry,,=450hms, ki=Lp,=4.7mH,
Ch = Cb=60pF, $,=0.152m,  Volume =0.83 cry
intrinsic search coil transfer equal to 28A/T amérsh coll
low cut off frequency equal to 1,5kHz. The compénsa
stage of the magnetometer (see Section Ill) waignes so
as to obtain an 8 Hz low cut off frequency.
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1,E-09 ‘ | ‘

—=—exp ——spice_sim - - -theory

o U

1,E-10

1,E=11

1,E-12

magnetic field noise, T/VHz

1,E13 1
1,E+01 1,E+02 1,E+03 1,E+04 1,E+05 1,E+06

frequency,Hz
Figure 12: Flux noise sensitivity of the differemtFlux
mode magnetometer. Theoretical, experimental an€CEP
imulation curves are in very good agreement. Seends
atures are the same as in Fig. 11.

V. CONCLUSIONS AND PERSPECTIVES

A detailed comparison of transfer function and eois
sensitivity of search coils magnetometer operasitiger in
Lenz mode of Flux mode was presented. We expldiosd
to optimize both magnetometers and showed thathie
mode provides a transfer function, which can beceastant
over a bandwidth ranging from 1 Hz to 1 MHz, lar¢jesin
what can be achieved in Lenz mode. The Flux mode al
provides a constant measuring range over the dmltltvidth,
which is not the case for Lenz mode magnetometach S
features are very interesting for applications ol a large
bandwidth and a good sensitivity over the wholedvadth.
An original differential flux mode magnetometer, ialn is
much more compact than classical Lenz mode seaith c
differential magnetometer, was proposed and studied
details, namely in terms of transfer function anoise.
Theoretical analysis, SPICE simulations and expemial
measurements are in very good agreement.
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Abstract—Light-to-frequency converters are widely used in
various optoelectronic sensor systems. However, a further
frequency-to-digital conversion is a bottleneck in such systems
due to a broad frequency range of light-to-frequency
converters. This paper describes an effective OEM design
approach, which can be used for smart and intelligent sensor
systems design. The design is based on novel, multifunctional
integrated circuit of Universal Sensors & Transducers
Interface especially designed for such sensor applications.
Experimental results have confirmed an efficiency of this
approach and high metrological performances.

Keywords-optical sensor; smart sensor system, light-to-
frequency converter, USTI, intelligent sensor system, IEEE 1451

I. INTRODUCTION

Optoelectronic sensors are widely used in various
applications such as medical, automobile, environmental,
bio-chemical, etc. Many of them are based on integrated
light-to-frequency converters, which convert a light intensity
to quasi-digital (frequency or duty-cycle) format for direct
connection to a microcontroller, DSP or interfacing with a
PC. In comparison with analog output (voltage or current),
the frequency signal as an informative parameter of sensor’s
output has a lot of advantages, namely: a high noise
immunity, high reference accuracy, wide dynamic range,
multiparametricity, simplicity of coding, multiplexing,
interfacing and integration, etc.

Modern light-to-frequency converters [1] have a broad
frequency range: from part of Hz to 1.6 MHz (Table 1).
Nevertheless a simple frequency-to-digital conversion (based
on classical methods for frequency measurements) can be
performed by any low-cost microcontroller, a wide dynamic
frequency range of such converters brings as usually, many
design problems. In order to get reasonable or high
metrological performances of designed optical sensor
systems, the frequency-to-digital conversion should be based
on advanced methods for frequency measurements. Such
methods must have a constant quantization relative error in a
whole broad frequency range, scalable resolution, non-
redundant conversion time and a possibility to measure
frequency, which exceeds a reference frequency: f; > f in
order to design a sensor systems with a reasonable power
consumption.

Existing on the modern sensor market digital light
sensors with embedded ADCs as usually have a slow
conversion time, for example, the embedded 16-bit ADC of
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light sensor from Intersil (ISL29015) has the integration time
45-90 ms [2]; the ADC from Maxim MAX9635 has the
conversion time 97-107 ms [3]. Such sensors can be used for
proximity or ambient light applications, but it can not be
used for light sensing applications, in which a conversion
speed is a critical parameter.

TABLE 1. LIGHT-TO-FREQUENCY CONVERTERS’
PERFORMANCES
S Performances
ensor
(LFC) Qutput Frequency Spectral Non-linear
Range Response, nm FS Error, %
TAOS (USA)
TSL230 04Hz...1.1 MHz 350...1000 0.2
TSL235 0.4Hz ... 500 kHz 350...1000 0.2
TSL237 2 Hz ... 600 kHz 350...1000 1
TSL245 0.4 Hz ... 500 kHz 850...1000 0.2
Hamamatsu (Japan)
S9705 ’ OHz ... 1 MHz 300...1000 ‘ 3
Melexis (Belgium)
MLX75304 ’ 1Hz ... 1.6 MHz 500...1000 ‘ N/a

N/a —not available.

The main aim of these research and development was to
propose a universal design solution for all existing light-to-
frequency converters in order to eliminate all mentioned
above design problems, and introduce intelligent and smart
features for various sensor systems, which can be realized in
different technologies: hybrid, standard CMOS technology,
System-on-Chip (SoC) or/and System-in-Package (SiP).

This paper is divided into four main parts. The first part
describes a design approach for various optical sensor
systems based on a light-to-frequency converter (LFC) and
Universal Sensors and Transducers Interface circuit (USTI).
The description includes the system design in term of OEM
hardware and software. The second part devotes to
experimental investigation of designed optoelectronic sensor
system prototype based on the light-to-frequency converter
S9705 from Hamamatsu [4]. The third part includes an
experimental  determination of main  metrological
performances of designed sensor system. The last part of the
paper provides conclusions and future research directions.
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II.  SMART SENSOR SYSTEM DESIGN

A.  Universal Sensors and Transducers Interface

The proposed solution is based on the developed by the
author USTI integrated circuit. In comparison with the
developed earlier and introduced on the modern market in
2004 and 2007 Series of Universal Frequency-to-Digital
Converters UFDC-1 and UFDC-1M-16 respectively [5, 6]
this new IC has extended frequency range up to 9 MHz
without prescaling and 144 MHz with prescaling, reduced
relative error up to £0.0005 %, increased functionality and
decreased conversion time. It is based on the patented
modified method of the dependent count for quick and
precision measurement of frequency and period of electrical
signals [7]. This 2-channel IC has three popular serial
interfaces: RS232, I’C and SPI, which are widely used in
various sensor systems. It contains of three main blocks:
measuring unit, communication unit and time-to-digital
converter (TDC). Only one external component — a 20 MHz
quartz crystal oscillator should be used as a reference. The
measuring unit releases 2-channel measurements of various
frequency-time parameters of electrical signals with
programmable relative error form 1 % to 0.0005 %:
frequency, period, duty-cycle, phase shift, time intervals,
duty-off factor, pulse number, frequency (period) deviation,
frequencies or periods ratios and differences, etc. The
communication unit supports three popular serial interfaces,
such as RS232 (master and slave communication modes with
programmable baud rate), SPI and I°C (slave communication
mode). The TDC is used in parameter-to-digital converter for
a direct interfacing of capacitive, resistive and bridge sensing
elements to USTIL.

The USTI can work in RS232 master communication
mode. In this mode, neither microcontroller nor PC or DAQ
system are necessary to control this IC. It will continuously
generate measuring results on its output.

B.  Sensing Element

The S9705 is a CMOS photo IC combining a current-to-
frequency converter and photodiode and outputs an
oscillating frequency (duty ratio 50 %) proportional to input
light intensity incident in the photodiode [4].

The CMOS level digital output allows direct connection
to the USTI. The sensing element has a wide dynamic range,
spectral response (see Table 1), and light intensity can be
easy measured by the USTI. The light-to-frequency
converter S9705 and USTI are shown in Figure 1, and circuit
diagram of optoelectronic sensor system example based on
these components is shown in Figure 2.

1

Figure 1. USTI (1), and light-to-digital converter S9705 (2).
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Other optical sensors, for example, colour sensor
TCS230 from TAOS (USA) [1] or reflective colour sensor
OPB780 from OPTEK Technology [8] can also be interfaced
by the same manner. Two frequency output sensors can be
connected to the USTI at the same time.

201 20 MHz
DIJ
q 10 :

UsTI

Figure 2. Circuit diagram of optoelectronic sensor system.

A software example for the RS232 interfacing slave
connection mode for two optical sensors (light sensor S9705
and colour sensor OPB780) is shown in Figure 3.

>A02 ;Set the relative error 0.25 %

>MO00 ;Set up a frequency measurement mode in the 1% channel
>S ;Start a frequency measurement (light sensor)

>C ;Check the measurement status (‘r'-ready, ‘b’ -in progress
>R ;Read a result of frequency measurement in Hz

>462987.345

>MOE ;Set up a frequency measurement mode in the 2" channel
>S ;Start a frequency measurement (colour sensor)
>C ;Check the measurement status (‘r’ -ready, ‘b’-in progress
>R ;Read a result of frequency measurement in Hz
>37005.0119

Figure 3. Commands for RS232 communication mode at light

and colour measurements by the USTI.

The command ‘A02’ sets the relative error for frequency-
to-digital conversion [9] and should be use only once. The
relative error must be in ten times less (or at the least, in 5
times less) than the sensor’s error in order to be neglected.
Appropriate command ‘M’ sets the frequency measurement
mode in the 1 and 2™ channels. The command ‘S’ starts
measurement in appropriate channel. The command ‘C’
checks the measurements status and returns the value ‘b’ if
the measurement in progress or the value ‘r’ if the measuring
results is ready. The last command ‘R’ reads results. The use
of ‘C’ command is very important at low frequencies
measurements. In opposite side, there is a risk to get a
previous result instead of the new one.

Any terminal software can be used with the USTI in
RS232 slave communication mode (for example, Terminal
V1.9b Window [10]). The following options should be
selected for this software: appropriate number of serial port,
baud rate — 2400; data bits — 8; Parity — none; Stop Bits — 1;
Handshaking- none. For data acquisition, the LabView
software or similar can be easily used.
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C. Conversion Time

The conversion rate of USTI is determined by the method
of frequency measurement [7] and can be calculated
according the following equation:

N
tmnv :i lf 7b<T\'
1 625 kHz
5 1)
N, N. (
tvnn\f=76+(0+Tx) lf 702 x
625 kHz 625 kHz

where Ns =1/6 is the number proportional to the required
programmable relative error o; T,=1/f, is the period of
converted frequency, f;=625 kHz is the internal reference
frequency of USTI.

A measurement time T, for the USTI includes three
main components: conversion rate (t.,y), communication
(teomm) time and calculations (t.,.) time:

T .=t

meas

+t +1

comm (2)

conv cale

All these components can be calculated by the same way
as was described in [6]. For example, the communication
time for a slave communication mode (RS232 interface) can
be calculated according to the following equation:

tcomm :1O'n'thit’ (3)

where ty;; is the time for one bit transmitting; n is the number
of bytes (n=13...24 for ASCII format).

The communication time for SPI interface should be
calculated as:

1
fSCLK

where fscrk is the serial clock frequency, which should be
chosen for the USTI in the range from 100 to
500 kHz; n=12...13 is the number of bytes. The number n is
dependent on measurement result format: BCD (n=13) or
binary (n=12). The communication standard mode’s speed
for the I’C interface can be determined according to the
same equation (4), where instead of fscrx the serial clock
frequency fsc should be used, which equals to 100 kHz for
the USTI; n=12...13 is the number of bytes for
measurement result: BCD (n=13) or binary (n=12).

The calculation time depends on operands and is as
usually tee ~ 3.6 ms.

Due to non-redundant conversion time for the modified
method of the dependent count [7] it is possible to obtain the
conversion time, less than in digital output optical sensors
mentioned above. The same is also true for the design
approach, when analog light sensor (with voltage output),
voltage-to-frequency converter and USTTI are used to build a

=8-n-

comm

4)
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sensor system. The conversion time can be decreased in 3-10
times in comparison with existing standard integrated digital
sensors, mentioned above [2, 3].

D. Intelligent Features

One of the intelligent functions of modern sensor system
is so-called self-identification. The USTI can contain a
Transducer Electronic Data Sheet (TEDS) according to the
IEEE 1451 standard in its memory. A possible TEDS for
optical sensor system is shown in Table 2. This TEDS must
also contain a value of programmable relative error for the
frequency-to-digital conversion (USTI relative error).

TABLE II. TEDS FOR OPTICAL FREQUENCY OUTPUT SENSOR
TEDS Structure Example of Light-to-Frequency Converters
Manufacturer ID 19
Basic TEDS ~ |-0delID 9705
Version letter S
Serial number 00639F
Calibration date 21 September 2010
Standard and Spectral Response 300-1000 nm
Extended. TEDS Frequency output minimal 0.1 Hz
(/‘t;(zlzlosrt:;’lll v:l;y Frequency output maximal 1 MHz
trans ducerg Linearity +3 %
ype) 3
USTD’s relative error +0.25 %
User Area Sensor location A18-2
Calibration due date 21 September 2011

The USTI supports three functions of smart transducers: high
accurate frequency (time)-to-digital conversion, TEDS
storage in the flash memory and communications.

III.

The aim of experimental investigation was to determine
main metrological performances of the designed optical
sensor system based on the light-to-frequency converter
S9705 (Hamamatsu, Japan) and USTI IC. The measuring
set-up is shown in Figure 4.

EXPERIMENTAL RESULTS

Freguency Counter
Agilent 531324

Power supply
Promax
FAC 3638

Power supply
Promax
FAC 3638

Digital Oscilloscope
0OD-571

Figure 4. Measuring set-up.

Terminal V1.9b
software
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Preliminarily, the USTI has been calibrated at laboratory
temperature range (+25.3 °C to +26.4 °C) in order to
eliminate additional systematic error due to quartz oscillator
trimming inaccuracy (calibration tolerance) and a short term
temperature instability [11]. The USTI has been connected to
a PC, where terminal software Terminal v1.9b was running.

The light-to-frequency converter S9705 has mounted on
a LED evaluation board together with a white light diode, the
light intensity of which was set-up with the help of current
source (Promax FAC 363B) and changing by a
potentiometer with 25 pA step. The current through this
diode was measuring by an amperemeter (Figure 4).

The circuit diagram and photo of the LED evaluation
board are shown in Figures 5 and 6 respectively.

Figure 6. LED evaluation board.

The output of LFC was directly connected to the USCL
The frequency counter Agilent 53132A was used for
frequency measurements in parallel with the USTI, and
digital oscilloscope - for wave form visualization at LFC’s
output/USTT input. The frequency measurements have made
for minimal and maximal possible frequencies of LED
evaluation board: 5 Hz and 462 kHz respectively for both
cases: without and with Schmidt trigger (74HCI14D).
Oscillograms of investigated sensor’s output signals are
shown in Figures 7-12.
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Figure 7. Oscillograms of maximal frequency signal (~ 463 Hz).
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Figure 9. Oscillograms at USTI input for frequency signal ~463 Hz:
without Schmidt trigger (a) and with Schmidt trigger (b).
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The dependence of LFC’s output frequency on current

through the white light diode on the LED evaluation board is

shown in Figure 13.
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Figure 10. Oscillograms at USTI input for frequency signal ~5 Hz: without

Schmidt trigger (a) and with Schmidt trigger (b).

Figure 13. Output frequency vs. current through a white light diode.

Each of investigated frequencies where measured 60
times and classical statistics was used for results processing.
Measuring results for maximal and minimal frequencies for

both: without and with Schmidt trigger are shown

Figure 14 and 15.
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Figure 11. Front of 463 Hz input pulse signal: without Schmidt trigger, rise

time 110 ns (a) and with Schmidt trigger, rise time 24 ns (b).

Schmidt trigger (1), without Schmidt trigger (2).

Figure 14. Measuring results for maximal frequency ~ 463 Hz: with
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Figure 15. Measuring results for minimal frequency

Figure 12. Front of 5 Hz input pulse signal: without Schmidt trigger, rise
time 80 ps (a), and with Schmidt trigger, rise time 70.7 ps (b).
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The y* test for goodness of fit test was applied to
investigate the significance of the differences between
observed data in the histograms and the theoretical frequency
distribution for data from the Gaussian distribution law.

The number of equidistant classes was calculated
according to the following equation:

k=1.9xN", (5)

where N is the number of measurements.

At probability P = 97 %, and 6 equidistant classes k=6,
the hypothesis of Gaussian distribution law can be accepted
for all sets of measurement data. The statistical
characteristics are adduced in Table 3 and 4.

TABLE IIL STATISTICAL CHARACTERISTICS
(AT 463 KHZ FREQUENCY MEASUREMENT)

Sensors Systems Design (SMARTSES) and supported by

International Frequency Sensor Association (IFSA).

TABLE IV. STATISTICAL CHARACTERISTICS
(AT 5 HZ FREQUENCY MEASUREMENT)
S Hz
Parameter Without Schmidt With Schmidt
trigger trigger
Number of 60 60
measurements, N
Minimum f; (min) 5.2014 5.041
Maximum f; (max) 5.6466 5.4959
Sampling Range,
£, (max) - f; (min) 0.4452 0.454
Arithmetic Mean 5.3899 5.236
Variance 0.0109 0.1071
Standard Deviation 0.1045 0.0001
Coefficient of 51.577 48.907
Variation

As it is shown from the tables, the Schmidt trigger does
not increased accuracy of frequency-to-digital conversion.

IV. CONCLUSIONS

The proposed design approach for optoelectronic sensor
systems based on the USTI IC gives a unique opportunity to
create various OEM sensor systems with high metrological
performances including intelligent feature such as self-
identification. Taking into account, that many semiconductor
sensors and the USTI IC are made according to CMOS
standard technological processes, different sensor systems
and digital sensors can be realized in various existing
technologies: hybrid, system-in-chip and system-in-package.

Since 2011 the USTI is available on the modern market
from Technology Assistance BCNA 2010 S. L., Spain [12].
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Energy Efficient Embedded Wireless System Used For L ocalisation In Indoor
Environments
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LCIS, Université de Grenoble 2
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Abstract—The paper presents an embedded telemetry system
used in combination of localisation algorithm for a precise
indoor pedestrian localisation. The system is based on the
association of two wireless technologies. ultrasonic and
802.15.4. The novelty is the use of 802.15.4 RF signal to give
the reference starting time of the ultrasonic emission. A ToA
(Time of Arrival) measurement providesthe distance between
two mobiles or a mobile and a fixed beacon with a few
centimeters accuracy. A material prototype implementing
this method was performed and a first evaluation was
conducted.

Keywords- wireless sensors; telemetry; low power; ultrasonic;
localization; 802.15.4; indoor environment.

l. INTRODUCTION

Many localization techniques could be used to track «

people or device in indoor or outdoor environment.
indoor, infrared, ultrasound, narrowband radio, Wit
UWB location systems are the most common [1-3].

outdoor, we find essentially systems based on GPS.

location. The main problem is that these systemsire
heavy and cost infrastructure with a not easy depémnt.
In this context, this paper, which is part of aesssh

project funded by the French National Research Agen

(ANR) aims to define a new indoor localisation systin
continuation of outdoor localisation system suchGa#S
[4]. The project is trying to address two specifioblems:
. Helping people to locate themselves
complex buildings.

e  Helping to locate someone moving in a comple:

building.

Applications may be various: security,
locate or to be located in the building with a geaduracy
(centimeters) [5]. We could also consider for mebibot
applications the improvement to one cm accuracyore
using data harvesting from other sensors. Althotlgh
project is intended to compute the location frorffiedent
sensors and location prediction algorithm, this grajs
focused on the distance evaluation to fixed poinssde
buildings.

inside

technica
management, health... The system must enable theaise|

Yoann Charlon, Eric Campo

CNRS ; LAAS ; 7 avenue du Colonel Roche, F-
31077 Toulouse Cedex 4, France
Université de Toulouse ; UPS, INSA, INP, ISAE,
UT1, UTM, LAAS ; F-31077 Toulouse Cedex 4, France
charlon@laas.fr, campo@Ilaas.fr

person, a second node, which is fixed (called “Beat).
These nodes help the mobile device to locate mgcis

last node (a remote gateway) saves localisation
information of all mobile devices.

In this paper, we first present the basic princéthe
proposed system, then hardware and software develoip
are described. Finally, characterization results tioé
system are presented. A conclusion ends the paper.

Il. OPERATING PRINCIPLES

The system has two main functionalities. The finse is
to estimate the distance between a user, typically
pedestrian in a building, and a fixed referencej #me
second one is to send distance data to a collegtrigt
using radio communications.

For this last function two operating modes are jbss
The first one is called “autonomous mode”. In this
mode the system collects and stores data in a flash
memory. Data is harvested through the serial link
In when desired.

The second mode is “normal mode”. In this mode,
distance data isn't stored in the system but
immediately sent to the collecting point using

radio communications. This mode will be used in

the rest of the paper. Fig. 1 shows the system
architecture in the two modes.

Ethernet
( )

[Mgeacon
| 802,154/ Yitrawaves

802.15.4/ Ultratvaves

Radlo 802,15

dio 802.194 +
trawaves

Ny

Data Sink

Radio 802.15.4 4
Ultrawaves

“Normal" Mode

"Autonomous” Mode

Figure 1. System architecture and two possible modes.

Depending on the mode remote data collection ireslv

Several localisation algorithms are used to comphae Several stages:

exact location and to enhance the resolution [6TTe °
system presented here is a precise telemetry system
composed of three nodes: a first node, which isr@rgy
efficient mobile device and worn by an instrumented

Copyright (c) IARIA, 2011.  ISBN: 978-1-61208-145-8

Stage 1: the telemeter sends a request radio frame
to the beacon using its 802.15.4 interface [8]. The
frame will be presented in the next section.
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« Stage 2: The beacon receives the request from the ((remperatune sensor | attery monitoring |
telemeter and replies to the telemeter by sending P —
simultaneously an RF response and an ultrasonic] o egemmaon or |
pulse. Freescale 13213

« Stage 3. When the telemeter receives the respons
frame from the beacon, the telemeter starts a timer
which is going to measure the flight time of the { -
ultrasonic pulse (ToA method [9]). When the fntenna }
ultrasonic pulse reaches the telemeter an interrupt [ 0] e J [23.‘"3‘?;,}
is generated and the distance is computed. In
autonomous mode, data (distance, beacon address)
are stored on the telemeter or are immediately sent
to a ColleCting PC USing a serial RS232 link. It |g RF and ultrasonic Signa|s
the end of operations in this mode.

For normal mode, data are sent to a multi-sensgﬁ

platform, which performs data aggfeg"?‘?ior? from Dth%ystem combines the use of one RF electromagnetie w
sensors. In order to keep the free p03|t|on|_nglldlhe with one ultrasonic pulse. The propagation speedhef
sensors on the person data are sent using Blueto& tromagnetic wave being much more important than

protocol (not.represented n F!g. ;)'f h | onic pulse speed, the flight time of the RF waag be
e Stage 4: Data are received from the Bluetoo nsidered as instantaneous.

interface of the platform and are processed. Then,
the platform checks all sensor parameters and [ Telemeer
transmits the status of the person using its WiFi
interface.

e Stage 5: Data received by a WiFi access point is
sent through the Ethernet network to the data sink.

Figure 2. System block diagram.

The ultrasonic part aims at computing the flighteiof
ultrasonic pulse in the 40kHz frequency rangee T

12ms |
R
L

i

1

I

1

I

|

!
)
Radio events.

1. HARDWARE PRESENTATION

The telemeter system is constituted of two parts
separated in two specific boards connected througt
dedicated Programmable Input/Output (PIO). Thet firs | Beacon i :

V) storiTimer Ultrasonic wave flight time

board contains the processor and radio modem, uinde 2l [
second board is dedicated to the ultrasonic pulses e |
emission/reception. a | 1]

A. Processor and radio board e
The main component of the device is the 13213 from

Freescale Semiconductors [10]. This component is & ? pe ==
System In Package (SIP) including a processor and —‘ o L
802.15.4 compliant transceiver. Our design is iespi \“ e Radoents T ecedon

from 13213-ICB reference design from Freescale, ahd 1 R b

necessary interfaces have been integrated on tuel ho
configure and to debug our telemeter. The blockrdian Figure 3. Ultrasonic part management signals.
of the system is presented in Fig. 2.

The 13213 processor is responsible for both Thus, the RF beacon response to a localisatiorestqu
functionalities: handling the transceiver and comdiag starts a timer of the processor, which timer isppél
the application. This characteristic limits the kggiion when the ultrasonic pulse generated by the beacde n
code size (60kBytes) but enables to decrease thg dae reaches the telemeter. Fig. 3 shows the tempordené
to Physical layer (decoding demodulation). Indeged@on the operation.
as a frame is received a software interrupt is gged on ~ The ultrasonic pulse generation is managed by two
the processor, which can start a timer on a besggponse programmable outputs of the beacon processguussh-
(stage 2). pull mode (Em1 and Em2 signals), while on the telemeter

Moreover, the chip handles the serial RS232 link)e reception of an ultrasonic pulse in the 40kigzjiency
which enables the system to send data to the seiigor band generates an interrupt on an input configimettie
platform (stage 3). input comparanode (Echo signal).

At last, several Input/Output and debug ports (BDM) Two other outputs of the processor are used for
have been placed on the MCU board in order to ctieek managing the ultrasonic board: the “Block” signal,
good communication between the boards. enabling to block the listening while an ultrasopidse is

generated, and the “Sleep” signal enabling to e t
ultrasonic part ilow powermode.
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The 15ms guard time is due to the charging of tfidhese two states and the sensing stage constitgte t
ultrasonic board input capacitor. The ultrasonids@si macroscopic reception state (Rxu).
have been limited to 2ms in order not to fill the When the pulse is received or after 60ms the tdieme
environment of parasitic echoes. If the telemeteest't enters the beacon mode macroscopic state (Bm). This
receive the ultrasonic pulse in less than 60mstefeeneter mode is used by the system data sink to increaseobe
puts the ultrasonic board in low power mode andsgoe range and the robustness of the architecture.isnniiode
sleep mode until the next localisation request. the telemeter plays the role of a beacon node riother

The localisation request can be either executéglemeter out of the range. It waits a 3s guarce thor
periodically from a timer, or requested from theadink localisation request from other telemeters (RxH).al

from the multi-sensor platform. request is received the state machine goes toxhestate
where a radio localisation response frame and taasginic
IV. SOFTWARE PRESENTATION pulse are generated. Then, the telemeter entersriiite

In order to program easily the application Freescamode. If there is no received localisation requtst
offers several software solutions called Code Basestelemeter directly goes to Hibernate state.
basic solution called SMAC, a more complex 802.15.4 A special attention must be given to the Rxb gusne
compliant stack and a Zigbee compliant stack [8]. since radio stage activation consumes more energy.

Si Folr (lj\;ljrd_sysAtem W% hr;lve” ch?sen the Ibasm(ﬂ?MAﬁ Beacon:The beacon node state machine is a special
(Simple Media Access Controller) for several reasdie  .aqe of the telemeter state machine since it idéaeon

most important reason is that this code base IPEIBl 146 macroscopic state. The beacon node is always i
open source and gives access to very low levelifwes  yoception mode sensing (Sen) localisation reqéesssoon
enabling maximal energy savings. Moreover this dwaie 5 the beacon node receives a localisation redRed)

is very small and easy to implement. The sourcedsdh the beacon node generates a localisation respomsara
standard C language and the development environisengitrasonic pulse (Txu) before returning to sensingde
Code Warrior [11]. (Sen).

A. Application software B. Frame format

The application code is integrated in a state nm&chiy) Raqio framesThe radio frame format uses the 802.15.4
running on the Beacon node and the Telemelgtangard header and adds some fields. Frames aveele
Localisation requests are done periodically usinm@r 15 5nd 14 bytes long and are composed of three part

on the telemeter. described in Fig. 5.
1) TelemeterThe state machine is described in Fig. 4. Header
AT g 4 | 5 S [T 8 [ 9 O
L Frame type Seq# PAN Identifier Dest. Address Source Address J
Data Footer

(T T P .
kComm. ‘ Temperature I

Figure 5. Radio frame format.

For energy savings it is important to note thatesalv
fields are useless (Frame type, Sequence numbét,IDA
Moreover the address field are oversized (2 Bytey]

- could be limited to 1 Byte. However the 802.15.dnie
Figure 4. Telemeter state machine. header enables to use most of network analyser asich
Daintree  Network SNA [12] to monitor the radio

In order to save energy the system spends the efiostommunications.

its time in a deep sleep mode calldihernate modeln the The frame is composed of three parts:
Hibernate modéoth the transceiver and the processor are « The header field.
powered off. Only a crystal is powered allowing the « Bytes 1 and 2 define the 802.15.4 frame type (Data,

processor to wake up and after to wake up the rstdige. ACK, Beacon...)
The system is wake up fromibernate mode(Hib) « Byte 3 is the sequence number incremented with
every 1 second by the real time interrupt timem@anage each emission.
pending commands (Idle). If the telemeter doeseceive « Bytes 4 and 5 define the network identifier and
any command from the multi-sensor platform thertedter allow creating several networks.
returns to hibernation. « Bytes 6 and 7 identify the destination address.
_Every 5 seconds, the telemeter wakes up from  oxrF s used for broadcast (localisation request).
hibernate and broadcasts a localisation request (Tx +  Bytes 8 and 9 identify the source address. The firs
Then it waits first the Radio localisation respotie) one identifies the node type (beacon or telemeter)
and in a second step it waits the ultrasonic p(ie). and the second one gives them a number (short
address).
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- Data field: Byte 10 identifies the command type. ¢ The first stage is the wake up period. This stage i
Two commands are implemented: Localisation fixed by the LED in initialisation and lasts 40ms
Request and Localisation Response. Bytes 11 and while current consumption sensed is 5SmA.

12 enable to send the temperature from the beacon.e The second stage consists of both radio
node to the telemeter in order to take into account transmission and ultrasonic part powering. This

for US wave propagation speed compensation. stage lasts 20ms and while the mobile device starts

This field can be used as parameters for other non to transmit localisation request the ultrasonict par

implemented commands. is enabled in order to compensate analog
e The footer field: Bytes 13 and 14 are generated component delay. The current consumption is

automatically by the data transmission primitive about 65mA.

implemented in the SMAC code base. The FCS « The third stage is the received period. The device

enables frame error detection. listening and the beacon response consume 35mA.

This stage can be divided in two cases, superposed
in Fig. 7: In the first case the beacon is in range
and the radio data frame is received. After the
reception, the waiting for the ultrasonic (US) wave
starts and the ultrasonic power is sensed by the
analog circuit, the radio and the analog circud ar
turned off. If no power is received the max power
is reported. In the second case the beacon iswnot i
‘ : N T s s [ 7 s 2 ' range. The watchdog expires and the device

2) Serial frames:After the telemeter has received the
localisation response from a beacon node, the &m
activates a 60ms watchdog and a timer enablingUtBe
wave flight time computation. When the US wave hesc
the receiver (a MEMS microphone) or when the wabchd
expires, a serial data frame is sent to the matier
platform. The format of serial frames is given ig.Fs.

returns to Hibernate mode.

» The last stage is the going to Hibernate mode. This
stage lasts 30ms and is controlled by adjusting the
LED on delay indicating the US received.

Start Flight time Temperature Battery level RSSI Stop.

Figure 6. Serial frame format.

Byte 1 is used as a start frame delimiter in orger
limit erroneous frames.

40,
Bytes 2 and 3 transmit the US wave flight time f » ¥— ‘m“ﬂff
calculated with (1) ’ J
. \ Radio Receptiol
T, = field x O5us 1) i S - Case #2
Bytes 4 and 5 transmit the beacon temperature _
information to the multi-sensor platform. ;

Bytes 6 and 7 transmit the battery level from the J e - '---'f-n::mmae
integrated battery monitoring system. E‘« e S i f
Byte 8 gives the link quality indicator, which will e i F
enable us to compute the Receive Signal Strenglibdtor e Omper o i

(RSSI) with (2) e P
Figure 7. Telemeter current consumption.
field
RSSI= - dBm @ B. Ultrasonic characterization

1) Test environment

The analog part characterization has been reailivad
empty 9m x 7m lab room. Fig. 8 shows the room
V.  SYSTEM CHARACTERIZATION configuration and angular tests performed.
The room height is about 3m and the ground andswall
Electrical and radiofrequency characterization hawge mixed reflective surface (concrete, plastackbr..).
been performed. Comparison with a well-known sysiem
also made.

Byte 9 is used as a stop frame delimiter in orddintit
erroneous frames.

A. Electric consumption

In order to characterize electrically the telemetee
have measured the current going through a seri@d 50 '
resistor before the 9V to 5V DC/DC converter. Fig.
represents a telemeter cycle, which is done evescbnds.
In the picture, we have simplified the cycle by oming
the beacon mode state after the macroscopic rectite
(Rxu). Four different stages can be identified:

Figure 8. Test room configuration.
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2) Distance and polarity impact

This characterization is focused on the distancé ar

polarity impact on measurements. The temperaturegiu
these tests is kept around 22°C (+/- 2°C).

The measures presented in Fig. 9 were realizedlat
meter from the ground and with constant temperature

Due to piezoelectric transducer directivity we drie
several test pointing positions to compute the otiivity
effects on measurements.
performed: 30, 60 and 90° from the direct view posi

The maximal range of the system is 9m but it can t

improved by increasing the US pulse power. Howetves,
modification increases the measurement variance.

The absolute error in all position stays under &omd
the maximal error is observed when the device th&90°
from the beacon position.

8
7
6

H

il

Distance (m)

m22_Axe
m2230°
22 60°
m22.90°

Average error (cm)

Figure 9. Distance error function of time and position (22°C)

Fig. 10 represents the polarization impact

or (cm)

Four test positions we

.

m12_Axe
m12.30°
m12_60°
m12_9%0°

=
w

1 2 3 4 H 6 7 8

Distance (m)

o

Figure 11.Distance error function of time and position (12°C)

4) Attenuation impact

We covered the mobile device with a piece of cotton
tissue and we have measured the absolute erranatién
of distance and position. The attenuation due ¢otigsue
increases the absolute error and has an importgraat on
the error when the position is at 90° from the dindew.
However, the results are clearly satisfying sinte t
maximal absolute error without any compensation of
temperature or attenuation stays below 35cm and the
relative error stays below 8%.

5) Multi-path impact

Fig. 12 shows the two test scenarios performed to
evaluate multipath effects. The first scenario in
configuration (a) evaluates the case where the pofhe
echo is superior to the power of the direct patlilenthe

osfenario presented in configuration (b) evaluates t

measurements. For these measures we only madetarquiPact of a reflective object in parallel at theedt path

turn in the board plane to measure the XY direttiof the
transducer but we haven’t noticed any impact onflighat
time measured.

2

20

——V_ Ak
—e—V30°
—%—V_60"
- H_Axe
- 0--H_30°
<% -H_60"
o--H.90"

Flight time (ms)

Distance (m)

Figure 10.Polarity impact on flight time measures.

3) Temperature impact

for different distance (Pdirect > Pecho).

For these scenarios several distances between the
reflective elements and devices have been testeddne
of them showed an impact on the computed distalmce.
the case (a) the direct path is always reported.

Beacon Tx Beacon Tx

[

Reflective
object
—

\ Direct path with
“misalignment

1

Telemeter Rx

\\
Echo

,»/
yd

™~

Telemeter Rx

Direct path

Reflective object

(@) (b)
Figure 12.Test configurations for evaluating multipath eftect

6) Obstacles and acoustic environment impact

For these tests we kept the same color convention f We tried to evaluate the impact of different olbgect
position. Fig. 11 describes the absolute errouircfion of being in the direct path. Several obstacles masedad
distance for different positions at 12°C (+-2°CheTerror Sizes have been tested (cork, wood, carton, pgrsdhe
measured is computed without any temperaturesults have not allowed us to model precisely the
compensation. We notice that we have the same lmhravbehaviour in function of the size or the materiat e
as for 22°C. The computed propagation speed isdesed noticed that for a constant distance position and
from 344.8m/s to 336.9m/s. The maximal error isaotetd temperature when the obstacles size increasesligh f

for the 90° position. Although the absolute maxiraedor
is increased to 30cm, the relative error staysvio&leb.
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time increases. The error is superior but the iveagrror
due obstacles is negligible (<1%).
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The last tests evaluate the

impact of a noigomplemented and more detailed for example in gnerg

environment on the measurements. In targeted apiolics efficiency.

(health) the main noise source is voice that's wieyhave
focused our tests on FM radio noise source, whitigen

and pink noise (-3dB/octave). The tests have been This paper proposed an original telemeter system

VI. CONCLUSION

processed in the same lab room with an ambientoaudilowing localisation for pedestrian in indoor emviment.
noise measured of 38dBSPL (Sound Pressure Levied). Trhe system uses the 802.15.4 RF signal to stattrtieeof
noise source was placed at 20cm behind the tratesmitin ultrasonic emission. The measure is computed fhe
(worst case) and the noise measures were takeficat 2flight time of the ultrasonic signal between théemeter
perpendicularly to the direct path. The noise sewes a worn by the user and a beacon fixed in the enviemm
speaker whose indicated bandwidth was 50-250006iz. F Characterization of ultrasonic performances showsdg

noise levels have been tested 68, 78, 88 and 1(RIdBS

reliability, linearity and multipath immunity. Thisystem
the 3 noise sources. Until 88dBSPL, no change fmve been tested and compared with the MIT Cricket

measured flight time has been noticed. But for BERIL system and have demonstrated several advantageasuc

the device started to indicate incoherent measuntane

C. System performance comparison

The Cricket system from the MIT laboratory [13]as
compact embedded system for indoor localisationis It
constituted of ultrasonic piezoelectric transdugdikHz)
and a 433MHz Radio frequency transceiver. The digta
computation is based on the round-trip flight tinfen
ultrasonic wave is generated by a transducer and
received by the other on the same board. Therditt@nce
is transmitted via the RF transceiver. This systes been
chosen as the reference level for performance atiaiu

Another difference between our system and the €tick
is that we use omnidirectional transducers wheitbas
Cricket only has a 40° opening. Even if the cricket
datasheet announced a 40° opening all the pogitisted 1]
above 30° have been unreliable and the measureimealgts
have been done in the direct path. Moreover theesybas [2]
been designed for short range measurements (dlisiao
robotic application). Due to the round trip of thigrasonic
wave, the attenuation is important and the maximainge
measured is about 7m. Fig. 13 indicates the relativor
in function of distance for our telemeter localisat
system and the Cricket system.

(3]

(4]

Cricke [5]
g

10 (6]

12 Ty

Relative error (%
o

[7]
Telemete worst cas

Telemeter_best ce

|

(8]
19

Distance (m)

Figure 13.Relative error of systems comparison.

The two extreme cases are presented: the besticase
obtained at 22°C in direct path (dashed) and thestvwase
at 12°C plus attenuation without any compensatifd®
position. The Cricket system stays under 10% cdtined
error from 30cm to 3m. In this range, the Crickgdtem is
more precise than the worst case of our system vmwe
only the direct path was measurable for the Criskstem.
Obviously, this comparison would need to

(10]
[11]

[12]
(13]

be
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Good accuracy (better from 5% to 10% in the
worst case and over 3m).

Good opening angle (90° from the direct path.
Good maximal range (up to 10m).

Energy efficiency: The 802.15.4 low power modes
enable up to two weeks with standard alkaline
batteries (for a measurement every second).

ngw, the system is integrating before deployingréal
building.
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Multimodal Water Content and Nutrient Concentration Sensor for On-Site Soil
Monitoring

Masato Futagawa

MD. Igramul Hussain
Keita Kamado
Fumihiro Dasai
Makoto Ishida

Kazuaki Sawada

Abstract— We have fabricated a new multimodal sensor chip
that is capable of measuring water content and nutrient
concentration on-site simultaneously. Heretofore in agriculture,
water content sensors, for example the TDR sensor, could not
provide water content information correctly, since the results
of these sensors are affected by the nutrient concentration in
the soil solution. Therefore, tensiometers (shown in Fig. 1 (a))
have generally been used in agriculture. These are large-scale
sensors and are not suitable for precision agriculture. Qur
proposed sensors are the world’s first to be able to monitor
water content without being influenced by the nutrient
concentration, and nutrient concentration without influence
from the water content.

Keywords-water content; ion concentration; phase; electrical
conductivity; on-site monitoring; agriculture

L INTRODUCTION

On-site monitoring to enable precise control is becoming
a requirement in agriculture. In particular, accurate
determination of the water content in soil and of the nutrient
concentration in water is considered to be the most important
information for increasing the production of agricultural
crops. The water content is the proportion of water by
volume with respect to everything else, usually air and soil
clod. The nutrient concentration (which has the same
meaning as ‘ion concentration’) [1] in water can generally be
observed by electrical conductivity measurements.

Fig. 1 shows how tensiometers can measure water
content by utilizing the moisture-holding ability of soils.
Because tensiometers have simple mechanisms and are
reasonably priced, many farmhouses use them. However,
they can’t measure the ion concentration and can’t be set
near the roots of plants because of their large size. Hence,
tensiometers are unsuitable for precise on-site monitoring.

In the case of on-site monitoring in soil, it is difficult to
separate electrical conductivity information from water
content information. For example, when the nutrient ion
concentration is 1 S/m and the water content is 0.5 m’/nr’,
the measurement result of electrical conductivity is 0.5 S/m.
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Multimo
sensor

Droppers send water and nutrient
solution to soil.
(b) Tomato plant bed, in which
soil is used, monitored by a Rockwool is used, monitored by a
multimodal sensor. multimodal sensor.
Figure 1. These pictures show how a multimodal sensor is used for on-
site monitoring of two kinds of plant beds in precision agriculture.

(a) A tomato plant bed, in which

Therefore, for the measurement of water content and to
obtain information about the nutrient concentration in soil,
time domain reflectometry (TDR) sensors [2][3] and thermal
type sensors [4] have been studied by other groups. These
sensors measure water content information and electrical
conductivity information separately, and then information
about nutrient concentration is elicited by eliminating water
content data from the electrical conductivity data. These
water content sensors require high frequency (> 1 GHz)
operation, or for the soil to be heated in order to measure
complete water content values without the effects of nutrient
concentration. In addition, the sensor sizes are not small
enough (length, width: > 2 cm) to be incorporated with an
electronic control system.

We have proposed a new multimodal sensor chip that is
capable of measuring water content and nutrient
concentration on-site simultaneously. The sensor is small in
size and is capable of operating at lower frequency than TDR
by employing new calculation methods.

In this paper, after introducing the basic concepts
regarding the background and motivation of our research in
Section I we formulated the theoretical and mathematical
concepts in Section II. In later sections such as in Section III,
we described the material structure of the sensor; in Section
IV, measurement and results, finally in Section V we
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articulated our conclusion based on the results of our
research.

II. NEwW MEASUREMENT METHODS

A. Ion Concentration Measurement Method using Phase

Measurement methods for water content are gauged
against the dielectric constant. The relative permittivity of
water, which is about 80, is larger than that of other materials
commonly found in soil; for example, the relative
permittivity of air is 1, and that of soil is about 5. In order to
measure water capacitances and to eliminate the effect of ion
concentration, TDR sensors operate at high frequencies of
between 100 MHz and 1 GHz. However, the operating
circuits that are required for high frequency operation are
complex and costly, and the relative permittivity of water is
also changed by ion concentration; the relative permittivity is
80 at 7 mS/m ion concentration (tap water) and is 70 at 7
S/m (seawater) [5].

We propose a new measurement method that measures
the phase characteristics of water. This method analyzes the
ion concentration information and is unaffected by the water
content value. Equations 1 through 3 show the water
characteristics using a parallel circuit model of resistance and
capacitance.

7 — 1 — Rwarer(l B ] a)Cwateerater) (1)
total — 1 - 2 2 2
— 4 ] a)C water 1+ @ Cwater Rwater
water
D Lw

water — 711, > Cwater = gwaterga T (2)

walerL W D

— W& &

Bla[a[ = tanil (_ a)Cwateermer) = tanfl (WMJ (3)

O-wat('r

where, Zy, is the combined impedance, Ry is the
resistance of water, Cy,., is the capacitance of water, D is the
distance along the direction of passing current, L and W are
the length and width of the section area of the path of the
passing current, Gy i the electrical conductivity (which
provides information about ion concentration), €y i the
relative permittivity, g, is the permittivity of vacuum, Oy, is
the phase of Z.

In the case of 50 % water per unit volume of soil,
equation 3 changes to equation 4. In this equation, the phase
remains almost unchanged with respect to water content
information!

) —wl0.5¢,,,., +0.5¢,, ) L — w8,,,,E
emml — tal’l 1{ ( water wll) o } ~ tan 1( water™ o J

0 . So-wuter + O . 5O-xm'l water

B gwarer >> gsm'l Gwarer >> Usoi[
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E =80,¢ =70,

In the case when the ion concentration changes from 7
mS/m (tap water) to 7 S /m (seawater) in water without
including soil, equation 3 changes to equation 5. In this
equation, the phase is changed almost exclusively by the ion
concentration for smaller relative permittivity changes!

Because the phase at the highest sensitivity is m/4 rad,
suitable frequencies for the input signals are between 500
kHz and 10 MHz. Hence the frequencies used in our method
are smaller than those used in TDR methods.

70 h
— @ % gtapwat@r 80 — e &
gmml — tanfl ~ tanfl 1073 . tapwater” o

7 P >

tapwater

)

7 x 10_3 Gtapwater

tapwater seawater

o =7x107S/m,o

tapwater seawater

=7S/m

B.  Water Content Calculation Method using Phase and
Electrical Conductivity Information

Electrical conductivity sensors have been studied by our
group in the past [6]. Since these sensors operate at the low
frequency of 10 kHz, equation 1 changes to equation 6. This
equation shows that the ion concentration of water without
other materials can be measured using electrical conductivity.
The value o, represents exactly the electrical conductivity
information.

1 D

z water ~
LW

total —

+ 700C water
1 ater .] water (6)

* > a)Cwa er
Rwater !

In the case of 50 % water per unit volume of soil, the
total electrical conductivity oy, changes to equation 7. The
equation shows that electrical conductivity is affected by the
volume of water per unit volume, which is the same as being
affected by the water content!

~0.50

water

+0.50

soil

O, =050

water (7)

B O-water >> O-S[)il

From these equations, the electrical conductivity can be
determined by multiplying the water content by the ion

concentration, and water content information can be
calculated by using equation 8.
EC[S/m
WClm* /m’] _ EC1S/m] (8)
IC[S/m]

where WC is the water content information, IC is the ion
concentration information shown by equation 5, and EC is
the electrical conductivity information shown by 7.
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III.  STRUCTURE OF A SENSOR DEVICE

We fabricated a multimodal sensor with a Pt electrode
area to measure electrical conductivity and a capacitive
probe area to measure phase information, as shown in Fig. 2.
Because the multimodal sensor is very small and can be
fabricated by CMOS process technology, it was possible to
insert the sensor into several kinds of plant beds. Images of
two kinds of experiments using our multimodal sensor in
agricultural applications are shown in Fig. 1.

The Pt electrodes for sensing electrical conductivity had
been studied previously [6]. The sensing method is capable
of measurement covering a wide range, between 1 mS/m
and 10 S/m. The voltage was applied using a 10 kHz sine-
wave and was of 250 mV in amplitude. Characteristically,
the Pt electrodes can apply an electric current to a solution
at low frequency, for example, 10 kHz, since the effects of
electrical double layers on the Pt electrodes and of the
parasitic capacitance of water can be minimized at this
frequency.

In the capacitive probe area, Al electrodes were covered
with a thin SiNx film (50 nm thickness) to protect them
from the solution and to lower the electrical current. The
SiNx parasitic capacitance had to be designed to be larger
than the capacitance of water since the SiNx and the
parasitic capacitance of water were connected in series. The
SiOx parasitic capacitance under the Al electrode-area had
to be designed to be smaller than the capacitance of water,
because the SiOx and parasitic capacitance of water were
connected in parallel.

The SiNx on the top film and the SiOx under the Al
electrodes were designed to be 50 nm and 1 pum in thickness
respectively. In this experiment, the applied voltage used a
500 kHz sine wave of 250 mV amplitude. Measurement at
500 kHz produced a larger range of phase changes for (0ater)
between 0 and -90 degrees.

Electrical conductivity sensing area (Top
film: Pt 100 nm)

Capacitive probe
sensing area (Top
film: SiNx 50 nm)

Pt

0k
SiNx (Top  SiOx

8 mm A T A
Multimodal sensor chip passivation
bonded on a PCB board. film)

(a) The picture shows a multimodal ~ (b) A cross-sectional view of picture
sensor. The sensor has a small chip  (a) is shown. A multimodal sensor is
size, and is bonded on a PCB board integrated with an electrical
that is inserted into the beds. conductivity sensing area and a
capacitive probe sensing area.
Figure 2. These pictures show an image of the sensor format and the
structure of the sensor areas.
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IV.  MEASUREMENT RESULTS AND DISCUSSION

Fig. 3 shows images of an experiment to determine
changes in water content (shown in Fig. 3 (a)), and in ion
concentration (shown in Fig. 3(b)). A solution of tap water
and common salt (NaCl) was used for the ion concentration
test. When the water content is 1.0 m’/m’, as shown in Fig. 3
(b), then the electrical conductivity and the ion concentration
are the same.

The graph in Fig. 4 shows that the results of the phase
measurement of the water element are changed due to the ion
concentration alone (shown in Fig. 4 (a)), and not by the
water content (shown in Fig. 4 (b))! The graph in Fig. 5
shows that electrical conductivity information is composed
of the water content (shown in Fig. 5 (a)) and the ion
concentration (shown in Fig. 5 (b)). This graph shows that
the electrical conductivity information is the water content
multiplied by the ion concentration!

L} q
_Solution
by

A i
-y

“sensor

(b) The picture shows an
experiment photo of ion
concentration of solution. Of
course, water content of the solution
is 1.0 m*/m’! The test results show
Fig. 4 (b) and Fig. 5 (b).
Figure 3. These pictures show images of experiments to determine

changes in water content and changes in ion concentration.

(a) The picture shows a photo
of a water content experiment
using vermiculite, as shown
in Fig. 4 (a) and Fig. 5 (a).

Phase by capacitance Phase by capacitance
probe sensing area probe sensing area
[Degree] [Degree]
0 1 07 Water content:
10 lon concentration: large 10l 1.0 m¥m? L,
2 I\ 20 ®
-30 o] e - @« 30 ®
-40 -40
-50 50~ @)
.60 lon cor cent}%tior: small 5o

00 02 04 06 08 10 10° 10* 10" 10° 10

Water content of vermiculite lon concentration of
[m*m?] solution [S/m]
(a) Vermiculites were interfused (b) Experiment to determine the
with three solutions with relationship between ion
different ion concentrations. concentration and phase.

Experiment of the relationship
between water content and phase.

Figure 4. Vermiculite and a solution are measured using the capacitance
probe sensing area operating at 500 kHz. These graphs show that the sensor
can monitor only ion concentration, and not water content!
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The graph in Fig. 6 shows an image of the derivation of
water content from electrical conductivity and ion
concentration using equation 8. From these measurement
results and from equation 8, information about the water
content can be determined!

Electrical conductivity
using Pt electrode
sensing are [S/m]

Electrical conductivity
using Pt electrode
sensing are [S/m]

2

1.0 g 10
BT .
08 lon concentration: farge * *
0.6 10° @
» ;

4 P
0.4 L 107 | ._T_

2 *
02 jon concentration: sm 10 K 1
00 - & = oE 4 Water content: 1.0 m*m?®

00 02 04 06 08 1.0
Water content of vermiculite
[m*m?]

(a) Experimentation to
investigate the relationship
between water content and

electrical conductivity.

10® 10% 10" 10° 10" 10°
lon concentration of
solution [S/m]

(b) Experimentation to
determine the relationship
between ion concentration
and electrical conductivity.

Figure 5. Vermiculite and a solution measured by the Pt electrode sensing
area operated at 10 kHz. These graphs show that the sensor can monitor
electrical conductivity by multiplying water content by ion concentration!

lon concentration
measured by

lon concentration
measured by phase:

& small hase: large
gg_g 10 p - larg
222 7F /<)7—:(>
L£o3T _ 08
CECCD«:
I} o€
§§§§‘E 06
EESC'_' i
=T E° 0.4 1
33872 !
< ©
§°° 02 !
0.0 X

1
Electrical conductivity measured by
Pt elecrtrode sensing area [S/m]

Figure 6. Image of the derivation of water content from the electrical
conductivity and the ion concentration using equation 8.
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V. CONCLUSION

A small multimodal sensor capable of providing on-site
measurement of water content and ion concentration over a
small area (for example, near to plant roots) was fabricated
using CMOS circuit process technology. We proposed new
measurement methods for ion concentration and water
content determination, and designed appropriate film
thicknesses, materials and so on for novel multimodal sensor
devices. From phase information measured using a
capacitance probe, ion concentration information that was
unaffected by water content information could be gathered
over a wide measurement range. When using Pt electrodes,
the electrical conductivity could be determined by
multiplying water content by ion concentration. We
succeeded in measuring the water content without any effect
caused by ion concentration (that is, nutrient concentration)
and in measuring ion concentration without any effect from
water content when using the new multimodal sensor.
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Abstract - This article described highly sensitive gas sensors for wheref, is the resonance frequency of the unperturbed
monitoring low ppm or ppb concentrations of carbon  SAW sensor, A is the active aresn and Af are mass and
monoxide using phase variations at constant frequency of Love  fraquency variations, respectively. SAW devicesking at

waves generated by a surface acoustic wave device. The . e
sensing material for gas detection employed in this study is a 125 MHz are gsed in these developments. The sésili
these devices is about 250cm?/g.

silica layer modified with one of three compoundsthat assure a . - i .
selective trapping of CO. The authors demonstrate that surface Besides, a great variety of artificial receptordipalarly
acoustic wave devices with non-conductive sensing layers as ~ useful for chemical sensors development have been

described can be used for molecular recognition such as to  fabricated, benefiting from progresses of synthetic
detect carbon monoxide molecules. This article reported an ~ chemistry methodologies. SAWSs (Fig. 1) have allovied
interest and original work. demonstrating the exploitation of CO molecular piag
occurring in non-conductive sensing layers [1]. Wepose
in this paper to compare the performance of differe
compounds used as sensing layer. We have monipbrzse
I INTRODUCTION vgriations of. SAW devices, functional_ized with tare
Carbon Monoxide (CO) is produced by incompleted'ﬁerem sensing layers, when loaded with CO males.
combustion. Because of its intrinsic propertiess iaturally ~1he three tested compounds  are cobalt corrolds) 8-
undetectable by human body. His toxicity andTr|s(2,6-d|chlorophen_yl) corrolato]Co(llN] (Fig.)q2] qnd
undetectability make him a dangerous compound. Thi§vo metalloporphyrines [Fe(I)-(5,10,15,20-tetr4Bis-
observation leads to the necessity of developindeeice dihydroxyphenyl)porphyrin] [3, 4] referred as poypine #5
able to detect the presence of CO in the air. and [5,10,15,20-tetrakis (3,5-dimethoxyphenyl) (hymmn)
The strong demand for the development of lab-op-chi Mn(lll)] referred as porphyrine #6 (Fig. 4) .
analysis devices has pushed to investigate margrelit
approaches in that matter. Among these, the usrfdce
acoustic waves has received a particular intereshgl the
last decade. Specially, pure shear guided wavessratified
substrates such as amorphous silica on quartz iatjofer
the use of Love waves appears as an attractivéiaolto
fabricate devices able to operate in water, sihearswaves
are not radiated in fluids and because of theiiceable
sensitivity to gravimetric effects related to sodHa
adsorption. Many devices based on delay line cardiipns
have been built and tested with various succestmsever,
the use of resonators instead of delay lines iee®rgd to
provide better sensing capabilities particularly ewh
monitoring phase shifts at constant frequency dae t
gravimetric effects. For Surface Acoustic Wave desi
(SAW), mass sensitivity is given by the Sauerbrelation

().

Keywords- CO detection; SAW device; porphyrine; atth
corroles.

Figure 1. SAW device

Sm =f_|;.E (1)
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Figure 2. Scheme of a cobalt corrole [5,10,15{2&
dichlorophenyl)corrolato]cobalt(111)])

Il. EXPERIMENTS

For Love-wave-based sensors, since the acoustie wa

generated by the transducers is mainly a surfaocestic
wave,
occurring at the surface of the device. Modificatiof the
acoustic wave propagation conditions in the silicading
layer leads to the modification of the physicalreltteristics

of the wave. During the tests, CO sensors have be
exposed to changes of several experimental paresnet

(temperature, flow, pressure, presence of gashrdier to
exclusively extract the information
adsorption, we used a specific differential setamprising

two SAW devices. In contrast to previous experiraent
[1][3] the experiments were conducted at atmosgheri
pressure to more closely simulate sensor applitatio

conditions. To this end, a dedicated gas test septpnized
for CO detection, has been developed.
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Figure 3. X-ray spectra of SAW devices before fiomalization deposition
(first); after porphyrines #5 spray coating (segpafter cobalt corroles
spray coating (third)
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functionalization of
Yreatment able to assure the selective trappingCox.

it reveals extremely sensitive to perturbratio

concerning CO
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Figure 4. Scheme of an organometallic prophyrin ¢bhtral metal atom)
M-(5,10,15,20-tetrakis(3,5-dimethoxyphenyl)porphyri

A crucial point of the development of SAW sensothis
its active surface with chealic

Sensing layers were synthesized following litertmethods
[2][4][5]. Prophyrins and cobalt corroles were disgd in a
proper solvent (1& M in CHCL) and deposited by spray
coating. Love-wave devices used, consists in delag built
on (AT, Z) cut of quartz. The wave guidance is aghd by

ecﬁ]epositing a 2..nm thick silica overlay onto the InterDigited
®rransducers (IDTs) and the propagation path as. viak

Love wave is generated and detected using IDTs osath
of 50 pairs of 4-finger-per-wavelength electrodeadm of
200 nm thick evaporated aluminium.

In order to ensure the presence of the functioatiin,
we made a XPS (X ray Photon Spectroscopy) anatysre
surface of SAW devices before and after the dépasof
cobalt corroles and porphyrines. A few spectraraported
here. The resulting wide scans are presented in&Fighe
raising of two peaks characteristic of the presafcglicon
(Si2p and Si2s), oxygen (O1s) and the presencemalls
peaks of carbon due to pollution can be observetti®bare
device’s spectrum showing the absence of functipaidn
onto the silica composed surface. After cobalt ades
deposition, we note the augmentation of the canbeak
and the appearance of two peaks showing the presanc
nitrogen and cobalt. A decrease of Ols and silintensity
peaks has been observed. This tends to prove that &im
has been effectively deposited onto the surfacee Th
apparition of a nitrogen peak also confirms thespnee of
an overlay onto the silica surface due to four atoof
nitrogen surrounding the organometallic atom. Asaty of
devices that have been covered with porphyrineantb#6
show Fe and Mn organometallic peaks. The oxygek mea
still higher than in presence of corroles due td+@oups
on both. The XPS analysis has yield evidences ef th
deposition of the two compounds onto the SAW deésice
surface. It has also allowed for the chemical otterésation
of these functionalizations.

An experimental bench has especially been develfgped
high sensitivity detection of CO (Fig. 5). In orde proceed
to differential acquisition [6] allowing for minimming the
influence of changing experimental parameters priéveg
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Figure 5. Scheme of our specific cell for toxis gietection. popal \_
the CO detection, two sensors are used. One codtbd B
corroles sensitive to CO [1][2] and the other non- £0 concentration
functionalized used as a reference. Figure 7. Graphic representation of the phase s&ifcity obtained with
The cell is equipped with three mass flow metergedr porphyrine #5 versus CO concentration at atmosplpeeissure.

by a controller allowing the dilution of CO with,Nind Q.
Moreover, a primary pump provides vacuum conditithra
permit a faster regeneration of the sensitive akahe
sensors, making it reusable.

[ll.  MOTIVATION AND RESULTS

We report here the results obtained for CO detectio
using SAW devices functionalized with cobalt coeland
metalloporphyrines, which reversibly interact wghseous
analytes by coordination with the central metalnat®@ne
can see in Fig. 6 the trend of a phase variatian tduCO
adsorption onto the surface of a device functiaealiwith AL
cobalt corroles. The experiments have been achiatvkshst
three times to validate the results. We obtainesl shme 03
trends with devices functionalized with porphyrinegth
slightly different slopes. In every case, we canfir B w3 4 & & T 8§ 3 1
reversibility of the adsorption. We have monitordte €O concentration (ppm)
respective phase shift velocity undergone by theelwave, Figure 8. Graphic representation of the phase wséificity obtained with
propagating within the guiding layer of the devices cobalt corroles versus CO concentration at atmaspheessure.
functionalized with each compounds, versus the CO

y =-0,034 %
R =0,9905 |

concentration of the gas injected in the testaetl confirm e ek W b & @
a linear correlation (Figure 7, 8 and 9).
] \ =
20 T T T T
i 2 ppm ; L 4
: 0,9 pp pp Epm | 0.05
ik | g 01} - g
= = y=-0,027 x
S ot g g g1st R*=0,9996
E i
P oy E
& 02t
a0l i
035+
= y=-032x 7
a0 ; i ] i 3 ; i _03 L 1 1 Il 1 1 1 1 1
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Figure 6. Phase variation diﬁrtfc:)a(?eo adsorption dre SAW device Figure 9. Graphic representation of the phas¢ gbibcity obtained with

porphyrine #6 versus CO concentration at atmosplpeeissure.
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TABLE I. FUNCTIONALIZATIONS PERFORMANCES
Functionalization type
Porphyrine n°5 Cobalt corroles Porphyrine n°6
Detection
threshold 450 ppb 900 ppb 2ppm
Corresponding
phase  shift -0.04 UA/s? -0.05 UA/s? -0.05 UA/s®
velocity

a. UA: Arbitrary Units

Porphyrine #6 enables us to detect at least a CO
concentration of about some ppm. With cobalt cespthe
detection threshold is situated below one ppm. \&te that
the porphyrine #5 provides a clear detection ofimimum
of 450ppb CO concentratiomdple 1.

We also note that the phase shift velocity induzgthe
injection of 900ppb with porphyrine #5 is about fdimes
higher than with corroles. This reflects the hidghes
sensitivity of porphyrine #5 with CO.

Since porphyrine #5 induces phase shifts velo@ty f
times larger than what we get with cobalt corroles can
conclude that this compound represents the preferre
solution for CO detection at atmospheric pressure.
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Abstract—Society is increasingly accustomed to instant access
to real-time information, due to the ubiquitous use of the
internet and web-based access tools. Intelligent search engines
enable huge data repositories to be searched, and highly
relevant information returned in real time. These repositories
increasingly include environmental information related to the
environment, such as distributed air and water quality.
However, while this information at present is typically
historical, for example, through agency reports, there is
increasing demand for real-time environmental data. In this
paper, the issues involved in obtaining data from autonomous
chemical sensors are discussed, and examples of current
deployments presented. Strategies for achieving large-scale
deployments are discussed.

Keywords-environmental monitoring, chemical sensors, air,
water, sensor networks.

I. INTRODUCTION

We live in a world wherein people are increasingly
accustomed to instant access to a huge and exponentially
growing volume of information stored on web-repositories.
Through highly efficient search engines, people and
organizations expect the internet to provide instant access to
repositories spanning entertainment (music, movies, e-books,
video clips, TV/radio), news and current affairs, hobbies,
Government and Agency reports, financial data, and so on.
The recent environmental disaster in Japan again highlights
the need for access to real-time sensed information that may
provide early warnings of impending events, and rapidly
disseminate information to the public to minimize loss of
life. This has once again placed the spotlight on how to
gather, integrate, analyze and share sensed environmental
data. We are particularly interested in how to sense the
chemistry of our environment, and in particular, how to
realize chemical sensors that are reliable, robust, and able to
function autonomously for periods of weeks to years. As our
ultimate goal is to achieve widely deployed networks of
chemical sensors, it follows that the cost of ownership of
these devices must be as low as possible.

II.  THE ELEMENTS OF SCALABILITY

The basic building block any sensor network is the
sensor/communications platform [1]. Our specific interest is
to build autonomous chemical sensor platforms that could
provide the basis of a widely dispersed sensor network,
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providing frequent updates about the concentration of
specific target species at many locations [2]. When one
considers how to deploy and maintain sensor networks that
will comprise many thousands of individual devices
scattered across a large geographical area, the issue of
scalability becomes paramount. The key to scalability is to
produce sensor platforms that are not overly expensive to
buy and can function autonomously for as long as possible
(ideally months, years), while providing a stream of accurate
data. For chemical sensing in water bodies, this is a
formidable challenge, as chemical sensors are typically
subject to drift and loss of sensitivity over time, and require
regular calibration in order to maintain accuracy. Biofouling
is a particularly difficult issue for environmental water
monitoring that can have drastic impact on electrodes and
other sensors directly exposed to the sample within a few
days or weeks 3].

In this paper we will demonstrate how a microfluidics
approach can provide very reproducible sample and reagent
handling, enabling reliable data to be generated by
autonomous chemical analysers deployed in hostile
environments. The small reagent and sample volumes
required to perform microfluidic assays means that multiple
assays can be performed using relatively small reservoirs,
and a small lead-acid cell can provide enough power to
sustain the analyzer for a period of up to several months. For
example, the typical reagent volume consumed is in the
region of 50-100 uL per assay, which translates to 1000 -
2000 assays per 100 mL of reagent. Continuous monitoring
at a frequency of 1 measurement per hour means that the
platform can operate for 50-100 days per 100 mL of reagent,
and provided the reagents are stable, this obviously scales as
the volume per assay is reduced, or the reagent volume is
increased. In parallel, we have fabricated similar platforms
employing IR gas sensors targeting important environmental
targets. These can function unattended for many months and
yet remain within calibration, as they do not depend on a
sensitive sensor surface to generate the analytical signal, or a
supply of analytical reagents to function. The gas/air and
water analysis platforms follow the same basic analytical
approach in that they sense the analyte in the sample, process
the analytical signal, store the data locally, and transmit the
data to a remote server, for example, using GSM, Wifi or
zigbee wireless communications. Both platforms have an
integrated power source that can support all operational
functions for periods of several months without intervention.
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III. NUTRIENT (PHOSPHATE) MONITORING

A.  Autonomous Nutrient Analyzer

The autonomous nutrient analyzer is a compact and portable
device capable of performing reagent based chemistry in
remote locations. The first-generation (GEN1) system
originally developed at Dublin City University [4] has been
extensively field trialed both at waste water treatment plants
[5] and in natural waters [6]. In excess of 10,000 assays
have been performed using the platform across 12 separate
field trials. Current work is focused on the development of
an improved version of the analyzer platform that provides
equivalent or better analytical performance for a component
cost of less than €200 per unit. Initial field trialing of the
second generation (GEN2) system has recently commenced
and the results from a three day field trial are reported below
along with a description of the analyzer design and
operation.

.

Figure 1: GEN2 Nutrient analyzer design; (1) Sample inlet; (2)
Control board and detection system; (3) Dual channel peristaltic
pumps; (4) Reagent bags; (5) IP68 enclosure

B.  Analyzer Design and Operation

The GEN2 analyzer is a fully integrated system
incorporating fluid handling, microfluidic technology,
colorimetric chemical detection, and real time wireless
communications in a compact and rugged portable device.
The major system components are shown in Figure 1.

The sensing system is employs the molybdenum yellow
method, a simple colorimetric technique based on the
formation of a yellow-colored compound when a reagent is
mixed with a phosphate-containing sample. The color of
the reacted sample is detected at ca. 380nm using an ultra
violet light emitting diode (LED) light source and a
photodiode detector. This reagent chemistry is preferred
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due to its long-term stability even though it is less sensitive
than other more commonly employed reagent chemistries.

The sensor implements a two-point calibration protocol
using a blank solution (0 mg/L orthophosphate) and a
standard orthophosphate solution. The concentration of the
standard solution can be varied depending on the range of
orthophosphate levels in a particular sample/site. The two-
point calibration is carried out for each sample measured.
The importance of this procedure lies in its ability to correct
for:

« Changes in LED output/photodiode response due to
temperature fluctuations;

« Possible drift in response of detection system over time;

« Possible change in sensitivity of detection system over
time.

The system communicates using short range ZigBee radio to
a remote network gateway, which passes the sensor data via
GSM or Wifi to a web-database for remote access by the
user. This setup allows the user to not only monitor sensor
data in real time but also to remotely change the sensor
setup parameters, such as sampling rate.

C. Field Trial

Following an initial laboratory based calibration, the
system was placed in situ at Broadmeadow Water Estuary,
Co. Dublin, Ireland on 04/09/2010. This estuarine water
body is know to have elevated nutrient levels due to a
combination of inputs from industry, agriculture and a
nearby waste water treatment plant. The trial location is
shown in Figure 2. The analyzer was initialised to take
samples at 30 minute intervals for the duration of the
deployment.

Figure 2: Broadmeadow Water site

The sensor output over the 62-hour deployment period is
shown in Figure 3. The sensor performed 124 autonomous
measurements during the trial, and four manual samples
were collected for lab analysis and validation. These
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samples were analyzed in the laboratory using a Hach-Lange
DR890 Portable Colorimeter. Figure 4 shows the excellent
correlation (r = 0.9706) between the sensor output and the
manual sample phosphate concentrations. The manual
sample collected at 13:35 on 06/09/2010 shows the largest
deviation from the sensor value. However, on that day, the
river water levels did not allow this sample to be taken close
to the sensor sample inlet. All other manual samples were
taken at the sensor sample inlet. The daily fluctuations in the
phosphate level can be attributed to the tidal nature of the
estuary which lead to significant dilution of the outflow of
the nearby waste water treatment plant.

—— Phosphate Sensor
8 1 M Manual Sample

Phosphate Copncentration (mg/L)

14

04/09 00:00 04/09 12:00 05/09 00:00 05/09 12:00 06/09 00:00 06/09 12:00 07/09 00:00 07/09 12:00
Date

Figure 4: Phosphate concentrations measured during the trial by the

phosphate analyzer and by parallel manual samples (red)

IV. AUTONOMOUS GREENHOUSE GAS MONITORING

European directives [7] have driven a growing need for
autonomous platforms that can provide real-time monitoring
of gases in the environment. Such platforms, along with the
accompanying data recording and interface software, provide
an attractive alternative to the current norm, which still
depends largely on labour intensive manual monitoring [8].

A. Design concept

For the autonomous gas-monitoring platform,
components are housed within the same robust casing used
for the nutrient analyzer, which we knew to be suitable for
long-term outdoor deployment (Figure 5). Our primary goal
was to meet a need for a remote autonomous platform for
monitoring greenhouse gas levels (CH4 and CO») in landfill
site boreholes. This system is designed to fit to borehole
wells, which are typically located at the landfill site
perimeter, to facilitate monitoring of gas migration [9].

The monitoring operation is controlled via a custom
programmed MSP430 microcontroller (1), managing the gas
extraction (4), gas sampling (5) and data communication (2).
The power supply (3), a 12V 5Ah lead acid battery, currently
allows a deployment of 8 weeks at a sampling frequency of
four sample cycles per day (approximately 220 separate
sample cycles in total). The principal components of landfill
gas, carbon dioxide (CO,) and methane (CHy) [3], are
measured by infrared gas sensors (Dynament Ltd. IRCEL-
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CO2 and IRCEL-CH4). A SKC Grabair pump (SKC Inc.,
222-2301) extracts a sample at 0.6 L/min from a depth of 1
metre in the borehole well. The data are statistically
represented and sent in SMS format to a central base-station
via GSM communication (Siemens MC35iT). As a backup,
all harvested data are stored locally on an onboard flash
memory chip. At the central base-station, the communicated
data are parsed and placed onto a database, whereupon email
alerts are sent to stakeholders. In addition, all present and
historical sampled data are accessible to the relevant
authorities and site personnel via a web-based visualisation
application. This communications and web-portal design is
the same as that used with the nutrient analyzer.

=—_

(3) a ﬁl@
(4) (D)
87

Figure 5: Exploded view of the autonomous landfill gas monitoring
platform. (1) Control board, (2) GSM Module, (3) Battery, (4) Extraction
pump, (5) Sample chamber and sensors

B.  Deployment results

To date, extensive field deployment trials have resulted
in gas monitoring platforms achieving continuous
deployments in excess of 12 months. For the purpose of this
results section and to highlight the benefits of this system, a
subset of the data corresponding to June 2009 is displayed in
Figure 6 [10]. The CO, levels can be seen to fluctuate
significantly over this period, and greatly exceeding the
threshold limit (1.5 % v/v) for significant periods.

Consultation with the landfill site operators revealed that
an increment in soil cover restricted the dissipation of
generated gas, resulting in a build-up of CO, concentration
(events 1 and 2 as annotated in Figure 2). These actions were
rectified by increasing in the extraction flow rate by site
personnel. However, this remedial work was hindered by a
partial blockage in the underground gas extraction pipe
(event 3), which was subsequently identified and removed.
The diagnosis of events and subsequent monitoring of the
effectiveness of remedial measures illustrates the usefulness
of this system in landfill site management.
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2 ——CH4 % v/iv
| —=—C02 % viv
....... CH4 threshold

....... CO2 threshold

Target gas concentration [% v/v

6/6/09 10/6/09 14/6/09 18/6/09 22/6/09 26/6/09

Figure 6: Recorded gas concentration data for June 09 with threshold
limits of 1.5% v/v for CO, and 1.0 % v/v for CH, also indicated [10].

C. Further system development

As mentioned in the introduction, a key goal for
scalability of deployments has to be the duration of
autonomous operation. Currently continuous deployments of
the platform in excess of 12 months have been achieved at
two locations on an active and dormant landfill site. During
this time, the system successfully monitored gas migration,
with the batteries being remotely monitored and manually
replaced when depleted. The systems uptimes were
calculated upon retrieval, and were found to be
approximately 83% over the duration of both deployments.
The discrepancy from complete autonomy was attributed to
the 12V/5Ah battery depleting below its operating threshold
(ca. 11.5V) after approximately one month in the field (see
original code battery decay in Figure 7). Below this
threshold, the GSM unit cannot draw sufficient current to
transmit and the data cannot be accessed remotely via the
website. While battery replenishment can be achieved
reasonably quickly, it is obvious that a reduction in power
usage would increase the duration of autonomous operation.
This has been achieved through optimization of the
microcontroller C-code to refine the device functionality,
and in particular introduce sleep modes. Using this
optimised code resulted in a three-fold increase in battery
lifetime (i.e. ca. 3 months). The battery decay of a unit
programmed with both the old (blue series) and new power
saving code (red series) can be seen in Figure 7.

In order to further extend deployment lifetime, and
potentially realise a fully autonomous field-deployable
sensing platform, a solar cell has been assessed as a local
energy generation source for the platform. A study was
conducted by coupling the system with a charge controller
(4Ah, Radionics 706-7934) and photovoltaic module (17.5V,
0.27A, Radionics 194-149). The solar cell was chosen to
provide sufficient power to charge the battery even in low
lighting conditions. The charge controller serves to regulate
the power being delivered to the battery, and to provide
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protection against battery overload, reverse polarity and feed.
For the purpose of this study, one of the systems was
retrieved after the 12-month deployment and retro fitted with
the charge controller and solar cell (wiring configuration
shown in Figure 8). Once the solar cell was fitted, the unit
was setup on a test borehole well, sampling as per the normal
field setup (with the old inefficient code). The monitored
battery level can be seen in Figure 9. The graph also includes
the decay of the battery before it was fitted with the solar
panel. This shows the graph initially decaying from its full
charge until the operating threshold is crossed.

128

126 —— Optimised Code Battery Decay

—=— Original Code Battery Decay

124 A

12.2 A

12 A

Voltage (V)

y =-0.0129x + 12.492
114

112 4

" L s
42111 1212111

20/2111 28/2/11 2412111 1513111 21/3111
Figure 7: Battery decay curves passing operating threshold with both the
original code (red), and the new updated code (blue) which includes sleep

routines.

Charge Controller

Solar Cell

Lpamt-

Battery

Figure 8: Annotated schematic of the solar charging configuration,
demonstrating the wiring configuration

When integrated, the integrated solar cell immediately
begins to produce a net positive increase in battery level.
Voltage fluctuations, as seen from the repeating pattern
reading at a period of 6 hours, are attributed to the changing
sunlight conditions. Despite these fluctuations, it is clear that
the battery charge is accumulating. Although these are only
initial studies (6 days), we are confident that a fully
autonomous gas sensing platform will be realised with the
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implementation of the
measures.

these power saving/generation

—»— Battery level
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Figure 8: Battery level monitoring showing the initial decay from fully
charged to failure threshold (ca. 11.5V) at which point the solar panel is
integrated, and the voltage begins to accumulate while the system continues
to operate as normal.

V. CONCLUSIONS

The cost of ownership, reliability and duration of
autonomous operation of chemical sensing platforms for air
and water monitoring will improve dramatically in the
coming years, enabling widely distributed networks of these
devices to be realized. This in turn will generate new
information about our environment, which can be made
available to environmental scientists, technical specialists,
regulatory agencies, communities and commercial entities.
In this way, knowledge of the status of our water and air
chemistry will become integrated with other information
sources (e.g. satellite based weather and remote sensing data)
to provide a much richer picture of the dynamics and inter-
relationships that together determine the quality of our
environment.
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Abstract—In this paper, the potentialities of the manganese Even if it does not exhibit the highegt or 5y values,
oxide compound Lao.7S70.s MnOsz (LSMO) for the realization  Lq, 7Srq 3MnOs (LSMO) has been selected among all the
of sensitive room temperature thermometers and magnetic possible manganite composition because it has shown the

sensors are discussed. For these two applications, the sens | t ted low-f ise | | far [31-I9
performances are described in terms of signal to noise ratio |0West reported low-frequency noise level so far [3]-[9].

especially in the 1 Hz-100 kHz frequency range. It is shown In this paper, sample preparation is shown in the next
that due to the very low 1/f noise level, LSMO based sensors Section. In Section Ill, the measurement set-up and the mea-
can exhibit competitive performances at room temperature. surement protocol and low frequency noise measurements
Keywords- low frequency noise, magnetoresistance sensors, are presented. A discussion about the sensor performances
thermometers as a function of the geometry, of the bias condition and of
the frequency is given in Section IV. The performances in
|. INTRODUCTION terms of thermometers as well as magnetoresistive sensors

Because of the colossal magnetoresistance effect arate then presented and compared with published values.
the strong spin polarization at the Fermi level, the rare-
earth manganese oxides may find important applications in
magnetoresistive devices such as magnetic random accessThe sensors consist =100 nm thick LSMO thin films
memories and magnetic sensors [1]. The large change afeposited by pulsed laser deposition from a stoichiometric
their electrical resistanc® at the metal-to-insulator transi- target ontoSr7T'iO3 [001] single crystal substrate. The laser
tion, which takes place around 300 K makes them potentiatadiation energy density, the target-to-substrate digtan
materials for the fabrication of room temperature thermomethe oxygen pressure and the substrate temperature were
ters. ldeal materials would indeed present at the desired20 mJ, 50 mm, 0.35 mTorr and 720C respectively.
operating temperatur@ close to 300 K: i) the highest- These parameter values were found optimal for producing
temperature coefficient of the resistangg), expressed in single-crystalline films with smooth surface as judged by
K~! and defined as the relative derivative of the resistance&-ray diffraction and atomic force microscopy. The x-ray
versus temperatur% . %, or By, expressed in T!, the diffraction study indicated a full [001] orientation of the
highest relative change of the resistance with the magneticSMO films. The magnetic moment as a function of the
field ugH and defined as}$ . % (with po the vaccum  temperature was measured using a superconducting guantum
permeability) and ii) the lowest noise level. The limits of interference device. We thus measured a Curie temperature
the device performances will then be given by the signal taof about 340 K, typical for good quality films of this
noise ratio. composition.

Temperature coefficient of the resistance values and oper- After LSMO deposition, a 200 nm thick gold layer
ating temperatures are important parameters to be corsiderwas sputtered on the films in order to make low resistive
in the fabrication of high sensitivity room-temperaturerth  connections. The LSMO thin films were patterned by UV
mometers or magnetoresistances. However, more attentigghotolithography and argon ion etching to form lines. As
should be drawn to the low-frequency noise level in theseshown in Figure 1, the mask enables the study of lines
materials since it can vary by several orders of magnitudef four different widths1#=20, 50, 100 and 15@m. For
while gy or B values may only vary by a factor less than each width, five lengthd, could be measured depending
10. Noise is more difficult to optimize since its origin islisti on the position of the voltage contacts 50, 100, 150, 200,

not well known [2]. and 300um. tens of samples with different geometries have

Il. SAMPLE PREPARATION
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been investigated. Typical results for a 100 nm thick sampldilm noise. Details can be found in [11] and it can be shown

are reported here. that in the two probe configuration, the film and current
contact noise contributions are measured. In the four probe

[ Substrate configuration, due to the high output impedance of the DC

[ Lsmo current source, the current contact noise contributionbEan

[ Gold completely eliminated. Since no DC current flows .|nto the
voltage contact, one would assumed that no 1/f noise exists
for the voltage contact sources.

B. Obtained results

Figure 2 shows the noise spectral density measured in the
two probe Gy,) and the four probe configurationSits,)
for the same DC current I. Two noise contributions were
found: a white noise one and a 1/f noise one. The white
Figure 1. Optical photography of a 1@@n width line with the two current nplse level s clearly du.e the thermal noise contribution
probes IP and IM and 4 voltage probes (V1..V4, V1'..V4) each side diven byd-kp-T'- R (kp is the Boltzmann constant equal
of the line. The line lengths between V1 -2, V2 - V3 and V3 -Viea t0 1.38- 10723 JK~1) and should not depend on the bias.
100 um, 50 um and 150um respectively. The white noise level is consistent with the expected value
deduced from the DC measurement of the sample resistance
thus validating the thermal origin of the white noise.

IIl. L OW FREQUENCY NOISE MEASUREMENTS

A. Measurement set-up and protocol I:1SMO, W=50 um, L=300 pm, t=100 nm, T=300 K, I=133 pA
The experimental set-up mainly consists in one low noise = 10 ' ' [—S;,

high output impedance DC current source and a dedicate I 4oL — Sy,

low noise instrumentation amplifier with the following char Na

acteristics: a DC output dedicated to resistance measuateme > 10"

with a voltage gain equal to 10 and an AC output dedicatec @ e

to noise measurements with a voltage gain around on 8 19

thousand and a 1 Hz-1 MHz bandwidth [10]. The input T 10

voltage white noise is aroun2D - 10~'8 V2.Hz~! and its B

input current noise is negligible. The device is connectec & 4%

at the output of the DC current source using IP and IM -

pads (defined in Figure 1). The DC voltage as well as 10”5 M i it
10 10 10 10 10 10

the voltage noise are measured using the instrumentatic
amplifier connected either on IP, IM pads for two probe
configuration or on Vi, Vj (ij=1..4 with #j) for four Figure 2. Noise spectral densities in the two proBg 4,) and the four
probe configuration. A spectrum analyzer Agilent 89410Aprobe Sy 4, )configurations for the same DC bias current. With the mask
calculates the noise spectral density for frequencies én thshown in the Figure 1, the current contact noise is non nietgigand may
have a great |mpact on sensor performances.

1 Hz-1 MHz range.

According to [10], the DC current source is quasi-ideal:
its output impedance is infinite and its noise contributien i For this sample, the current contact contribution is much
negligible. It is also assumed that the input impedance®f thhigher than the film noise. This results has already been
instrumentation amplifier is very high so that no DC currentreported by other studies [12]. It can lead to an overes-
flows in its inputs. It will be also considered that the noisetimation of the film noise if the current source used for
contribution of the amplifier is known and can be subtractedhe measurement does not exhibit a large output impedance
from the measured noise when a device is connected &t least 30 times higher if the current contact noise is one
its input. The noise of the measurement set-up is deducetthousand time higher than the film noise).
from the measurement performed at zero bias. This set-up The contact contribution originates from the contact be-
contribution is then removed for all the measurement pointsween gold and LSMO and thus presents a great impact
when the current is non zero. for sensor applications. The sensor can not be used with

Different noise contributions that both generate whitetwo contact configuration. A four probe configuration must
noise and 1/f noise have to be considered in the sensobe used to ensure best signal to noise ratio. Moreover, the
the voltage contact noise, the current contact noise and thmetallic pads used for the voltage contacts have also to be

Frequency (Hz)
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placed in a correct manner in order to avoid any possible IV. SENSOR PERFORMANCES
ri:g:;ﬂtf?;i?fug;]dtshlghrgﬁrgll:foiogéacﬁéﬁ: da g(r)\?;etﬂgelri]rfe In this Section, the performances in terms of signal to
(like in Transr?\issii)on Line MeasuremenF; (TLM) patterns fornoise ratio will be presented and discussed in the case of
. ) S b : thermometers and magnetoresistance sensors.

instance) but on the side of the line in order to achieve a

low frequency noise level sensor. A. Background

Figure 3 shows the voltage noise spectral density mea- T the devi ¢ .
sured for a typical devicd{'=50 um andZ.=300.m) in four o use the devices as sensors, a current source is con-
nected and the voltage across the sensor is measured. A

probe configuration for different values of the bias currdent . . : .
t§>ur probe configuration will be used to avoid the current

in the device. The inset shows the noise level at 1 Hz versu . oo .
the DC voltage V across the sample. As expected, the whit&ontact noise contribution. Either the temperatiirer the
’ agnetic fielduoH are the mesurand. For these theoretical

noise level does not depend on the bias current and 1/f noi§§ I : .
level depends on the square of the DC voltage V. erivations, the mesurand will be notdd and the relative

sensitivity 55, defined in the following equation, will be

used:
+  LSMO, W=50 ym, L=300 um, t=100 nm, T=300 K
10 — — 3 .

. Swn’ =0 pA 10 " at1Hz 1 dR

N S 1S v =g \@r )
NE - Vot 1204 WA T 107°F . 3 MO

< . '=34°HA3310‘“; Slope2 1 MO is the DC value of the mesurand for which the
%‘ uPEA70 @ . relative sensitivity is estimated. The equivalent inputsse

S 10 10" 10°  10] noise Sy/(f) is given by the ratio of the voltage noise
o yoiegs v o) spectral density of the sensdt, (f) (given by Sy, (f)

© in the case of our LSMO samples in the previous sample)
D10 | il : i gl over the square of the voltage sensitivity /t0 given by
& 1f (dV/dM = V - Ba). Using equation (1), it follows that

Su(f) finally writes:
10'” 1 | 1 L
10° 10' 10° 10° 10° 10°
Frequency (Hz) Sy (f)
Sm(f) I TaFiYav)

. . . . _ (dV/dM)
Figure 3. Noise spectral density measured in the four probéguration K
at different bias currents. White noise does not depend erbiis point _ L 1/f 4-kp-T-p-L ©)
on the contrary of 1/f noise. The inset shows that the 1/fen@is 1 Hz g?w f-W-L-t V2.t W

depends on the square of the DC voltage V.
In order to obtain the smallest noise sensor, this equation
shows that in addition to large sensitivity values, low ealu
~ From measurements performed on different geometriest the 1/f noise parametek;,,; and low value of the
it follows that the 1/f noise level at 1 Hz is in the inverse gjectrical resistivity are first required. Two geometriead

spectral density of the sample in the four probe configunatio

Syu(f) can be written as follow: « in the low frequency part where 1/f noise dominates,

the equivalent input sensor noise does not depend on
the bias and the sample should have the largest volume

Ky 4-kg-T-p-L W-L-t.

Svap(f) = WL tVQ + 1 1) « in the white noise range of frequencies, the equivalent

input sensor noise decreases with the square of the bias
In equation 1,0 is the film electrical resistivity (typical voltage. The geometry should have the smallest ratio
value of 2 nf2-cm for LSMO at 300 K) andK,,; is value L/ and the sensor should also be as thick as

a material characteristic independent of the geometry that  possible.
quantify the value of the 1/f noise level. In this sample, All these considerations obviously do not take into ac-
K1/ is found around - 10739 m?®. count other constraints such as frequency bandwidth or
Equation (1) clearly shows length and bias dependencgost, which usually leads to opposite conclusions in term
of the noise are completely different in the low frequencyof device volume or size. These results are illustrated in
and white noise ranges. These discussions are extendedtime next Sections for thermometers and magnetoresistance
the next Section in the framework of sensor performanceensors for a optimal devices regards 1/f noise300 pm,
analysis. W=150 pm).
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B. Thermometers

LSMO electrical resistivityp and relative temperature
sensitivity 57 (also called TCR for thermometers) versus 2505.5 g 12
temperaturel’ are shown in Figure (4). In this kind of )
material, a transition from metallic to insulator behavior
occurs for temperature close to room temperature as alreat = ., | SN, o
reported [13]. In this sample, the maximum valuedf is *V'ﬁiﬁ:‘*‘i*'*f N, =
found for temperature close to 330 K. A typical value is 250404 © via bt _.-':-ﬂ’_.}f-é‘r}!«b:f:}":rs 10 oF

reported in Table I. # ¥ 4
P 250354 < . e

W=50 um L= 300 pym ; p H parallel to the current path
2506.0

2505.0 4 P
_"-‘,-’“. -._ 11
3,

R (©Q)

2503.0 T T T T T
8 6 -4 -2 0 2 4 6 8

p,H (mT)

Temperature (°C)
40 60 80 100

1.4x10"

1.2x10"4
Figure 5. LSMO electrical resistand® (square symbols, left axis) and
relative magnetic field sensitivity3y (circle symbols, right axis) as a
function of the magnetic fielquo - H at room temperature for a line
with W=50 pm and L=300 pxm. Magnetic field is parallel to the current
direction. Sensitivity maxima observed at low magnetiafiete related to

the magnetization reversal in the film.

1.0x10"4
8.0x10°

6.0x10° -

Electrical resistivity (¢2.m)

4.0x10°

300 320 340
Temperature (K)

| Parameter

Value

K¢ (m?) at 300 K

1.10~30

p (C-- m) at 300 K, at 330 K

3.510°°,6.310°°

Br at 330 K (K 1)

2.71072

Bamax at 300K(T71) ~1

Figure 4. LSMO electrical resistivityp(square symbols, left axis) and
relative temperature sensitivityp (circle symbols, right axis) versus
temperatureT’ in the 300-380 K range for a line wit/=50 um and
L=300 pm. The maximum sensitivity is found around 330 K where
Br=2.7-10"2 K—1,

Table |
TYPICAL ELECTRICAL CHARACTERISTICS AND NOISE PROPERTIES OF
THE SAMPLE USED FOR THE ESTIMATIONS OF THE SIGNAL TO NOISE
RATIO. FOR THESE VALUES THE DEVICE LENGTH AND WIDTH ARE
RESPECTIVELY300um AND 50 um.

C. Magnetoresistance sensors

LSMO electrical resistance and relative magnetic field ) )
sensitivity 3 as a function of the magnetic fiejd, - H are calculated with the data in Table | for three values of the
shown in the Figure 5. Due to the ferromagnetic behavio?C curent/=100uA, 1=1 mA and/=5 mA. .
of LSMO at room temperature, a magnetoresistance effect 1able Il summarizes the results for a 130m wide
is observed. Two kinds of effect can be distinguished: iyand 300 um long thermometer or magnetoresistance at
a Colossal MagnetoResistance effect (CMR) for magneti©Ptimal operating point (330 K for the thermometer, 300
field values greater than 2 mT [14], [15] and i) a low K and Q.l mT for the magne_tore5|stance). In this Table,
magnetoresistance effect for magnetic field values close th1€ quivalent input sensor noise has been calculated at two
0.5 mT. The first one leads to a small sensitivity with nofreguencies (30 Hz and 10 kHz) to distinguish between the
interesting sensor applications. The second one is retated |0W frequency domain where 1/f noise dominates and the
the magnetization reversal [16]-[18]. It leads to two peiaks White noise domain.
the R versusyuoH characteristic and a relatively high value ~ The equivalent input sensor spectral densifiggf) (also
of the relative magnetic field sensitivity (absolute typica called NET Noise Equivalent Temperature) aid(f)

values around 1 T* for an operation point around&7)  calculated using equation 3 and data from Table | are
at room temperature (cf. Table I). shown in Figure 6. As expected, the spectral density at

low frequency does not depend on the bias when 1/f noise
dominates. On the contrary, at high frequency, the noise
In this discussion, it will be assumed that the thermometetevel is directly related to the applied bias current. From
or the magnetoresistance is connected in four probe confighis Figure, it appears that ultimate performances can be
uration and that the device geometry leads to the smallestchieved at highest current. This remarks has obviously to
value of 1/f noise. The noise performances in terms otbe moderated by the fact that self heating effects occur for
equivalent input sensor noise values of DC current will betoo high current values so that the noise performances will

D. Discussions
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| Bias currentl (mA) [01 ] 1 5 ]
dv.
T[Ty @t 300 K (mV/T) (*) | 455 | 455 | 2275
\/Su(f) at 300 K (nFHz0-5)
=30 Hz 78 | 86 | 4.4
f=10 kHz 75 75 1
A%
7 at 330 K (mV/K) (**) 34 | 34 | 170
\/S7(f) at 330 K (nkHz=0-5)
=30 Hz 1400 | 170 | 100
=10 kHz 1400 | 140 | 30
Table Il

SENSOR PERFORMANCES FOR A50um WIDE 300 um LONG LINE AT
DIFFERENT BIAS CURRENTI. (* R=7002 AT 300 K, ** R=1260%2 AT
330K.)

be discussed in the following for a bias current limited to
100 pA. At low bias current, the 1/f noise contribution is
negligible. In this LSMO sample, due to the low value of
the 1/f noise level, the noise spectral density mainly csigsi

in white noise even at a bias current of about 33Q

spinkHz 2 at3zo s, in TH2 2 at 300K ‘
. 10° —v—1=100 pA —o—1=100pA [T
N —+—1=1mA —o—I=1mA
‘T —1=5mA I=5mA
N
I
X
S
o
o
—
L
N
t 1074 e —s s, rr—— o000
et :
w
10° ; : 5 ;
1 10 100 1k 10k 100k

Frequency (Hz)

Figure 6. Square root of the estimated equivalent inputasesgectral
densitiesSt(f) (filled symbols) orSg (f)( open symbols) using equation
(3) and the Table | data for three values of the DC curdefdr a 150 um
width and 300um length sensor.

higher than commercial honeywell HMC1001 sensors. Same
results are also proposed by [19], [20]. These results are
promising since the mask used was not optimized for sensor
applications so that the sensitivity could be increased by
changing the substrate type or the line geometry. Moreover,
it has been demonstrated that LSMO can be deposited
onto silicon substrate [21] without modifications of the
magnetic properties: compatibility with the standard semi
conductor used in the microelectronic industry has thus bee
demonstrated. This is another way to extend to "More than
Moore” idea proposed by the International Roadmap for
Semiconductor by the integration of manganese oxide.

V. CONCLUSIONS

In this paper, the potentialities of LSMO thin films as
magnetic and temperature sensors at room temperature have
been reported. It has been shown that a four probe con-
figuration is required to remove the current contact noise
that is often several order of magnitude higher than the
material noise. In such conditions, It has been shown that
the performances of the room thermometers are competitive
and that magnetoresistance exhibits noise performanaes on
decade better than classical hall effect sensors.
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MEMS-based Ethanol Sensor Using Zinc Oxide Nanostructured Films
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Abstract—An ethanol sensor incorporating nanostructured
zinc oxide film and silicon micromachining is reported. A
salient feature of the sensor is its lower operating temperature
which has been achieved due to the use of nanostructured
material as sensing layer. A suitably designed nickel
microheater has been integrated with the sensor. The optimum
temperature of operation for ethanol sensing was found to be
100 °C, though the sensor could operate at temperature as low
as 50 °C with reduced sensitivity. The power consumption, at
an operating temperature of 100 °C, was 180 mW while at 50
°C, it is only 90 mW. The sensor is capable of giving detectable
response for concentrations of ethanol vapor as low as 10 ppm.

Keywords- Zinc films; Zinc oxide nanocombs; Thermal

evaporation; Lithography; Ethanol sensor.

L INTRODUCTION

Sensors based on metal oxides for detection of volatile
organic compounds (VOCs) and gases have been widely
investigated because of their small size, low cost and
compatibility with semiconductor processing. ZnO has great
potential for use in gas sensors because of the high mobility
of conduction electrons and good chemical and thermal
stability under the operating conditions. The higher
operating temperature (approximately 400 °C) and poor
sensitivity are some of the major concerns in using ZnO as
sensing layer [1]. The use of CMOS (complimentary metal
oxide semiconductor) compatible MEMS (micro-electro-
mechanical-systems) technologies in sensor fabrication is
advantageous on account of miniaturization of the devices,
lower power consumption, faster sensor response, batch
fabrication at reduced cost and greater sensitivity [2—5].

The use of nano-structured materials for the sensing
device is envisaged to further improve the sensitivity of
these devices. This is attributed to enormously increased
surface to volume ratio compared to their bulk counterpart.
It is further envisaged that the use of nanostructured
material may leads to lowering of operating temperature of
gas sensors based on metal oxide semiconductors [6]. Very
few reports have been published on sensors using nano-
structured ZnO thin film on micromachined silicon
substrate [8, 9]. In most of the publications on sensors
incorporating micromachined microheaters, either platinum
or polysilicon microheater has been used as the heating
element as these materials are particularly suitable for the
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higher temperature operation (400-700 °C) [10-12].
Furthermore, with a view to reduce the power consumption,
the platforms for micromachined gas sensor reported so far
are based on a Si0O,-Si3N4 composite layer on a thick (~ 400
pm) silicon substrate [13]. A thin Si plug underneath the
dielectric membrane can be used for achieving uniform
temperature distribution over the active heater area owing to
the higher thermal conductivity of Si [14]. Recently, few
reports on operating gas sensors at relatively lower
temperatures using nanotextured semiconducting oxides
have been published [7, 15]. This type of gas sensor
operates at relatively lower temperature (150-250 °C) and
does not require an expensive Pt or poly-Si microheater [7,
15]. The microheater may be fabricated using a low cost
material such as nickel.

The present work is an attempt to address the problems
of elevated operating temperature and high power
consumption by taking a twin approach namely: (a)
reducing the operating temperature through the use of
nanostructured metal oxide (ZnO) and (b) reducing the
power consumption through the deployment of MEMS
structure with a thin silicon membrane. In this paper we
report a nanostructured ZnO based sensor using
micromachined silicon substrate for efficient detection of
ethanol vapors in the range of 200 — 1000 ppm at fairly low
operating temperature of 50 °C. For this purpose, a nickel
microheater has been designed and monolithically
integrated with the sensor to obtain the required heating of
the sensing layer. The response of the nanostructured ZnO
based sensor having an integrated nickel microheater has
been evaluated at different operating temperatures in the
range of 30-100 °C, for different concentrations of ethanol
vapors.

II. EXPERIMENTAL WORK

A schematic drawing of the sensor structure is shown in
Fig. 1 and the corresponding process flowchart is shown in
Fig. 2. The starting silicon wafer is 280 um thick, N-type,
having 5-10 Q-cm resistivity and (100) orientation. A layer
of SiO, (0.8 um) was grown by thermal oxidation process.
After opening a window in SiO, by photolithography
technique on the backside of the wafer, bulk
micromachining was carried out in 40 % KOH solution at a
temperature of 80 °C, to obtain a 100 um Si membrane.
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Figure 1. A schematic diagram of the MEMS gas sensor.

A silicon oxide layer (0.8 pum) was then grown in the
next step. The purpose of this oxidation is to reduce the
thermal losses from the backside of the membrane. A layer
of nickel (0.3 pm thickness) was then deposited using RF
diode sputtering on the front side of the oxidized wafer. The
Ni layer was then patterned using photolithography to form
the microheater. The meander shaped Ni microheater has
line- width of 100 pm and the gap between the lines was
also kept 100 pm. A layer of SiO, (0.8 pm) was then sputter
deposited on the front side of the wafer. The purpose of this
step is to electrically isolate the heater and the aluminum
interdigital electrodes (to be formed in the next step). The
aluminum layer of 0.8 um was then deposited by thermal
evaporation and patterned to form the sensing interdigital
electrodes. A thin film of Zn (0.3 um) was then deposited
by thermal evaporation and  patterned using
photolithography process. The wafer was then heated to
300 °C in air for 6 h and cooled slowly to room
temperature. It was observed that, following the annealing
process, the color of the deposited Zn films turned white
from the grey color of the as-deposited zinc films. The
active area of the sensing layer was 2 mm X 2 mm while the
total chip size was 5 mm X 5 mm.

I RESULTS AND DISCUSSION

The SEM image of the backside of the membrane is
shown in the Fig. 3. Most of the papers reported so far use a
freestanding dielectric layer (SiO, or SiO)—SizNy
composite) for lower power consumption and higher
operating temperature at the cost of long-term stability [16-
17]. In the present work, a 100 um Si membrane has been
used for better mechanical stability which also provides
fairly good temperature uniformity. The SEM image of Ni
microheater is shown in Fig. 4. The resistance of the heater
was measured to be about 120 Q. The experimentally
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measured power consumption versus temperature graph for
the Ni microheater is shown in Fig. 5.

It can be observed that the power consumption, at a
temperature of 50 °C, was 90 mW and at 100 °C, it was 180
mW. The microheater was driven by 5 V supply. The X-ray
diffractograms (XRD) of the as-deposited Zn film and ZnO
film (obtained by annealing of Zn film in air at 300 °C for 6
h) are shown in Fig. 6. The XRD of the annealed film
shows the peaks corresponding to ZnO, confirming that the
Zn film has been completely oxidized to form ZnO. The
SEM image of nanostructured ZnO film is shown in Fig.7.
It can be seen that the film consists of nanocombs of ZnO. It
is further observed that each comb is composed of stem to
which many nanowires are attached. The nanowires have
diameter in the range 40-50 nm and length of up to 500 nm.

The sensor was tested for ethanol vapors in a closed
chamber. The sensor was heated to different temperatures
by applying power to the integrated heater. The ethanol
vapors were introduced in the chamber by bubbling N,
through the ethanol maintained at room temperature (20
°C). The desired concentration of the vapors was obtained
in the chamber by controlling the flow rate of N, through
ethanol and adding pure air through a separate gas line [18].
The flow rates were measured and controlled using
precession flow meters. The concentration of ethanol vapors
was calculated using the following equation [19].

P xL
760 —L

&+L+L*
760 - L

C-= x10°

where, L and L* are gas flow rates of N, (through the
bubbler) and air respectively. P* is the vapor pressure of the
ethanol (in mm of Hg) at room temperature (20 °C).
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Figure 2. Process flow chart for the fabrication of
nanostrucutred ZnO based micromachined ethanol sensor
with embedded Ni microheater.

Figure 3. SEM image of micromachined diaphragm from the
back side.
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Figure 4. SEM image of nickel microheater
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Figure 5. Plot of power versus temperature obtained for Ni
microheater
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Figure 6. XRD micrographs of as-depsoited Zn film and Zn
annealed at 300 °C for 6 h.

Based on this equation, the relationship between the flow
rates and the concentration of ethanol in ppm is summarized
in Tablel. Fig. 8 shows the response (Ra-Rg) / Rg of the
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Figure 7. SEM image of ZnO nanocombs obtained after
annealing Zn film (300 nm) at 300 °C for 6 h.

sensor for 200 ppm of ethanol vapors as a function of its
operating temperature. Here, we define Ra and Rg as the
resistance of the sensor in clean air and in the ethanol
containing air respectively. From Fig. 8, it can be observed
that the maximum sensitivity is achieved at the operating
temperature of 100 °C. At the lowest operating
temperature of 30 °C, the sensitivity falls significantly, but
the sensor is still able to detect the presence of ethanol.

Table I. Relationship between flow rates and ethanol vapor concentrations
in the test chamber at 20 °C. The vapor pressure (P*) of ethanol at 20 °C is
67.5 mm of Hg [19, 20].

Flow rate of N, Flow rate of air used Ethanol
through bubbler for diluting ethanol concentration
containing ethanol concentration (L/min) (ppm)
(ml/min)
10 5 180
20 5 363
20 4 453
30 5 552
40 5 746
50 5 940
At 50 °C, the sensitivity of the sensor improves

significantly. It is evident from Fig. 8 that as the operating
temperature of the sensor decreases the time to reach the
saturation level increases. This is consistent with the
operation of gas sensors based on metal oxides [9, 12]. Fig.
9 shows the response of the sensor to successively
increasing concentrations of ethanol vapor. This was
achieved by increasing the flow rate of N, through the
bubbler corresponding to the desired concentration levels,
as shown in Table 1. As expected, the sensitivity increases
for higher concentrations of ethanol. Furthermore, it can be
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Figure 9. The dynamic response of the sensor for different
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Figure 10. Dynamic response of the sensor for 200 ppm ethanol vapor
operating at 50 °C. The arrows indicate the switching ON and OFF of
N, flowing through the bubbler containing ethanol.
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seen that there is varying delay in reaching the saturation
value of the sensor resistance, as the ethanol concentration
is increased in steps. Since the volume of the test chamber
is quite large (14 L) in our test set up, this does not reflect
the true response time of the sensor [18]. The dynamic
response of the sensor was also evaluated. For this purpose,
the N, gas (flowing through the bubbler) was turned ON
and OFF periodically, as indicated in Fig. 10.
Measurements were made at an operating temperature of 50
°C. It is evident that the response of the sensor is
reproducible for the selected concentration of ethanol
vapors (200 ppm). The response and recovery time of the
sensor was almost constant for several cycles which show
the good repeatability of the sensor. It was also found that
the sensor is sensitive to humidity. Furthermore, if more
than one VOC vapors are present then the sensor may give
false response.

CONCLUSION

We have successfully synthesized nanostructured ZnO by
a low cost process of oxidation of Zn film in air without
using any template or catalyst. The integration of the
nanostructured ZnO with sensor fabrication process is
demonstrated. The sensitivity of the sensor is significantly
enhanced and the operating temperature is considerably
reduced by using the ZnO nanostructured material.
Lowering of the operating temperature of the sensor has
significant advantage in terms of power consumption and
choice of the heater material. A low cost nickel heater has
been successfully integrated with the sensor in the present
work.  ZnO based MEMS micro-hotplate (with Ni
microheater) provides a promising platform for low power
sensors for ethanol sensing at a fairly low operating
temperature of 50 °C. Integration of nanostructure ZnO film
along with MEMS technology provides a platform for low
power low temperature sensor with appreciable sensitivity
and response time. It will be interesting to see the sensor
behavior in the presence of other VOCs.
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Abstract—The article reports a promising approach to
engineering biocompatible and highly piezoresistive membrane
for flexible weightless transparent pressure sensors. The
developed membrane is based on a bi layer (BL) film
composing a polycarbonate (PC) matrix “self-metallized” with
a highly piezoresistive organic molecular metal. The key role of
the matrix thickness in the enhancement of the pressure
sensitivity of BL film-based membranes was shown. The
presented approach permits engineering biocompatible all-
organic membranes with pressure sensitivity being of 8
Q/mmHg. To determine restrictions for BL films applications
in biomedical high-tech, the effect of the body temperature on
membrane piezoresitive properties was studied. The pressure
tests at 26 °C, 33 °C and 40 °C showed that the body
temperature does not significantly influence on the membrane
pressure sensitivity. Therefore this type of membrane sensors
is able to take the place of conventional metal-based strain and
pressure gages in monitoring biomedical high-tech.

Keywords- piezoresistive covering; flexible, biocompatible
pressure sensors; organic molecular metal; pressure testing

l. INTRODUCTION

Among the more challenging tasks undertaken in the
field of sensors is design and manufacture of reliable, robust
pressure sensors for plastic electronics [1-8]. There is also a
continuing need to lower the cost of sensors utilized in
pressure sensing applications. To lower the cost and raise
efficiency of sensors, few components, less expensive
materials and fewer manufacturing-processing steps are
necessary. For some applications size and weight constraints
may be as important as or more than cost. For example, in
biomedicine, catheter-based devices must occupy small
volume, or they cannot be used at all [1, 6, 8]. In order to
achieve these goals pressure sensors could be made of
organic materials, along with low cost processing steps.
Most of all-organic pressure sensors compose of a polymeric
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material surfaced with a conducting polymer layer [1, 7] The
conducting polymer layers are preferably grown
electrochemically [6]. Therefore, making sensitive covering
layers based on conductive polymers requires both the use of
specific electrochemical equipments and deposition of
conventional metallic electrodes on the surface of a
polymeric matrix [6, 7]. This method offers many problems
that must be worked out: the adhesion between conducting
layers, substrates, and electrodes, the growth of conductive
polymer should be in a reproducible manner, a limited area
between two electrodes applying for electrochemistry etc.
Moreover, the conductive polymers tend to degrade rapidly,
resulting in sensors having only a relative short lifespan.

In this context surfacing plastics with “soft” organic
molecular metals [9] which have been developed in order to
replace heavy-weight metals in traditional technologies, is
able to overcome the above mentioned problems. Organic
molecular metals are attractive for covering polymeric films
for many reasons; below we will list four main ones. First,
these synthetic metals demonstrate good long term stability.
Second, the set of hydrogen bonds presented in the crystal
structures of all organic molecular conductors [9] endows
their crystallites with high elasticity and, therefore, they are
able to withstand large deformation. Third, due to soft crystal
structures the conducting bands of organic molecular
conductors can be easily deformed and, therefore, the
electrical resistance of molecular metals responds strongly to
deformation [10, 11]. Fourthly, a simple single- or two-stage
covering procedure has been developed to prepare such
“metallized” polymeric films [12, 13] The method consists in
switching on a redox reaction in the swollen surface of a
polymer film that provokes the nucleation of small clusters
of a molecular conductor, which are able to growth into a
conductive polycrystalline layer. This covering process
occurs at room or moderate (33°C) temperature.

It should be noted that the above mentioned approach to
covering plastics lived up to expectations. Recently we
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reported that polycarbonate films surfaced with
polycrystalline layers of organic molecular metals o-, B-
(ET).ls, were ET=bis(ethylenedithio)tetrathiafulvalene (Fig.
1), revealed a giant tenso-resistance effect [14-16].

Sj: S: :S:[Sj
S S S S
Figure 1. Skeletal formula of bis(ethylenedithio)tetrathiafulvalene (ET).

These bi-layer (BL) films are attracting large attention
due to their ability to combine properties such as electrical
conductivity, high sensitivity to strain  (pressure),
lightweight, and flexibility [12-16]. Moreover, it has been
shown that BL films can be successfully integrate in textiles
[17].

In order that a tenso-resistive BL film can sense pressure
changes, it has to be located as a membrane. With this in
mind, the first prototype of a contact sensing lens equipped
with a membrane pressure sensor based on the above
mentioned piezoresistive BL film has been developed for
monitoring intraocular pressure (IOP) changes: a 25 um
thick polycarbonate film covered with molecular metal p-
(ET).l5 was used as a flexible pressure sensor [18]. The tests
showed that this BL film-based sensing membrane, being
biocompatible, is able to control IOP changes with
sensitivity of 1,4 Q/mmHg; the pressure tests were made at
room temperature (26 °C) [18, 19]. In order to adapt flexible
tenso-resistive biocompatible BL film-based membranes for
pressure monitoring in biomedical high-tech two key
questions to be answered are: (1) is it possible to improve
membrane sensitivity to pressure? and (2) does the body
temperature  significantly  influence on  membrane
piezoresistive properties?

The goal of our study was a search for experimental data
being able to answer on the above mentioned questions. We
suggested that decreasing the thickness of a membrane’s
plastic component (polycarbonate matrix) on retention of the
thickness of a membrane’s piezoresistive layer has to
enhance the membrane pressure sensitivity. With this in
mind, we fabricated the thin membrane based on a 5 um
thick polycarbonate film covered with the polycrystalline
layer of piezo-resistive molecular metal B-(ET).l;, the
sensitive layer being prepared so as to be purely comparable
with that of the above mentioned 25 um thick BL film-based
sensing membrane.

Herein we show that an engendering approach based on
the foregoing suggestion permitted us to fabricate a BL film-
based membrane with sensitivity to pressure being five times
higher than that for the previous reported one [14, 18, 19].
We also present data on electromechanical properties of this
membrane showing that the body temperature does not
significantly influence on membrane pressure sensitivity:
pressure tests were carried out at 26°C, 33°C and 40°C.
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Il.  FABRICATING POLYCARBONATE FILM COVERED WITH
A HIGHLY PIEZORESISTIVE ORGANIC MOLECULAR METAL

In line with the early reported method [12, 13] we first
prepared a 5 um thick polycarbonate film spiced up with an
8 wt. % of ET that is a precursor for organic molecular metal
(ET),l5 . The film was cast on a glass support at 130 °C from
a 1,2-dichlorobenzene solution of a 0.5 wt.% of PC and 0.04
wt. % of ET. It should be noted that an 8 wt. % of ET
embedded in this thin BL film is able to form the same
amount of molecular metal (ET).l; as a 2 wt. % of ET
inherent in a 25 pm thick BL film. Therefore, the prepared
composite film made possible to form the conductive
covering layer of (ET),l3 with the thickness being identical to
that of the covering (ET).ls-based layer formed at the surface
of the early developed 25 um thick BL film [14, 18, 19].

In order to cover the film with a conducting layer of
(ET).l3, we exposed the film surface to the vapors of a
saturated solution of iodine in dichloromethane. The
covering mechanism is as follows: the surface of a
polycarbonate film easily swells under its exposure to
dichloromethane vapors; this swelling facilitates a migration
of ET molecules from the film bulk to the swollen film
surface where the part of ET molecules are oxidized to
radical cations ET™ by iodine, which penetrates in the film
surface together with dichloromethane vapors. This redox
process induces the rapid nucleation of highly insoluble
[(ET)°(ET) **](1s)" species and a piezoresitive facing layer of
molecular metal a-(ET).l5 is formed. Electrical resistance of
the 25 pm thick BL film with the covering layer of o-(ET).l3
responded to strain with a gage factor being 10, whereas the
polycarbonate film with the same thickness but surfaced with
B-(ET).l3 has a gage factor being 20 [15]. The difference in
gage factors between o- and f-phases of (ET),l; can be
attributable to a variety of the softness of their crystal
structure: B-phase has one short C-H...C and three long C-
H...I hydrogen bonds whereas o-polymorphous has two
short C-H...C and only two long C-H...1 bonds [9]. Thanks
to a larger number of the long hydrogen bonds, the crystal
structure of the B-phase is significantly softer than that of the
o-one and, therefore, the conducting band of B-(ET).l; can
be easily deformed under load.

The 5 pm thick BL film covered with a highly
piezoresistive layer of B-(ET).l; was formed via a thermo-
activated o—p phase transition that occurs at T>100 °C [9,
13]. For this purpose the BL film covered with the layer of
o-(ET),l; was annealed at 150 °C during 30 min. The
formation of the covering layer of B-(ET),l; was confirmed
by its X-ray diffraction pattern (Fig. 2). The figure shows
only one line at 20=5.8° and its higher order reflections, that
corresponds to “c”-oriented crystallites of organic metal -
(ET)2l3 [9, 13].

The surface analysis on a micro scale, performed using
“Quanta FEI 200 FEG-ESEM” scanning electron microscope
(SEM), showed that the crystallites of the covering layer of
B-(ET),l; are of submicro size (Fig. 3). It should be noted
that the sizes of the crystallites of the reported 25 pum thick
BL film were of the same scale. The calculated possible
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maximal thickness of the piezoresistive covering layer is
around 250 nm.
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Figure 2. X ray diffraction pattern of the covering layer of the 5 um thick
BL film after its annealing. The film sample with 2.3 cm? was attached to a
glass support and X-ray diffraction data were recorded on a Rigaku
“Rotaflex” RU-200B diffractometer in reflection mode with
monochromatic CuKo. radiation (1 = 1.540598 A); the generator was
activated at 50 kV and 80 mA.

Figure 3. SEM image of the piezoresistive covering layer of B-(ET),ls; the
SEM image was acquired at 20 kV.

The BL film-based sensing membrane of a round
configuration was cut and equipped with two electrical
contacts: two 20 pum thick Pt wires were attached to the
piezoresistive layer of the membrane using a linear contact
configuration (Fig. 4).

Figure 4. Schematic view of the pressure membrane sensor with two
electrical contacts attached using a linear configuration
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As a final remark we would like to add that the
membrane temperature resistance coefficient (TRC) and
membrane gage factor were found as 0.3 %/°C and 20,
respectively. These values are in excellent agreement with
the data reported for the 25 um thick BL film [15]. The TRC
was calculated as a relative resistance change per grade and
gage factor was calculated as the ratio between the relative
resistance change and the relative strain value.

The above result demonstrates that both TRC and gage
factor of polycarbonate films “self-metallized” with
molecular metal B-(ET).l;, being independent on the
thickness of a polymeric matrix, are governed by the nature
of the molecular metal used for covering a polycarbonate
film.

IIl.  PRESSURE TESTS

The pressure testing experiments were performed by
using a tailor-made water based column manometer that is
shown in Fig. 5. To prepare pressure tests under moderated
temperature a demountable home made thermostat was
designed and fabricated. This mini thermostat is made up of
a rigid polyurethane foam-based camera whose interior walls
were faced with Cu plates. The thermostat was equipped
with two commercial Kapton Flexible Heaters (KHLV -
102/10) that were arranged on the opposite camera walls.
The heaters were connected with DC Power Supply E3617A.
Temperature was maintained constant with an accuracy of
+0.02°C and controlled by the Pt-thermometer.

Atmospheric

pressure
multimete]r
|
] l 1
5
| 2
&
h
4 §
H,O
<4+— valve

Figure 5. Schematic view of setup developed for pressure tests: 1 - water
column U- tube manometer; 2 -home-made thermostat; 3 - Pt
thermometer; 4 - glass holder with a BL film-based sensing membrane; 5 —
electrical connections.

The pressure tests were curried out when thermostat
temperature was stabilised at 26 +0.02 °C, 33+0.02 °C and
40£0.02°C. Tests were conducted with simultaneously
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temperature monitoring; for this purpose the Pt-thermometer
was located very close to the tested membrane. The
membrane was pasted over a ring-like top of a glass holder
as shown in Fig. 6. The holder was designed and tailor-made
for connecting the BL film-based membrane with one of the
tube of the tailor-made U-shaped tube manometer.

In these experiments the pressure (P) of the gas that is
trapped in the end of the tube closed with the tested
membrane is greater than atmospheric pressure by the
amount of pressure exerted by the column of water of height
h. The bottom part of the manometer was equipped with a
valve; the valve permits decreasing the water column height
that in turn results in gas pressure decrease in the closed end
of the tube. Pressure applied to a BL film-based membrane
pasted over the holder can be easily measured as h mmH,0.

Piezoresistive layer of

Electrical contacts B(ET)ls
|| ||
- 2
Sensing
membrane Glass holder

connected with
a tube of the

Figure 6. Schematic view of BL film-based membrane located over the
tailor-made holder fabricated for pressure tests

The electrical responses of the thin sensing membrane to
pressure changes were measured with a multimeter Agilent
34970A. The applied pressure was changes from 0 to 320
mmH,0O (0-32 mbar). The responses of the sensing
membrane to applied pressure at 26 °C, 33 °C, and 40 °C are
shown in Fig 7, 8 and 9, respectively. The pressure
sensitivities (Sp) of the membrane at different temperature
were calculated from the R(P) dependences shown in the
bottom of the figures and summarised in Table 1.

Figs. 7, 8 and 9 demonstrate that in the studied pressure
and temperature ranges the electrical resistance of the
membrane linearly and reproducible response to pressure
changes with a steep-slope, which has only a weak
dependence on the body temperature.

The data presented in Table 1 clearly show that the
matrix thickness is a key parameter for engineering highly
piezoresistive BL film-based membranes: a fivefold decrease
in the thickness of a membrane plastic component on
retention of the thickness of the piezoresistive layer resulted
in a fivefold increasing of the membrane pressure sensitivity.

TABLE I RELATIONSHIP BETWEEN THE THICKNESSES OF BL FILMS-
BASED MEMBRANE AND ITS ELECTRICAL AND ELECTRO-MECHANICAL
PROPERTIES
Membrane TRC, Gage Pressure sensitivity

thickness %/°C Factor (S,) Q/mmHg
Hm 26°C | 33°C | 40°C

25 (Ref. 15) 0.26 1812 14 - -

5 0.25 20.2 8.4 7.54 7.51
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Figure 7. Loading at 26°C; Top: Electrical response of the BL film-based
membrane corresponding to a variation of pressure in range 0- 32 mbar ( 0-
320 mmH,0 or mmHg), each step up and down being 2 mbar (20 mmH,0
or 1.5 mmHg); Bottom: R(P) dependence based on data collected for up
and down sweeps from the loading graph presented at the top. Constant
load of 32 mbar was applied during 65 min
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Figure 8. Loading at 33°C; Top: Electrical response of the BL film-based
membrane corresponding to a variation of pressure in range 0- 32 mbar ( 0-
320 mmH,0 ), each step up and down being 2 mbar (20 mmH,O or 1.5
mmHg); Bottom: R(P) dependence based on data collected for up and
down sweeps from the loading graph presented at the top. Constant load of
32 mbar was applied during 30 min.

Additionally, the pressure tests showed that resistance of
the BL film based membrane under constant load of 32 mbar
(24 mmHg) is time-independent in the studied temperature

78



SENSORDEVICES 2011 : The Second International Conference on Sensor Device Technologies and Applications

range. Following the above pressure tests the membrane was
studied anew by pressure loading at 26 °C (Fig. 10).
According to data presented in Fig. 10, the sensitivity of the
BL film-based membrane to pressure was found as 8,4
Q/mmHg that is precisely the same as before it was found
from the first loading experiment (Table 1). Therefore, the
polycarbonate films covered with organic molecular metal 3-
(ET).l; are highly piezoresistive materials with a good
reproducible electrical response to pressure
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Figure 9. Loading at 40°C; Top: Electrical response of the BL film-based
membrane corresponding to a variation of pressure in range 0- 32 mbar ( 0-
320 mmH,0 or 24 mmHg), each step up and down being 2 mbar (20
mmH,0 or 1.5 mmHg); Bottom: R(P) dependence based on data collected
for up and down sweeps from the loading graph presented at the top.
Constant load of 32 mbar was applied during 20 min.

IV. SUMMARY

The flexible pressure sensing membranes capable of
measuring very small pressure changes have been developed.
The pressure tests at different temperature showed that the
body temperature does not significantly influence on the
membrane pressure sensitivity.

This study also demonstrated the feasibility of a fivefold
increase of the sensitivity of BL film-based membranes to
pressure changes that is a very important step on the road to
the development of flexible weightless miniature pressure
Sensors.

From the above it might be assumed that BL film-based
sensors can be embedded in catheters, contact lenses and
textiles for monitoring the body’s physiological processes
and mechanical movements.
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Figure 10. Replicate of loading at 26°C; Top: Electrical response of the
BL film-based membrane corresponding to a variation of pressure in range
0- 32 mbar ( 0- 320 mmH,O or 24 mmHg), each step up and down being 2
mbar (20 mmH,0 or 1.5 mmHg), Bottom: R(P) dependence based on data
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was applied during 20 min.
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Abstract—This article discusses recent progress of surface-
bound proteins in facilitating solid-phase sensing applications,
particularly focusing on nanoscale polymeric supports that can
be used as advanced solid state biosensors. Recent approaches
involving nanoscale self-assembly of proteins are highlighted.
Current challenges in the applications of surface-bound
proteins are identified, specifically in the production and
development areas of nanoscale polymeric surfaces for next-
generation protein arrays. These efforts are of paramount
importance, especially in high-density and high-throughput
biotechnological applications such as gene chips, protein
arrays, and lab-on-a-chip sensors.

Keywords-protein array; protein sensor; array fabrication;
polymer nanodomain; nanomaterial assembly

. INTRODUCTION

Current demands for highly miniaturized, small-volume
detection platforms in basic biological research and clinical
diagnosis underscore the importance of examining proteins
on surfaces. In comparison to liquid-phase protein assays,
solid-phase sensors involving proteins on array or plate
surfaces can be carried out using only a very small amount
of assay agents. Solid-phase approaches also enable rapid
and simultaneous detection involving a large number of
samples. The use of surface-bound proteins in the form of
microtiter plates, protein chips, and microwell plates for
optical detection is routinely observed both in laboratory
and clinical settings. Material choice for these solid
surfaces includes glass, nitrocellulose paper, gold, silicon,
and polymer. A large number of these protein assays,
however, involves polymer-based platforms due to the wide
range of polymeric materials that are available and also as a
result of the flexibility in which their surface chemistry can
be easily tailored for the immobilization of proteins.

Il.  PARALLEL AND SERIAL METHODS FOR PROTEIN
ASSEMBLY

Methods used to deliver and localize proteins on
polymeric surfaces include manual and robotic delivery [1],
microcontact printing [2-6], imprint- and nano-lithography
[7-9], microfluidic channel networks [10-12], focused-ion-
beam patterning [13, 14], inkjet deposition [15, 16], dip-pen
lithography and related scanning probe microscopies [2, 17-
19]. In a laboratory setting, simultaneous protein delivery is
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frequently carried out either manually by using
commercially  available  multichannel  pipettes  or
automatically by employing robotic protein spotters
mounted with capillary print heads.

In recent years, advances in the area of microfabriaction
and nanofabrication have influenced protein delivery to
surfaces.  Methods based on robotic printing, ink-jet
printing, soft lithography, and microfluidic channel
networks are used to produce micron-size protein patterns
on surfaces. These parallel approaches have the benefit of
producing a large number of patterns simultaneously on
surfaces and are applied as model systems to guide the study
of biological systems. However, the micrometer-scale
resolution, typically achieved by these parallel approaches
can often limit address density of proteins.

Although microscale patterns of proteins are of great
interest and application, the nanoscale size and structure of
most proteins can be most aptly investigated through a
nanoscale assembly of proteins. Nanoscale protein patterns
can be beneficial to the further miniaturization of detection
platforms. Dip-pen lithography and related scanning probe
tip-based protein printing have been exploited to place
proteins into nanometer scale areas on surfaces. Such serial
approaches, in which proteins are written line-by-line onto
solid surfaces via probe tips, permit a nanoscale positional
control and provide smaller feature sizes for proteins
compared to the parallel methods such as microcontact
printing and microchannel networks. Despite the advantage,
the practical application of these serial methods at large
scales can be hampered by their low speed and time-
consuming production.

Nanoscale assembly of proteins is also achieved by
physical or chemical patterning of surfaces. In the former
method, substrate surfaces are modified to inscribe
topological patterns for subsequent protein binding. In the
latter approach, selective sites of surfaces are chemically
activated for subsequent protein attachment. Methods such
as laser ablation [20, 21], reactive ion etching [22], and
sputtering [23, 24] have been used for the physical
alterations of the solid surfaces. Chemical patterning of
substrates for protein adsorption has also been accomplished
by the use of self-assembled monolayers [2, 25-29]. Despite
these numerous efforts, significant challenges still exist in
producing high-density, biologically active, surface-bound
proteins rapidly at a large scale.
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Fig.1 Nanoscale surface geometry of self organizing polymeric domains of
(a) stripes in half cylinder-forming diblock copolymers and (b, c, and d)
spheres in micelle-forming diblock copolymers. Adapted with permission
from [30]. Copyright American Chemical Society.

I1l.  ALTERNATIVE METHOD FOR PROTEIN SENSOR
FABRICATION: NANOSCALE SELF ASSEMBLY

Distinct from the protein assembly methods described
above, a bottom-up approach has also been proven to be
successful in creating surface-bound proteins at a large scale
in a straightforward and convenient manner. Self-assembly
has been recently exploited to organize effectively proteins
on nanoscale polymeric surfaces [30-34]. In these recent
studies, both the underlying polymeric substrates as well as
the proteins themselves are positioned via self-assembly
where highly periodic and aligned patterns of proteins are
instantaneously produced over a large area of substrates.

A class of polymeric materials called diblock copolymers
is known to provide chemically heterogeneous, self-
assembling surface  structures through  microphase
separation. Diblock copolymers are formed by covalently
joining two, chemically-immiscible, polymer blocks end-to-
end. Due to the immiscibility and differential wetting
properties associated with the two components of these
materials, microphase separation occurs in diblock
copolymer thin films in directions both perpendicular and
parallel to the underlying support substrate [35-38]. The
unique microphase separation behavior of a block
copolymer, polystyrene-block-polymethylmethacrylate (PS-
b-PMMA), has previously been shown to expose both block
components to the air/polymer interface under carefully
balanced thermodynamic  conditions [39]. This
phenomenon generates spatially periodic, self-assembled,
nanoscale polymeric domains consisting of the different
chemical constituents of the two polymeric components,
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whose scale and geometry reflect the chemical and physical
properties of the polymer [40-42]. Their phase diagram
dictates the packing nature and orientation of the resulting
polymer chains where their microphase separation behavior
is predictable based on a mean field theory [35, 37].
Therefore, the repeat spacing and surface geometry of the
diblock copolymer can be controlled by changing the
molecular weight and compositions of the two blocks.
These chemically alternating and self-assembling polymeric
domains can serve as convenient self-constructed templates
for nanoscale arrangement of the desired biocomponents.
Fig. 1 demonstrates some examples of such phase separating
diblock copolymers which provide nanometer scale domains
in their ultrathin films.

Recently, preferential interaction of several model
proteins with PS and their selective segregation on the PS
regions were monitored on the surface of phase-separated,
PS-b-PMMA diblock copolymer ultrathin films [31]. No
proteins were found on the neighboring PMMA areas.
Proteins  showing this behavior include bovine
immunoglobulin G (1gG), fluorescein isothiocyanate (FITC)
conjugated anti-bovine 1gG, and protein G.  When the
protein loading condition was increased to a monolayer-
forming concentration, the proteins exhibited close-packing
behavior where they self-assembled themselves in a closely
packed configuration on the PS domain in order to avoid the
neighboring PMMA domain. In a follow-up study, protein
adsorption experiments were carried out on both chemically
homogeneous and heterogeneous supports, leading to the
observation that protein density on the chemically
heterogeneous PS-b-PMMA is larger than that on the
chemically homogeneous, homopolymer surfaces of PS and
PMMA by several fold [33]. They noted that more proteins
adsorb on the diblock copolymer than on the PS or PMMA
homopolymer, although approximately half of the exposed
surface on the diblock copolymer consists of the non-
preferred PMMA domains. The study concluded that the
nanoscale chemical heterogeneity provided by the
underlying PS-b-PMMA promotes protein adsorption more
effectively than chemically homogeneous, homopolymer
templates.

In addition to these methods for arranging proteins into
periodic, one-dimensional stripes, mimicking the spot layout
of conventional protein arrays via two-dimensional protein
assembly was accomplished by using micelle-forming
diblock copolymers. Amphiphilic polymeric systems such
as polystyrene-b-polyacrylic acid, poly(ethylene-
propylene)-b-polyethylene oxide,  polystyrene-b-poly(2-
vinylpyridine) and  polystyrene-b-poly(4-vinylpyridine)
were extensively studied to understand their fascinating
micellar properties and dependence on diblock copolymer
characteristics [43-46]. Micellar assembly, above a critical
polymer concentration, is a well known behavior of such
amphiphilic diblock copolymers. The exact structures and
configurations of the resulting micelles or aggregates are
length of each polymer segment, the polarity of the solvent,
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Figure 2. Atomic force microscope images of individual proteins of
immunoglobulin G and mushroom tyrosinase that are self-assembled on
nanodomains of PS-b-PMMA and PS-b-PVP diblock copolymer ultrathin
films. (a) 150 by 150 nm phase, (b) 100 by 100 nm topography, and (c
through €) 60 x 60 nm topography. Qualitative and quantitative activity
measurements on proteins bound on PS-b-PMMA. Confocal fluorescence
data are displayed for (f) the pair of fluorescein isothiocyanate conjugated
anti-bovine 19gG (FITC-antilgG) and bovine serum albumin-incubated PS-
b-PMMA, and (g) the pair of 1gG and FITC-antilgG on PS-b-PMMA. The
two graphs of (h) and (i) display the quantitative results of horse radish
peroxidase (HRP) activity difference measured between their free state
(blue data) and PS-b-PMMA bound state (red data). When the enzymatic
activity of the same number of HRP molecules in free- versus bound-state
was compared, bound-state HRP retained approximately 85 % of its free-
state activity. Adapted with permission from [30, 31] [32] and [34].
Copyright American Chemical Society.

and the relative solubility of each polymer block in the
solvent.

These amphiphilic diblock copolymers can serve as
extremely useful guides in organizing biomolecules into
two-dimensional arrays since they exhibit a rich spectrum of
morphologies and their repeat spacings are tunable in two
dimensions.  The advantages of amphiphilic diblock
copolymers have been exploited to achieve rapid and large-
scale self-assembly of two-dimensionally controlled protein
arrays with periodic repeat spacing in nanoscopic
dimensions [30]. The study demonstrated that polystyrene-
b-poly(4-vinylpyridine) (PS-b-PVP) can be effectively used
for the self-assembly of surface-bound, two-dimensional,
nanoscale protein arrays. The study also established a
straightforward method to produce protein patterns of
different geometries and sizes by successfully manipulating

Copyright (c) IARIA, 2011.  ISBN: 978-1-61208-145-8

topological structures of the underlying PS-b-PVP templates
via various chemical treatments. Fig. 2 displays some
examples of protein molecules arranged via self-assembly
onto half cylinder- and micelle-forming diblock copolymer
surfaces.

IV. CURRENT CHALLENGES

Ideal protein arrays for practical and clinically
meaningful biosensing applications should be prepared for
quantifiable, parallel, small-volume sensors that can be
readily applied to large numbers of samples. They should
also feature a reliable placement of protein molecules in a
well-defined, highly dense pattern, while fully retaining
their native functionality. Current challenges associated
with the application of proteins printed on surfaces lie in the
precise control over protein density, spot density, protein
orientation, spotting uniformity, array standardization, array
stability, surface fouling, and protein activity.
Quantification of conventional assays, in which the exact
number of  biologically  functional  biomolecules
participating in reactions can be easily and meaningfully
compared between sensors, is also important but hard to
achieve through conventional methods.

To date, easy fabrication of regularly-spaced protein
platforms displaying high areal density and natural protein
conformation is still extremely challenging. In addition to
these general difficulties, inherent problems associated with
manipulating small individual protein molecules on
nanoscopic surfaces have restricted both the study and
application of nanoscale protein arrays. Therefore,
concerted research efforts are highly warranted in the future
to facilitate high density protein assembly and to promote a
high level of protein activity on solid surfaces.
Improvements are also needed in conventionally available
methods of sample delivery and optical signal detection.
The development of an automated sample handling system
and novel detection techniques, capable of processing a
picoliter (or smaller) reaction volume and overcoming the
optical diffraction limit, is also warranted. These advances
will be particularly helpful to the application of the diblock
copolymer-based nanoscale protein arrays in which the
nanoscopic dimension of each spot in the sensor can be
addressable as an independent detection unit.

V. OUTLOOK AND SUMMARY

Recent research efforts made in the areas of assembly,
and applications of polymeric surface-bound proteins that
are important both in sensor applications are considered in
this article. Various methods to assemble proteins on
polymeric surfaces both at macro/micro- and nano-scale are
discussed and compared to one another. Current challenges
and areas of further study are identified for the application
of surface-bound proteins in the next-generation, solid-
phase detection.

The presence of an underlying polymeric surface in solid-
phase protein platforms adds an additional degree of
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complexity which necessitates more comprehensive,
thorough, and systematic investigation in the identified
areas of further study. The significance of the polymeric
surface-bound proteins in many important applications as
gene chips, protein array sensors, and lab-on-a-chip devices
warrants such future investigation. Therefore, such efforts
will be extremely beneficial to developing highly
miniaturized, high density biosensors that also permit
quantitative sensing of bioanalytes in a cost effective and
straight forward manner.
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Abstract—This paper describes a reliable modeling technique
for piezoelectric transducers and a procedure for identifying
model parameters with few simple measurements and
standard laboratory equipment. Direct measurements were
taken on commercial Q220-A4-303YB  piezoelectric
transducers from Piezo Systems in a cantilever configuration
with tip masses between 6 g and 18 g. For validation purposes,
the behavior of the equivalent electromechanical circuits was
simulated and compared to direct observations in real
operating conditions. The model showed to predict with a high
degree of accuracy both the response of the transducers to
vibrations and a set of second order effects associated to the
presence of a non-linear power converter and usually ignored
by conventional models presented in literature.

Keywords: piezoelectric devices, energy harvesting, model
identification, equivalent electromechanical circuit

L INTRODUCTION

Piezoelectric transducers are widely used in energy
harvesting applications. Small-sized oscillating structures
with seismic masses attached are often used (Fig. la).
Several types of electronic interfaces have also been
proposed up to now for collecting electrical charge from the
transducers [1].

The behavior of this kind of systems depends on many
factors such as the input vibrations, the shape of the
transducer, the seismic mass attached to the transducer and
the electronic interface. During the design phase a rapid and
reliable quantitative estimate of the behavior of transducers
and circuits is highly desirable for optimizing the system as a
whole. In this task two main difficulties coexist: (a) in
piezoelectric transducers electrical and mechanical quantities
are strictly coupled; (b) conversion circuits are usually non-
linear and include power transistors, diodes and digital

piezoelectric

electrodes material p—=
toEinlace m
T T 'z t —1
\ botforn suriace o bleaﬁ‘n) |P (t) __CP VP (t)
deflection

y(t) = input vibrations o
A
) (a) (b)

Figure 1. (a) Structure of a piezoelectric cantilever beam with a tip mass
harvesting energy from vibrations; (b) a simplified equivalent circuit of a
piezoelectric transducer.
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control. Currently, especially during the design phase, there
is still need of reliable methods for rapid prototyping and
predicting the behavior of such complex systems.

An analytical approach [2] can accurately model the
behavior of the piezoelectric transducer itself, but such
models cannot be used in circuit simulations. In [3] a
modeling approach based on an equivalent electro-
mechanical circuit with lumped parameters provided reliable
results. This type of approach is also suitable for joint
simulations with non linear (e.g. switching) power converter
circuits. However, in practical cases not all the required
electrical, mechanical and geometrical parameters are
known. Nonetheless, an accurate modeling is essential for
carrying out system design efficiently. In fact, the way
charge is extracted and transferred away from the transducer
might significantly affect the response to vibrations of the
transducer itself. Recent works on non-linear power
conversion circuits [1][4][5] made use of assumptions such
as weak electromechanical couplings, forced displacements
or purely capacitive transducers (Fig. 1b) which are not valid
in many practical cases, especially when the transducers
operate near resonance.

This paper presents a new technique for a fast and
reliable identification of the parameters of the equivalent
electromechanical circuit of a generic piezoelectric
transducer. The proposed approach is general and the
technique can be applied to any type of transducer. For
validation purposes, the equivalent circuits of a set of
commercial piezoelectric transducers will be identified and a
series of experimental measurements in both frequency and
time domain will be compared to simulations. The results
will show that the modeling technique produces reliable
results in predicting the behavior of the transducers.

II.  EQUIVALENT ELECTROMECHANICAL CIRCUIT OF A
PIEZOELECTRIC TRANSDUCER

As shown in Fig. 1, in energy harvesting applications
piezoelectric transducers are usually coupled with a seismic
mass in order to build up a mechanical oscillator. Because of
formal analogies between Newton’s laws and Kirchoff’s
laws, as discussed in [3], an equivalent electromechanical
circuit such as the one shown in Fig. 2a can model the
behavior of a piezoelectric transducer .

The mechanical part may be described in terms of forces (F)
and velocities ( Z ), where z is the deflection of the cantilever.
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Figure 2. (a) generic equivalent electromechanical circuit of a piezoelectric
transducer modeled as a two-port network; (b) equivalent oscillator circuit
of a piezoelectric transducer in open circuit configuration; (c) equivalent
oscillator circuit of a piezoelectric transducer in a short circuit
configuration

In general, according to the laws of dynamics it holds that
Fiy = mgqy, where Fy is the force acting on the transducer
(e.g. expressed in N), ¥ is the amplitude of input vibrations
(e.g. in m/s”) and M, the equivalent mass of the oscillating
system (e.g. in kg) which is related to the inertial mass and to
the geometries of the transducer. In this paper, without losing
generality, all the forces acting on the system will be
expressed in scaled units by assuming a unity equivalent
mass M. This notation implies that the input force £y is
considered numerically equal to the amplitude of input
vibrations j, which can be directly measured. On the
contrary, an exact value of the equivalent mass m,, cannot
be easily determined with direct measurements.

Each lumped element of the equivalent circuit takes into
account different physical quantities: Ly, Ry, Cy are
respectively related through (F,Z) to kinetic energy,
mechanical losses and elastic energy of the system; Cjp is the
electrical capacitance measured between the surface
electrodes of the piezoelectric element; the coefficients o,
respectively model the inverse and the direct piezoelectric
effects. Additional vibration modes can be taken into account
by including additional mechanical resonators.

An equivalent circuit approach, provided that a reliable
estimate of its parameters is provided, allows to perform
accurate simulations of the transducer connected to any
power conversion circuit or external load. In next section a
parameter identification technique based on the observation
of few significant quantities will be presented.

Copyright (c) IARIA, 2011.  ISBN: 978-1-61208-145-8

III. IDENTIFICATION OF MODEL PARAMETERS

In general, as shown in Fig. 2b, the piezoelectric
transducer in an open circuit configuration basically behaves
as an oscillator with a resonance frequency fj:

1 1
fo= |——> (1)
LyCry i

where Cgp = Cy;Cp/ (Cp+ aff Cyy) and 7y, is the exponential
damping time constant defined below.

When the terminals of the transducer are shorted (V= 0),
as shown in Fig. 2c, a pure mechanical oscillator is built up
with time constant 73, and resonance frequency fy:

2Ly, [ 1

- = — 2)
Ry LMCM Ti;

It can be demonstrated that the transducer can be
considered shorted whenever we connect to its terminals a
resistor R; whose value is low enough to drain almost all the
current SZ coming from the controlled current source, so
that the effect of the alp voltage generator on the
mechanical part is cancelled. When R;=0 the following
relations can be determined by solving circuit equations:

_ Ve(fu)
IB_RL'”fM'AZM ©)
FJN(fM) 1 4

L = Az, \/1+16(7sz) @
L Ly, [(z;ng )& +1/TA24] (3)
M

where Az, is the peak-to-peak displacement of the shorted
transducer at the mechanical resonance fj,.

Conversely, when the transducer is in open circuit
configuration the following equation holds:

a:%g—;{LMCM[(ZﬂfO)Z+1/rf4]—1} (6)

IV. EXPERIMENTAL SETUP AND RESULTS

This section describes the experimental setup used for the
identification of model parameters. The measurements were
performed on a set of Q220-A4-303YB piezoelectric
transducers from Piezo Systems with tip masses respectively
of 6 g, 10 g, 12 g, 18 g. The transducers were mounted on a
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Figure 3. The cost effective shaker system composed of a standard
woofer and a digital accelerometer operated under software control in
a Labview environment and a detailed view of the piezoelectric
transducers used in this work.

e it ST
e
w
—
m—— o
ke
3
— | —

Figure 4. The peak to peak displacement can be directly measured by setting
the shaker oscillating frequency and by taking a shot with 1” exposure time
with a standard digital camera. Pixel resolution allows to measure the
displacement with satisfactory accuracy. As an examples, some
measurements are reported on the right.

cost-effective custom shaker system based on a Ciare
CW200Z woofer (Fig. 3). A Kionix KXP-84 accelerometer
was also mounted on the shaker for measuring the actual
input acceleration. The shaker was used for generating
sinusoidal vibrations of given frequency and amplitude or
other test signals. An Agilent 34401 A digital multimeter and
a sampling oscilloscope were used for measuring the
voltages produced by the transducers. A resistor Ry =98 Q
was used for emulating the shorted devices, as discussed in
previous section.
The identification procedure is herein summarized. First,
a series of measurements is performed on the mechanical
oscillator, with R; connected as a load.
1. The shaker produces very short mechanical pulses,
so that damped voltage oscillations can be observed
with an oscilloscope. The damping time constant 7,
can be easily obtained (e.g. from the screen
coordinates (¢;, V;) and (¢, V,) of two subsequent
maxima with the expression: 7y, = (¢,-¢;) / In(V}/V5).
2. The shaker generates sinusoidal accelerations at
different frequencies at which the output voltage
Vp(f) and the input acceleration y(f) are measured.

The frequency at which V(f)/y(f) is maximum

is identified as fy,.
3. The peak to peak displacement Az, at f;, is measured
with a common digital camera. A ruler is positioned

Copyright (c) IARIA, 2011.  ISBN: 978-1-61208-145-8

next to the transducer and a 1”” exposure shot is taken
(Fig. 4). The bitmap image then is analyzed at pixel
level for measuring the displacement.

Then, additional measurements are performed on the
transducer in an open circuit configuration:
4. Step 2 is repeated with no load resistor in order to
identify fy;
5. The electrical capacitance Cp of the transducer is
measured with an Agilent 4284A LCR-meter, at a
10 kHz frequency well above the mechanical cut-off
frequency, so as to neglect all mechanical effects.
Finally, all the parameters of the equivalent circuit are
computed with equations (3)-(6) with the measured
quantities. In (4), Fin(fi) is expressed in scaled units (by a
factor m,,) so that it is numerically equal to y(f,,) . The

values obtained for the considered transducers are reported in
Table I.

TABLE L IDENTIFIED MODEL PARAMETERS
mass Ly Cum Ry o B Cp
[g] [kgl [m/N] | [N's/m] | [N/V] | [A-s/m] [nF]
6 |582:10%|244-10*| 116 |[122-10°]2.10-10° 52
10 | 532102 |437-10* | 096 |4.32:10° | 3.40-10° 52
12 |5.85102|4.80-10* | 1.06 |3.78:10° | 2.90-10° 52
18 | 7.54-107|527-10*| 126 |4.90-10°|2.10-10° 52

In order to prove the effectiveness and the degree of
reliability of the proposed approach, after identifying their
model parameters, Spice simulations of the four previously
identified piezoelectric transducers have been compared to
direct measurements in different operating conditions.

Fig. 5 shows a comparison between the predicted and the
observed behavior of the four transducers in frequency
domain. The identified models accurately predict the
response of the piezoelectric transducers to vibrations.

250r
A ——simulation (m=18 g)
¢ measurements (m=18
simulation (m=12
200 4 measurements (m=12g)

— simulation (m=6 g)
= measurements (m=6 g)

Figure 5. Comparison in frequency domain between measured (dots) and
simulated data (continuous lines) for the Q220-A3-303YB transducer
with different tip masses of 6g, 12g, 18g in open circuit configuration.
VP(f) is the output voltage of the transducer, A(f) is the input
acceleration ( ) ).
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Figure 6. Schematic of the power converter performing synchronous
charge extraction (top). Qualitative representation of waveforms when
the converter is active and inactive (bottom). Synchronous conversion

introduces at each activation a voltage offset, which is expected to
increase the peak-to-peak voltage on the transducer.

As an additional proof, another measurement and
simulation campaign was performed for verifying the
capability of the model of predicting the effects of a non
linear power converter on the performance of the transducer.
In this setup, the piezoelectric transducers were connected to
a switching converter circuit performing synchronous charge
extraction. A schematic representation of the power
converter is shown in Fig. 6.

Each time that the transducer reaches a local maximum
or minimum of voltage it is connected to an inductor for a
short time interval wuntil his electric charge (and,
consequently, its electrostatic energy) is fully removed. This
technique was described in [1] and [5] where weakly coupled
transducers with simplified capacitive models (Fig. 1b) were
considered. These models predict, in case of sinusoidal
vibrations, that the peak-to-peak voltage across the
transducer doubles. However, with respect to those analyses,
in a general case a lower energy harvesting performance
should be expected: in fact, in case of sinusoidal vibrations, a
synchronized converter actually applies a periodic series of
current pulses to the electrical port of the piezoelectric
transducer for removing charge. At resonance this effect
cannot be neglected and the overall result is a force opposing
to input vibrations. As a consequence, the actual output
voltage of the transducer is lower than predicted with a
capacitive model with weak electro-mechanical coupling.

A series of time domain simulations was performed on
the four transducers and compared to direct measurements:
sinusoidal vibrations at different frequencies were generated
and the amplitude Vp, of the open circuit voltage was
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Figure 7. Sinusoidal accelerations of known frequency and amplitude
were applied to the Q220-A4-303YB transducer with tip masses of 6g
and 10g. The voltage on the terminals of the transducer was measured in
an open circuit configuration (Vpp) and when the power converter
performing synchronous charge extraction is connected (Vp). The plot
compares the measured ratioes of the two voltage with values obtained
from simulations.

compared to the actual amplitude V» observed when the
synchronized converter is activated. Fig. 7 shows the Vp/Vpy
ratio as a function of vibration frequency. Measurements
show that near the resonance the power converter produces a
significant and undesired damping effect. However, once
again circuit simulations with the identified parameters
accurately predict the effective behavior and allow taking it
into account in the design phase. On the contrary, the
hypothesis of weak -electromechanical coupling (i.e. a
transducer model such as that in Fig. 1b) would predict a
constant ratio Vp/Vpy=2 [1] and thus lead to a significant
overestimate of harvester performance.

An accurate identification of model parameters is
extremely useful in energy harvesting applications. The
available accelerations can be easily measured with cost
effective accelerometers and provided as input to the
equivalent electro-mechanical circuits of piezoelectric
transducers. At the same time, actual power conversion
circuits can be jointly simulated. Different topologies or
control algorithms of the power converter, such as for
example synchronous charge extraction, can be easily
characterized. Moreover, their impact on the actual
performance of the transducer is determined. The proposed
modeling technique allows to choose the most suitable
power converter for maximizing the output power depending
on the effectively available accelerations.
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V. CONCLUSION

This paper presented a technique for a rapid and reliable
identification of model parameters of piezoelectric
transducers, with a special focus on energy harvesting
applications. All the necessary measurements are carried out
with common laboratory instrumentation and cheap
equipment. Parameter identification allows performing
reliable joint simulations of transducer and electronic
circuits. This is of great help during the design phase of
piezoelectric energy harvesting systems since it allows better
performance estimates even during early design phases.

As a proof of concept it was shown that this technique
provides reliable results both in frequency domain and in a
transient analysis with a non-linear power converter. In the
latter case the proposed model was able to predict undesired
side effects at resonance and to overcome the limitations
imposed by simplified assumptions or limitative hypotheses
commonly taken in literature.
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Abstract—An event-driven modeling technique in standard In this work, for the first time to our knowledgse use
VHDL is presented in this paper for the high levelsimulation  the standard VHDL modeling and event-driven pudigjtal

of a resistive bolometer operating in closed-loop ade and simulations during the design and development sfmart-
implementing smart functions. The closed-loop modeperation bolometer for the validation of algorithms implerting

is achieved by the capacitively coupled electricaubstitution smart functions. This work takes place at the bwgm of
technique. The event-driven VHDL modeling te_chni_queis the design and the development of integrated smart-
successfully applied to behavioral modeling and siatation of bolometers. The smart-sensors considered consist in
such a multiphysics system involving optical, theral and h¢q0eq resistive bolometers and the implementafathe
ﬁ:eﬁtrfer'\zls ;?riﬁrl':t?(;f‘gqsf'omﬁe”}‘égte“g? tf:hgr'g;ﬁ ?gﬁiéﬁi capacitively coupled electrical substitution [6t7at enables
algorithms of the future integrated smart-device the closed loop operation of the bolometers and the

' implementation of smart functions.

Keywords- top simulation, standard VHDL, smart sensor, Uncooled resistive bolometers are one _kir_1d of nefila
bolometer sensors. Among the thermal detectors, resistivenheters
are the most commonly met due to the simplicitythadir
| INTRODUCTION fabrication process, compatible with the semicotmuc

: industry. Uncooled bolometers represent more ttt of

Smart sensors defined according to the IEEE 1484.2 the market of infrared imaging systems in 2010 hedsales
sensors “that provide functions those necessary fovolume is expected to triple by 2015 [8]. In thahtext, our
generating a correct representation of a sensedrdrolled  work is to develop bolometers with self-test, selfibration
quantity” [1] are more and more common on the nmtarke and identification function,e. smart-bolometers.

These devices integrate on a single chip or in ralesi The paper is organized as follows. The first sectio
package the sensor, its analogous conditioningretdics, describes the detection principle of a resistivieteter and
some digital electronics for control and data traission, the capacitively coupled electrical substitutionr fthe
feedback means, and possibly RF means [2]. Thé&edback. The second section presents the staniinil
development of such devices combining analogousitatli modeling of the system. The result section exhibitsne
electronics and physical transducers implies thalaility  simulation results that illustrate the potentialttoé standard
of tools for the design and the validation. Esgbgidigh-  VHDL modeling technique to validate the functional
level simulation tools are required for the validatof the  behavior of multi-domain systems. The results atsmw that
algorithms implementing the smart functions. Smartthis modeling technique answers the need for higrell
functions are for instance self-calibration, idéodition, or  simulation tools to test the algorithms implemegtsmart
self-test. functions. The purpose of such simulations is tidate the

From the sensor side, multiphysics design and sitinl  functionality of the device not the performancémttis why
softwares exist that allow this type of simulatiéGintom the neither noise nor linearity have been modeled is work
electronics or algorithm side, modeling using VHBMS, but both could be added if necessary in the future.
Verilog-AMS has been proposed [3]. As far as tofidation
is concerned,i.e. test of embedded algorithms in their Il DESCRIPTION OF THESYSTEM

operating context, these modeling techniques exhibge The device is a closed-loop system composed of a
simulation times that are not compatible with theing and  resistive bolometer, its conditioning electronicad athe

optimization of the algorithms and usually suffeorh  capacitively coupled electrical substitution feetibpart.
convergence issues. For complex mixed analogoutidig

electronics circuits, some designers have an uhuseaof A. Uncooled Resistive Bolometer

the standard VHDL language combined with matheraltic ~ The operating principle of an uncooled resistive
packages to model such mixed systems, and proaeed Wholometer is illustrated in Fig.1. An uncooled stisi
event-driven simulation. Such simulations prevehe t bolometer converts absorbed infrared (IR) radiatioto
convergence issues and drastically reduce the aiionl  heat, which in turn changes the resistance of isgn
time [4, 5]. resistor. The sensing resistor is current biasedolameter
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can be modeled as an IR-sensitive element of tHemaas
Ci linked via a thermal conductand®;, to a substrate acting
as a heat sink. The performance of the bolometer i
characterized by figures of merit such as the teatpee
coefficient of resistance (TCR af) of the temperature
sensing resistor, its responsivitR){( its specific detectivity
(D*) and its effective time constantf=Cy/Gg, Ger iS the
effective thermal conductance and depend&@n[9]. The
responsivity describes the variations of the outmltage
signal (poomeer) depending on the IR input radiation
(Pradiatio{®)) and it is expressed by the transfer functiothef
bolometer as follows

RV W] = e (&) 0 ossRs (1)
pradiation (CU) Geff + ]w Cth

where is the absorption coefficient of the absorption
layer of the devicelgas is the bias currentRs is the
bolometer resistance (sensing resistor). The desiga
resistive bolometer
responsivity and time constant, under fabricationstraints.
Improved responsivity is obtained with small thekma
conductance, but this negatively impacts the tiorestant.

\,
~ ‘s
"\

Radiation optical ‘\\ \
\

POWEr P giation ASNEANI Y
W\
gl
S Aborbing layer
: ] Absorption coefficient ¥
Lsine Thermal capacity C; ;’:EI 'is P 1

s o
Resistance Ry, ; TCR ¢ #* %\ le— Sensing resistor

<«— Thermal link
Thermal conductance G,

Heat sink T')

V.
2 Tholometer

Figure 1. Schematic of a resistive bolometer. The incidBpower is

absorbed and converted into heat. The heat risggithperature of a

temperature sensitive resistor thermally coupleal heat sink atol The
resistance change of the sensing resistor is medsur

B. Feedback technique

A way to overcome this trade-off is to operate the
bolometer in closed-loop mode. In that case, uguldule
heat is used as feedback means and techniqueersegeto
as electrical substitution [10, 11]. Three techemjuof
implementation exist for the closed-loop operation:

(i) Direct feedback [12, 13] suffering from stabjilissues,
(ii) Feedback using an extra heating source [1]), 11

(iii) Capacitively coupled feedback on the sensiegistor
[6, 7] that combines the advantages of the two iptsv
solutions. The digital implementation of the cafigely
coupled feedback technique, used in this workiustrated
in Fig.2 and described in details in [6, 7].

The principle is to dissociate the electrical ahdrinal
working points according to a frequency basis ohgists in
the use of a high frequency modulated signal fer tieat
feedback voltage applied to the sensing resistdris T
implementation can be applied to any kind of unedol
resistive bolometer. The digital implementationydlving
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results from a tradeoff between

pulse width modulation (PWM) or Sigma-Delta modialat
enables the linearization of the feedback path el as a
direct digital output power reading [7].

R
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Figure 2. Digital implementation of the capacitively coupleléctrical
substitution feedback.gRepresents the sensing resistor. The feedback is a

PWM signal of duty cycle, translated at high frequency.

C. Smart functions

In addition to the benefits of the operation inseld-loop
mode €.g. reduction of the time constant, operation at a
defined working point, improvement of the measuneime
dynamics), the feedback path enables smart fursctibhis
has been extensively studied for in the case cdlamameter
or pressure sensor [14]. The basic smart functidrassmart
sensor are self-test, self-calibration or autorange
Identification in open and closed-loop is anothemasg
function that enables the monitoring of the agirfgtiee
sensor. It consequently allows the update of theslfack
controller. Those smart functions correspond tmutigms
implemented in the digital part of the smart sen$be main
objective of the standard VHDL modeling is to dyneetly
test and validate algorithms in their operatingteai.e. the
mixed analogous-digital and multi-domain high level
context.

1. MODELING TECHNIQUE

Advantages of the presented modeling technique come
from: (i) the event-driven nature of the simulatiosing
purely digital environment and (ii) the propertie$ the
standard VHDL language. The event-driven naturehef
simulation results in drastically shorter simulatidimes
compared to time-driven simulation using for insetspice
or Matlab-Simulink [15]. Using existing digital siration
software (ModelSim, NCSim,...), this modeling techréq
does not suffer from the convergence issues usobdigrved
with other techniques. The standard VHDL syntaxhwit
user’'s defined types enables implicit connectivitiyeck
between the parts of the designed system as in VHi@L
connected signals must have the same type.

The basic principle of this modeling technique he t
digitalization of the analogous parts of the desigine
appropriate modeling of the analogous parts ofdesign
enables to overcome the problematic induced byerdifit
time scales. It is the case in this work involvifmwv
frequency thermal phenomena (< kHz), and high fequ
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Figure 3.

: Block diagram of the complete testbeftte filled box with dotted border representsshmrt-bolometer to be integraté@,: the sensor

itself, the conditioning electronics, the heat femtk and here, as an example of smart functioopan-loop identification function. The circle madke
arrows indicate the signals observed in the sinarlatl and 2 presented in the figure Fig.5. Allltloges correspond to standard VHDL files. Sclock is
the sampling signal at frequengy f

electronics signals due to the modulated feedbapiakof
the capacitively coupled electrical substitutionH&Irange).
Those frequency ranges are represented in Fig.4hdn

stimuli process. In this example, the smart fumcsonulated
is open-loop identification.
The model for the bolometer corresponds to the VHDL

model developed, the phenomena are treated differen transcription of the digitalized transfer functidm). The

depending on their frequency range.
phenomena such as power/temperature variationsl@ge

Low frequencyigitalization is achieved using the bilinear tfansiation.

The conversion process is divided into two conseeut

variations due to the temperature variations ansidered as steps: (i) the thermal process dealing with poweuis and

signals. On the contrary,
essentially the modulated feedback voltage, aréreated as
signals. That means no signals at those high fretes are
generated. The model only takes into account tfectéfe

feedback power generated by this high frequencyutated

signal, which in case of PWM modulation is propartl to

the duty cycle [7]. The effective feedback poweplagul to

the sensing resistor varies in the low frequencgearelated
to the thermal phenomena (system bandwidth in4jigrhis

modeling enables drastic simulation time reductidm.
practice the simulation time step corresponds & digital

sampling period of the system £l/fs). This sampling
period is chosen as a tenth of the closed-loop tiorestant.
Consequently, it allows a one-thousand reductionthef
simulation time compared to a simulation that wotdée

into account the high frequency feedback signal.
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Figure 4.

high frequency phenomenaemperature, (ii) the electrical process correspanto the

temperature measurement. This structure would entbl
take into account the electrothermal feedback pimemon

[9] of the bolometer itself if needed in the simtida. At the

present time, this phenomenon is taken into accthwatigh

the use of the effective thermal conductar@g)(rather than
the physical thermal conducti¢6y,).

The model for the filter and amplifier block onlgrsists
in a gain since the bolometer voltage output sigmah the
bandpass range of the filter.

The model of the controller in this case implemehts
equations of a digital proportional integral (PPntroller.
The op_mode input enables to choose the operatomte raof
the controller (open/closed loop).

The model for the feedback shaping block consista i
gain and saturations corresponding to the PWM nadihul.
As mentioned earlier, the high frequency -carrieatth
translates the feedback bandwidth is not taken actmunt.
Only the feedback duty cycle is considered.

The identification block implements a least-maguare
adaptative fitting algorithm which role is to exta
parameters in order to optimize the feedback ctetro
and/or to monitor the aging of the device.

The optical source generates stimuli with pararetdr
frequency, amplitude and shape.

IV. EXAMPLE OF SIMULATION RESULTS

All the elements of the system are modeled using

standard VHDL. Those elements are schematicallsegmted
in the figure Fig.3 corresponding to the testbenthe
testbench also includes the optical power stimall séhe
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This section illustrates the type of simulationttban be
done with this modeling technique. The simulationsre
performed using the ModelSim Altera 6.3 Quartus3.IL
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Figure 5. : Examples of digital simulations of ¥idDL modelized system.
(1) Open/closed-loop simulation. The simulationibegn open-loop. The square applied optical stiffRdp) induces temperature changes in the
bolometer tholometej which is the open-loop ouput. In closed-loop mdte temperature is regulated as the feedbackm@f compensates the
incoming optical power. The closed-loop operatibthe bolometer enables a direct power reading@frtcoming power through the variationsPe.

(2) Open-loop identification process. A least-megnare adaptative algorithm is implemented foretkteaction of parameters in order to identify the
bolometer characteristics. The predicted outpavauated with the estimated parameters and tierield stimuli (/Pbiag converted into power stimuli
by the feedback path. The prediction error corredpdo the difference between this predicted oapdtthe open-loop ouput sign&ir(. According to

the error the estimated parameters are adjustedsfithuli is a pseudo random binary sequer&s§ in order to optimize the identification process.

software. Parameters for the sensor and the eféctravere (3] gﬁdlzﬁ%%pulﬂss’inlﬁ %/f;_tl)gll_ QMEUJIftgr, \é-istFrli%rth% dMLli/IItIIE_f\j/I%min
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Abstract—Infrared sensors are fundamental building blocks
of strategic applications such as atmospheric gas monitoring,
thermal imaging and telecommunications. While single frequency
applications can employ resonant devices that have high resolu-
tion and high sensitivity, broad-band infrared detection relies on
bolometric sensors. In this paper, we present a high-temperature
superconducting sensor whose structural and electrical properties
are locally modified by heavy-ion irradiation, in order to obtain
position-sensitive broad band infrared detection. The bolometer,
biased with constant current, responds to infrared radiation
(from near to far-infrared spectra), with a dissipative voltage
signal that can be monitored in real-time with a standard
voltmeter. The digitized signal is processed with artificial neural
networks (ANN) in order to correct for thermal and electronic
noise contributions. Once trained, the ANN can be applied to
new detected data and process them in real-time. In this way,
real-time, position-sensitive detection of broad-band infrared
radiation is achieved.

Index Terms—Real-time sampling, superconducting devices,
superconducting films, THz detector, neural networks.

I. INTRODUCTION

Detection of infrared radiation is a fundamental task for
many strategic applications in biomedical, environment mon-
itoring, space science and military fields [1]. Since the very
beginning of the research in these fields [2], much attention
was paid to the low-frequency part of the infrared spectrum,
the far-infrared (FIR), because many molecular absorption
spectra are centered in this frequency range. However, the
FIR radiation slightly interacts with solid state devices and
therefore development of high responsivity devices is still
a crucial task for many applications. Resonant devices [3]
have high sensitivity for selected frequency ranges and op-
erate at room temperature, making them the best choice for
single frequency applications. On the other hand, wide band
bolometric detection is commonly achieved with bolometers
operated at liquid Helium temperature or below [1], making
them expensive solutions (both for what concerns cost of
instrumentation and size), sometimes limiting the operation
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time due to the cryogenic requirements, e.g., in satellite appli-
cation. After the discovery of high temperature superconduc-
tors (HTSC) [4], promising applications of HTSC bolometers
were envisaged, because they can be used above the liquid
nitrogen temperature. In particular, several solutions have been
already proposed for HTSC YBayCu307_, (YBCO) based
bolometers that have been demonstrated to respond to the
infrared radiation [5]. Since responsivity is corresponding
to the resistance versus temperature slope, the maximum
responsivity is achieved at the mid-point of the transition to the
superconducting state. Optimally doped YBCO bolometers,
whose critical temperature (Tc) is around 90 K, display
the highest responsivity [6]. For what concerns high speed
operation, thermal modeling suggested that thin membranes
or suitable substrates should be used. In order to obtain a
high responsivity and position-sensitive YBCO bolometer with
controlled Tc, we employed irradiation with micro-collimated
high energy heavy ion (HEHI) beams. In this way, Tc can be
finely tuned (reduced), while the resistance versus temperature
slope is totally preserved. Another chief result of this process
is to confine the sensitive area to the irradiated part, therefore
a position-sensitive detector is obtained. Detection of broad-
band infrared radiation can be performed with standard four
probe techniques used for resistance measurement, therefore
real-time monitoring of infrared signals is achieved. Since
the device is sensitive to the full infrared spectrum, thermal
fluctuation is an important noise source along with Johnson
noise. In order to correct for these major noise sources, we
applied an artificial neural network (ANN) signal processing.
The ANN processing eliminates the thermal background fluc-
tuation and renormalizes the signal intensity due to the change
in responsivity. In this way, real-time monitoring of infrared
signals is achieved with a position sensitive detector that can
be housed in a light weight, liquid nitrogen temperature dewar.
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II. METHODS

A. Device design and construction

YBCO films are deposited by thermal co-evaporation on
MgO substrates [7]. YBCO film thickness is 250 nm, in order
to obtain high critical current density, Jc, in the as-grown
material [8]. Tc of as-grown samples is about 89 K, at the
transition onset, and the transition width, ATc, is less than
one kelvin. Sample patterning is obtained by standard UV
photolithography and wet-etching in HCI/H>O solution. The
device layout consists of two meander structures, which are
connected in series. One of them is uniformly irradiated with
a suitable ion fluence, in order to obtain localized dissipation.
The other meander serves as control signal for the background
temperature monitoring [9]. The irradiation was performed at
INFN laboratories [10], employing 114 MeV '°7Au ions for
the controlled reduction of YBCO Tc. With a fluence of 4.84
- 10* cm™2, the zero resistance temperature is lowered by
about 5 K.

B. Photoresponse measurements

Broad-band, continuous-wave infrared radiation is produced
by a high pressure Hg arc lamp (OSRAM HBO 100W) [2].
The wavelength range is selected by proper filtering. In partic-
ular, high-resistivity n-type Si (flat transmittance above 50%),
enables the transmission of the mid and far infrared (MIR-
FIR) spectra (wavelength range 1-100 pm). The electrical
measurements were performed by 4-probe method for each
meander following the scheme reported in Figure 1 . The
contacts were made by direct soldering Au wires (diameter
of 50 pum for voltage pads and 125um for current leads), on
the YBCO pads with a low-temperature alloy (In-Sn-Bi). The
electrical current was kept constant during the measurement
(current source Keithley model 224) and the voltage signals
were recorded in real-time (integration time 100 ms) by a dual
channel nano-voltmeter (Keithley model 2182A). A custom
Labview software was used for controlling the instruments
(through GPIB interface) and for collecting the raw data on a
PC.

C. Features selection and neural model

The output of the sensor is affected by thermal and elec-
tronic noise. In particular, thermal noise induces a nonlinear
bias which increases as the sensor warms during the mea-
surement. In order to compensate for the effect of noise, a
nonlinear, real time signal processing technique was devel-
oped, based on ANN. ANNs are biologically inspired models
consisting of a network of interconnections between neurons,
which are the basic computational units. A single neuron
processes multiple inputs and produces an output which is
the result of the application of an activation function (usually
nonlinear) to a linear combination of the inputs

N
Yi = ¢; Zwijmj +b; (D

Jj=1
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Fig. 1. Scheme of electrical measurement method. In the inset, a photo of
the actual bolometer is shown.

where y; is the output of the i*” neuron, ¢; is the activation
function, w;; is the weight between the 4" input x; and the
i'" neuron and b; is a bias. The weights and the bias are free
parameters that can be adaptively chosen in order to estimate
an input-output map associating the input measurements to the
desired output, provided by a set of training data.

The selection of optimal features that are going to be used as
the input of the ANN is of great importance, in order to reduce
the measurement and storage requirements, to counteract the
difficulties of facing a problem with large dimension, to reduce
noise content and to improve performance. We used a method
based on the selection of the input data providing maximal
information on the output. In order to avoid redundancy
between input features, we used the algorithm proposed in [11]
which determines the interdependencies between candidate
variables computing the Partial Mutual Information (PMI).
This technique found applications in feature selection for
system identification in meteo forecast and in air pollution
distribution prediction [12]. PMI represents the information
between a considered variable and the output that is not
contained in the already selected features. Variables with
maximal PMI with the output are iteratively selected from
the set of candidates.

The considered candidate variables were the values of the
output of the sensor at the present instant and its delayed
versions, with a time delay up to 5 samples. The desired output
was the power of the source. Using PMI selection method, the
candidate variables were ordered, starting from the one with
maximum mutual information with the output and continuing
with the input features in decreasing order of PMI with the
output. Then, to map the input to the desired output, a set
of multilayer perceptrons (MLP) was used. Different MLPs
were obtained using a different number of inputs, a single
hidden layer with number of neurons in the range 1 — 10
(with sigmoidal activation function) and a single output neuron
(with linear activation function). Different MLP topologies
were trained by modifying iteratively the weights and the bias
in order to reduce the error in fitting the desired output, using
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Fig. 2. Resistance versus temperature behavior of irradiated and as-grown
YBCO (bias current 10 pA). The Tc difference is around 5 K (114 MeV
197 Au 4.84 - 10! jon cm—2). Note that the resistance versus temperature
slope is preserved.

the quasi-Newton algorithm with a number of iterations in the
range 10 — 50.

Data included 5 radiation events with constant power. Each
ANN was trained with a portion of signal including 4 of
the 5 events and tested on a portion of signal including the
remaining one (test set). All root mean squared (RMS) errors
on the test data were computed and the ANN with minimum
average error across the 5 trials was selected as that with best
generalization performance.

III. RESULTS

The resistance versus temperature characteristics of the
device are shown in Figure 2. The irradiated meander displays
increased resistivity and lowered Tc with respect to the as-
grown structure, as expected. The working point for the device
is around the onset of dissipation of the irradiated meander
(around T = 81.5 K with a bias current of 1 mA [9]).

If the device is exposed to infrared radiation, the local
temperature will raise and only the irradiated meander displays
dissipative signals, as shown in Figure 3.

The voltage picked up on the as-grown meander is due to
the thermoelectric signal spreading from the irradiated YBCO
and therefore it is indicating the variation of the substrate tem-
perature. On the other hand, the temperature fluctuations due
to the infrared radiation to be detected and to the environment
are changing the responsivity of the bolometer: the voltage
is continuously increasing when the infrared beam hits the
detector. In order to correct for these problems due to the
thermal backgroung, we applied an ANN signal processing as
described above. For each of the five training experiments,
PMI selected the present measurement as the feature with
maximal mutual information with the radiated power and the
one step delayed measure as the feature with maximal partial
mutual information with the desired output, once selected
the present measure. The selected optimal ANN, with best
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Fig. 3. Sample signals of both irradiated and as-grown meanders. The infrared
beam is coming from a black-body source which is turned on and off by means
of an electro-mechanical shutter. The irradiated meander responds with sharp
jumps to the infrared beam, while the as-grown meander displays a signal
whose evolution is determined by the background temperature.
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Fig. 4. Topology of the ANN with best generalization performances.

generalization to the test set (average generalization error
about 2.5%), has three inputs and two hidden neurons (see
Figure 4) and was trained for 30 iterations. Figure 5 shows the
raw data and the infrared radiation estimated by the optimal
ANN for one choice of the training and the test sets. Good
performances (average generalization error about 10%) were
obtained also using two input features (the present measure
and the 1 step delayed measure) and a single hidden neuron.

IV. CONCLUSION

We have tested a high-temperature superconducting bolome-
ter for monitoring infrared signals in real-time. High re-
sponsivity is obtained for temperature just above the liquid
nitrogen temperature thanks to the local irradiation with HEHI
which reduces in a controlled way the critical temperature
but retains the resistance versus temperature slope. Since the
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Fig. 5. Raw data, desired output and ANN estimated output for an example
of training set and test set.

infrared radiation to be detected is coupled with a noisy
thermal background, we implemented an ANN approach in
order to obtain the subtraction of the thermal background and
the renormalization of the output intensity in dependence on
such background. Once trained and validated on experimental
signals, the ANN can filter new detected data in real-time.

Different MLPs were tested. Optimal performances were
achieved using MLPs with simple topology. Good perfor-
mances were obtained using only the actual measure and the
1 step delayed one. This selection of inputs indicates that the
measurement and its time derivative are sufficient to estimate
the required output. In that case, only one neuron in the
hidden layer was required. This is due to the binary desired
output. The optimal MLPs was a bit more complicated, as
a further delayed version of the measure was selected and
one more neuron was placed in the hidden layer. This choice
improved the stability of the estimates to noise, improving
slightly the performances. It is worth noticing that to detect
the presence of a constant radiation, the output neuron could
also have a sigmoidal activation function. Future investigation
will be devoted to the estimation of an arbitrary profile of
thermal radiation. In such a case, a linear activation function
for the output neuron is preferred. Moreover, a more complex
topology of the network is expected to be able to optimally
adapt to the data.

This study demonstrates the possibility to develop high
responsivity infrared bolometers based on superconducting
oxides which are working at temperature above the liquid
nitrogen. The suitably engineered detector in a portable, light-
weight cryostat is desired for molecular spectroscopy, thermal
imaging and telecommunications.
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Abstract—In this paper we present our work towards a
hand gesture recognition system realised with a passive thermal
infrared sensor array. In contrast with the majority of recent
research activities into gesture recognition, which focus on the
complex analysis of video sequences, our approach shows that
the functionality of a simple pyroelectric movement sensor
can be expanded to detect differing hand gestures at short
range. We show that blob detection from a hand waving over
a 16 element passive infrared sensor array provides sufficient
information to discriminate four directions of hand stroke. This
sensor system is unique and lends itself to low cost, low profile
and low power applications.

Keywords-touchless input device; dynamic hand gesture;
infrared motion sensor; infrared sensor array; pyroelectricity;

I. INTRODUCTION

Non-contact operation of electrical appliances is becom-
ing increasingly desirable. This is particularly the case in
public areas where hygiene is important. Public washrooms
increasingly have taps, cisterns, soap dispensers, hand dryers
and doors activated by simple hand proximity/movement
detectors. The advantages of removing physical contact from
the activation and control of devices range from limiting the
chance of infections transmitted through touch and better
energy efficiency to simple convenience. In other environ-
ments such as medical facilities and food processing areas,
strict hygiene rules are essential and direct hand contact
with appliances is best avoided if at all possible [1]. These
environments present a wide spectrum of opportunities for
non-contact control, as reducing the number of touched
surfaces positively suppresses risk of cross contamination
and infection. There are often cases, where operators’ hands
may contaminate surfaces, e.g., in a kitchen or a workshop.
Strict rules apply in operating rooms, where doctors’ hands
must remain sterile throughout a procedure [2]. There are
other, rarer cases where a cultural or individual preference
may be not to make physical contact with an appliance. In
all these circumstances touch-free control is beneficial.

Existing non-contact hand proximity/motion switches pro-
vide the binary “on/off” operation. They are commonly
based on single or dual cell pyroelectric infrared sensors
with a simple lens system [3], although capacitive sensing
can also be used [4]. Thus the degree of human control over
the electrical appliance is severely limited.
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In this paper details are given of a pyroelectric array
device that detects simple hand movement gestures, thereby
allowing greater non-contact control capability with little
increase in size, cost or power consumption. This paper
gives an overview of existing methods of gestures detection.
Further, the problem of hand gesture recognition is discussed
and our implementation is explained.

II. RELATED WORK

Gesture recognition systems can be categorized into three
broad groups [5]: those that use a handheld pointing device,
those that require wearable sensors and those with no
user-held devices but operating using the analysis of 2D
images (external sensing). For general application of gesture
recognition sensors, it is important that the system requires
no user held or worn devices.

Research into gesture feature extraction from image se-
quences is the most active. Most common implementation
uses a video camera to capture a wide scene, from which
hands are extracted and tracked, for example [6] and [7].
Such approach gives great flexibility in terms of detection
distance and detection precision and scope. Commercially,
systems operating on a video processing basis have been
developed by GestureTek [8], EyeSight [9] and Edge 3
Technologies [10]. However, it is not practical to implement
such systems ubiquitously, for example as switches, due to
size, cost and, in many cases, energy consumption.

Byung-Woo Min et al. [11] classify hand gestures into
static (hand posture) and dynamic (hand movement). Dy-
namic gestures are generally more intuitive for the user, as
the direction of motion or its shape can reflect the resulting
action, e.g., up/down hand stroke for increasing/decreasing
brightness in a room. Moreover, it is easier to capture this
type of gesture with a low resolution and low cost imager.

Sensor based touchless solutions become more popular
after the recent success of touch screen interfaces. Mechaless
[12] provide a hardware solution. They use an active near
infrared (NIR) arrangement with multiple IR LEDs and a
sensor that is used to calculate the distance of an object
from each LED by timing pulse to reception interval. They
propose use of their touchless interface in wall-mounted
gesture switches (increase / decrease a control by up / down
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hand movement) or in a remote control with a touchless
’joystick’.

One of many NIR proximity array systems is being
developed by Dongseok et al. [13]. A 3-dimensional map
of the scene is created by analyzing reflections of emitted
near infrared light captured by an infrared array. Each pixel
can read range, as with simple infrared range-finders. Inter-
estingly, the research group develops a near-field touchless,
free air touchpad-like device, where position of a finger in
front of the sensor is tracked precisely and analysed.

An ultrasonic realization of a touchless pointing interface
is proposed by Chiu et al. [14]. In this case an array of
ultrasonic receivers creates an image-like output based on
reflections received from a pointing object.

The related concept of interactive shop windows is intro-
duced by Krumm [15]. Interactive or immersive advertising
reacts to people passing by, trying to engage them by
showing dynamic content accordingly.

Active arrangements, comprising an emitter and a re-
ceiver, usually have the advantage of providing absolute
measurements of distance and position. However the pres-
ence of the emitter results in higher energy needs than for
a passive measurement. For dynamic hand gestures such
precision is not necessary and detection can be realised by
passively sensing thermal infrared radiation change only.

We believe that our solution is very well suited to the task
of near distance, dynamic hand gesture recognition applica-
tion and provides an alternative to existing propositions, that
is more cost and energy efficient due to reduction in number
of components or their complexity.

III. PIR ARRAY BASED HAND MOTION RECOGNITION

The set of basic hand movements in front of a sensor is
limited, e.g., horizontal, vertical and diagonal swipes across
the field of view, circular motion and in and out movements.
At this stage, only linear motion across the field of view is
considered. Four directions of swipe were chosen as easy to
describe and reproduce: up / down, left / right.

A. Design Principle - PIR Array

As identified in the introduction to this paper, a simple,
low cost and low energy consumption device to extend
the concept of a touchless interface is desirable in many
environments.

A PIR Array is an interesting potential solution: the tech-
nology has been widely proven in settings such as burglar
alarms and automatic light switches. However, only now has
it become financially viable for ubiquitous application in the
form of an array (previously mostly used a single or dual
element occupancy sensor).

Passive detector does not require additional light sources
for illumination of the scene, as the human body is naturally
a good thermal infrared emitter [16]. Scenes at a temperature
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Figure 1. 4x4 PIR Sensor Array ( [18], with permission).

above 0 K may be dark in visible spectrum, while still full
of thermal energy [17].

A limitation common to all passive infrared detectors ex-
ists. The minimum detectable temperature difference creates
a band of target temperature relative to the background
temperature resulting in low signal to noise ratio. When
the temperature of the detected object is higher than that
of the background, the response of the infrared elements
will be positive. While when temperature of the object is
lower, the response is inverted. Increase in the temperature
of the environment and hence that of the sensor can reduce
responsivity of such passive device.

B. Research Questions

The primary aim of this study is to investigate whether it
is feasible to use a passive infrared array for hand gesture
recognition, and if so, under what conditions, and what range
of gestures can be recognized. The secondary aim is to
compare the cost effectiveness and power efficiency of the
passive infrared system with existing solutions using active
infrared or visible cameras.

IV. IMPLEMENTATION

We propose a system to realize the task of simple dynamic
hand gesture recognition at short distances.

A. Prototype

The implementation described in this paper is a proof-of-
concept prototype. Existing signal conditioning integrated
circuit and PC interface board and software provided by the
sensor manufacturer are used for signal capture. Signals are
processed using the computer for ease of development. In
future developments a migration to an embedded system is
anticipated in order to provide a low footprint, low power
solution.

B. Capture Device

A thin-film, passive infrared sensor, 4 pixel x 4 pixel
array, pictured in Figure 1, is enclosed in a package with
a broadband infrared filter.
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Figure 2. Optical Arrangement.

This thin-film sensor is manufactured using standard, high
throughput wafer processing techniques. The sensor die is
a customisable MEMS structure with pixels patterned on
a silicon membrane. Such approach provides an integrated,
robust array with consistent physical properties.

Thin-film infrared elements have low thermal mass com-
pared with bulk PZT elements. The result is higher optimal
frequency of operation, well suited for tasks such as gesture
recognition, where detected object moves quickly across the
field of view.

An infrared-blocking film is mounted on the underside of
the filter, with a pinhole centred above the array, as seen in
Figure 2. This optical arrangement produces a low resolution
infrared image of the scene in front of the sensor within a
field of view of 60° up to 20 cm away from the sensor.

Electrical signals from the infrared array are amplified,
low pass filtered and digitised. The images are captured
using a dedicated interface board. The digitized frames are
sent to a computer and pre-processed to provide a stable and
uniform output. This involves per-pixel low pass filtering and
normalisation of signals across the array.

C. PIR Sensor Array

The PZT infrared array sensing elements transform ther-
mal radiation into electrical charge based on the pyroelectric
principle.

The transducer operates in the same manner as standard
security PIR motion detectors, where the change in incident
flux arises from the motion of a thermal infrared source
across the field of view. This has an advantage in that
the background subtraction is inherent in the transducer
itself: stationary infrared emitters do not cause a change
in incident flux, and therefore are not detected. However,
it also becomes a limitation in that an object that moves
into the field of view and then becomes stationary will soon
become invisible. This is not a problem in a system designed
to recognize simple 'swipe’ type gestures where motion, and
the direction of the motion, are the dynamic features that are
to be recognized.

In a fully passive arrangement, where there is no addi-
tional modulated illumination nor is the incoming infrared
radiation modulated, effectively only active motion can be
reliably detected.
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Figure 3. Hand motion and tracker response [21].

D. Signal Processing

A tracking algorithm is applied to the frame sequence.
Blob detection technique is derived from the Automatic
Centroid Extractor [19], also used for people counting appli-
cation [20]. Adaptation of the algorithm involved increased
processing rate and adjustment for larger object size.

Hotspots are localized and tracked in the image. Analysis
of the trail of a detected and tracked object allows the
determination of direction of motion. The length of the track
is used to determine if it was a valid detection, while the
x and y difference between starting and finishing point is
evaluated to provide direction information.

V. INITIAL EVALUATION

Functionality of the system was tested in four main
directions of hand swipe across the sensor. Five participants
were asked to perform a set of 100 hand movements each
(25 per direction). Detection rate and accuracy of system
response (correct direction detected) were recorded.

Figure 3 demonstrates the test arrangement and correct
detection: a sample hand motion from left to right results in
a correct ’right’ detection.
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Table I
INITIAL EVALUATION RESULTS

Direction | Detection Rate (%) | Accuracy (%)

Up 72.8 93.6

Down 86.4 93.6

Left 88.0 93.6

Right 78.4 89.6

Average 814 92.6

Detection in the distance range of up to 20 cm from
the sensor was accurate 92.6% of time overall. 81.4% of
gestures were detected at the first attempt. When considering
only horizontal swipes (left to right and right to left), it
can be seen that the detection rate (87.2%) and accuracy
(93.6%) were higher than overall. This is attributed to the
test arrangement, where it was more difficult to accurately
present clean vertical swipes to the system then it was to
produce horizontal ones.

VI. APPLICATION

As an example application of the system, the output of
the prototype was used to emulate arrow key strokes on the
host computer. This simple test demonstrates the suitability
of the system for performing certain tasks on the computer.
As an example, the gesture recognizer was used to change
slides during a multimedia presentation.

VII. CONCLUSION AND FUTURE WORK

With our prototype system we have demonstrated that it is
feasible to recognize hand motion direction with a pyroelec-
tric passive thermal infrared array. Our approach shows that
the functionality of a simple pyroelectric movement sensor
can be expanded to detect differing hand gestures at short
range. We show that blob detection from a hand waving over
a 16 element passive infrared sensor array provides sufficient
information to discriminate four directions of hand stroke.

Operation under different ambient conditions still needs to
be determined: detection relies on there being a perceptible
temperature difference between the hand and the background
scene.

Future work on the software algorithms will focus on
improving detection reliability, working towards an increase
in angular resolution for more gestures to be recognised. Op-
timization towards embedded system application is required
to achieve a low power system suitable for real application.
With the development of a dedicated array for this type of
recognition, further optimisation of the system is possible.
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Abstract—In this paper, novel high-performance group IV
photonic structures for very efficient gas sensing are presented.
Various combinations of group IV materials and alloys based
on silicon (Si), germanium (Ge), tin (Sn) and carbon (C), have
been studied in CMOS-compatible technology for design of
optical slot waveguides for homogeneous optical sensors in
mid-IR (3.39 pm). An analysis of fabrication tolerances is
presented and a comparison among different photonic sensing
structures is also given. Theoretical investigation demonstrates
very efficient optical field concentrations in the sensing area, as
well as ultra high sensitivity of gas sensing for environmental
applications.

Keywords- Silicon-on-Insulator; Photonic Sensors; Gas
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I. INTRODUCTION

Nowadays, increasing interest is devoted to photonic
label-free integrated sensors and biosensors, which
represent the state of the art in a number of application
fields, including environmental monitoring, biomedical,
healthcare, pharmaceuticals, homeland security, to name a
few. Gas sensing is a crucial application field for
environment monitoring and health. Usually, spectroscopic-
based sensing techniques are used, but with high costs. Both
miniaturization, integration and low cost should be possible
by photonic structures. However, the integration of
photonic devices for gas sensing in sophisticated
architectures like Mach-Zehnder interferometers, photonic
crystals [1] and ring resonators [2] is not yet developed as
for chemical and biochemical sensors [3] [4].

Slot waveguides implemented in Si/SiO, material system
(Silicon-on-Insulator, SOI) constitute an intriguing photonic
sensing approach, which potentially enables high sensitivity
(S) and ultra-low limit of detection (LOD) [5]. Optimized
SOI slot waveguides designed at A = 1.55 um, have been
presented in literature [6], demonstrating a homogeneous
sensitivity S, > 1. In order to detect the exact gas
concentration, different research groups have proposed
some test methods, including spectroscopic absorption,
photo-acoustics and electrochemistry. Despite this potential,
early mid-IR sensing applications were limited to specific
applications due to the involved instrumentation sizes and
limited availability of appropriately compact mid-IR optical
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components, such as light sources, detectors, waveguides
and spectrometers. On the other hand, reasons that
encourage research efforts in mid-IR gas sensing are mainly
related to increasing attention to harmful gases like carbon
dioxide (CO,), carbon monoxide (CO), methane (CHy) and
sulfure dioxide (SO,), to name a few, all having refractive
indices around 1. Moreover, these gases are characterized
by absorption spectra in mid-IR, specifically in the range 2-
8 um. Thus, ingenious design techniques are needed to
extend group IV photonics from near-IR to mid-IR
wavelength range, exploiting the advantages of photonic
architectures in terms of high compactness, high sensitivity
and low LOD. In this context, this paper presents some
significant results for design of efficient group IV photonic
sensors working in mid-IR. In particular, several alloys
characterized by precise compositional space configurations
have been considered in order to ensure optical transparency
and prevent photon absorption at 4 = 3.39 um. In addition,
optical properties of alloys as SiGeSn, SiGe, SiGeC, GeC
and GeSn, have been evaluated by using Sellmeier
dispersion equations, in order to predict their refractive
indices (RIs) as a function of optical wavelength. In this
paper, novel vertical slot waveguides are investigated at
3.39 um, by using full-vectorial 2D Finite Element Method
(FEM) approach [7]. In FEM mesh generation for effective
index and modal profile calculation, triangular vector-
elements have been adopted with about 35,000 elements and
a domain region area of 9 um’ using Dirichlet boundary
condition. Changing from a perfect electric to a perfect
magnetic conductor, influence on simulation results appears
to be negligible. In all simulations, the buried oxide layer is
assumed 1 um thick. The influence of slot waveguide
geometrical parameters (gap region g, slot height and width
of lateral wires w) is analyzed in order to optimize both field
confinement in the slot region and homogeneous sensitivity.
A detailed optimization to achieve the best alloys of group
IV materials enabling ultra-high gas sensing is given.
Finally, an analysis of fabrication tolerances is presented.

II.  HOMOGENEOUS AND SURFACE SENSING IN OPTICAL
SLOT WAVEGUIDES

Slot waveguides represent a very interesting and
promising architecture for photonic sensing. In fact, using
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such structures it is possible to confine an extremely high
optical field in a low RI region called “slot region”. In
Figure 1, schematic cross-sectional view of a typical slot
waveguide is shown. The structure consists of a thin low-
index (n;) slot embedded between two high-index (ny)
regions (Si-wires), separated to each other by a slot region
gap g. Due to the large index contrast at the interfaces, the
normal electric field undergoes a large discontinuity, which
results in a field enhancement in the low-index region [8]:

2
n
= e

In Eq. (1) E, is the E-field in the slot region, while Ej; is
the E-field in high index regions (Si-wires). Thus, the larger
the refractive index contrast (An = ny - n;) between slot
region and Si-wires, the higher the field confinement in slot
region. For instance, an optimized SOI waveguide has been
designed at 1.55 um with ng;= 3.45, ngp, = 1.45, and An =2

M

[4].
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Figure 1. Cross-section of a typical SOI single-slot waveguide.

In vertical slot waveguides, the main E-Field component
undergoing discontinuities is that along x-direction, the only
one subjected to a refractive index change in the slot region.
For this reason, the only fundamental eigenmode considered
in this paper is quasi-TE, as shown in Figure 2 for air cover.

Max: 4.84e-4
xi0 Min: 4.66e-8
4.5 . . 0.5

Figure 2. Ei-Field intensity of quasi-TE mode distribution (w = 180 nm, %
=324 nm, g =70 nm, A = 1.55 um, air cover).

Thus, in the design of novel photonic slot waveguides
working in mid-IR, high index contrast is needed in order to
ensure high E,-Field confinement. This constitutes a
fundamental requirement for both homogeneous and surface
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sensing. In fact, in both approaches the concentration
change of an analyte (gas) to be sensed affects the
propagating mode effective index to be monitored in
different ways, i.e., reflection, transmission, absorption and
so on, according with sensor architecture. In general, this
effective index change can be produced either by a change
of cover medium refractive index (homogeneous sensing) or
by a change of thickness of an ultra-thin layer of receptor
molecules, immobilized on the waveguide surface (surface
sensing), as sketched in Figure 3. The ultra-thin adlayer
directly influences the mode -effective index. As a
consequence, it is possible to define two different
waveguide sensitivities, one for homogeneous sensing (S;)
and the other for surface sensing (S;), as follows:
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where n. is the propagating mode effective index, n, is the
cover medium RI, and p is the molecular adlayer thickness.
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Figure 3. Selective surface sensing of two different types of molecules.

Now, our approach to photonic gas sensing can be
classified as homogeneous sensing. In fact, when a
particular gas (e.g., CO,, CO, CO,4, SO,) covers the device,
the cover medium RI will change with respect to air RI as
evaluated at the same wavelength. By this way, the index
contrast An = nyg - np at the interface between wires and
cover medium (gas) will change and, consequently, the
optical field distribution in the slot region will be modified
according to Eq. 1. Then, its sensitivity S, can be evaluated
as follows [6]:

_ on
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where n,”is the unperturbed value of n,, 7, is the free space
impedance (377 Q), z the unit vector of the propagation
direction, and E, H the electric and magnetic field vectors,
respectively. Moreover, optical power confinement factors
are defined as the fractions of power confined and guided in
the regions of interest, i.e., cover medium including slot (/')
or only slot region (I's), as follows:

2-n° - 2 2.n°-T _ 2
=—|||E(x, dxdy =———=|||E(x, dxd
g Mo~ PJ;H (x y)‘ 4 ny- P J;;” (x .V)‘ .
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where the integrals are calculated in the regions of interest,

cover C and slot S, respectively.

Slot wires are characterized by different combinations of
group IV material systems, which have been chosen on the
basis of their electronic and optical properties, as well as
their technological compatibility.

III. OPTIMIZED GROUP IV OPTICAL SLOT WAVEGUIDES

The first step needed for optimization of these novel
group IV photonic sensors is the definition of their alloys
and material systems for slot wires. In Table I all group IV
materials and alloys employed in this paper are summarized
with their refractive indices calculated at 3.39 um.

TABLE L. GROUP IV ALLOYS AND MATERIALS AND RELEVANT RI
Group IV materials and alloys RI @ 3.39 pm
Si 3.429
Ge 4.035
SiO, 1.488
Sio.15Geo 5 3.9441
Sio.08G€0.91Co.01 3.97
Geo97Co.03 3.9854
Geg.o1Sng 00 4.2340
Geo.78S10,08Sn0.14 4.2960

At mid-IR wavelengths, it is very important to analyze
and ensure very low propagation losses. In fact, the longer
the wavelength, the greater the spatial distribution of the E-
Field in the guided region and, possibly, the relevant losses.
However, it is clear that a percentage of the total confined
optical field will interact and be distributed into the buried
oxide layer. A lot of investigations have been carried out in
order to predict propagation losses of different well known
technologies, e.g., SOI, silicon-on-sapphire (SOS) [9]. In
particular, using linear interpolation and assuming that a
significant fraction (30%) of the guided-mode power is
found in the buried insulator layer, the estimated
wavelength region with propagation losses less than 2
dB/cm ranges from 1.2 um to 3.6 um for SOI (apart from a
2.6+2.8 um spike), and from 1.2 pm to 4.3 pm for SOS.
Obviously, in order to prevent high propagation losses, it is
needed to confine a high percentage of E,-Field in the slot
region instead of dispersing it in the buried oxide.

Additional criteria have been followed for choice of
material systems used in this work. In fact, Ge-on-Si
exhibits infrared wavelength ranges of operation (1.9 + 16.8
pm and 140 = 200 pm) at 300 K, where the fundamental
mode propagation loss is less than 2 dB/cm. The other
material system SiGe-on-Si exhibits operative wavelength

Copyright (c) IARIA, 2011.  ISBN: 978-1-61208-145-8

ranges 1.6 = 12 pm and 100 + 200 pm. Finally, the material
system GeSn-on-Si has propagation losses lower than 2
dB/cm in the range 2.2 + 19 um. Therefore, the principal
operative limitation is represented by SiO, buried cladding
layer, since this layer presents significant propagation losses
in a shorter wavelength range.

The optimization procedure proposed in this paper
consists in a numerical iterative method allowing to achieve
the optimal geometrical configuration giving maximum
sensitivity and low losses. This procedure has been applied
to each proposed photonic structure, characterized by a
different group IV material combination. In Figure 4 cross
sectional views of all investigated photonic slot waveguides
are sketched. The photonic structures proposed in this paper
include Ge-on-Si material system (Figure 4a), SiGe alloy
directly grown on SiO, (Figure 4b), binary alloy SiGe
grown on Si (Figure 4c), SiGeC ternary alloy directly grown
on SiO, (Figure 4d) and SiGeC-on-Si material system
(Figure 4e). Moreover, the last two structures are
characterized by slot wires with three different layers, based
on SiGeSn-on-GeSn-on-Si (Figure 4f) and SiGeSn-on-GeC-
on-Si material system (Figure 4g), respectively.

In Table II all waveguide configurations are named with
a letter from (a) to (g) as in Figure 4, in order to simplify the
notation. In particular, all alloys and material systems in
Figure 4 and Table II are characterized by different
percentages of single group IV materials, according with
data in Table I. Moreover, optimized parameters are given
in Table II, with the only exception of the slot region width
g, which is considered as a variable for parametric sweep
analysis, since it critically influences sensing performance
such as sensitivity and confinement factors.

TABLE II. OPTIMIZED GEOMETRICAL STRUCTURES AT A =3.39 pm.
Geometrical parameters [nm]
Structure w h t S
Type (a) 410 660 40 0
Type (b) 400 690 0 0
Type (c) 400 680 50 0
Type (d) 400 710 0 0
Type (e) 400 690 30 0
Type () 380 520 20 50
Type (g) 390 560 20 50
IV. SENSING PERFORMANCE

As stated before, performance parameters, in particular
sensitivity S, and confinement factors /- and I's, have been
investigated as a function of the slot region width g in each
optimized slot waveguide reported in Table II.

In Figure 5 it is possible to note the high value of
sensitivity evaluated, being S, > 1 in every structure with g
< 110 nm. A value S, > 1 clearly implies that an effective
index change An.;> Anc is induced by a cover index shift
Anc. The waveguides previously indicated with letters (f)
and (b) are the best suitable, because their sensitivities are
very high still remain stable over a large range, g < 140 nm.
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Figure 4. Novel slot optical waveguides based on group IV alloys and material systems, designed at 4 = 3.39 pm.
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Figure 5. Sensitivity of optimized waveguides designed at 3.39 um
(quasi-TE slot mode).

This means to have more relaxed sizes, without any critical
technological limitation as lithographic resolution. The
parametric analysis has allowed the waveguide geometrical
sizes to be optimized by setting a precise value of g,
simultaneously achieving very high sensitivity, large
confinement factors as well as low losses. Generally, the
trend of the sensitivity function can be well supported by the
analysis of relevant confinement factors, as shown in
Figures 6 and 7.
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Slot region width g [nm]

Figure 6. Confinement factor in the cover medium of optimized slot
waveguides.

In fact, the waveguides exhibiting the highest I'c and 7'y are
still those previously indicated as (f) and (b). In both
photonic devices, the percentage of the optical field in the
slot region is higher than 60% for g < 140 nm. All other
optimized photonic devices are characterized by a strong
dependence on the slot region width. In fact for g > 140 nm,
all sensitivities rapidly drop to 0.5 and 0.4. Analogous
considerations can be derived for confinement factors.
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Figure 7. Confinement factor in the slot region of optimized waveguides.

V. FABRICATION TOLERANCES

All above investigated photonic structures represent an
ideal case of realistic optical slot devices. In fact, vertical
sidewalls characterizing slot waveguide wires are very
difficult to be obtained by state of the art etching processes,
for example inductively coupled plasma (ICP) etching.
Thus, deviations from ideal case have to be considered and
the most important parameter quantifying this effect is the
tilting angle 6, as sketched in Figure 8. Thus, it is possible
to distinguish between ideal and real structures, having
vertical (# = 0°) or non vertical sidewalls (6 # 0°),

respectively.
E
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Figure 8. Schematic view of real slot waveguide.

Therefore, an analysis of real photonic structures,
corrupted by fabrication characteristics, has been carried
out, again in terms of homogeneous sensitivity, by choosing
a specific value for the slot region width, g = 100 nm.
Figure 9 shows the influence of etching tilting angle on
sensitivity. All values at & = 0° are referred to optimized
ideal waveguides, whose geometrical parameters are
summarized in Table II, and are also shown in Figure 5 for
g =100 nm.

Therefore, it is possible to define a critical range for the
tilting angle 6, extended from 4° to 6°. In particular, a large
negative slope of all sensitivity functions can be recognized
in Figure 9 for these values.
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Figure 9. Sensitivity of optimized slot waveguides as a function of the
tilting angle for g = 100 nm (4 = 3.39 pum).

In fact, sensitivities rapidly drop to very low values, e.g.,
S, = 0.2. It is clear how this performance cannot be suitable
for gas sensing because only 20 % of cover refractive index
change should be detected in this case. Obviously, the
smaller the parameter g, the poorer the fabrication
tolerances. In addition, the thicker the slot wires, the
stronger the effect of the sidewalls inclination.

The theoretical investigation on fabrication tolerances
has been also carried out for calculation of confinement
factors in the same way, where I and I's are characterized
by similar trends as a function of tilting angle 6. In
conclusion, it is not possible to fabricate real photonic
sensors with g = 50 nm, i.e., the lowest slot gap width
allowing highest sensitivity (see Figure 5), while etching
tilting angle must be limited within 4° or 5°, to avoid any
corruption of sensor performance. Thus, the solution to this
technological problem is strictly related with optimization
of etching process for a given combination of material
systems. However, standard etching processes can assure
tilting angles within 1°-2°, not critical for our structures.

Moreover, these novel photonic structures are also
characterized by another very important feature, i.c., the
presence of a second order quasi-TE slot mode. In Figure 10
the sensitivity evaluated for the second order slot mode in
all optimized structures presented in Table II, is shown as a
function of g. All curves, obtained by FEM, exhibit a peak
value (around 1) of sensitivity, commonly placed at g = 160
nm. For g > 160 nm, all sensitivities drop to 0.6. For values
of g < 160 nm, a steep negative peak characterizes all
trends, S;, quickly dropping to about 0.55. In conclusion, the
presence of the second order slot-mode in optimized
waveguides represents an additional technological degree of
freedom in the design of these novel photonic sensors
working in mid-IR. Thus, the solution to fabrication
tolerance problems can be found by selecting the parameter
g greater than the optimal one, in order to prevent a
reduction of the slot region width due to non vertical
sidewalls generated by etching process.
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Figure 10. Sensitivity of optimized SOI slot waveguides as a function
of g (second order slot-mode, 4 = 3.39 pum).

In addition, confinement factors are both characterized by
analytical trends similar to those of sensitivity functions. In
conclusion, the choice of g = 100 nm appears to be the best
suitable for both first order and second order slot-mode,
simultaneously improving the fabrication tolerances. Then,
relaxed dimensions of optimized waveguides will allow the
fabrication of high performance multi-mode photonic
devices for gas sensing applications.

In summary, novel photonic sensors proposed in this
paper exhibit intriguing performances (S, > 1). In particular,
their integration in sophisticated photonic architectures,
such as ring resonators, is expected to show very interesting
performance in terms of wavelength shift per refractive
index unit (RIU). This possibility has been also simulated
and some values of wavelength sensitivity (WS) Al/n, are
summarized in Table III for optimized structures with g =
100 nm.

TABLE III. OPTIMAL STRUCTURE WAVELENGTH SENSITIVITY IN RING
RESONATOR ARCHITECTURES (g = 100 nm).
Optimal structures WS [nm/RIU]  LOD [RIU]

Photonic crystal [1] 80 1x10*
Ring resonator [2] 140 8x107
SOI at 1.55 um [6] ~ 1000 8x10°
Type (a) 2050 3.90x10°
Type (b) 2126 3.76x10°
Type (c) 2126 3.76x10°
Type (d) 2111 3.79x10°
Type (e) 2115 3.78x10°
Type (f) 2194 3.64x10°
Type (g) 2128 3.76x10°

A comparison with some results in literature, both
experimental and theoretical, can be observed. Thus, huge
wavelength shifts as large as 2200 nm/RIU, which cannot be
achieved by other photonic architectures, could be exploited
in ring resonators based on these optimized photonic slot
structures, realized with an appropriate combination of
group IV materials and alloys. Since a wavelength
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resolution as low as 80 pm is practical in ordinary optical
spectrum analyzers, a limit of detection as low as 3.6x107
RIU could be obtained in these powerful photonic
structures, able to detect very small volumes of gas traces in
mid-IR, of the order of 1 pm’.

VL

In this paper, intriguing novel photonic sensors have been
investigated in detail by a FEM approach. In particular,
unconventional group IV alloys and material systems have
been adopted for design of ultra-high performance photonic
gas sensors working in mid-IR. Appropriate combinations
of group IV compounds have been chosen on the basis of
their technological compatibility and low losses in mid-IR
wavelength range. Optimized photonic slot structures are
characterized by relaxed dimensions allowing large margins
of fabrication tolerances. In addition, the presence of a
second order slot-mode has been also demonstrated, giving
further flexibility in design. In conclusion, optimized slot
waveguides for efficient sensing in mid-IR exhibit much
higher performance with respect to SOI slot devices
designed at near-IR (1.55 pm), with an improvement of
more than 110%. Further work on this topic will be devoted
to detailed model and design of slot-based ring resonators
constituted by several combinations of group IV materials
and alloys, with the aim to further improve the performance
of photonic sensors in mid-IR and their use in several
application fields.

CONCLUSION AND FUTURE WORK
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Abstract—The aim of this paper is to investigate on a statistical
basis at the wafer level the relationship existing among the
dark currents of the single pixel compared to the whole Silicon
Photomultiplier array. This is the first time to our knowledge
that such a comparison is made, crucial to pass this new
technology to the semiconductor manufacturing standards. In
particular, emission microscopy measurements and current
measurements allowed us to conclude that optical trenches
strongly improve the device performances.

Keywords - silicon photomultipliers; dark current; wafer level.

L INTRODUCTION

Silicon-based single photon detectors [1-11] have been
widely investigated since their appearance thanks to their
interesting features: reduced dimensions, low weight, low
fabrication costs, insensitivity to magnetic fields, and low
operation voltage. Starting from single diode devices,
progress in the field has driven the microelectronic industry
to go towards designing and fabricating arrays of such
devices, that is, avalanche detectors with an integrated
quenching resistor connected in parallel and operating in
Geiger mode, referred to as Si Photomultipliers (SiPMs), to
cover areas up to ~10 mm’ per device. The principle of
operation of each single avalanche detector consists in a p-n
junction biased above the breakdown voltage (BV). Thanks
to the high quality substrate and fabrication technology (low
defect concentration), it can remain quiescent above the BV
until a photon is absorbed in the depletion volume. Once the
photon is absorbed, the electron-hole (e-h) pair generated
triggers a self-sustaining avalanche breakdown. The
avalanche is switched off through an opportunely designed
quenching resistance that reduces the voltage below
breakdown as soon as the current flows through the diode.
The operation of the whole SiPM array is the parallel sum of
the currents produced by each single pixel.

Aim of this paper is to investigate on a statistical basis at
the wafer level the relationship existing among the dark
currents of the single pixel compared to the whole SiPM
array. This is the first time to our knowledge that such a
comparison is made, crucial to pass this new technology to
the semiconductor manufacturing standards.

II. EXPERIMENTAL

Single cells and arrays of 64x64 cells were fabricated in
B doped Si wafers An enrichment region was obtained
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through B implantation, to define both the device active area
and the BV. The cathode was fabricated through diffusion
from a heavily doped polysilicon layer [12]. The quenching
resistor was integrated on the cathode of the cell itself and
fabricated using low-doped polysilicon. Finally, optical
trenches surround the pixel active area in order to reduce
electro-optical coupling effects (crosstalk) between adjacent
microcells. A schematic cross-section of the final structure of
the single cell is shown in Figure 1.

~
P~

(a)

~ 0

Figure 1. Schematic cross section of the SiPM single pixel, showing the
central active area with the cathode (indicated as “nt++”), the enriched
anode (“pt+”), the sub-anode (“p epi”), the anode contact region (“p+ epi”),
the substrate (“n-- sub”), and the optical trenches.

- cathode

1]
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e
Q 2 Electric Field (Vicem)
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Figure 2. 2D TCAD simulation of the electric profile performed at a bias
polarization of -30 V in the structure sketched in Fig. 1.
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Figure 2 shows the 2D simulation of the electric profile
performed at a bias polarization of -30 V. The electric field
at the lateral border is well below its maximum value for
junction breakdown and is negligible with respect to the
maximum value in the active region, in which, on the
contrary, the field is above the critical field for avalanche
breakdown.

Devices Dbasic electrical characterization provided a
breakdown voltage in agreement with that predicted by
TCAD simulation, and equal to about -28.0V at room
temperature.

Emission microscopy (Em.Mi) measurements were carried
out at 25°C using an overvoltage (i.e., voltages above the
junction breakdown voltage, AV) of 3V.

III. RESULTS AND DISCUSSION

One of the major issues to solve is the minimization of
the cross-talk effect among close pixels. An improper
isolation scheme results in an avalanche correlation effect
which trigger avalanches in close pixels (Fig. 3(a)). The
avalanches in close pixels are likely triggered either by
photons or by minority carriers produced by the avalanche of
a primary pixel which migrates to close pixels causing new
avalanches. The use of a proper electro / optical isolation
trench scheme dramatically improves the situation (Fig.
3(b)), rendering negligible the cross-talk effect among
neighbor pixels, and strongly reducing the dark current (from
300 to 10 pA).

The relationship among the dark currents in single pixels
and in complete SiPM arrays is investigated in Fig. 4. We
model the dark current of a single pixel as [13]:

Np,, .
ID :q( Def + APLxel )G (])
T T.

i

where ¢ is the elementary charge, N, the number of

carrier generating defects per pixel in the active volume,
T the average time for carrier generation event by one

defect, A, , the single pixel active area, 7, the average

time per unit area for the intrinsic carrier generation due to
diffusion from the quasi neutral regions to the active
volume, and G the gain, i.e., the total number of carriers
generated in a single avalanche, from the avalanche buildup
to the avalance quenching and pixel recharge. We find that
the Ip of the overall SiPM devices is simply the sum of the
currents of single pixels as above modeled, with no
contribution of extrinsic defects providing high leakage
paths. In particular Fig. 4 shows frequency histograms
comparing the dark currents measured at room temperature
of single pixels and SiPM arrays for a total of 952 devices at
overvoltages (i.e., voltages above the junction breakdown
voltage) of 2, 3, and 4 V. The SiPM device contains 4096
pixel, so the respective currents of SiPM to single pixel
should stay in ratio of about 4,000, as actually found.

Copyright (c) IARIA, 2011.  ISBN: 978-1-61208-145-8

Probability density (A™)

T £. 3@ A

REEEEL
LAF
43

i

-
4
LA

-

-
-
ot

Sl

LLiTE

Figure 3. Emission Microscopy measurements on SiPM arrays (a) without
and (b) with optical trenches.

—x DATA
— Model |

10°
Current (A)

Figure 4. Probability density as a function of the output current at
overvoltages of 2V, 3V and 4V, for both single pixels and arrays (having
4096 cells). The solid red lines are the model results.
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Figure 5. Experimental values of the variance divided by average device
current as a function of the device overvoltage for the single pixel (in blue)
and the SiPM (in red)
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Figure 6. Experimental values of the ratio of the variance divided by the
average device current between SiPMs and single pixels as a function of
the overvoltage. The model, in good agreement with the experimental
results, predicts that the ratio should be equal to the number of pixels in the
SiPM device, equal to 4,096.

To model I, in the present devices, we note that at room

D . .

temperature the term i dominates, so the I, statistics
T

should essentially coicide with the Np,, statistics. The
N, of

term has been demonstrated

prevalence of the
T

through the temperature dependence of the leakage current,
as reported in ref. [14]. For the N Def statistics we assume

the Poisson statistics so we find that the probability dP of
having a dark count between /I and Ip+dIp is:
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2

dpP m,
R -N expl: = (1, Tog(m, 11,)+ (I, -m, )

where N is a normalization constant, 71 I is the statistical

average of the dark current and O'IzD is the variance. In the

case of the SiPM arrays the same expression holds. Fig. 4

reports also the model curves, which show a good match

with the experimental data. The model predicts that the
2

Ip

m;

combination of statistical parameters should be equal

D

to 9 G or 4096 x 9 G, for the single pixel and the SiPM
T T

array, respectively. Fig. 5 reports the experimental values of
2

as a function of the device overvoltage. As the
m,D
2

Ip

m;

overvoltage increases, grows, due to the G increment.

D

2
Ip

Morevover the ratio of between SiPM and single

m,n

pixel results of the order of 4,000 (Fig. 6), as predicted by
the model. More details will be shown in the presentation.
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Current [A]
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Figure 7. Reverse current for single pixels and arrays from 25 up to 4096
cells.

Further developments are ongoing and will be reported at
the conference. In particular we would like to mention that
an improved version of our SiPM technology shows a
further reduced dark current leakage (Fig. 7). This is
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attributed to an improved minority carrier lifetime (larger

7, in Eq. (1)), obtained through a better device architecture
[14].
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Abstract —In this study, we observed that the electric property
of PEDOT:PSS was affected by LSPR effect. LSPR effect was
generated by nano gold particles that embedded in
PEDOT:PSS films. The high-intensity electric field of LSPR
enhances the mobility of carriers. In order to observe this
phenomenon, we made some devices. The devices under
measurement were composed of ITO glass, thin PEDOT:PSS
film, nano gold particles and an Al electrode. In our study, the
effect of the devices that were doped with different density of
gold nano particles was measured. The higher density of gold
nano particles made the lower total resistance of device. The
different wavelengths of incident light also made the total
resistance of device different. Through those experiments, we
validated that the change of electric property of PEDOT:PSS
was caused by the LSPR effect from nano gold particles.

Keywords-PEDOT: PSS; gold nano particles; LSPR

(Localized Surface Plasmon Resonance).

. INTRODUCTION

PEDOT:PSS (Poly-3-4-ethyleneoxythiophene/poly-4-
sytrensulfonate) is an electro-chemically stable conjugated
polymer that is commonly used as the buffer layer and a
hole transport layer of organic solar cells and OLED
(Organic Light-Emitting Diode), or with the ITO (Indium
Tin Oxide) as the anode material. PEDOT:PSS has good
light transmission, good conductivity, and can be deposited
by either spin coating or ink-jet printing process as a more
simpler way to make thin-films. A PEDOT:PSS can be
coated on many different substrates, like flexible polymers
or ITO glass substrates. These features also show that the
PEDOT:PSS can reduce the cost of fabrication [1-3].

A thin film of PEDOT:PSS is a buffer layer of organic
solar cells or OLED between the active layer and ITO glass
because the surface ITO glass usually has some defects and
it is difficult to form a good thin-film active layer on the
substrate. The buffer layer of PEDOT:PSS film can modify
the surface of ITO glass and can make the film better. A
PEDOT:PSS film can also reduce the generation of leakage
current [4]. Adding an extra layer in the structure could
increase the series resistance of solar cell inevitably. Those

extra resistances would reduce the efficiency of components.

In this study, the resistance of sample was decreased by
LSPR (Localized Surface Plasmon Resonance). The
localized surface plasmon resonance was generated by the
gold nanoparticles deposited between ITO glass substrate
and the PEDOT:PSS film.

The idea of spreading gold nanoparticles between the
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substrate ITO glass and PEDOT:PSS film was inspired by
the organic solar cell. Lots of studies have validated that the
surface plasma induced by metallic nano particles can
increase the efficiency of organic solar cell [5].

LSPR effect has already been widely applied to
biotechnology, such as surface enhanced Raman scattering
(SERS) [6-7]. Those works usually made use of the
different incident wavelength to measure the dielectric
constant, so that the material type can be inferred then. In
this study, we aimed for using the reaction of LSPR effect
of the different incident wavelength with conductive
polymer as a photo sensor.

PEDOT:PSS is an important material in many photonic
devices. In order to prove that the difference of the device
resistance was caused by LSPR, DDSCAT was used to
simulate the localized surface plasmon resonance spectrum
of gold particles [8-10].

In the following paragraphs, simulation methods and the
sample preparation are described and explained. After that,
experiment result and simulation result are discussed.

Il.  SIMULATION OF SURFACE PLASMON

Surface plasmon is a phenomenon that surface
electromagnetic waves propagate on the interface between
metal and dielectric material. Surface plasmon mode is
confined near the metal surface to form a highly enhanced
near-field. Surface plasmon between the metal and the
dielectric material is divided into two types, SPP (surface
plamon polariton) and the LSPR (localized surface plasmon
resonance). SPP refers to the surface plasmon on the metal
surface in the form of surface wave propagating in the
interface of metal and dielectric material. LSPR refers to the
highly localized, high intensity electric field resonance that is
generated on the surface of metal particle. The electric field
resonance would be calculated by Maxwell’s equations and
boundary condition under Quasi-static approximation [11].

@, (r,6)= Arcosd (r<a

s (1)
@, (r,0)=—F£cosf+—cosd
2

ol

(r>a)

In these two equations, ‘a’ is the radius of the metal
particle. Those equations and boundary condition (equation 2
below) could be used to simulate the LSPR effect on a single
particle. With the boundary condition, A and B in equation 1
can be solved accordingly.
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o (a,0)=0, (a,b)

m

@

Then assuming an ideal dipole that can be described as
P = e Eyei®tZ The electric field of incident
electromagnetic wave is Ej,, = Eoe i(x-007

We can use the above equations to calculate the
extinction cross section (Cex) and scattering cross section
(CSC&).

eE n=¢ E n

ol me i

TABLE I. THE SIGNIFICANCE OF VARIABLES

variabl significance

es
[0) Electric Potential
&€ Dielectric constant
A, B Constant
Eq Electric field magnitude
P Dipole moment
a Polarizability

But, to simulate a metal particle array just with those
equations would be very difficult [12]. For this purpose,
DDSCAT is used to simulate the effect that LSPR is
generated on the surface of gold nanoparticles. DDSCAT, a
FORTRAN code for calculating scattering and absorption of
light by irregular particles, has been jointly developed by
Bruce T. Draine and Piotr J. Flatau [8-10].

Based on the discrete-dipole approximation, DDSCAT
simulated the electric field around the particles by Maxwell’s
equations. The discrete-dipole approximation (DDA) is a
flexible approach for calculating scattering and absorption
properties of arbitrary continuum targets, usually a finite
geometry of polarizable points. The local electric field
induces dipole moments that could be acquired by the points.
The dipoles influence each other through their electric fields
as well. Therefore the DDA is sometimes called discrete
dipole approximation.

DDSCAT is well-developed simulation software. There
can get the source code of DDSCAT on the internet [10].
After compiling the source code, we have an executable file.
There are other two files, ddscat.par and diel.tab, that are
used to control the executable file.

For building the boundary condition to process
DDACAT, it would be crucial to enter the dielectric constant
of gold nano particles and the dielectric material
(PEDOT:PSS and ITO glass) to the file (i.e., diel.tab) of
DDSCAT. The particle radius and other boundary condition
were entered into another file (i.e., ddscat.par). We could
then simulate the scattering and absorption of incident light
by different wavelengths on gold nano particles. In this study,
DDSCAT was used to simulate the absorption of the incident
light between 300 nm and 800 nm and gold nano particles
with 20nm diameter. The data of simulation would be
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compared with the experiment results
section.

in the following

I1l.  SAMPLE PREPARATION

Samples were fabricated with PEDOT:PSS (Baytron P
VP Al 4083), gold nano particles (gold colloid SI-G1652)
and ITO glass substrates (15 ohm/square). The patterned ITO
glass substrates were placed into the ultrasonic cleaners for
removing the surface dirt. Then the ITO glass substrates
were washed by oxygen plasma for 20 minutes in order to
make the PEDOT:PSS easy to form on substrates. After
being cleaned by oxygen plasma, the surface of ITO glass
would be changed to hydrophilic. We took PEDOT:PSS out
from the refrigerator and put it aside until it returned to room
temperature. After that, filtering PEDOT:PSS twice by target
syringe filters with pore size of 0.45um.

After finishing the preparation of PEDOT:PSS, we mixed
the solution of gold nanoparticles and ethylene glycol at one
to one and one to two ratio (The concentration of gold
nanoparticles is 3.9 * 10 ~ -5g/ml and 2.6 * 10 ~ -5g/ml).
Next, we coated the solution that contained gold nano
particles on the ITO glass substrates by 1000 rpm for 10
seconds and 2000 rpm for 20 seconds. We baked the samples
after coating at 180 °C for 3 minutes to dry those residue of
ethylene glycol. Then, those nano gold particles spread on
the ITO glass substrate. The distance from particle to particle
was about 100 nm. We then coated PEDOT:PSS on the ITO
substrate with and without gold nano particles by 3000 rpm
for 30 seconds. Baking those prepared sample at 180 C for 5
minutes [13]. PEDOT:PSS covered gold nano particles and
formed a 30nm film. The thickness of PEDOT:PSS films
were 30nm with and without gold nano particles. Finally, we
deposited 120 nm of aluminum on the sample as the
electrode by thermal evaporator. The samples are illustrated
in Figure 1.

Al Al Al
PEDOT:PSS | pEDOT:PSS PEDOT:PSS
ITO glass ITO glass ITO glass

DEVICE1 DEVICE2 DEVICE3

Figure 1. The structure of device 1 without add PEDOT:PSS, device 2
with gold nanoparticles 2.6 * 10 ~ -5g/ml, device3 with gold nanoparticles
3.9 * 10~ -5g/ml.

The measurement was performed by using Keithley 2400
to record the IV curve. PL-2100 COOL LIGHT SOURCE
was light source, and we measured the current density of
devices with bias voltage 1V under illuminating of different
wavelength incident light from QE-III (Enlitech). The
measurement setup is shown in Figure 2.
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Figure 2. The measurement setup diagram

IV. EXPERIMENTAL RESULTS

Figure 1 shows the sample structure. The top aluminum
is the cathode and the bottom of the ITO is the anode. Light
source was incident from the side of ITO, and we used
Keithley 2400 to record the current value from 0V to 1.5V.
Figure 3 is the comparison of the two samples with and
without gold nanoparticles. In Figure 3, it shows that the
current density of the sample with gold nano particles was
higher than the sample without gold nano particle at the same
bias voltage. We also observed that if the density of gold
nano particles was higher, the current density was higher too.
In other words, the sample with gold nanoparticles has lower
total resistance than the sample without gold nanoparticles
when those sample are exposed to incident light irradiation
[14- 15].

& o device2
A  device3

Current (mA)

T T T T T T T T T
02 00 02 04 06 08 10 12 14 16
Voltage (V)

Figure 3. The sample current varies with voltage, device 1 (black square),
device 2 (red circle), device3 (blue triangle).

Although the performance of device 3 is the best, the low
repeatability and stability of device 3 is the reason that we
focus our discussion on device 2 and devicel. Figure 4
shows the IV-curve of device 2 (with gold nanoparticles
between ITO glass and PEDOT:PSS film) that was under
illumination and not under illumination. In this figure, it can
be found that when the bias voltage was the same, the current
value of device 2 under illumination was increased
significantly than device 2 without being exposed to incident
lights. When the bias voltage was 1.5 volts, the current
density of device2 under illumination was increased from 15
mA to 25 mA. But if there were no bias voltage, the current
density would be the same no matter the sample was under
illumination or not. Therefore, this result can prove that the
increase of current density was not caused by the excess
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carrier generation. We believe the overall resistance was
decreased because of the incident light.

®  device2 isn'tillumunated

® device2 under illumination
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Figure 4. The device2 current density varies with voltage that is
illuminated and isn’t illuminated.

In order to confirm that the effect of resistance decrease
was caused by gold nano particles, we compared the current
increases under illumination between device 1 (the sample
with only PEDOT: PSS) and device 2 (the sample with gold
nano particles) in Figure 5.

= current increased of device1
® current increased of device2

Current (mA)
»

-
0 saffaffaunt”

T T T T T T T T T
02 00 02 04 06 08 10 12 14 16
Voltage (V)

Figure 5. The increase of current density while device2 (red square) and
device 1 (blue diamond) were exposed to incident light

Even though the current density of device 1 also
increased while the sample was illuminated, the value of
increased current density was far less than that of device2.
Therefore, it can be claimed that the phenomenon of the
resistance reduce was due to the gold nano particles within
the sample irradiated by light.

The reason of that is considered that the LSPR generated
by gold nanoparticles reduces the resistance of the junction
of PEDOT:PSS films and ITO glass substrate

The highly localize, and high-intensity electric field
resonance of LSPR in the junction causes the transmission of
those carriers (holes) easily, as shown in Figure 6. Due to the
existence of the gold nano particles, the gold nanoparticles is
in the dashed area. This increase the electric field gives
electric holes an attractive force and make the mobility of
electric holes be increased.
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D PEDOT:PSS

Figure 6. Schematic drawing of device with nano goldparticles, where A
is acceptor, and D is the donor. The dashed area is gold metal cluster
surface plasmon resonance.

To further confirm the relationship between resistance
and LSPR, the device 2 was exposed to visible light
irradiation with the wavelength from 350 nm to 750 nm. We
measured the current density with bias voltage, as shown in
Figure 7. We used DDSCAT to simulate the absorption
spectra of gold nano particles, 20nm diameter, from 300 nm
to 800 nm, and compare it with experimental results. The
simulation results are shown in Figure 8.

454

5/\

Normalized dark current
»
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300 400 500 600 700 800
Wavelength (nm)

Figure 7. Current density (device 2) versus the wavelength of incident

lights, normalized with the dark current density.
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Figure 8. The absorption rate of 20nm gold particles versus incident
wavelength by DDSCAT simulation.

Comparing Figure 7 and Figure 8, it can be observed that
the shape of those curve are very consistent with each
another. Although the curve of experiment result was 20-
30nm shift to longer wavelength, we believed that reason of
red shift is that not all the diameter of gold nano particles is
actually 20nm. In our simulation the diameter is set to be
20nm, since the average diameter of the gold nano particles
used in the experiment is 20nm. However, those gold nano
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particles with diameter larger than 20nm may affect the
waveform. But it was still within measurement tolerance.
This result still directly proved that the effect of LSPR was
the main cause of sample's resistance decrease.

As shows in Fig. 7, the device with gold nano particles
are measured different current density while the wavelength
of incident light is changed. We can use device 2
torecognize the wavelength of incident light by the
measurement setup as shown in Fig. 2. This feature makes
the device as a wavelength sensor.

V. DISCUSSIONS

According to the experiment and simulation, we get the
following two results. First, the resistance of devices is
reduced by gold nanoparticles. Besides, this effect is strong
when gold nanoparticles are illuminated. Second, the
magnitude of absorption of gold nanoparticles is consistent
with the current density of device.

From the two results, it is validated that LSPR from gold
nano particles is the reason why the current density of device
is increased.

ACKNOWLEDGMENT

The project was financially supported by National
Science Council of Taiwan under contract number NSC 99-
2221-E-002 -206 -MY3.

REFERENCES

[1] G. Greczynski, Th. Kugler, and W. R. Salaneck, “Characterization of
the PEDOT-PSS system by means of X-ray and ultraviolet
photoelectron spectroscopy “Thin Solid Films 354, pp. 129-135 (1999)

[2] J. Luo and W. Tang, “Influence of PEDOT with Different
Conductivity on the Performance of Polymer Photovoltaic Cells”,
Journal of Guangdong University of Technology Vol. 25 No. 3, pp.
6-9, (2008)

[3] Nurdan D. Sankir, “Selective deposition of PEDOT/PSS on to
flexible substrates and tailoring the electrical resistivity by post
treatment” , Circuit World Vol. 34 - Number 4, pp.32-37(2008) -.

[4] J. Ouyang, C.-W. Chu, F.-C. Chen, Q. Xu, and Y. Yang, “High-
conductivity poly (3, 4-ethylenedioxythiophene): poly (styrene
sulfonate) film and its application in polymer optoelectronic devices”,
Advanced Functional Materials Vol. 15, Issue 2, pp. 203-208, (2005 )

[5] S.-S. Kim, S.-L. Na, J. Jo, D.-Y. Kim,
and Y.-Ch. Nah, Plasmon, “Plasmon enhanced performance of

organic solar cells using electrodeposited Ag nanoparticles”,
APPLIED PHYSICS LETTERS 93,pp. 073307-073309 (2008)

[6] Jeffrey M. McMahon, Anne-Isabelle Henry, Kristin L. Wustholz,
Michael J. Natan, R. Griffith Freeman, Richard P. Van Duyne ,and
George C. Schatz, “Gold nanoparticle dimer plasmonics: finite
element method calculations of the electromagnetic enhancement to
surface-enhanced Raman spectroscopy” , Vol. 394, Number 7,
pp.1819-1825 (2009)

[71 Qiuming Yu and Greg Golden, “Probing the Protein Orientation on
Charged Self-Assembled Monolayers on Gold Nanohole Arrays by
SERS”, Langmuir, 23 (17), pp 8659-8662 ( 2007)

[8] Draine, B.T. and Flatau, P.J., "Discrete dipole approximation for
scattering calculations", J. Opt. Soc. Am. A, 11, pp.1491-1499 (1994)

116



SENSORDEVICES 2011 : The Second International Conference on Sensor Device Technologies and Applications

[]

[10]

[11]

[12]

Copyright (c) IARIA, 2011.

Draine, B.T. and Flatau, P.J., "User Guide to the Discrete Dipole
Approximation Code DDSCAT 7.1
http://arXiv.org/abs/1002.1505v1 (2010)

Draine, B.T. and Flatau, P.J., "Discrete-dipole approximation for
periodic targets: theory and tests”, J. Opt. Soc. Am. A, 25, pp.2593-
2703 (2008)

Stefan A. Maier, ” Plasmonics: fundamentals and applications” ,
Springer Verlag, pp.65-75 (2007)

N. W. Ashcroft, and N. D.
Physics”,Harcount(2000)

Mermin, “Solid State

ISBN: 978-1-61208-145-8

[13]

[14]

[15]

Vishal Shrotriya, Gang Li, Yan Yao, Tom Moriarty, Keith Emery,
and Yang Yang, Accurate Measurement and Characterization of
Organic Solar Cells, Adv. Funct. Mater., 16, pp2016—2023(2006)

Y.H. Zhou, F.L. Zhang, K. Tvingstedt, Sophie Barrau, F.H. Li, W.J.
Tian, and Olle Inganés, “Investigation on polymer anode design for
flexible polymer solar cells”, APPLIED PHYSICS LETTERS 92,
pp.233308-233310 (2008)

S.W. Tong, C.F. Zhang, C.Y. Jiang, G. Liu, Q.D. Ling, E.T. Kang,
D.S.H. Chan, and Chunxiang Zhu, “Improvement in the hole
collection of polymer solar cells by utilizing gold nanoparticle buffer
layer”, Chemical Physics Letters 453, pp.73-76 (2008)

117



SENSORDEVICES 2011 : The Second International Conference on Sensor Device Technologies and Applications

Effect of the Optical Bias on the a-Si:H Optical Demultiplexer Device

Miguel Fernandes, Manuela Vieira, Manuel A.
Vieira, Paula Louro

Electronics Telecommunications and Computer
Department
ISEL
Lisbon, Portugal
mfernandes@deetc.isel.ipl.pt

Abstract—This paper presents results on the wuse of
multilayered a-SiC:H heterostructures as a device for
wavelength-division demultiplexing of optical signals. The
devices presented enable the simplification of the optical front
end system by using their intrinsic color selectivity to avoid the
need of external optical filters. The device is composed of two
stacked p-i-n photodiodes, each optimized for the absorption of
a part of the optical spectrum. Band gap engineering was used
to adjust the photogeneration and recombination rates profiles
of the intrinsic absorber regions of each photodiode to short
and long wavelength absorption and carrier collection in the
visible spectrum. The photocurrent signal using different input
optical channels (wavelengths) was analyzed at reverse and
forward bias and under steady state illumination. A
demultiplexing algorithm based on the voltage controlled
selectivity of the device is proposed and tested. The operation
frequency of the device was analyzed under different optical
bias conditions. An electrical model of the WDM device is
presented and supported by the solution of the respective
circuit equations. The main application of these devices is in
the field of optical communications that use the wavelength
division multiplexing technique to encode multiple signals into
the same transmission medium. Other possible applications of
the device in optical communication systems are also proposed.

Keywords-WDM; Optical sensor; a-Si:H

I. INTRODUCTION

Wavelength division multiplexing (WDM) devices are
used when different optical signals are combined on the
same optical transmission medium, in order to enhance the
transmission capacity and the application flexibility of
optical communication and sensor systems. The use of
WDM technologies not only provides high speed optical
communication links, but also offers advantages such as
higher data rates and self-routing. The commercially
available WDM devices usually include prisms, interference
filters or diffraction gratings in order to separate the different
channels. Currently modern optical networks use Arrayed
Waveguide Grating (AWG) as optical wavelength
(de)multiplexers [1] that use multiple waveguides to carry
the optical signals. In this paper we report the use of a
monolithic WDM device based on an a-Si:H/a-SiC:H
multilayered semiconductor heterostructure. The device
makes use of the fact that the optical absorption of the
different wavelengths can be tuned by means of electrical
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bias changes or optical bias variations. This capability is
obtained using adequate engineering design of the multiple
layers thickness, absorption coefficient and dark
conductivities [2, 3].

II.  EXPERIMENTAL DETAILS

The device described herein operates in the 400 to 700
nm range which makes it suitable for operation at visible
wavelengths in optical communication applications. The
device is a multilayered heterostructure based on a-Si:H and
a-SiC:H. The device is quite simple, consisting in a stack of
two p-i-n structures sandwiched between two transparent
electrical contacts (Fig. 1). Both front and back structures
behave as optical filters confining, respectively, the
absorption of the short and the long wavelength optical
carriers, while the intermediate wavelengths are absorbed
across both [4, 5]. The device was operated within the visible
range using as optical signals three modulated light beams
(with variable modulation frequency and intensity) supplied
by red, green and blue LED’s with wavelengths of 470 nm,
524 nm and 626 nm, respectively. An electrical model of the
WDM device is presented and supported by the solution of
the respective circuit equations. Other possible applications
of the device in optical communication systems are also

proposed.
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Figure 1. WDM device configuration.
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The semiconductor layers were produced by Plasma
Enhanced Chemical Deposition (PECVD) technique and
optimized for specific wavelength sensitivity. The active
device consists of a  p-i'(a-SiC:H)-n/p-i(a-Si:H)-n
heterostructure with low conductivity doped layers. The
thicknesses and optical gap of the thin {'- (200nm; 2.1 eV)
and thick i- (1000nm; 1.8 eV) layers are optimized for light
absorption in the blue and red ranges, respectively.
Transparent contacts have been deposited on front and back
surfaces to allow the light to enter and leave from both sides
(see Fig. 1).

To test the sensitivity of the device under different
applied voltage and optical bias three modulated
monochromatic lights beams: red (R: 626 nm; 51pW/cm?),
green (G: 524 nm; 73uW/cm?) and blue (B: 470 nm;
115uW/em?®) and their polychromatic ~combinations
(multiplexed signal) illuminated separately the device and
the generated photocurrent was measured under positive and
negative voltages (+1V<V<-10V), under or without steady
state green optical bias (G: 524 nm; 73uW/cm?®). The
modulation frequency of each channel was chosen to be a
multiple of the others in order to ensure a synchronous
relation of ON-OFF states along each cycle and the optical
powers were adjusted to give different signal magnitudes at -
8V bias.

Fig. 2 displays the measured spectral photocurrent under
reverse and forward bias. Results show that in the long
wavelengths range (> 600 nm) the spectral response is
independent on the applied bias while in the short
wavelength the collection strongly increases with the reverse
bias. As expected from Fig. 2, the red signal remains
constant while the blue and the green ones decrease as the
voltage changes from negative to positive. The output
multiplexed electrical signal, obtained with the combination
of the three optical sources, depends on both the applied
voltage and on the ON-OFF state of each input optical
channel. Under negative bias, there are eight separate levels
while under positive bias they were reduced by half. The
highest level appears when all the channels are ON and the
lowest if they are OFF. Furthermore, the levels ascribed to
the mixture of three or two input channels are higher than the
ones due to the presence of only one (R, G, B).
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S
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Figure 2. Spectral photocurrent under reverse and forward bias.
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Figure 3. Single and multiplexed signals under negative (-8V) and

positive (+1V) electrical bias.

An optical nonlinearity was detected; the sum of the
input channels (R+B+G) is lower than the correspondent
multiplexed signals (R&G&B). This optical amplification,
mainly on the ON-ON states, suggests capacitive effects due
to the time-varying nature of the incident lights. Under
positive bias the levels are reduced by half since and the blue
component of the combined spectra falls into the dark level,
the red remains constant and the green one decreases.

To recover the transmitted information (8 bit per
wavelength channel) the multiplexed signal, during a
complete cycle, was divided into eight time slots, each
corresponding to one bit where each independent optical
signals can be ON (1) or OFF (0).

Under positive bias, the device has no sensitivity to the
blue channel (Fig. 1-2), so the red and green transmitted
information can be extracted. The highest level corresponds
to both channels ON (R&G: R=1, G=1), and the lowest to
the OFF-OFF stage (R=0; G=0). The two levels in-between
are related with the presence of only one channel ON, the red
(R=1, G=0) or the green (R=0, G=1). To distinguish between
these two situations and to decode the blue channel, the
correspondent sub-levels, under reverse bias, have to be
analyzed. The highest increase at -8V corresponds to the blue
channel ON (B=1), the lowest to the ON stage of the red
channel (R=1) and the intermediate one to the ON stage of
the green (G=1). Using this simple key algorithm the
independent red, green and blue bit sequences can be
decoded as: R[01111000], G[10011001] and B[10101010],
as shown on the top of Fig. 2, which are in agreement with
the signals used for the independent channels.

III. INFLUENCE OF THE STEADY STATE OPTICAL BIAS

Fig. 4 shows the time dependent photocurrent signal
measured under reverse (-8V, symbols) and forward (+1V,
dotted lines) bias using different input optical signals
without and with (Ay) red, green and blue steady state
additional optical bias. Both optical signals and steady state
bias were incident on the device by the side of the a-SiC:H
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thin structure. The optical signals were obtained modulation
of the LED driving current and the optical power intensity
of the red, green and blue channels adjusted to 51, 90, 150
uW/cm?, respectively. The steady state light was generated
by LED’s driven at a constant current value (R: 290
uW/em?, G: 150 pW/em?, B: 390 pW/em?).

Results show that the blue steady state optical bias
increases the signals carried out by the red (Fig. 4a) and the
green channels (Fig. 4b) and reduces the signal of the blue
channel (Fig. 4c). Red steady state optical bias has an
opposite behavior, reinforcing the blue channel and
decreasing the blue and the green channels. The green
optical bias mainly affects the green channel, as the output
signal is reduced while the signals of the red and blue
channels show negligible changes.
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Figure 4.  Red (a), green (b) and blue (b) channels under reverse and
forward voltages without and with (A) red, green and blue steady state
bias.
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The behavior of the device under steady state optical
bias can be explained attending to the dependence of the
internal electric field distribution. When an optical bias is
applied it mainly enhances the field distribution within the
less photo excited sub-cell: the back under blue irradiation
and the front under red steady bias. Therefore, the
reinforcement of the electric field under blue irradiation and
negative bias increases the collection.

The study of the modulation frequency influence on
the device performance was analyzed through the spectral
response of the device without and with steady state optical
bias. Results are displayed in Fig. 5. Data from Fig. 5 show
that without background light the curves measured under
different modulation frequencies exhibit the same trend with
two peaks located at 500 nm and 600 nm. The signal is
reduced with the increase of the frequency. Under blue
steady state illumination (Fig. 5b) the spectral response
exhibits a different trend with a single peak located at 600
nm.
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Figure 5.  Photocurrent variation with the wavelength for different

modulation frequencies at -8 V obtained: a) without, b) with blue, and d)
with red background.
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This is due to the strong attenuation of the short
wavelengths (Fig. 4c). The red steady state illumination (Fig.
5¢) has the opposite effect with a single peak at 500 nm.
Under green background the spectral response shows two
different regimes depending on the operation frequency. In
the low frequency range the signal is similar to the trends
obtained under red steady state light, while at higher
frequencies it follows the behavior obtained without
background light.

In Fig. 6 it is displayed the ratio of the signal measured
under steady light and without it at different frequencies.
Results show that at all frequencies of the analyzed range,
under blue steady state illumination, the long wavelengths
are amplified while shorter wavelengths (< 530 nm) are
reduced. A similar result is observed for the red steady state
illumination. Here the reinforcement of the signal level
occurs for shorter wavelengths, while in the longer ones it is
reduced.
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Figure 6.  Ratio between the photocurrents under a) blue, b) red and c)
green steady state illumination and without it (dark) at -8 V under different
frequencies.
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For the green background light the ratio between the
photocurrents shows two different trends. At low
frequencies the presence of the steady state light reduces the
photocurrent, while for higher frequencies this reduction is
only observed in a narrow range of the spectrum (from 470
nm up to 480 nm). In the remaining ranges the signal is
enhanced. The maximum value observed for the
amplification factor is around 3.

IV. OpPTICAL BIAS CONTROLLED WAVELENGTH
DISCRIMINATION

In Fig. 7, the input and the multiplexed channels, without
or with green optical bias, are displayed at -8V. The bit
sequence is shown at the top of the figure to guide the eyes.
Results show that the presence of the optical bias reduces
significantly the amplitude of green channel while a slightly
increase is observed for the others two. The sum of the input
channels (R+G+B) shows that when the green channel is ON
no amplification occurs. This suggests that the green channel
can be tuned by making the difference between the
multiplexed signal without and with green irradiation
(symbols).

This nonlinearity is due to the asymmetrical light
penetration of the input channels and on the optical
selectivity properties of the device. When an external optical
bias is applied, it mainly influences the field distribution
within the less photo excited sub-cell.

Under green light irradiation the electric field decreases
on both sub-cells. So, some of the carriers generated by the
green channel, also in both sub-cells, recombine and the
collection decreases. When the red or blue channels are ON,
the generation occurs only in one sub-cell. The electrical
field, in the presence of the red and blue channels, lowers,
respectively, in the back and front photodiodes (most
absorbing cells), while the correspondent front and back
photodiodes (less absorbing cells) reacts by assuming a
reverse bias configuration compensating the effect of the
green optical bias [7]. This self bias effect explains the
slightly increase on the red and blue collection under green
optical bias.
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Figure 7. Single and combined signals @-8V; without (solid arrows)

and with (dotted arrows) green optical bias.
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V. ELECTRIAL SIMULATION

The silicon-carbon pi’npin device can be considered as a
monolithic double pin photodiode structure with two red and
blue optical connections for light triggering. Based on the
experimental results and device configuration an electrical
model was developed [6]. Operation is explained in terms of
the compound connected phototransistor equivalent model
displayed as an inset in Fig. 8.

In Fig. 8 the currents under negative bias, with and
without optical green bias, are compared. To simulate the
green background, current sources intensities were
multiplied by the on/off ratio between the input channels
with and without optical bias (Fig. 6). The same bit sequence
of Fig. 3 was used in both figures. To validate the model the
experimental multiplexed signals are also shown (solid
lines). Good agreement between experimental and simulated
data was observed. The eight expected levels, under reversed
bias, and their reduction under green irradiation are clearly
seen.

When the pi’npin device is reverse-biased, the base
emitter junctions of both transistors are inversely polarized
and conceived as phototransistors, taking, so, advantage of
the amplifier action of neighboring collector junctions which
are polarized directly. This results in a charging current gain
proportional to the ratio between both collector currents
(Ci/Cy). Under positive bias the internal junction becomes
always reverse-biased. If not triggered ON it is
nonconducting, when turned ON by light it conducts like a
photodiode, for one polarity of current.

Green irradiation moves asymmetrically voltages at the
Q; and Q, bases toward their emitter values, resulting in
lower values of I; and I; when compared without optical bias
(Fig. 7). 1, and I, slightly increase due to the increased carrier
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generation on the less absorbing phototransistors. Under
negative bias and during the duration of the red and blue
pulses (I; or I, ON), as without optical bias, the internal
junction remains forward biased and the transferred charge
between C; and C, reaches the output terminal as a
capacitive charging current. During the green pulse (I; and I,
ON) only residual charges are transferred between C; and C,.
So, only the charges generated in the base of Q, (I;) reaches
the output terminal as can be confirmed by the good fitting
between simulate and experimental differences of both
multiplexed signals without and with optical bias.

VI. CONCLUSIONS
A double pi'n/pin a-SiC:H heterostructure with two
optical sensitive regions sensitive to different spectral
regions was presented. Multiple  monochromatic
communication channels, in the visible range, were
transmitted together, each one with a specific bit sequence,
and detected by the device. The combined optical signal was
analyzed by reading out, under positive and negative
voltages and optical green bias, the generated photocurrent
across the device. Results show that the output multiplexed
signal has a strong nonlinear dependence on the light
absorption profile, i.e. on the incident light wavelength, bit
rate, intensity and optical bias due to the self biasing of the
junctions under unbalanced light generation profiles. By
switching between positive and negative voltages the input

channels can be recovered or removed.

The influence of the operation frequency was analyzed
under different optical bias conditions. Further works on this
topic is necessary for better understanding and further
optimize the device operation.
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Abstract—This paper presents some experimental results
concerning the acoustic emission (AE) of different
material structures, submissive at mechanical tests.
Acoustic emission signals were prevailed by AE sensor,
fixed on the material surface by an electroacoustic
material. The AE piezoelectric sensor realizes the
mechanical to electrical energy conversion, and the
output signal is displayed on the memory digital
oscilloscope. By signal analysis in time and frequency
one can get the attenuation coefficients, delaminating,
voids, defects, into material, revealing important
information about the material structure behavior at
mechanical stresses. Also, we can determine the
moments when the material could be cracked or
irreversibly deteriorated. Therefore, one can detect the
maximum acoustic emissions and predict the material
failure. Experimental works provided information
concerning the AE response of different type of
materials (aluminum, brass and concrete) under
mechanical strengths, in order to predict their behavior
at maximum strengths. The information could be
applied for complex construction structures, in order to
prevent their breaking risks.

Keywords-acoustic emission; AE; sensor.

I. INTRODUCTION

A critical issue in practical structural strength state
monitoring is related to the capability of proper sensing
systems integrated within the host structures to detect,
identify, and localize damage generation, such as cracks and
potential problem areas in metal pressure boundary
applications while other types of Nondestructive techniques
are used to provide acceptance or rejection criteria [1]. To
this aim, many techniques have been proposed involving
dynamic measurements such as: modal analysis, acoustic
emission, and ultrasonics [2].

Acoustic Emission techniques have been used in the
field for the testing of metal and composite pressure vessels
and piping. Nondestructive techniques were not accepted
long time for the testing of bridges, and other components
of the infrastructure because of two primary reasons: the
difficulty in separating valid signals from extraneous noise
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and the inability of the AE technique to determine the size
of the crack [1].

It results in the need for the development of advanced
and effective inspection techniques. Thus, AE techniques
draw a great attention to diagnostic applications and in
material testing.

Acoustic Emission inspection is a powerful aid to
materials testing and the study of deformation, fracture and
corrosion. It gives an immediate indication of the response
and behavior of materials under stress, intimately connected
with strength, damage, fracture and failure [3].

Acoustic emissions (AEs) are the stress waves produced
by the sudden internal stress redistribution of the materials
caused by the changes in the internal structure. Possible
causes of the internal-structure changes are crack initiation
and growth, crack opening and closure, dislocation
movement, twinning, and phase transformation in
monolithic materials and fiber breakage and fiber-matrix
debonding in composites. Most of the sources of AEs are
damage-related, the detection of these emissions are
commonly used to predict material failure. The Acoustic
Emission method can be successfully applied for monitor
the integrity of piping systems, and to aid in maintenance
planning.

AE technology involves the use of ultrasonic transducers
(20 kHz - 1 MHz) to listen for the sounds of failure
occurring in materials and structures. Crack growth due to
fatigue, hydrogen embrittlement, stress corrosion, and creep
can be detected and located by the use of AE technology. In
addition high pressure leaks can also be detected and
located. AE technology is also finding wide application in
the nondestructive testing for structural integrity of
composite materials and structures made from composite
materials. Fiber breakage, matrix cracking, and
delaminating are three mechanisms that can produce AE
signals when stress is applied to the material or structure.

AE sensors typically consist of a piezoelectric element
on a ceramic plate inside a metal case with an electrical
contact on top, insulated by epoxy. The shape, dimensions
and mass of most commercial AE sensors make them
unsuitable for integration into composites. In spite of
extensive work with thin PVDF films (e.g. [4], [5], and [6])
there are to the best of our knowledge no commercial PVDF
AE sensors available. AFCs present a number of advantages
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in comparison with conventional AE sensors: (1) light
weight, (2) flexibility (adaptable to curved surfaces), (3)
anisotropic sensitivity, and (4) potential for integration into
composites due to their low thickness (about 300 um) and
compatibility with polymer-matrix laminate and related
manufacturing processes. Ultrasound wave propagation in
materials is presented in [7].

II.  USUAL AE APPLIED TECHNIQUES

Acoustic Emission (AE) techniques have been studied in
civil engineering for a long time. The techniques are
recently going to be more and more applied to practical
applications and to be standardized in the codes. This is
because the increase of aging structures and disastrous
damages due to recent earthquakes urgently demand for
maintenance and retrofit of civil structures in service for
example.

Crack initiation can be determined by the appearance of
the AE signal at low stretch stress levels. After the crack
advent, the AE signals around the zero stress were thought
to be caused by crack-face grinding when the cracks were
closed.

2.1 Wireless Monitoring Techniques Based on MEMS

Existing monitoring systems use traditional wired sensor
technologies and several other devices that are time
consuming to install and relatively expensive (compared to
the value of the structure). Typically they are using a large
number of sensors (i. e. more than ten) which are connected
through long cables and will therefore be installed only on a
few structures. A wireless monitoring system with MEMS
(Micro-Electro-Mechanical-Systems) could reduce these
costs significantly [8]. MEMS are small integrated devices
or systems combining electrical and mechanical components
that could be produced. The principle of such a system is
shown in the scheme given in Figure 1.

L

Figure 1. Scheme for wireless sensing of structures using radio frequency
transmission techniques and MEMS [8].

2.2 Motes

Monitoring systems equipped with MEMS sensors and
wireless communication can reduce the costs to a small
percentage of conventional monitoring systems, and will
increase its field of application. For instance, due to the
detailed information of the structural behavior of bridges
obtained from the monitoring system, maintenance costs
could also be reduced, since inspection methods can be
applied more efficiently [9].
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Figure 2. Principle of MEMS based mote; Concept of the sensor and
processing board [9].

I1I.

Acoustic-emission activities have been shown to relate
to different stages of tensile tests of materials Figure 1
presents the cumulative AE count, AE count rate, and stress
versus strain relationship during a tensile test [10]. The
cumulative AE count is the sum of the count of all AE
events. The AE count rate is the time derivative of the AE
cumulative count. The beginning portion of the linear elastic
region is very quiet (i.e., low count rates and cumulative
counts) or is associated with an incubation stage. The AE
activity reaches its peak in the second stage right before
yielding occurs. After the material yields, the AE activity
decreases, but is still detectable until the material fails.

3D-Localization of acoustic emission events is a
powerful tool in quantitative AE techniques. It is the basis
of advanced signal interpretation and the discrimination
between signal and noise. Signal-based procedures, such as:
accurate 3D localization of damage sources, solutions for
fault plane orientation, and moment tensor inversion, are
described with respect to applications in civil engineering.
More quantitative analysis of the signals is based on a 3D
localization of AE sources (hypocenters) and the recordings
obtained from a sensor network. For instance, using moment
tensor inversion methods, the radiation pattern of acoustic
emission sources and the seismic moment (as an equivalent
to the emitted energy), as well as the type (Mode I, Mode 11,
and mixed modes) and orientation of the cracks, can be
determined [11].

Fatigue tests are usually long-term experiments. A great
amount of signals, including the noises from the load-chain,
are detected by the sensitive AE sensors during fatigue
testing. According to the time sequence for the guard and
main sensors to receive the signals, the signals originating
from outside the test section can be detected and discarded.
Crack initiation was determined by the first appearance of
the AE signal at low stress levels. This stage has a steady-
state dislocation motion that will eventually result in
microvoids and initiate microcracks. The third stage is an
AE-active stage. In this stage, cracks start to grow and
propagate. Many of the AE signals in the third stage can
come from the crack-tip plastic deformation, fracture of
hard inclusions, microcrack coalescence, transgranular
cleavage, and fracture along grain boundaries.

AE SIGNALS DURING TENSILE TESTING
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Figure 3. A tensile stress-strain curve and AE signals [10].

As example [10], the maximum stress was 644.8 MPa

with a ratio of 0.05, where:

Omin and O are the applied minimum and maximum
stresses, respectively. The frequency was 5 Hz initially to

study crack-initiation behavior.

Tabel 1 presents the main mechanical and thermal

properties of some construction materials.

TABLE 1. MECHANICAL AND THERMAL PROPERTIES OF DIFFRENT
CONSTRUCTION MATERIALS
Material | Longitudinal Transversal Poisson Thermal
elasticity elasticity Coefficient | Dilatation
module, E, module G, i Coefficient
daN/em?® daN/em® ar
Soft (2.0-2.15) (7.8-8.5)-10° | 0.24-0.28 12-10°
steel -10°
Hard (2.0-2.2) 8.5:10° 0.25-029 | 11.7-10°
steel -10°
White | (1.0-0.6)-10° 45-10° 0.23-0.27 10-10°
wrought
iron
Tin 0.2:10° 0.7-10° 0.42 26.7-10°
Copper (1.1-1.3) 4910° - 16.5-10°
-10°
Bronze 1.1-10° - - 17.5-10°
Brass (0.8-1.0) (3.5-3.7)10° | 0.32-0.42 18.4-10°
-10°
Brick (0.027- - - -
0.03)-10°
Concrete | (0.15-0.23) - 0.16-0.18 | (8.8-0.4)
strength -10° 10
100-200
daN/cm?
Concrete | (0.18-0.43) - - 10-10°
-10°
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Iv. THEORY

The acoustic emission (AE) signal can be divided into
successive type signal and sporadic type signal. This type of
AE signals are analyzed through the signal processor in the
form of variables such as the existence of a signal
generation or the shape of signal etc. excepting the signal of
special case. Therefore, in the signal processor, the critical
voltage is set up for the signal processing, and the acoustic
emission would be regarded to be generated if it exceeds the
critical voltage.

As shown in Figure 4, the displacement of one point x in
the external domain by the surface traction or the body force
(volume stress) at the micro area is expressed as follows
using the Green function [12].

Figure 4. Transfer function [12].

u,(x,1)= J.dx'j G,.j,k.(x, x',t— t')AO'jk (x',¢')dr'
—[dS", [ G, (e, t = )AL (' 1')dr

It is usually called transfer function. This function consists
of many sub transfer functions as follows.

2

G(x,t)= D(x,))*T(x,t)*C(x,t) (3

It can express as the convolution integral of each transfer
functions by the mold (D), the converter (T) and computer (C).

On the other hand, the output V (x, t) that is to be visibly
recognized is expressed as a function of G and S as follows.

V(x,t)=G(x,t)*S(x,1t) 4)

As remark, the direction of force is applied vertical to
the surface of the test piece.

V. EXPERIMENTAL WORK

The experimental works were made by an original set-
up, composed by: FPZ 10 Universal Testing Machine, Fritz
Heckert, Germany (Figure 5), an AE piezoelectric sensor
(200 kHz bandwidth), and TDS 3034B, Tektronix memory
digital oscilloscope for the sensor output displaying.

The metallic samples (aluminum and brass pipes) were
fasten into the mechanical testing machine at both ends, the
piezoelectric sensor was fixed on the sample surface by
mediation of Vaseline medium for a maximum
electroacoustic coupling between the sensor and sample.
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The metallic samples were precisely stretched by the
mechanical testing machine till their breaking. The AE
signals from the sensor output were continuous displayed

and memorized on the oscilloscope.

Figure 5. FPZ 10 Universal mechanical testing machine.

Figure 6 presents the AE sensor catch on the sample
surface. The AE piezoelectric sensor realizes the mechanical
- electrical conversion, revealing the AE signals from the
metallic samples, submissive at mechanical stretches by the

testing machine.

Figure 6. AE sensor is fixed with a spring instead of the dead weight used
for the tests.

The main technical

characteristics

piezoelectric sensors are presented into the Table 2

of some AE

Figure 7. Broken aluminum pipe after stretching.

Figure 8 presents the prevailed AE signals from the
sensor output in the breaking moment of aluminum pipe at
the maximum stretch.
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Figure 8. AE time spectra for aluminum pipe (¢ 20x150 mm,

and thickness 1mm).

Figure 9 presents a brass pipe structure after its breaking
produced by the stretch procedure.

r_

TABLE II. PROPERTIES OF SOME AE PIEZOELECTRIC SENSORS
Properties AE sensor characteristics
Out.er d1me1.151on Diameter: 20.5 mm x 124 mm Figure 9. Brass pipe after stretch cracking (¢10x150 mm and 0.5 mm
Effective sensing area Around 230 mm :
thickness).
Total mass (g) 12
Pleczze:li?:;fcgl?s;)(g) 53;06 Figures 10 and 11 present prevailed AE signals by the
Piezgelectric C}farge 150 sensor in the breaking moment of the brass pipe at the
coefficient ds, (1072 m/V) maximum stretch. Therefore, one can detect these emissions
Frequency range (kHz) 100 - 450 and predict the material failure.

Figure 7 presents the aluminum pipe structure after

breaking produced by the stretch procedure.
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Figure 10. AE time spectra for brass pipe at mechanical stretch, at the
oscilloscope display.
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Figure 11. Detailed AE time spectra for brass pipe at mechanical stretch.

Figure 12 presents the AE signals prevailed by the
sensor in the breaking moment of concrete sample at the
maximum stretch. Therefore, one can detect these acoustic
emissions and predict the material failure.

Figure 12. AE signals from a concrete sample at breaking point at
mechanical stretch.

Crack initiation was determined by the appearance of the
AE signal at low stretch stress levels. After the crack

Copyright (c) IARIA, 2011.  ISBN: 978-1-61208-145-8

initiated, the AE signals around the zero stress were thought
to be caused by crack-face grinding when the cracks were
closed.

Further, the AE signals cached by the sensor could be
stocked on the digital memory oscilloscope and then
analyzed in time and frequency, in order to determine the
relevant material structure characteristics, such as: the
attenuation coefficients, delaminating, voids, defects, etc.

Also, by signal graphic representation analysis in time
and frequency can be determined the attenuation coefficient
of the pulse into material. In the literature we can find
specific tables with experimental material parameter values
for different type of metallic samples and structures.

By studding the AE signals, one can detect the acoustic
emissions and predict the material failure. Each material
type, structure and geometry has particular AE impress. As
result, specific base data could be made and applied for
complex structures, and architectures such as: metallic
beams, crossbeam, bridges, buildings, etc.

VI. CONCLUSION

By these experimental works one can determine
practical information concerning the AE response of
different type of materials (aluminum, brass and concrete) at
mechanical strength and predict their behavior and
maximum strengths.

The AE signals prevailed by the sensor in the breaking
moment of samples at the maximum stretch, could offer
important data, in order to detect the AE emissions, predict
the material failure and cracks initiation into material.

In the future research it is provided to realize a large data
base, concerning the various materials samples behavior at
mechanical stretches and their AE signals analysis (shape,
amplitude, frequency, bandwidth, etc.). So, it can obtain
practical information about AE of monitories complex
construction structures, such as: bridges, containers fulfilled
with liquids, etc., in order to prevent the possible risks and
catastrophes, their breaking due to hostile environmental
(shocks, long time vibrations, bending, temperature
differences, etc.).
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Investigations on aluminum nitride thin film properties and design considerations
for smart high frequency ultrasound sensors
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Abstract— Basic investigations were carried out on the
usability of aluminum nitride thin films for the manufacturing
of ultrasound transducers. Some design considerations were
performed for different sensor designs, electrode sizes and
substrate materials in this work. It could be shown that the
electrode size can be smaller than 1 mm square for use as high
frequency sensors. Different substrate materials are principle
usable, like e.g. silicone, aluminum oxide or quartz. Additional
tests showed that these sensors can also be used for high
temperature application up to 200 °C. The reason is the very
good temperature resistance of the AIN thin films. The sensor
design was varied for these investigations and simulations
based on a MASON model assisted the material considerations.

Keywords: ultrasonic high frequency sensor; Aluminium
nitride thin film;

l. INTRODUCTION

Ultrasonic microscopes are frequently used for the non-
destructive evaluation of micro-technical components and
structures; because of their versatility and efficiency. The
frequency of an ultrasonic test system defines the attainable
resolution and the penetration depth into a material. The
higher the frequency is, the better is the resolution and the
smaller is the penetration depth. The efficiency of
conventional microscopes can be enhanced by a combination
with high frequency phased array (PA) techniques. With the
use of segmented transducers (~ into pixels divided sensors),
it is possible to evaluate the whole volumes of specimen in 3
dimensions. The advantage is that the ultrasonic transducer
does not need to be manipulated mechanically by a scanner.
The shape and the sound beam direction can be controlled on
a large scale since each of the array elements can be pulsed
with appropriate time delays. At present PA ultrasonic
sensors with working frequencies up to 20 MHz are
available, but frequencies above 50 MHz are necessary for
the applications that require a high resolution. Therefore new
high frequency PA sensors need to be developed.

A promising alternative piezoelectric material is
aluminum nitride (AIN). Aluminum nitride is a piezoelectric
but not ferroelectric material with a Wourtzite crystal
structure. Compared to the widely used ferroelectric
materials like PZT, AIN can not be electrically poled.
Therefore piezoelectric activity can only be achieved with
single crystals or with a polycrystalline structure with a
strong crystal orientation. To achieve a thickness vibration of
the sensor, a crystalline orientation in (001) direction is
necessary (c-axis of the AIN crystalline structure being
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oriented perpendicular to the substrate surface). AIN in this
condition exhibits several attractive properties that were
verified in various publications (e.g. [1]) and in our own
experimental work:

—  Piezoelectric coupling coefficient of 20 %

— Piezoelectric constant ds3 of about 8 pm/V

— Piezoelectric constant gs3 of about 100 mvVm/N

— High sound velocity for longitudinal waves 10700

m/s

— High dielectric strength of up to 20 MV/cm

— Low dielectric constant of 8,6

—  High electrical resistivity of more than 10" Qcm

— High temperature stability (up to 1000°C)

Additionally the AIN thin film technology is compatible
to CMOS technology and therefore interesting in MEMS
(Microelectromechnical Systems) and MOEMS
(Microoptomechanical ~ Systems)  fabrication.  Recent
publications show, that for these applications very thin films
(below 1pm, e.g. [2]) were deposited with deposition rates
between 5 nm/min [3] and 100 nm/min [4]. But until now
AIN is seldom used for ultrasonic transducers, only a few
groups are working on single element ultrasonic transducers
for low frequencies based on membrane vibration [5] or
based on thickness vibration to reach a high resonance
frequency of 100 MHz [6]. Further investigation on the
behaviour of thin film AIN piezoelectric sensors and design
consideration need to be performed.

Il.  TEST SETUP AND MEASUREMENT METHODS

A simple layout was used for optimization of deposition
process in previous investigations [7]. Here additionally
sensor investigations were carried out for high temperature
storage; and design considerations performed for different
substrate materials with the same test layout. An electrode
structure with 10 mm diameter was deposited on an isolated
silicon wafer. An aluminium nitride film in a circle structure
with a diameter of 13 mm was deposited, followed by a
second aluminium electrode to fabricate the sensor and the
interconnection pad on the top side as shown in Fig. 1. The
aluminum electrodes all have a thickness of 150 nm. These
deposition processes were carried out at Fraunhofer Institute
for Electron Beam and Plasma Technology - FEP in
Dresden.
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Figure 1. Ultrasonic sensors on silicon wafer

Additionally design considerations were carried out with
different electrode sizes. The layer thicknesses and sequence
are same as we used in the first experiments. Only the layout
was changed as can be seen in fig. 2. The bottom electrode is
a square shaped aluminum electrode with a large ground area
around for a better electromagnetic shielding. On top of the
bottom electrode a square shaped AIN Layer with a thickness
of 10 um and an edge length of 5mm follows. The top
electrode is also square shaped with the same edge length as
the bottom electrode and a short track for the connection of
the measurement tips. Sensors with edge lengths of 5 mm,
1 mm, 0.5 mm and 0.3 mm were manufactured with the
optimized sputtering parameter sets on a 6” silicon wafer.
The bottom electrode for the smallest electrode size of 0.3
mm was 0.5 mm to reduce effects caused by a misalignment
of the masks. The optimized unipolar and bipolar deposition
parameters were used for the deposition of 6” isolated silicon
wafers with 17 pieces of the same geometry on each
substrate.

| mm

5 mm

Figure 2. Layout for electrode size variation experiments with coaxial
bottom electrode (full line), AIN layer (grey) and top electrode (dashed
line), exemplarily for 1 mma2 (left) and 25 mm?2 (right).

A. Pulse Echo Measurements

The sensor tests were performed with the pulse echo
measurements too [7]. The AIN sensor served as an acoustic
transmitter and receiver. The pulser and receiver DPR 500
(JSR Ultrasonics) was used to excite an acoustic sound wave.
The ultrasound wave propagates through the substrate, is
reflected at the interface substrate-air and travels back to the

Copyright (c) IARIA, 2011.  ISBN: 978-1-61208-145-8

AIN layer. There the ultrasound wave excites a voltage
signal which can be measured and evaluated.

The maximum amplitude of the received voltage signal
was used to evaluate the AIN film quality depending on the
deposition parameters. The measured voltage values were
calculated to absolute voltage values without gain for a better
comparability. The fig. 3 shows a typical time response with
multiple back wall echoes. To avoid an influence of the
sending signal, we did not evaluate the first back wall echo
but the fourth.
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Figure 3. Echo pulse signal from silicon back wall reflection

B. Measurements of piezoelectric constant ds;

The piezoelectric charge constant ds; was determined
with a conventional Berlincourt-Meter (Piezotest PM300).
The samples were clamped and loaded with an alternating
force. The generated electric charge was compared to the
value of a reference sample to obtain the piezoelectric charge
constant. The measurements were carried out by applying an
alternating force of 0.25 N and a frequency of 110 Hz; see
[7]. Additional test specimen with new substrate materials
were created after the optimization of the AIN thin film
deposition process. Different substrate materials, like
aluminium oxide, glass, quartz and aluminium were
investigated. This is important for the sensor design
considerations, because different substrate materials have
different mechanical and acoustic properties, which have an
influence on the thin film ultrasonic transducers. The
mechanical clamping of the thin film to the substrate plays
an important role as well as the geometry dimensions. The
relative big thin film sensor area in versus to the thin film
thickness has a second influence on the d;; measurement
with this method. This takes effect as a second clamping.

C. Modelling of sensor design for single element
transducer

The basis for the simulation of different thin film sensor
designs and substrate materials was a MASON model. This
model was created by electrical engineering values for the
piezo-effect. The Model in these investigations was build in
PSpice and consists of a transmission line driven by an ideal
transformer (fig. 4). The single element transducer in this
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transmission line was described by modelling of all layer
materials, and therefore the material properties needed to be
known.
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Figure 4. PSpice-Model of a AIN single element transducer

D. Measurements of warping with Laser vibrometer

The warping vibration of the sensor thin films of the
single transducer was determined with an ultra high
frequency Laser vibrometer UHF-120. The investigation
took part at Polytec laboratories. This measurement system is
able to detect mechanical vibration up to 1.2 GHz. Other
conventional Laser vibrometers are only working in the
frequency range of 20 MHz and couldn’t be used here.

A sinusoidal voltage with an amplitude of +/- 3 V was
applied to the single element transducers to realize a
continuously excitation and vibration. The mechanical
warping of the thin film elements was measured in z-
direction in a range of some 10 pm. Afterwards the exciting
frequency was raised continuously to detect the resonance
frequencies of the thin film sensors. Additionally the laser
worked in a scanning mode to evaluate the vibration pattern
of the complete sensor surface.

HeNe Laser

Beam splitter 2

Optical lens

L

Specimen

Beam splitter 3

Bragg cell

I'4 Beam splitter 4

Figure 5. Principle of Laser vibrometer
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I1l.  EXPERIMENTS AND RESULTS

A. Substrate variation and temperature storage

An acceptable piezoelectric activity could be proofed on
a variety of substrate materials, which are common in
electronics manufacturing, using sputtering parameter sets
found in earlier investigations [7]. The dss;-meter can be used
for a very fast estimation of the thin film quality for AIN
sensors with the same substrate material and film thickness
(see Fig.).

The measured value ds; is not the actual ds; value. This
follows from the mentioned clamping of the thin film
transducer on the substrate. During the testing with the das-
meter the sample should only be loaded by the force head
with a stress in thickness direction, which means parallel to
the crystal orientation to obtain an unaffected ds; value.

/" | | |
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- | | |
e

J e e B

das [pCIN]
<
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Aluminium Glass Al203 bipol.

Deposition
pulse mode

Figure 6. Results of ds; constants for AIN sensors deposited on different
substrates

In this case an additional stress in planar direction is
induced, because of the clamping of the thin film on the
substrate and because of the very low ratio of film thickness
to diameter. Therefore the measured ds; value is lower than
the true value and depends on the Poisson ratio of the
substrate material. The lower the Poison ratio of the substrate
is, the lower is the measured di; value. The rather hard
materials which have a lower Poisson ratio and a lower
elongation coefficient (e.g. 2.0 for silicon and 23.0 for
aluminium o in [10%/K]), show also lower ds3 measurement
results. This relationship can be seen in fig.6. These results
are similar for both deposition processes.

Additionally the sensors were stored at high temperatures
to evaluate the influence on the piezoelectric properties of
the AIN and the substrate. The maximum signal voltages of
the pulse echo measurements of all sensors were obtained,
but a direct comparison was not possible because of the
different substrate thicknesses and acoustical damping
coefficients. Monocrystalline silicon has a much lower
damping coefficient compared to the other substrate
materials and therefore the maximum voltage received is
much higher. For all materials it is obvious, that the
temperature storage at 200°C had no significant influence.
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Figure 7. Piezoelectric charge constant of AIN thin film before and after

temperature storage

For aluminium, aluminium oxide and silicon no change
in the ds3 value could be observed, but the ds; value of glass
seemed to be much higher. Due to the fact, that there was no
change in the measured back wall echo amplitude, it can be
assumed that this effect is not caused by a change of the AIN
properties, but by a change of the glass structure.

B. Laser vibration measurements

Figure 8. Vibration style of a thin film sensor at 128 MHz with max. z-
warping of 11 pm

The figure 8 shows an example of the resonance
behaviour of a thin film sensor at 128 MHz, which is nearly
the lambda/4 vibration. A mechanical z-warping of the AIN
thin film sensors by exciting with an electrical voltage could
be detected with these Laser measurements.

The result shows a small displacement of the centre of
warping vibrations from the sensor midpoint. The reason of
this behaviour can be explained by the sensor geometry and
the additional warping of the silicon substrate. This was an
excellent test for investigating different sensor electrode
designs and substrate materials in the future.
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C. Simulation results

The influence of typical materials parameters can be
calculated and the results compared to the pulse-echo
measurements with the simulation of thin film layers by the
MASON model. Therefore it is necessary to use the exact
geometries, density, acoustic wave velocity and piezoelectric
charge constants, e.g. to compare the real measurements with
the simulation results. In the fig. below can be seen a
simulated back wall echo signal with a silicon substrate of
500 micron thickness and a transducer geometry like
mentioned above.

150

Voltage in V
8

Timeinns

Figure 9. Simulated back wall echo from silicon substrate

D. Electrode Size Variation

The variation showed a detectable reflected ultrasound
wave for all electrode sizes. Sensors with the smallest
electrode size and deposited with the bipolar mode could not
be used for measurements. For these sensors a misalignment
of the masks caused short circuits between top electrode and
ground layer.

The overview of the measured maximum signal
amplitudes is shown in fig. 10. For both parameter sets the
electrodes with 1 mm?2 showed the highest signal amplitude.
All measurements were done with a conventional pulser-
receiver with an input impedance of 50 Q2 without additional
impedance matching of the sensors. The impedance of the
sensors with an electrode area of 1 mm? fits best to the
characteristic impedance of the measurement cables used and
the input impedance of the hardware. The reflection
coefficient for these sensors is much lower than for the
sensors with other geometries. The matching of the electric
impedances, the sensor size and the film properties influence
the maximum signal amplitude. Therefore there is no direct
dependency visible between the maximum signal amplitude
and the electrode area. But we could prove that it is possible
to send and receive ultrasound waves with very small
electrodes, which is important for an application of these
films in phased array ultrasound transducers.
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Figure 10. Maximum amplitude |Vmax| of the 4th back wall echo without
additional gain for square shaped electrodes with edge lengths of 0.3mm,
0.5 mm, 1 mmand 5 mm.

The variation of the mean values for the unipolar mode is
between 7.5 % for the 1 mm? electrodes and 15.6 % for the
25 mma2 electrodes. The variation of the values for the bipolar
mode is higher. It varies between 15.7 % for the 0.25 mm?
electrodes and 21.5 % for the 25 mm?2 electrodes.

Fig. 11 shows the single values for the measured
maximum amplitude of the different sensors for both
deposition parameter sets. A dependency between maximum
amplitude and sensor position on the substrate could not be
found. Therefore a misalignment of the masks (e.g. offset or
rotation) could not be the main reason for the higher
scattering with the bipolar deposition mode.

Further there was no connection between a low
amplitude and the position of the sensor that was similar on
all substrates. Thus a systematic variation of the film
properties or crystal structure caused by the deposition
process could be excluded.
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Figure 11. Maximum amplitude |Vmax| of the 4" back wall echo without
additional gain for square shaped electrodes against sensor position on the
silicon substrate. Each electrode area was sputtered with unipolar (top) and

bipolar (bottom) deposition mode.

IV. CONCLUSION AND VISION

Basic investigations were carried out for different
ultrasonic thin film AIN sensor designs, electrode sizes and
substrate materials. It could be shown that the electrode size
can be smaller than 1 mm square for use as high frequency
sensors. Additionally test of different substrate materials
have shown, that this sensor substrates can also be use in
higher temperature application up to 200 °C. The reason is
the very good temperature resistance of the AIN thin film
transducers. The sensor design was varied for these
investigations and simulations of layer thicknesses based on
a MASON model have assisted the material considerations.
Different substrate materials are principle usable, like e.g.
silicone, aluminum oxide or quartz.
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The development of thin film based ultrasonic sensors
should enhance the application range of ultrasonic
microscopes. Especially the non-destructive evaluation
becomes more and more important for micro-technical
components, heterogeneous structures, new materials like
reinforced carbon fiber composites and thin film
components in the flat screens or solar cells. Today these
components were investigated with the ultrasonic
microscope and mechanical scanning of single transducer
during the components are placed in a liquid bath. The
ultrasonic microscope is therefore very sensitive in case of
delaminations, flaws, pores, cracks and gives important
information about the consistence and quality of a product.
The evaluations were carried out with single element
transducer and frequencies from 5 MHz up to 200 MHz.
The measurement time is relative long caused by the
necessary mechanical scanning and the lateral resolution
limited by the scanner precision. For the scanning in z-
direction also a parallel use of 2 to 4 single transducers
focusing in different depth are necessary. With the use of
phased array sensors working in higher frequency range
then today available, this technique will become more
effective. The vision of the project idea is the development
and demonstration of a new ultrasonic sensor test system
with high frequency phased array transducer for the
evaluation of complex three-dimensional components,
structures or medical Applications. Therefore a new phased
array sensor has to be developed on the basis of
piezoelectric thin films. A demonstrator working in a
frequency range above 50 MHz in phased array technique
with multi-channel electronic will be created in further
investigations.
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Reactive pulse magnetron sputtering for deposition of piezoelectric AIN layers
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Reactive pulse magnetron sputtering of Al targets in a gas
mixture of Argon and Nitrogen allows the deposition of AIN
layers at high deposition rates of up to 200 nm/min. In the
reported experiments films were deposited AIN onto unheated
substrates with a thickness of typically 10 pm. Deposited films
have been characterized for a variety of layer properties using
e.g. XRD, SEM, profilometry, weighting and piezoelectric
measurements regarding crystalline structure and orientation,
surface morphology, density, film stress and piezoelectric
coefficient d;;. The characterized AIN films can be classified
into 2 groups. The first group shows a nearly pure 001
orientation of the crystalline structure, an undisturbed surface
morphology, a high density and a very high piezoelectric
coefficient d;; of up to 7.2 pm/V on silicon substrate. The
second group exhibits a dominating but not pure 001
orientation, disturbances in the surface morphology, a slightly
lower density and a piezoelectric coefficient close to zero. The
range of the process parameters pulse mode, pressure,
sputtering power and reactive working point to achieve the
layers of the first group is very narrow. Surprisingly films with
high piezoelectric constant can be obtained both by strong and
moderate particle bombardment during deposition using
adapted parameter sets. The suitability for the intended
application in high frequency ultrasonic phased array sensors
systems is investigated using pulse echo measurements.

Keywords: Reactive pulse magnetron sputtering, AIN,
Piezoelectric layers, Ultrasound

I. INTRODUCTION

New 3-dimensional integrated electronic devices, next
generations of textured materials like carbon fiber reinforces
polymers (CFRP) and complex multilayered devices like
solar cells require new approaches for non destructive
evaluation techniques. One area of research and
development are high frequency ultrasonic phased array
sensors systems that combine the performance of phased
array methods with the resolution of a scanning acoustic
microscope. The very high frequencies in phased array
sensors require a very thin transducer thickness and cannot
be realized with traditional piezoelectric materials like PZT
ceramics, piezoelectric 1-3 composites or polymers like
polyvinylidenfluoride (PVDF). A promising alternative
piezoelectric material is aluminum nitride (AIN).

Aluminum nitride is a piezoelectric but not ferroelectric
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material with a Wurtzite crystal structure. Compared to the
widely used ferroelectric materials like PZT, AIN cannot be
electrically polarized. Therefore piezoelectric activity can
only be observed in single crystals or in a polycrystalline
structure with a strong crystal orientation. To achieve a
thickness vibration of the sensor, a crystalline orientation in
(001) direction is necessary (c-axis of the AIN crystalline
structure being oriented perpendicular to the substrate
surface).

In this paper, piezoelectric AIN films with a thickness of
up to 10 um were investigated. The reactive pulse magnetron
sputtering process was optimized for high rate deposition of
AIN thin films with strong piezoelectric properties.

II.  EXPERIMENTAL

Coatings were carried out in cluster type sputter
equipment using the Double Ring Magnetron DRM 400
developed at Fraunhofer FEP. This type of magnetron
combines two concentric discharges allowing uniform
coating of substrates with a diameter up to 200 mm [1].
Figure 1 shows the schematic of the deposition set up. Pulse
powering at 50 kHz in unipolar or bipolar pulse mode was
applied using the pulse unit UBS-C2 of Fraunhofer FEP and
standard DC power supplies. Pure metallic aluminum
targets were sputtered in a mixture of argon and oxygen as
reactive gas. A closed loop control of the reactive gas inlet
allowed stabilizing the process in the so-called transition
mode, where stoichiometric films are deposited at high
deposition rates.

Using the DRM 400, the pulse mode of the pulse
magnetron sputtering process can be changed between
unipolar and bipolar. In the unipolar pulse mode, a pulsed dc
is applied between each of the two targets and the separate
hidden anode. In the bipolar pulse mode, a voltage with
alternating polarity is applied between the two targets. For
the two pulse modes, the plasma properties are completely
different (Table I). Thus, variation of the pulse mode allows
new degree of freedom to optimize deposition process. On
one hand, the unipolar pulse mode shows low thermal
substrate load and it allows e.g. coating of very temperature
sensitive substrates. On the other hand, in the bipolar pulse
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mode a very intense energetic ion bombardment occurs that
allows deposition of very dense films.
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Figure 1. Deposition setup for sputter deposition

TABLE L RESULTS OF LANGMUIR PROBE AND TEMPERATURE
MEASUREMENTS, SIO, SPUTTERING AT 7.5KW
Pulse mode unipolar bipolar
Plasma density  [1/cm®] | 1.8:10" 11.0-10'
Electron [eV] 10 6
temperature
Thermal 2
substrate load [W/em'] 1 0.15 0.75

From literature it is known, that the sputter parameters
strongly influence the piezoelectric behavior [2]. Thus, for
each of the two pulse modes the power and voltage applied
to the sputter target as well the pressure was varied to find
optimal process parameters for the deposition of AIN layers
with highest piezoelectric properties. In Table 11, deposition
parameters are summarized.

TABLE II. RANGE OF ALN DEPOSITION PARAMETERS
Sample AIN-UP AIN-BP
Pulse mode unipolar bipolar
Preheating room room
temperature temperature
Power [kW] 6...13 6...13
Pressure [Pa] 0.15...2 0.15...2
Deposition rate  [nm/min] 100...200 80...160

For the evaluation of piezoelectric properties, a simple
ultrasound transducer test layout was used. An electrode
structure with 10 mm diameter was deposited on an isolated
silicon wafer. An AIN film in a circle structure with a
diameter of 13 mm was deposited, followed by a second
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aluminum electrode to fabricate the sensor and the
interconnection pad on the top side. The structures were
realized by using laser cutted aluminum oxide ceramic
masks with a high stiffness to prevent bending when being
reused. The area of the deposited sensor layer needs to be
larger than the electrodes themselves, because there occur
edge effects during the deposition process, which influence
the piezoelectric behavior of the sensor.

III. STRUCTURAL, ELECTRICAL AND MECHANICAL
PROPERTIES

The characterized AIN films can be classified into 2
groups. The first group shows a nearly pure 001 orientation
of the crystalline structure, an undisturbed surface
morphology, a high density and a very high piezoelectric
coefficient d;3 of up to 8 pm/V. The second group exhibits a
dominating but not pure 001 orientation, disturbances in the
surface morphology, a slightly lower density and a
piezoelectric coefficient close to zero. The range of the
process parameters pulse mode, pressure, sputtering power
and reactive working point to achieve the layers of the first
group is very narrow. Surprisingly films belonging to the
first group with high piezoelectric constant can be obtained
both by moderate and strong particle bombardment during
deposition in unipolar and bipolar pulse mode respectively.

Figure 2 shows the XRD diagrams of films with nearly
pure 001 orientations (002 and 004 peaks) deposited in
unipolar and bipolar mode. Figure 3 shows the results of
SEM investigations on these samples. The fracture in the
SEM micrograph exhibits in both cases a dense
microstructure. Surface morphology is rather coarse in
bipolar compared to unipolar pulse mode. In Table III, most
important layer properties for the two layers with highest
piezoelectric properties are summarized. Films deposited in
bipolar mode exhibit slightly higher values of piezoelectric
coefficient, density, resistivity and breakdown field strength,
but show significantly stronger compressive stress.

TABLE IIL DEPOSITION PARAMETERS AND LAYER PROPERTIES FOR
PIEZOELECTRIC ALN LAYERS
Sample AIN-UP AIN-BP
Pulse mode Unipolar Bipolar
Crystalline orientation o o
(fraction) 002 (99.9%) | 002 (99.9%)
Density [g/em3] |3.16 3.20
Break down field MV/em] |23 3]
strength
Resistivity [Qem] | 5.310™ 1.2:10"
piezoelectric charge
constant d33 [pm/Vl | 6.5 7.2
Mechanical stress [GPa] -1 -2
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Figure 2. XRD diagrams (a: unipolar pulse mode, b: bipolar pulse mode)

Figure 3. SEM-micrographs of AIN films, thickness 10um (a: unipolar pulse mode, b: bipolar pulse mode)

IV. CHARACTERIZATION OF PIEZOELECTRIC PROPERTIES

The AIN thin films were used already for SAW filters,
microwave filter or resonator and ultrasound transducers [3-
5]. One possible new application is as sensor thin films in
special phased array ultrasound transducers. For this
application, the transformation of electrical energy in
acoustical energy and vice versa has to be verified and
quantified. Acoustical measurement in pulse echo mode
were carried for each sensor to characterize the vibration
behavior and the maximum signal voltage. Afterwards the
electrical properties and piezoelectric charge constants were
measured with a Berlincourt-Meter.

A.  Pulse Echo Mode

In the pulse echo measurements the AIN sensor serves as
an acoustic transmitter and receiver. The pulser and receiver
DPR 500 (JSR Ultrasonics) was used to excite an acoustic
sound wave. The ultrasound wave propagates through the
silicon substrate, is reflected at the interface silicon-air and
travels back to the AIN layer. The aluminum metal electrode
with 150 nm thickness has only a very small influence and
can be neglected. The mechanical vibration pulse gets
transformed to an electrical signal, which can be measured.

The illustration in Figure 4 shows the schematic setup of
the pulse echo measurements. All AIN sensors were
connected to the pulse generator and were excited with a
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needle pulse at high amplitude (-143 V) and very short pulse
time (~1.4 ns). The receiver was set to a gain of 36 dB and a
high frequency pass filter between 30 MHz and 500 MHz
was used.
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Figure 4. Measurement setup with Pulser/Receiver and PC Digitizer Card.

In the first tests the receiver output was connected to an
oscilloscope, but during the evaluation of all AIN sensors
the receiver signals where transmitted to a PC Digitizer
Card (Aquiris U1071 A, Agilent Technologies). This
hardware has an real-time sampling rate up to 2 GS/s and
the amplifier response are optimized to ensure that high-
frequency measurements can be made with a bandwidth (-3
dB) of maximum 1 GHz. The sending pulse after excitation
could be observed, followed by multiple reflections from the
silicon back wall. The distance between the multiple echoes
equals the time the ultrasound longitudinal wave needs to
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pass through the silicon and return back. Because of the
small damping behavior of silicon, the echo pulse signal is
relatively long. The evaluated sensors were deposited on
silicon substrates with the same thickness and were excited
with the same electrical pulse. Therefore the amplitudes of
the received signals could be used to compare the sending-
receiving efficiency of the different AIN transmitters
indirectly.

In the right handed diagram of Figure 4, a typical time
response with multiple back wall echoes is shown. To avoid
an influence of the sending signal, the first back wall echo
was not evaluated, but the fourth. In Figure 5, the fourth
back wall echoes are shown for the optimized layers
deposited in the unipolar and bipolar pulse mode as well as
for a not optimized layer. Strong differences in the
transmitting and receiving properties of AIN based sensor
could be verified as result from the different sputtering and
deposition parameters.

0,60

——bipolar
unipolar
—not optimized

0,40

0,20

0,00

-0,20

-0,40

Max. signal voltage [V] (36dB gain)

-0,60
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Figure 5. Examples of signal amplitudes of one back wall echo depending

on the deposition parameter set.

B. Berlincourt-Meter

Additionally the piezoelectric charge constant (ds;;) was
measured with a Berlincourt piezometer PM 300 (PiezoTest).
The samples were clamped and loaded with an alternating
force. The generated electric charge was compared to the
value of a reference sample to obtain the piezoelectric
charge constant. The measurements were carried out by
applying an alternating force of 0.25 N and a frequency of
110 Hz. Quasi-static measurements of the dissipation factor
tan 6 and the electric capacity of the AIN sensor layers was
performed at a frequency of 1 kHz.

Measured Samples piezoelectric charge constant dj;for
AIN thin films was between below 1 pC/N and 7.2 pC/N in
maximum. The reasons for these differences is the different
microstructure and c-axis orientation of the AIN thin films.
Figure 6 shows, that the ds; value can be correlated to the
maximum signal voltage obtained in the pulse echo
measurements. Therefore the Piezometer can be used for a
very fast estimation of the thin film quality for AIN sensors
with the same substrate material and film thickness.
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Figure 6. Correlation of maximum pulse amplitude and piezoelectric
charge constants.

V. CONCLUSIONS

In this paper, the piezoelectric behavior of ultrasound
sensors based on the AIN thin films was investigated. The
process parameters like pulse mode during sputtering,
power and process pressure strongly influenced the
crystalline growth and the orientation of the thin films. As
result, sensor samples with excellent c-axis orientation were
obtained, that were investigated regarding their structural,
electrical and mechanical properties. The electro acoustic
measurements and the evaluation of the piezoelectric charge
constants have shown good piezoelectric activity. But, the
piezoelectric activity is depending strongly on the
deposition parameters. For AIN thin films on silicon
substrates, ds;; was about 7.2 pC/N in maximum for films
with nearly perfect c-axis orientation and it was below 1.0
pC/N for films with weak c-axis orientation. Also in pulse
echo measurements, the AIN sensors with good c-axis
orientation showed a much higher echo amplitude.
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Abstract— This ultrasonic sensor made of a copper delay line
operates in dry coupling configuration to detect modifications
of the contact quality between two materials under
compressive stress by measuring the acoustic energy reflected
on the air volumes trapped at the interface. Frequency domain
analysis of the first delay line round trip echo is useful to
operate with harmonics for different selectivities to the
interface properties but, pressed on a unpolished copper plate,
the sensitivity of acoustic reflection to contact quality vanishes
for high roughness level. To overpass this limitation,
measurement with the sixth delay line echo has been
successfully performed to investigate the stress dependence of
the contact quality between a copper plane surface and rugged
industrial materials such as amorphous carbon and carbon-
carbon composite. This acoustic method, associated with an
electric contact resistance measure, has given a direct insight of
the deformability of the interface depending on the roughness
and the mechanical properties of the two materials involved in
the connection. Plasticity, anelasticty effects are observed.
Acoustic waves and electromagnetic ones are also not
perturbed in the same way by the gas interface modification
versus mechanical loading.

Keywords - Dry coupling; contact area; contact resistance;
carbon composite; acoustic reflection coefficient.

L INTRODUCTION

The interface between two mechanically tied materials in
service is generally difficult to access in a non destructive
way. Yet, evaluation of the contact area can be a reliable
parameter to detect the wear level of the connection and to
predict its tribological behavior. For instance, in some
industrial applications, electric contacts are obtained by
maintaining a given mechanical load on the two materials in
contact. At this interface, the electric contact resistance is
controlled by current constriction effect and by the insulating
properties of pollution layer. From a mechanical point of
view, contact surface roughness and material elasticity are
predominant factors. Echography measurement performed in
dry coupling configuration may give access to these
parameters [1][2]. For all these reasons, we developed a
specific ultrasonic sensor to detect in a non destructive way
the variations of the contact quality from the reflection
fraction of ultrasounds on the gas volumes trapped within
two contact surfaces as function of the applied mechanical
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load [3]. When the two sides of the contact are conductive
ones, the electric contact resistance can be also
simultaneously measured [4].

II.  SENSOR PRINCIPLE AND EXPERIMENTAL
CONFIGURATION

By definition, a contact is the association of two
materials. The concept of our device is to use, as our sensor
delay line, one of these two materials and to press it against
the second one lately called “the sample”. In our
demonstrator, a piezoelectric cell is placed in a cavity within
a metallic rod mounted on a load cell. This piezo-ceramic
emits the acoustic pulse and detects the reflection at the end
of the rod acting as a delay line. For simultaneous electric
contact resistance measurement, a source meter is used in a 4
wires configuration: current injection and voltage
measurement are done with screwed contacts on the metallic
rod and clamped ones for the sample (cf. Fig 1).

@ Mechanical load

> Acoustic wave

Piezoeletric disc

Delay line

%
Ity
1 MA:_ SR

Eall ring for
play system
compensation

= Sensor holder

[FaeEe e 5]

Figure 1. Sensor and experimental setup descriptions

To measure the acoustic reflection at the interface, we
calculate the ratio of the reflected pulse energy to its value
when the sensor is in air, since reflection coefficient between
solid and gas is almost unity. This measurement is done from
the first round trip echo digitized with a scope. This signal is
recorded simultaneously with the corresponding value of the
applied load reached during the mechanical test. To
investigate the behavior of the contact interface versus
mechanical stress, we chose to perform three successive
loading and unloading cycles up to a compression strength of
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4500 N. The cross-head displacement speed is maintained
down to a sufficiently low level in order to deal with the time
response of our different equipments. Fast Fourier Transform
analysis is used to get the reflection coefficient for various
frequencies using the harmonic modes of the piezoelectric
cell. For our demonstrator, we used a PICI55 type
piezoceramic disc with a diameter of 16 mm and a thickness
of 2 mm. The outer diameter of the sensor is 30 mm defining
the geometrical size of its contact area. This last dimension
gives only the apparent size of the sensor contact area.
Nevertheless, the real contact area may be far smaller and
not accurately known especially at the interface with rough
surfaces. For this reason, we chose to present on figures the
applied load and not the supposed stress values.

III.  APPLICATION TO CONTACT EVALUATION FOR
COPPER/COPPER INTERFACE

Copper is a material commonly used for electric
connections and, for some applications, this is achieved by
mechanically loading or tightening two plane surfaces. To
investigate this kind of connection, our sensor has been made
of a copper rod pressed against a thick copper plate in order
to prevent time superposition of the successive round trip
echoes in this plate with the multiple delay line echoes.

In Figure 2, we present the variation of the reflection
coefficient at the interface with a mirror polished sample.
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Figure 2. Evolution versus applied load of the acoustic reflection
amplitude measured from time or frequency analysis for a copper mirror
polished samle

For this test, the energy of the first delay line echo is
measured versus applied strength. Two calculation methods
are presented: the peak to peak amplitude or equivalently the
RMS value of the acoustic echo and a second approach using
the amplitudes of the modes (fundamental and harmonics)
obtained from FFT analysis. This figure shows that the
contact quality increases rapidly for mechanical load smaller
than 1000 N and then reaches slowly an optimum value
around 4000 N. Indeed, as strength increases, the air volumes
trapped within the vicinity of the two surfaces decrease due
to the compressive strain of the surface asperities and this
decreases the reflection of the incident acoustic pulse.
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Compared to time domain analysis (RMS), information
contained by FFT for the fundamental mode (2.35 MHz) is
slightly more sensitive to the acoustic reflection evolution.
For a given load, the acoustic reflection value measured
using the first harmonic mode (6.7 MHz) is systematically
higher compared to fundamental mode analysis. This is
explained by wavelength consideration : the smaller the
wavelength is compared to the interface defects, the worst
wave propagation through the interface is.

Next, we compare the interface behavior between the
previous mirror polished copper sample and the same
material unpolished with a 120 grade sandpaper (cf. Figure
3). It can be noticed on the curve for the mirror polished
surface that the reflection coefficient evolution is different
for the first compression loading compared to the rest of the
mechanical test due to surface plasticity.

For the unpolished surface, ultrasounds remain almost
completely reflected because the interface is too much filled
with air even for a 4500 N mechanical load.

This test demonstrates the sensitivity of this method to
measure the mechanical contact quality and the roughness
level detectable range.
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Figure 3. Effect of roughness on the evolution of the interfacial acoustic
reflection for a plane copper to copper contact

With our experimental set-up, the electric contact
resistance is measured simultaneously with acoustic
reflection in order to give a further insight of the quality
contact between the two copper surfaces. Electric contact
resistance is known to depend on an electric field
constriction effect due to the contact area delimited by the air
volume trapped in the residual roughness. Surface pollution
can also create an insulating layer strained by the mechanical
load. Copper oxide has generally to be taken into account but
we assumed that, using later samples with rough surfaces,
their asperities should be large enough to sufficiently indent
this insulating layer limiting its effect on electric measure.
Despite the surface roughness created with the 120 grade
sandpaper, the Figure 4 shows a fast decrease of the contact
resistance down to only few fractions of milli-ohms as
expected for a copper made contact. Secondly, its value is
already smaller than few milli-ohms for a mechanical load of
only few Newtons.

140



SENSORDEVICES 2011 : The Second International Conference on Sensor Device Technologies and Applications

B.00E04

T50E04

TO0E04

6.50E-04

6.00E04

Electric contact resistance {Ohm)

550E04

0 1000

2000 3000
Applied load (N)

4000

Figure 4. Evolution of the electric contact resistance versus applied load
for the unpolished copper sample

For the unpolished sample, comparison of Figures 3 and 4
shows that the correct contact resistance level is achieved at
very low mechanical load whereas the mechanical contact
area detected by Acoustics is very poor due to the large
amount of air trapped at the interface. Indeed, for electric
fields, few contact spots are enough to enable a good current
flow. At the opposite, ultrasonic waves can not travel
through air filled surfaces and are totally reflected. So, to
extend the application range of our sensor to rougher
surfaces such most of industrial materials have, we have
increased its sensitivity using higher order reflection
coefficient measurement.

IV. ACOUSITC REFLECTION METHOD DEDICATED TO
ROUGH INTERFACE CONTATC QUALITY EVALUATION

The aim of the following tests is to succeed in detecting
the evolution of the contact between a plane copper surface
and materials with a large roughness.

A. Samples description

For these tests, we used 30 mm wide cubes of amorphous
carbon materials and plates of woven carbon-carbon
composites (25 mm x 25 mm x 10 mm). These two carbon
made materials have different surface states due to their
fabrication process (cf. Fig. 5 a) and b)). Both materials have
a large roughness with faults as deep as 200um from
topography maps obtained with a Scanning Acoustic
Microscope using a 100 MHz acoustic focused lens (cf. Fig.

5¢)).

a) amorphous carbon surface b) carbon-carbon composite
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Figure 5. Caracterisation and comparison of the samples topography

B.  Optimisation of the sensivity to the contact quality

Thanks to material elasticity or deformability, roughness
tends to decrease under compressive stress but this effect
will be quite small for our carbon samples due to the large
size of their faults. So, to amplify the variation of acoustic
reflectance at the copper/carbon interface, we used the sixth
delay line round trip echo. Its energy is measured and
normalised with sensor in air configuration but this “acoustic
reflected energy” is not the interface reflection coefficient.

With this method, variation of contact quality has been
successfully detected for amorphous carbon and carbon-
carbon composite (cf. Fig. 6), showing a better deformability
of this second material. On these curves, hysteresis loops are
visible. For each material, the upper parts correspond to
mechanical loadings and the lower ones to unloadings. This
effect is associated to anelasticity.

amorphous carbon

09 oo

0.8 frmmmmmemmmmee s

carbon-carbon composite

Acoustic reflected energy (a.u)

0.7

2000 3000 4000

Applied load (N)

0 1000

Figure 6. Detection of quality contact evolution for industrial carbon
samples pressed against a mirror polished copper surface using the sixth
round trip delay line echo

On these materials, contact resistance measurement
reveals that the carbon-carbon composite provides the best
electric contact (cf. Fig. 7). Compared to amorphous carbon,
its contact resistance is smaller and is also decreasing faster.
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Figure 7. Electric caracterisation of the contact quality at the interface
between carbon materials and a polished copper plane surface

This information could be helpful to determine for
example the optimum torque to use in order to avoid cracks
generation due to over loading when screw-binding is used.

C. Surface rougnhess otpimisation for amorphous carbon
material

In an attempt to find the best contact conditions, we
modified the roughness of the sensor by gradually
unpolishing its copper surface. The figure 8 shows that
unpolishing decreases the contact quality. The use of grade
800 sandpaper seems to increase the anelastic behaviour of
this interface with a larger hysteresis loops. Large plasticity
occurs for the first loading cycle when the copper surface is
unpolished with grade 120 sandpaper. Indeed, sandpaper
unpolishing creates sharp asperities where the mechanical
load exceeds locally the material yield stress limit.
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Figure 8. Effect of the copper surface roughness for the the contact
quality with the amorphous carbon sample

V. CONCLUSION

This ultrasonic sensor is a new approach to characterize
simultaneously the mechanical and electrical quality of the
contact made by a compressive stress between two plane
conductive materials. As demonstrated in this work, this
technique is a non destructive means to optimize the
materials roughness, the tightening torque and potentially
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surface treatments. This measurement could be performed
for various temperatures too. Moreover, the contact quality
sensitivity of this ultrasonic sensor can be improved to deal
with high roughness level by using high order delay line
round trip echo. As function of the materials properties and
contact size, ultrasounds frequency could be further adapted
to any given interface: small frequency yielding to large
diameter sensors but larger wavelength giving easier
propagation conditions through rough interface.
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Abstract-- In this paper the application of a cell-
microelectrode model to cell biometry experiments is proposed,
using the cell-electrode area overlap as main parameter. The
model can be applied to cell size identification, cell count, and
their extension to cell growth and dosimetry protocols.
Experimental results using AA8 cell line are presented,
obtaining promising results.

Keywords- Microelectrode; ECIS; bio-impedance; impedance
sensor; cell culture; dosimetry.

I. INTRODUCTION

Many biological parameters and processes can be sensed
and monitored using its impedance as marker [1-5], with the
advantage of being a non-invasive and relatively cheap
technique. Cell growth and activity, changes in cell
composition and shape, or in cell location are examples of how
processes can be detected with microelectrode-cell impedance
sensors [6-9]. Among Impedance Spectroscopy (IS) techniques,
Electrical Cell-substrate  Impedance Spectroscopy (ECIS)
[7,8], based on two-electrode setups, allows the measure of
cell-culture impedances and the definition of the biological
nature (material, internal activity, motility and size) of a kind of
cell and its relationship with the environment [11]. One of the
drawbacks of ECIS technique is the need of efficient models to
decode the full system electrical performance composed by the
electrodes, medium and cells. Several works have been
developped in this field. In [8], magnitude and phase
impedance are deduced from electric field equation solution at
the cell-electrode interface, giving a three parameter based
model. h, the cell-electrode distance, R,, cell-to-cell barrier
resistance and ryy,, cell radius. In [9,10], finite element
simulation (FEM) are executed to solve electrical field
considering the whole structure. This method gives one
parameter model (Ry,,) to describe the gap or cell-electrode
region resistance. In both, the model considers cells are in
confluent phase [7] or a fixed area over the electrode [9]. The
latest was extended in [10] to several cell sizes, allowing to
define the cell-electrode covered area as the main model
parameter. In this work is considered a model extension of R,
based model, to incorporate the variable cell-microelectrode
area overlap [10]. Impedance sensor sensitivity curves based on
the cell size and density will be presented and applied to
measure the growth-tax in cell-cultures and to describe cell
toxicity experiments.

In this paper, section Il resumes the electrode solution
model for cell-electrode characterization. The process to extract
practical models is included at section IlI, illustrating the
simulations on a simplified system leading to cell size
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detection. Section IV relies on real time cell culture monitoring
and its applicarion to dosimetry experiments. Conclusions will
be highlighted at section V.

Il. ELECTRODE-ELECTROLYTE MODEL

The impedance of electrodes in ionic liquids has been rather
extensively investigated. An excellent review can be found at
[6]. The main componets describing the electrical performance
of an electrode metal inside a solution are four: the double layer
capacitance, C,, the current flowing through the electrified
interface will encounter a resistance R caused by the electron
transfer at the electrode surface and Warburg impedance Zy,
due to limited mass diffusion from the electrode surface to the
solution. The electron transfer resistance Ry is in series with
the mass diffusion limited impedance Z,. As the current
spreads out to the bulk solution, the electrode has a solution
conductivity determined by series resistance, represented as
spreading resistance Rs in the equivalent circuit. These four
parameters depends on technology, medium and geometry.

R, Z,

Figure 1. Equivalent circuit of electrode-solution interface. C, is the
double layer capacitance. Faradic impedance includes Z,, the Warburg
impedance and Ry, the charge-transfer resistance. R is the spreading
resistance.

I1l. CELL-ELECTRODE MODEL

The Fig. 2 illustrates a two-electrode impedance sensor
useful for ECIS technique: e, is the sensing electrode and e, the
reference one. Electrodes can be manufactured in CMOS
process with metal layers [9] or using post-processing steps
[13]. The cell location and size on e, top must be detected.

The model in Fig. 3 considers the sensing surface of e;
could be total or partially filled by cells. For the two-electrode
sensor in Fig. 2, e, is the sensing area A, Z(®) is the impedance
by unit area of the empty electrode (without cells on top).
When e, is partially covered by cells in a surface A., Z(®)/(A-
A,) is the electrode impedance associated to non-covered area
by cells, and Z(w)/A. the impedance of the covered area. Ry,
models the current flowing laterally in the electrode-cell
interface, which depends on the electrode-cell distance at the
interface (in the range of 15-150nm). R, is the spreading
resistance through the conductive solution. For an empty
electrode, the impedance model Z(w) is represented by the
circuit in Fig. 1. It has been considered for e, the model in Fig
3a, not covered by cells. The e, electrode is commonly large
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and ground connected, being its resistance small enough to be
rejected. Figure 4 represents the impedance magnitude, Z., for
the sensor system in Fig. 2, considering that e; could be either
empty, partially or totally covered by cells. The parameter ff,
called fill factor, can be zero for A.=0 (e, electrode empty), and
1 for A;=A (e, electrode full). It is defined Z. (ff=0)=Z,. as the
impedance magnitude of the sensor without cells.

Sensing Electrode(e;) /— Solatioi

"EL!

Voltage Response

Figure 2. Two electrodes for ECIS: e; (sensing) and e, (reference). AC
current iy is injected between e;-e;, and voltage response Vy is measured.

<

Reference Electrode(es)

Current
Excitation

Z(@)(A-AL)
Z(m)A R, R,
— +{ e
Z(o)(A;) Rgap
(a) (b)
Figure 3. Proposed model for the an electrode-solution-cell model with

area A, uncovered with cells (a) and covered and area A; (b).

The relative changes at impedance magnitude, defined as,

@)

inform more accurate from these variations, being r the change
of impedance magnitude for the two-electrode with cells (Z.)
with respect to the system without them (Z,.). The graphics of r
versus frequency is plotted in Fig. 5, for a cell-to-electrode
coverage ff from 0.1 to 0.9 in steps of 0.1, using a Rg,,=90 kQ.
The size of the electrode is 32x32 pm? [9,10]. It can be
identified again the frequency range where the sensitivity to
cells is high at 100kHz, represented by r increments. For a
given frequency, each normalized impedance value of r can be
linked with its ff, being possible the cell detection and
estimation of the covered area A.. Even more, area covered can
be intrepreted as consequence than two o more cells, allowing
cell count for a given cell size.

From Fig. 5, it can be deduced that models of electrode-cell
electrical performance can be used to derive the overlapping
area in cell-electrode systems, useful for biological studies. It
can be observed how the curve fits well with the frequency
range, placing the maximum r value around 100 kHz, as
predicts the FEM simulations [9, 10]. A value of Rg,= 90kQ
was selected for this curve, representing a maximum value of
the r curve with ff=0.69, which represents the ratio (AJ/A), for
a cell size of 30um diameter represented at figure obtained
using FEM simulations [10]. Impedance sensor curves at
figures 4 and 5 were obtained using SpectreHDL [15] mixed-

Copyright (c) IARIA, 2011.  ISBN: 978-1-61208-145-8

mode simulator, with Analog Hardware Description Language
(AHDL) for circuits in Fig. 3. An advantage of using AHDL
models is the possibility of including non-linear performance of
circuit elements, in our case, the frequency squared-root
function at the Warburg impedance.
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Figure 4. Impedance evolution when fill factor increases 32 x 32 um?’.
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Figure 5. Normalized impedance r versus frequency derived from Fig. 4.
Curves correspond to ff in the range of 0.1 (near empty) to 0.9 (near full).

IV. CELL CULTURE APPLICATIONS

A: Electrode Model

The proposed model based in Fig 3 has three main
parameters: the electrode area (A), the fill-factor (ff), and the
resistance of the gap region (Rg,). Technology data were
included and simulation results obtained to model a
commercial electrode: 8W10E, from Applied Biophysics [12].
It is composed by eight wells; each one contains ten circular
gold microelectrodes, with 250um diameter. Ten sensing
electrodes, in paralell, were used for e; and only one common
reference electrode, much larger than sensing ones. Figure 6
represents the normalized impedance r expected for these
electrodes, for Ry,,=22kQ, if fill factor changes from electrodes
without cell on top (ff=0.1) to near those fully covered (ff=0.9).
Values of Ry, can be used to match the models to observed
performance. In Fig. 7, Ry, values were changed for ff=0.9,
observing large r changes. Finally, it was also modifyed the
electrode area for Ry,,=22kQ and ff=0.9, showing the results at
Fig. 8. It can be observed that optimal working frequency is
near the proposed by the electrode factory (around 4 kHz), and
that electrode area covered by cells can be approximated by
using the fill factor parameters. The performance curves
obtained before can be used to fit experimental results to
proposed model and find relevant biometric characteristics.
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Figure 6. Obtained curves for r vs frequency, for ff € [0.1,0.9] and Rgap =
22k€, using 8W10E electrodes.
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Figure 7. Obtained curves for r vs frequency, for Ry € [10k€2,100kQ?] in
steps of 10kQ, for ff=0.9, using 8W10E electrodes.
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Figure 8. Obtained curves for the r vs frequency, for Rg,,=22kQ and
ff=0.9, for differents electrode areas (1n to 100n). 49n (49.10°m?)
corresponds to a circular electrode with a 250pum diameter.

B: Cell growth

In Fig. 9a it is shown the growth curve obtained by us
during seven days using 8W10E sensors with a similar setup in
[8]. AA8 cells for chinese hamster were seeded initially, in an
approximated number of 5000. The impedance range is around
1220Q (38002-1600€2). Considering an initial cell number of
5000 very low, we take the initial impedance as due to no-cell
impedance value (Z,). At t=6000 min, the medium was
changed, and the confluent phase was achieved at t = 8500 min
approximately. The maximum experimental value given from
eq. (1) is around r = 3.1, as illustrates Fig. 9b. We consider in
our model that the electrodes are aproximatelly fully covered
by cells for ff=0.9, the value of Ry, that better fits is 22kQ.
System response corresponds to r-values illustrated in Fig. 6.
From these curves, it can be obtained the fill factor at different
times. Table | summarized the relative normalized impedance
values r at several times. Using Fig. 6 for the sensor response,
fill factor is calculated at every instant. For a well area of 0.8
cm?, the maximum cell number goes from 0.8x10° to 1.6x10°.
Number of cells, ney, in Table I, is obtained from 0.8x10°
expected final cell number. A value of Z,,=380Q for r calculus
in eq. (1) was considered.
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TABLE ME: CELL NUMBER (Nceii) OBTAINED FROM IMPEDANCE Z; MEASURE
IN Fig. 9, AND USING THE I CURVES PROPOSED FOR 8W10E SENSORS.

t (min) r ff Neell

0 0 - 5000
500 0.024 0.020 18000
1000 0.050 0.050 44000
1500 0.072 0.070 63000

2000 n.a. n.a. n.a.

2500 n.a. n.a. n.a.
3000 0.374 0.362 322000
3500 0.437 0.395 351000
4000 0.615 0.475 422000
4500 0.777 0.530 471000
5000 0.903 0.581 516000
5500 1.033 0.602 535000
6000 1.074 0.620 551000
6500 1.507 0.710 631000
7000 1,970 0.775 689000
7500 2,353 0.810 720000
8000 2,837 0.860 764000
8500 3.113 0.890 791000
9000 3.134 0.900 800000
9500 3.010 0.875 778000
10000 2,857 0.864 768000

C: Dosimetry

Experiments to characterize the influence of some drugs in
cell growth were done. The objective is to proof that proposed
model allows counting cell number at different dosis. It was
considered the AA8 cell line and as drug, six different doses of
MG132 for growth inhibition (from 0.2uM to 50uM). After 72
hours normal cell growth, the medium was changed and the
drug added at different doses: 0.2, 0.5, 1, 5, 10 and 50uM for
wells 3 to 8 respectively. Well 2 is the control.

Measured impedances for the 8 wells are at Fig. 10, for
4kHz working frequency. At the end of the experiment can be
observed that impedance decreases as drug dosis increases.
Control (W2) is full of cells with the maximum impedance,
while maximum dosis (W8) has the lowest resistance, at the
botton. The black line (W1) represents the electrode-solution
impedance. After the medium change (t=4000min), it is
observed a decreasing impedance below the initial baseline
level (400Q2) that we cannot explain. Final impedance values at
8000min, Z., were considered, at Table Il. From Z,. and Z, r
values are calculated in third colunm. Using curves for r versus
frequency in Fig. 6, ff estimated values from proposed model
are obtained. The cell number at the end of the experiment was
also count and shown at the last column for each well.
Considering ff.,.=0.9 for a measured cell number of 8.06x10°,
the expected values for ff are calculated.

The same data are summarized at Table Il for 2, 4 and
10kHz frequencies respectively. The better agreement it is
obtained at 4kHz in fill factor (ff). It is observed that the
impedance baseline, Z,, for r calculus decreases with
frequency due probably to electrode impedance dependence.
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For medium resistance (W1) and high drug concentrations
wells (W6-W8), the resistance measured is below to Z,, so eq.
(1) can no be applied for r calculation.

1800,0

16000

Medium change + MG132 addition

1400,0
1200,0
1000,0 w4
800,0

600,0

Resistance [Q]

400,0

200,0

0.0
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Figure 10. Impedance measure in dosimetry at 8 wells for 4kHz frequency.
W1: Medium. W2: Control. W3: 0.2uM. W4: 0.5 uM. W5; 1 uM. W6: 5
pM. W7: 10 pM and W8: 50 pM.

TABLE II: EXPERIMENTAL VALUES FOR RELATIVE IMPEDANCE (r) AND
FILL-FACTOR (ff) FOR Znc = 400 Q. FREQUENCY =4 KHZ.

Well Z. r ff ff Neell
t=8000min Ze Zne estimated expected measured
1 259.2 - - - Medium
2 1631.7 3.1 0.90 0.900 8.06x105
3 1454.7 2.6 0.85 0.690 6.13x10°
4 1030.6 1.5 0.72 0.610 5.41x105
5 625.8 0.5 0.44 0.410 3.60x105
6 417.4 0.05 0.037 0.036 3.20x104
7 406.8 0.015 0.016 0.024 2.10x104
8 99.6 <0 - 0.005 4.00x103

TABLE III: EXPERIMENTAL VALUES FOR RELATIVE IMPEDANCE (r) AND
FILL FACTOR (ff) AT VARIOUS FREQUENCIES. Zxc = 480Q, 4002, AND
315Q FOR 2, 4 AND 10 kHz WORKING FREQUENCY RESPECTIVELY.

r (from Z. and Zx.) ff (from model)
Well | 2kHz | 4kHz | 10kHz | 2kHz | 4kHz | 10kHz | ff expect.
1 - - - - - - Medium
2 2.43 31 3.76 0.98 0.90 0.90 0.900
3 2.18 2.6 3.24 0.94 0.85 0.88 0.690
4 1.17 1.5 2.21 0.82 0.72 0.82 0.610
5 0.21 0.5 0.84 0.32 0.44 0.44 0.410
6 - 0.05 - - 0.037 - 0.036
7 - 0.015 - - 0.016 - 0.024
8 - - - - - - 0.005

V. DISCUSSION AND CONCLUSIONS

This work describes an area dependent model for cell-
electrode systems and its application to measure and identify
cells during cell culture protocols. A practical circuit for
electrode-solution-cell simulation was employed, using an
AHDL description for commercial electrodes, obtaining a good
matching. Optimal measurement frequency was identified near
4 kHz. It was proposed the cell growth evolution study based
on 8WI10E electrode models. Curves obtained experimentally,
allows the real time growth monitoring by fitting the R,
parameter. An estimation of the number of cells was obtained
by using sensor curves calculated from electrical model
proposed. Dosimetry experiments reproduce similar conditions
than cell growth, but in this case, it is added a growth inhibitor
at different dosis. There is observed a decreasing impedance,
below the baseline expected (Z,) that we can not explain.
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However, for the control and small drug dosis, impedance
curves are perfectly aligned. It was fitted a proposed model
with Rgp=22KQ to explain experiemental data. Deviations from
data are over 10-20% in fill factor, more accurate for 4 kHz.

The deviations in fill factors measured are not small, being
required to analize the influence of error sources to increase the
system performance. First, Signal-to-Noise Ratio (SNR) should
be increased at the setup. Second, proposed model has the
advantage that need only one parameter (Rg,), versus other
reported model using three parameters [8]. One parameter
model makes easy to fit experimental data, but can introduce
inaccuracy. The possibility to add more parameters to the
model should be considered in the future.
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Abstract— Cell chip was fabricated to analyze different cell
lines and cell cycle-stages based on the electrochemical tools.
Cell-based biochips are becoming promising tools in the
various kinds of biotechnology field such as early diagnosis,
cell therapy and drug screening. In this study, cells were
immobilized on collagen coated gold surface and subjected to
voltammetric methods including cyclic voltammetry and
differential pulse voltammetry. The distinct redox phenomena
were detected at the cell-electrode interface which varies with
different kinds of cell lines. Moreover, the redox peaks were
found to be different from same cell line but in different cell
cycle stages. A typical sigmoid curve was achieved between the
electrochemical signals and cell concentrations that proved the
reproducibility of electrochemical signals. Hence, our
developed cell chip based on the electrochemical tool can be
applied for the differentiation of metastatic cancer cells from
unknown origin, as well as for the assessment of cell cycle-
dependent effects of drugs or toxins.

Keywords:  Cyclic  voltammetry;  Differential  pulse
voltammetry; Cell cycle progression; Cell chip

L INTRODUCTION

Cell analysis plays an important role in many research
areas such as early diagnosis of diseases, disease treatment
and drug screening. Among the analytical tool for the living
cells, cell-based sensor arrays have been proved as
potentially useful method for studying the effects of drugs
and cellular responses induced by external stimuli [1].
Recently, cell chip based on electrochemical method is
becoming a popular method due to its simplicity, ease of use
and the huge potential as a label-free biosensor with high
sensitivity. Several amperometric or electrochemical
impedance techniques have been tried to detect cell viability
and cellular functions by discovering the electrochemical
dynamics at cell-electrode interface [2-4]. However,
amperometric method was found to be suitable for the
specific materials which have well-known redox properties
such as the dopamine or ascorbic acid. Impedance-based
method is another common electrochemical tool that focuses
on the changes of impedance induced by the cell attachment
on the working electrode surface. This method is not
sensitive to the redox properties of target materials; however,
the impedance values are the only one indicator of cells and
are not proper for achieving valuable information from cells
which can be useful for the intensive cellular research such
as the differentiation of different kinds of cell lines or
different cellular response.
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We have previously reported a cell chip that utilized
electrochemical tool to detect redox properties of target cells.
Unlike the other method that employed voltammetric method
for the characterization of living cells, cells can be directly
attached on the electrode surface by the modification of
extracellular matrix protein on the working electrode that
contributed to the increase of cell attachment, as well as the
enhancement of electrochemical signals. The fabricated cell
chip was found to be very effective for detecting the effects
of different kinds of anticancer drugs or environmental
toxins by analyzing and quantifying the electrochemical
signals [5,6]. Later, we also extend our work to detect cell
cycle-dependant characteristics based on cell chip
technology [6]. The cell cycle progress through the defined
sequence of events was detected where several specific
nuclear and cytosolic changes occurred in each of the events.
It is well-known that double thymidine or
thymidine/nocodazole treatment can block the cell cycle
progression at the synthetic phase or mitotic phase,
respectively [7]. These two different phages have the
different cellular composition and induce the changes of
redox behavior of cells which can be detected by proper
electrochemical tools. Therefore, cells from different origin
and cells in different stage of cell cycle can be easily
differentiated by our cell chip technology that is essential for
the practical use of cell chip.

Therefore, in the present study, a cell chip composed of
collagen modified Au surface was fabricated for the cell
immobilization and cell cycle synchronization. Cyclic
voltammetry (CV) and differential pulse voltammetry (DPV)
were performed to compare signals from neuronal (PC12)
and non-neuronal (HeLa) cells. Finally, DPV was carried out
to detect the electrochemical characteristics of PC12 cells
synchronized at synthetic and mitotic stages.

II.  MATERIALS AND METHOD

A.  Electode modification

A 50 nm thick titanium (Ti) layer was established on the
silicon substrate and then a 150 nm thick gold (Au) layer was
deposited by DC magnetron sputtering. The Au surface was
cleaned with piranha solution as previously described. The
cleaned Au surface was further polished carefully by the
sonication in absolute alcohol and double-distilled water for
5 min, respectively. Finally, the electrode was
electrochemically cleaned by 0.5M H,SO, until a stable
cyclic voltammogram was obtained. To develop an
oligopeptide layer on the Au surface, 0.1 mg/ml of collagen
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solution diluted with distilled water was added on a freshly
cleaned Au substrate and incubated for 30 min. Finally, the
substrate was washed with deionized distilled water and
dried under N, gas. All the chemicals used are of analytical
grade.

B.  Cell chip chamber design and cell immobilization

The cell chip chamber (Lab-Tek®, Thermo fisher
scientific, USA) of 2 cm % 2 cm x 0.5 cm (width X length x
height) dimensions was created on freshly prepared Au
working electrodes with an area of 3 cm’. This created
approximately a 2.6 mm® exposure area for cell attachment.
Polydimethylesyloxane (PDMS) was used to affix substrate
to the chamber. Then, cells were seeded on the chip surface
at a known cell density. PC12 cells in passage 3 were used
for each electrochemical investigation. After 48 hour of
incubation, the chips were ready for electrochemical analysis.
All experiments were performed in triplicate using freshly
prepared chip.

Reference
electrode

Cell —

Collagen
type-1

Gold »

siicon — [ N

Counter
electrode

Potentiostat

Figure 1. Schematics of cell-chip. The circle shows the steps of
fabrication: establishment of 150 nm Au on silicon base, collagen coating
and cell seeding.

C. Cell cycle synchronization

Cell on the chip surface was treated with 2mM thymidine
diluted with a culture medium (RPMI 1640) for 18h,
followed by 8h of release (replaced by fresh medium) and
again 2mM thymidine for 18h to block cell at synthetic
phase. Similarly, another cell was treated initially with 2mM
thymidine for 18 h, followed by a 4h release with thymidine-
free medium and then, 100 ng/ml nocodazole was treated for
10h to block cell at mitosis phase. Finally, the cell chip was
prepared for the measurement of electrochemical signal of
the cells at the different phases of its growth cycle. A cell
chip with the same number of unsynchronized cells served as
control group.

D. Electrochemical measurements

The Electrochemical measurements were carried out
using CHI660C Potentiostat (CH Instruments). The common
three-electrode configuration was employed for the
electrochemical measurements, while standard Ag/AgCl
electrode and platinum wire were used as the reference and
counter electrode, respectively. Prior to the electrochemical
measurement, living cells on chip surface was washed twice
with a 10mM phosphate buffered saline (PBS) buffer (pH
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7.4) containing NaCl- 0.138M and KCI -0.0027M. Finally,
electrochemical measurements were performed using 2 ml of
PBS working as the electrolyte. Before the measurement, the
buffer solution was bubbled thoroughly with high-purity
nitrogen for 30 min. All the measurements were repeated at
least three times, and the error bars have been shown in the
figures.

E. Statistical analysis

Quantitative data was written as the mean £ SD. The
intensities of reduction peaks in cyclic voltammogram were
used for all the quantitative measurements.

III.

Figure 1 shows the electrochemical system based on cell
chip technology. To achieve the accurate cellular responses,
cells should be maintained on the chip surface as in vivo-like
condition. It was found that polysaccharides, extracellular
matrix (ECM) proteins or its components significantly
enhances the cell attachment on the artificial surface and also
help the establishment of cell-friendly environment [9,10].
Collagen, which is the main constituent of connective tissue
and a member of ECM proteins, was used to increase cell
binding affinity to the artificial electrode surface, as well as
to detect the electro-physiological characteristics of target
cells sensitively.

RESULTS AND DISCUSSION
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Figure 2. Redox behavior of PC12 and HeLa cell on collagen modified
Au surface. CV was measured using phosphate buffered salilne (PBS)
(0.01 M, pH 7.4) as electrolyte at a scan rate of 100 mVs'. All the
experiment was conducted at 27 + 1°C. The experiment was repeated three
times with maintaining identical condition.

A.  Comparative electrochemical analysis of neuronal
(PC12) and non-neuronal (HeLa) cells

Cell is the basic structural and functional unit of a tissue that
possesses unique functionality according to the organs which
they derived. Therefore, cells derived from different organ
will have different electrochemical characteristics which can
be easily detected by our cell chip technology. Gold
electrode was chosen as working electrode due to the fast
electron transfer characteristics over the semiconductor or
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non-metal. PC12 cells derived from rat pheochromocytoma
and HeLa cells derived from human cervical cancer were
analyzed by cell chip and showed quasi-reversible redox
behavior when subjected to cyclic voltammetric tool. The
potential window was determined as -0.2 V to 0.8 V and the
scan rate was 100 mVs™. A distinct anodic peak and cathodic
peak from PCI12 cells were detect at 75 mV and 350 mV,
respectively. HeLa cells also gave specific anodic and
cathodic peak at -75 mV, 150 mV which was different from
PC12 cells [Figure 2]. This indicates the distinguishable
differences of redox behavior of two kinds of cell due to the
differences of their origin. The difference between the
potential peaks |E,.-Ey,| exceeded 100 mV and the peak
current ratio I,/I,.> 1, indicating the distinct quasi-reversible
properties of cells [11].

The cell line specific CV signal was further confirmed by
another sensitive electrochemical method, differential pulse
voltammetry (DPV). Considering the potential of anodic
peak obtained from CV technique, a potential window was
determined as -0.2 to 0.4 V. Well defined DPV signals were
measured from both PC12 and HeLa cells as shown in figure
3. Cathodic peaks were detected at 75 mV and -75 mV for
PC12 and HeLa cells which were exactly same as the
potential obtained from CV. Redox peaks were not achieved
form bare Au surface indicating that cathodic peaks were
fully originated from the cells on the Au/collagen electrode
surfaces. Hence, the developed cell chip was proved as
efficient tool for the differentiation of different kind of
cancer cell lines.
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Figure 3. Differential Pulse voltammogram of PC12 and HeLa cell on
collagen modified Au surface. DPV was measured using PBS (0.01 M, pH
7.4) as an electrolyte at a scan rate of 100 mVs™'. Pulse amplitude and
pulse width were 50 mV and 50 ms, respectively.

B.  Comparative study of electrochemical signal from
PC12 cells in different cell cycle stages

Considering the cell line-specific electrochemical signals,
we hypothesized that same cell line but in different stages of
growth cycle may have different redox properties. Cells
generally pass through a number of complex processes
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during its growth cycles including prophase, prometaphase,
metaphase, anaphase and telophase that lead to the several
changes in the physiological and morphological aspects [6].
These cytological changes may affect the various kinds of
redox proteins in cell cytosol and contribute to the alterations
of electrochemical behavior of the cell. To prove our
hypothesis, PCI12 cells on the chip surface were
synchronized at the synthetic and mitotic phase by chemical
treatment and were subjected to DPV method. A sharp
electrochemical signal appeared at +50 mV from the cells at
synthetic phage and another peak was observed at +150 mV
from the same PCI12 cells at mitotic stage which were
significantly different from unsynchronized cells (Figure 4).
Generally, detection of cells in the different phages depends
on the fluorescence activated cell sorting (FACS) or western
blotting method which is expensive and time-consuming.
Since our cell chip based on electrochemical tool proved the
potential for the determination of cell cycle stages, this
method can be useful for the detection of cell cycle-
dependent effects of various kinds of drugs or toxins on
target cells.
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Figure 4. Differential Pulse voltammogram of PC12 cell synchronized at
synthesis and mitosis phase as compared with unsyncronized (control). All
the experimental condition was maintained as mensioned before.

C. Rreproducibility of electrochemical tool

The reproducibility of electrochemical signals achieved
from cell-based chip was determined by varying the
concentrations of cells synchronized at synthetic phage.
Various concentrations of cells from 0.25 x 10° cells/ml to
1.75 x 10° cells/ml were seeded on the chip surface and
synchronized at synthetic stage. The synchronized cells were
further subjected to the electrochemical measurements and
showed the increase of current peak with increasing cell
concentrations (Figure 5a). A concentration-dependent
sigmoid curve (r* = 0.989) was obtained between the current
intensities and cell numbers (Figure 5b). The concentrations
of cells from 0.25 x 10° cells/ml to 1.25 x 10° cells/ml
showed the exponential increases of signals, whereas steady
state signals were observed after the concentration of 1.25 x
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10° cells/ml due to the limitation of the chip surface.
Therefore, a concentration of 1.25 x 10° cell/ml was
determined to be the optimum concentration for on-chip
electrochemical monitoring. The relative standard deviation
of the DPV peak for seven different concentrations of cells
(n=3) was 5.6%, indicating that the electrochemical cell chip
possess high sensitivity and reproducibility. Therefore, the
fabricated chips was proved to be a potential tool for
characterizing cells of different origin as well as different
stages of cell cycle electrochemically.
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Figure 5. (a) Changes in DPV peak intensities corresponding to the

various concentrations of PC12 cells on the chip surface (from 0.5x 10°
cells/ml to1.75 x 10° cells/ml), (b) a typical sigmoid curve indicates the
linear increases in current peaks (/) in a concentration-dependent manner
(R* = 0.989). Data are the mean + standard deviation of three different
experiments.

IV. CONCLUSION

A cell-based chip was fabricated to determine cell line-
and cell cycle-specific electrochemical signals. Living cells
immobilized on the collagen modified chip surface gave
different signals according to the origin of the cell line, as
well as the stage of cell cycle. PC12 and HeLa cells were
found to give voltammetric peak at 75 mV and -75 mV,
respectively. Moreover, two kinds of completely different
voltammetric signals were obtained from PCI2 cells
synchronized at synthetic and mitotic phases. These results
suggest that electrochemical signals not only differ from
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different cell lines but also from the different cell cycle
stages. Finally, various concentrations of cells synchronized
at synthetic stage were subjected to DPV method and found
to give electrochemical signals which showed a
concentration-dependent sigmoid curve (* = 0.989) between
the current intensities and cell numbers. The optimal
concentration of cells on chip surface was 1.25 x 10° cell/ml
based on the obtained sigmoid curve. Hence, our developed
cell chip based on the electrochemical tool can be usefully
applied for the analysis of metastatic cancer cells from
unknown origin, as well as for the assessment of cell cycle-
dependent effects of drugs or toxins.
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Abstract—The article is addressed to the development of
flexible lightweight strain and pressure sensors capable of
monitoring blood pulsing, breathing, and body movements.
The prototypes of body sensing devices equipped with sensors
based on all-organic highly tenzo-resistive bi layer films are
described. The electrical resistance of the flexible sensors
linearly and reversibly depends on deformation resulted from
body movements. Sensors electrical responses suffice to
measure very small pressure changes as well as delicate
elongations in a wide deformation range.

Keywords- piezoresistive covering; flexible, biocompatible
pressure and strain sensors; organic molecular metal

l. INTRODUCTION

The development of flexible, lightweight, conducting
materials, whose electrical transport properties strongly
respond to delicate strain, brings great opportunities in the
field of strain, pressure or bending sensors for their
applications in intelligent textiles, robotic interfaces and
body sensing devices [1-3]. Recently, we reported ultra-
sensitive tenzo-resistive bi layer (BL) films composed of a
polycarbonate (PC) matrix surfaced with crystallites of
organic molecular metal B-(ET).ls, were ET=bis(ethylene-
dithio)tetrathiafulvalene (Fig. 1) [4, 5]. These BL films show
ability to sense the uniaxial deformations given by the
minimum value of a 10° % of relative strain that is well
below those of many conventional strain gages [4]. The
processing characteristics of polycarbonate films, “self-
metallized" with the highly tenzo-resistive B-(ET).ls;-based
layer, make them potentially useful for electronic
applications where conductivity, lightweight, large or small
area coverage and flexibility are required [4]. Moreover, it
has been shown that BL films can be successfully integrate
in textiles [6]. The BL film-based strain gages can be
engineered with gage factors (S) up to 20 and different

Copyright (c) IARIA, 2011.  ISBN: 978-1-61208-145-8

temperature resistance coefficients [4, 5]. The tests have
shown that BL film-based pressure sensors, being
biocompatible, are able to control intraocular pressure
changes [7]. The contact 10P sensing lens with a membrane
pressure sensor based on the above mentioned BL film is
already under development [7, 8].
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Figure 1. Top: Skeletal formula of bis(ethylenedithio)tetrathiafulvalene
(ET); bottom: schematic view of the orientation of (ET)**® radical cations
and [I-1-1] anions in a metallic covering layer of B-(ET).l; formed at the
surface of a polycarbonate film.
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In order that a tenso-resistive BL film can sense pressure
changes, it should be located in devices as a membrane. In
this case the electrical resistance of a BL film will respond to
its bending deformation resulted from a pressure change. We
used this engineering approach to fabricating the set of
medical sensing prototypes.

Here we report a promising approach to engineering
biocompatible and highly tenzo -resistive membranes for
their applications to monitoring medical parameters. The
prototypes of medical devices capable of controlling the
body movements are presented

Il.  FABRICATING FLEXIBLE SENSING MEMBRANES

In line with the early reported method [9] we first
prepared a 25 um thick polycarbonate film spiced up with an
2 wt. % of ET that is a precursor for organic molecular metal
(ET),ls. The film was cast on a glass support at 130 °C from
a 1,2-dichlorobenzene solution of PC and ET. In order to
cover the film with a layer of (ET),l5;, we exposed the film
surface to the vapors of a saturated solution of iodine in
dichloromethane. The covering mechanism is following: the
surface of a polycarbonate film easily swells under its
exposure to dichloromethane vapors; this swelling facilitates
a migration of ET molecules from the film bulk to the
swollen film surface where the part of ET molecules are
oxidized to radical cations ET™* by iodine, which penetrates
in the film surface together with dichloromethane vapors.
This redox process induces the rapid nucleation of highly
insoluble [(ET)°(ET)*](l) species and a facing layer of
molecular metal a-(ET),l3 is formed. Electrical resistance of
the 25 um thick BL film with the covering layer of a-(ET).ls
responded to strain with a gage factor being 10, whereas the
polycarbonate film with the same thickness but surfaced with
B-(ET),l; has a gage factor being 20 [4]. The BL film
covered with a highly piezoresistive layer of B-(ET),l; was
formed via a thermo-activated a—f phase transition that
occurs at T>100 °C [9]. For this purpose the BL film covered
with the layer of a-(ET),ls was annealed at 150°C during 30
min. The formation of the covering layer of B-(ET),l; was
confirmed by its X-ray diffraction pattern that shows only
one line at 20=5.8° and its higher order reflections, that
corresponds to “c”-oriented crystallites of organic metal -
(ET),l5(Fig. 1, bottom) [9]. The surface analysis on a micro
scale, performed using “Quanta FEI 200 FEG-ESEM”
scanning electron microscope (SEM), showed that the
crystallites of the covering layer of B-(ET),l; are of nano or
submicro sizes (Fig. 2). The calculated possible maximal
thickness of the piezoresistive covering layer is around 250
nm.

As a final remark to this part we would like to add that
the BL film temperature resistance coefficient (TRC) and its
gage factor were found as 0.3 %/°C and 20, respectively.
These values are in excellent agreement with the early
reported data [4]. The TRC was calculated as a relative
resistance change per grade and gage factor was calculated
as the ratio between the relative resistance change and the
relative strain value.

Copyright (c) IARIA, 2011.  ISBN: 978-1-61208-145-8

Figure 2. SEM image of the piezoresistive covering layer of B-(ET).ls;

IIl.  PROTOTYPES OF BODY SENSING DEVICES

The simple sensing prototype devices for monitoring the
body movements breathing rhythms [4] blood pulse,
intraocular pressure [7, 8] finger movement are already
under development. Below we present some of them.

Blood pulse sensor (Fig. 3). The BL film-based
membrane with sensing layer of B-(ET),l; was equipped with
electrical contacts and fixed between two rigid plastic rings.
To measure pulse the device was fixed on the carpus of a
volunteer (Fig. 3 bottom). The resistance response of the
sensor to strain provoked by pulse movement was measured
by a four probes dc method. Data were gathered for different
persons and time periods. As seen in the Fig. 4, the pulse
movement resulted in an oscillated resistance curve that can
be easily recorded and analyzed.

Figure 3. Photo images of the blood-pulse sensor (Top) and sensor
location on the carpus of a volunteer under pulse testing (Bottom).
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Figure 4. Resistance response to the blood-pulse movement.

Breathing sensor. This prototype contains the BL film
as a tenzo-resistive diaphragm on springy plastic U-shape
plate, which was attached to an elastic-textile belt (Fig. 5).
The resistance response of sensors to strain provoked by the
breathing was measured by a four probes dc method. Data
were gathered for a different persons and time periods. As
seen in the Fig. 6 the breathing movement resulted in an
oscillated resistance curve that can be easily recorded and
analysed. A relatively long time periods between the
oscillations, observed in Fig. 6, correspond to holding up
breathing.

Plastic U-shape
plate

Tenzo-resistive
BL-film Electrical

connections

Elastic-textile
belt

Figure 5. Photo images of the breathing sensor (Top) and sensor location
on the breast of a volunteer for monitoring his breathing (Bottom).

Devices for monitoring finger movement. The first
prototype of such type of medical devices is now under
development. The prototype uses the BL-film as a tenzo-
resistive diaphragm. The fabricated prototype is capable of
measuring a very delicate finger movement as an easily
controlled electrical signal. Its design also permits tracking
of the large-scale finger movement.
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Figure 6. Resistance response to the breathing of a volunteer; red arrows

correspond to holding up breathing.

IV. SUMMARY

It was shown that electrical resistance of flexible sensors
with the active layer of tenzo-resistive organic metal (ET).ls
linearly and reversibly depends on deformation resulted from
the body movements.

The preliminary data display that the polycarbonate films
metallized with B-(ET),l3 show considerable promise as
flexible strain/pressure gages for use in detecting body
movements. Therefore this type of lightweight sensors is
able to take the place of conventional metal-based strain and
pressure gages in monitoring biomedical high-tech.
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Abstract—In the modern day society with its modern way of
life, there is a growing problem with regard to the health of the
people. One of the major concerns right now is the increasing
number of overweight and obese people in the world. A way to
determine whether the person has this problem is by detecting
Adiponectin. The aim of the work is to make use of magnetic beads
for future detection of the adiponectin, which is the target analyte
of the work. This work will discuss the theoretical background of
the target system as well as results for experiments using the
prototype of the system implemented using commercially available
components. The work shows a working prototype for a biosensing
device that will be developed in the microscale level in the future.

Index Terms—Magnetic Beads, Point of Care Testing (POCT),
Hall Sensor, Adiponectin, Enzyme-Linked Immunosorbent Assay
(ELISA)

1. INTRODUCTION

The need for Point of Care Testing (POCT) has been
growing for the past couple of years. Itis a tool that may be used
in diagnostics which plays an important part in the modern day.
They can be separated into four different categories which
include clinical diagnostics, veterinary  diagnostics,
environmental monitoring and food testing. Clinical diagnostics
does not only involve detection of disease but also in its
prevention and health care

This work will address the growing problem of obesity in the
world. In order to deal with obesity, we must understand the
physiology of an obese person. Obesity is defined as a medical
condition wherein there is an excessive accumulation of body
fat and has already reached a point where the person’s health
problem has increased and the life expectancy has decreased

132

Figure 1. Capture of sample using sandwich ELISA. Illustration shows
two ways of detection of sample presence; (left) magnetic bead, (right)
HRP used in conventional ELISA
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Magnetic
Bead

Figure 2. Magnetic Bead Sensing System [3]. The system make use of

inductor as a source of polarization.
[1]. Therefore we must understand what is body fat. Body fat or
fat is referred to as the adipose tissue in histology. It is a loose
connective tissue that is composed of adipocytes or fat cells. Its
main role in our body is to store energy in the form of fat. It also
provides the body with cushion and insulation. It is made of
several types of hormones, of which, have different effects on
the body. One of the hormones that have been studied and are
found to be a promising therapeutic tool in treating obesity and
other human diseases is the adiponectin. There are a hundred
ways to detect adiponectin, which from here on will also be
referred to as the target analyte, but the most commonly used
way is the enzyme-link immunosorbent assay (ELISA) protocol
[2].

The work aims to develop in the future a portable POCT
device that would utilize the characteristics of the magnetic
beads to detect the concentration of the adiponectin protein
hormone. Magnetic beads are ideal for such kind of bioassay
application due to the following reasons: (a) cells exhibit few
magnetic properties, (b) signals from magnetic beads are stable
with time, (c) results from magnetic detection is independent of
the color and clarity of the sample, and (d) magnetic labeling
has functionalities that may be used to improve bioassay
performance such as magnetic filtration and manipulation [3].

As a proof of concept for the microscale device, this work
will present a working prototype developed using commercially
available components. For the prototype, 2mm steel balls will
be used in place of the magnetic beads that are
superparamagnetic. Superparamagnetic behavior is an
important property of magnetic beads used for detection since it
prevents the beads from clustering at the absence of
magnetization [4]. The components used to build the prototype
are also discussed. There are several types of devices that can be
used in the detection of magnetic field. Of which include
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Figure 3 Circuit model of the sensing system. This includes steel balls,
magnetic sheet and commercially available hall sensor IC.

superconducting quantum interference devices (SQUIDs),
Giant Magnetoresistive (GMR) Sensors, spin valve sensor,
Tunneling Magnetoresistive (TMR) sensors, and Anistropic
Magnetoresistive (AMR) sensors. However, such devices are
not ideal for dense arrays due to the presence of magnetic field
caused by applied bias conditions [4]. For this work, a
commercially available hall sensor, WSH 136, was used in the
system and is characterized in the following article. The said
device is ideal for such application since it is designed to track
extremely small change in the magnetic flux density [5].

The work will give a theoretical background of the concepts
of which the work is based on. Such discussion will include
description of adiponectin, the ELISA protocol, the magnetic
beads, and the sensor system. After which, a detailed discussion
of the implementation of the circuit model will be given. This is
then followed by the discussion of the experimental data and
results, conclusion and future work.

II. THEORETICAL BACKGROUND

A. Adiponectin

Adiponectin is a protein hormone that is secreted
exclusively by the adipose tissue into the bloodstream. It is
relatively abundant in plasma as compared other hormones. Its
function includes modulation of a number of metabolic
processes. These processes include glucose regulation and fatty
acid catabolism. Study shows that the higher the level of
adiponectin, the lower is the production of insulin. Our blood
sugar is also better controlled. The increased number of
adiponectin will reduce the risk of diabetes and heart disease.
Furthermore, people with plenty of adiponectin will have a
better controlled weight. Although the adiponectin is produced
from body fat, it is found that the plasma level of adiponectin is
inversely proportional to the body fat. Therefore, as adiponectin
level is lowered, the weight of the person further increased.
Some studies have shown that the adiponectin production is
increased when a person does exercise.

B. Enzyme-Linked Immunosorbent Assay (ELISA)

Enzyme-Linked Immunosorbent Assay (ELISA) is a
protocol dominantly used for medical diagnostics. The work
will make use of its basic principle for the detection of the target
analyte, which refers to the substance being to be analyzed by
the procedure. The protocol will consist of three different
antibodies. The first antibody will be the capture antibody that
will be placed on the surface of the micro plate and is
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Figure 4. Characteristic curve of the WSH 136 commercial hall sensor IC.
[5] The figure illustrates the output voltage of the component with regard to
the sensed magnetic field

responsible for capturing the target analyte from the sample.
The second antibody will attach itself to the target analyte
captured. The third antibody is the detection antibody which
will have horseradish peroxidase (HRP) attached to it and will
bind to the second antibody. Figure 1 illustrates the architecture
of the said antibodies and analyte. In general ELISA protocol,
the concentration of the sample will be calculated based on the
optical density measured from the result of the experiment.
Optical density can be described as the amount of light absorbed
by the target sample. HRP is used to increase the detectability of
the target analyte. The number of detection antibody that will
remain on the sample will be proportional to the concentration
of the target analyte. The reaction between the HRP attached on
the detection antibody and a substrate will change the opacity of
the sample giving it a much denser color. The optical density of
the solution is then measured and is presumed to be the
concentration level of the target analyte in the sample. A low
value of optical density will mean a higher concentration of the
target analyte present in the sample. For this work, the ELISA
protocol will slightly be altered. The detection antibody will be
attached to magnetic beads instead of HRP. There will no longer
be a need for a substrate to react with sample. The number of
magnetic beads left in the sample will determine the level
magnetic field detected by the sensing system. Figure 1
illustrates the difference between the typical ELISA protocol
and the proposed structure with the magnetic beads. This
process is often referred to as magnetic assays.

C. Magnetic Beads

Magnetic beads are made from y — Fe,O; or Fe;O4
nanometer crystals that are dispersed in a polymer matrix [4].
Their superparamagnetic behavior is an important property
when used for biomedical detection. When the beads are coated
with specific chemical substance they are able to bind to
specific biological material. They can be used in POCT devices
that use bioassays for detections and measurements. The super
paramagnetic characteristics of these beads are ideal for such
applications since they have little or no intrinsic magnetization.
This means that there will be no clustering of magnetic beads at
the absence of magnetic field.

156



SENSORDEVICES 2011 : The Second International Conference on Sensor Device Technologies and Applications

HS

PGA

Figure 5. Illustration of the readout circuit diagram for the
implementation of the large scale model. The system also includes a
microcontroller that would process the data to human understandable
number.

D. Sensing System

Figure 2 illustrates a sample magnetic beads sensing system
[3]. The sensing system is composed of a hall sensor and a
micro-coil. The system is implemented using the
complementary metal oxide semiconductor (CMOS)
technology. In order for the hall sensor to detect the magnetic
beads, it needs to have a flux generator to induce magnetic field
onto the super paramagnetic beads. A micro-coil is, therefore,
placed on top of the hall sensor to serve such purpose. This, at
the same time, will serve as a calibration mechanism for the
system. Since there is a magnetic field source specific for the
system, the environmental magnetic fields are negligible. The
hall sensor would then be connected to a source that will
provide an electrical signal running on a uniform direction. And
another distinct electrical signal will be measured. An example
of such electric signal is having a constant current fed through
your hall sensor. And for the measured electrical signal; the
voltage across the hall sensor shall be taken. At the presence of
additional magnetic field which will come from the super
paramagnetic beads, at constant supply current, the value of the
measured voltage will change in proportion to the number of
magnetic particles present in the system.

III. CIRCUIT MODEL IMPLEMENTATION

A. Sensing System

For this work, the magnetic beads are replaced with steel ball
with a 2mm diameter. The steel balls are ideal for this work

TABLEL. ~ LIST OF COMPONENTS USED IN IMPLEMENTATION OF THE
LARGE SCALE SYSTEM

Component Model

Shift Register 74LS164

Digital to Analog Converter (DAC) DACO0808

Operational Amplifier (OPA) LMC6484

Microcontroller ATmega8535
Hall Sensor WSH 136

Copyright (c) IARIA, 2011. ISBN: 978-1-61208-010-9

Figure 6. A picture of the whole large scale system implemented on a
custom made PCB board.

since they are unpolarized and get magnetized when placed near
a magnetic field which is similar to the characteristic of
magnetic beads. The downside, though, is that they will not
automatically demagnetize when taken away from a magnetic
field. Therefore, this work also made use of a demagnetizer
circuit to demagnetize the steel balls after each use. The system
was made such that the system would be able to test up to a
quantity of nine steel balls. A porous plate was made to hold the
steel balls in place. In place of the micro-coil, a round magnetic
sheet is placed for polarization of the steel balls. On the bottom
is the commercially available hall sensor integrated circuit (IC).
The hall sensor already have amplifier that would preprocess
the reading from the hall sensor. The illustration of the
described sensing system is shown in Figure 3.

B. Characteristic of the Hall Sensor IC

The work made use of a commercially available hall sensor
IC made by Winson. The model used in this work is the WSH
136. Integrated into this component is a hall sensing element,
linear amplifier, sensitivity controller, and emitter follower
output stage [5]. The component operates in a voltage range of
3.0V to 12V. It has a sensitivity of 3.3mV/Gauss. Figure 4
illustrates the operating curve of the sensor IC at a given range
of magnetic field.

C. Circuit Implementation

The circuit for readout circuit is illustrated in Figure 5. The
system includes the following components: shift register, digital
to analog converter (DAC), operation amplifier (OPA),
microcontroller, and the hall sensor IC. The system consists of
an adder and a subtractor. These components are used to
compute the analog signal from the hall sensor. The system
simultaneously adds and subtracts the output the DAC from hall
sensor IC.

Figure 7. LCD display output of the whole sensor system.
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Figure 8. Digital output value for the system generated from O to 9
numbers of steel balls placed on the sensor system.

Their output is then fed into a programmable gain amplifier
that is designed using OPAs. Since they are of the same
potential and current we are able to derive equations (1) and (2).
Although the adder and the subtractor work simultaneously,
only one path will be used for the measurement of the result.
This will be done by the microcontroller.

The system will perform an Auto Zero calibration or AZC
which is performed when no steel ball is placed on the system.
This is done to eliminate the magnetization coming from the
surrounding. This will be done every time the device is turned
on and is used to account for the offset given by the magnetic
field from the surrounding. Then when the steel balls are placed,
the computation of the magnetization measurement will start.
The output from the adder and the subtractor will be fed into the
microcontroller wherein the internal analog to digital converter
(ADC) will be used to convert the analog signal to a digital
value that could be processed by the microcontroller. The two
values are then averaged and compared to the values from the
adder and subtractor through the use of an XOR operation until
the desired value is reached.

HS — DAC = V— (1)
HS + DAC = V+ 2

The implemented system is illustrated in Figure 6. And the
list of commercially available components used in the building
of this system is listed in table 1.

D. Data Display

Figure 7 shows a picture of the LCD display for the reading
of the system. Table 2 shows the description of each value in the
LCD display. “AZC” stands for the Auto Zero Calibration
which is the initial reading value of the system. The initial value
is the reading when there is no steel ball placed on the system.
The “initial reading” will account for the magnetic field
surrounding the system. The magnetic field from the
surrounding will be the offset value of the system. This value
will change at different locations. Therefore, auto zero
calibration will be time each time the device is used. This also
means that the “initial value” will vary each time the device is
used. The “corrected value” stands for the value of the reading
when a certain number of steel balls are placed on the system.

Copyright (c) IARIA, 2011. ISBN: 978-1-61208-010-9

1.5

Voltage(V)

0.5 1

0 12 3 4 5 6 7 8 9

Figure 9. Analog output value for the system generated from O to 9
numbers of steel balls placed on the sensor system.
And “MAG” will stand for the magnitude of the readout. The
“measured value” will have the same value as that of the
corrected value. The “variation” will stand for the change in the
output value between the first reading and the second reading.

IV. DATA AND RESULTS

Figure 8 shows the digital output value of the system while
Figure 9 shows the analog output value of the system. The
digital output shows a linearity of 0.98. And the delta in the
figure represents the difference between the initial value and
each count of steel balls present in the sensor system ranging
from 1 to 9. This result also shows a linearity of 0.98. The
analog output of the system also shows a linearity of 0.98 same
as that of the digital output. The output voltage range, as shown
in Figure 8 is ranging from 1.217V to 1.728. This shows a
system sensitivity of 56.77mV for each steel ball.

V. CONCLUSION AND FUTURE WORK

A circuit model was implemented with components having
the same function as that of their counterparts on the submicron
technology scale to be implemented. The steel balls were used
in place of the magnetic beads, the round magnetic sheet were
used in place of the micro-coil and the hall sensor IC with
internal preprocessing circuit was used in place of the CMOS
based hall sensor. The results show that the quantity of steel
balls present on the sensor will affect the output voltage of the
system. The result also shows high linearity for the results. From
this we can conclude that the system is able to give an accurate
result for sensing the quantity of beads present on the system.
For the future work, the system shall be implemented on a
submicron CMOS technology for its intended application.

From the results shown in this work, the number of magnetic
beads captured by the sensor using magnetic assay should

TABLEIL.  DESCRIPTION OF THE DISPLAYED VALUES OF THE LCD
DISPLAY PANEL.

AZC initial value corrected value

MAG measured values variation
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reflect the concentration of the target antigen. The sensor will
use BioMEMS technology for implementation. This will
provide the sensor to have greater binding capabilities to
biological materials. And it will also provide a smaller distance
between sensor and magnetic beads due to its post process
etching capability, thereby increasing the sensitivity of the
sensor. The post data processing of the said device would be
done using an 8051 microcontroller. The data gathered from the
device would be converted to a value that is understandable by
the user. The signal quality of the system will be taken into
consideration. Additional filters will be applied to the system as
deemed needed to reduce noise levels during the development
of the micro-scale system. The said device shall not be limited
to the testing of a specific analyte. The device may be altered to
the need of the user. This is simply done with the change
antibodies used for the reactions.
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Abstract— lon channels are natural nanometric pores formed
by proteins across cell membranes. They are respdhke of
part of cell signaling and a large part of pharmacatical
compounds are interacting with them. Therefore, sigle ion
channel screening is being proposed as a fundamehta
technique for investigating the function of cell menbrane
proteins with pharmaceutical compounds. The technige
consisting in embedding ion channels in artificiabilayer lipid
membranes (BLM) is gaining attention over patch clenp
approach due to its characteristics of performing prallel tests
over selected classes of channels. However, no @grocedures
for automatic formation and real time monitoring of BLM
arrays have been presented so far. More specificgll since
BLM is based on a manual and time-consuming technig,
there is a strong need of automatic systems for foring BLMs
in a fully parallel fashion for testing compounds m high
throughput screening (HTS) fashion. In this paper, an
automatic liquid dispensing system for BLM formation is
presented using commercial 3+1 axes movement steppe
machine together with a multi-sensor technique fomonitoring
BLM formation in real time. As proof of this concept, the
automatic dispensing system is interfaced with an 8hannel
electronic interface where low noise amplifiers areable to
automatically sense BLM formations by means of cumnt
sensing.

Keywords - Bilayer lipid membrane, automatic dispensing
system, ion channels, high thoughput screening.

l. INTRODUCTION

Bilayer lipid membranes are artificial biological
substrates composed of phospholipid mixtures swguen
into different organic solvents that self assemialeform
bilayers under specific conditions [1]. BLMs aredgo host
ion channel proteins since they well approximatesratural
behavior of cell membranes. lon channels are natur
nanopores that regulates the ions exchange frora amd
extra-cellular solution, and they are involved irah the
cellular life process [2]. Because of their keyeroh the
physiologic process, ion channels behavior canlteeed or
compromised from several diseases [3]. For theasores,
simple and versatile systems that allow to verifyda
screening drugs interaction with ion channels aecgiired to
reduce time consuming in the drugs discovery atidation
processes [4].

The integration of biological nanopores, such as io
channels with electronics is also a promising apgnofor
the development of novel biosensors that are ablgetect
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low concentrations of target molecules [5], or eigentify
differences between different DNA bases [6].

BLMs can be used instead of natural cell membrane
without significant information loss using chanmebteins
incorporation techniques [5]. BLMs can be formedntgans
of different techniques using microfluidic chambeard
systems to mechanically support the bilayer.

Various techniques to form BLMs are reported in
literature: one of the first developed is the gamtmethod,
consisting in applying a small quantity of lipidhsiion
dissolved in an organic solvent using a boros#icad over
an aperture immersed in water. The orfice, in dimege of
tens to hundreds micrometers, is created in a Ipjabtoic
material foil such as Teflon or Delrin [1]. At thigid-
aqueous interface, a lipid monolayer will be cdogtd
thanks to the amphiphilic properties of lipids. Tlgid-
solvent solution wets the hydrophobic walls of gmerture,
resulting in a thinning of the solvent solutiontle center of
the aperture, until a completely fusion of the twonolayers
into a single bilayer. A small quantity of solveemmains at
the aperture perimeter (the annulus), increasirg BhbM
stability and acting as connection between thektfieflon
sheet and the final thickness of the BLM, typicalythe
nanometric range [1].

Following different approaches, other techniquesrew
developed: some are based on droplets of wateteirigiid
solution [8], others using solvent evaporation aesulting
thinning of the bilayer [9], or based on the liquidertion
through a microfluidic chip which spreads lipidseowa small
Teflon apertures [10]. These techniques allow tHéVi8
formation, but they are not suitable to be autodhate
contrast, the Montal-Muller approach presents some
characteristic procedures so as to to be autonjaidd As
illustrated in Figure 1, the Montal-Muller techn&jaonsists
of the formation of two lipid monolayers above tmeous

Rurface of two separated chambers by applying & lip

solution in a volatile solvent, such as hexanehtoroform.

The chambers are separated by a thin septum wharera
aperture is drilled and, during the monolayer fdiorg it is

kept out from the aqueous surface. After the e\atpor

time, the micro aperture of the septum is loweirsdl the two
monolayers formed into the chambers aqueous ssriae
folded down against each other, forming a bilay@oss the
aperture [11].

This paper present first example of a fully autamat
system for parallel BLM formation inspired on theoMal
Muller approach employing disposable bilayer chambe
[12] and an array of sensing amplifiers to contimlg
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monitor BLM formation. The system allows testingdan
optimizing different protocols, offering a largeXibility and
a fast characterization of membranes.

Section Il will show the system architecture andkig
principle. Section Il will present the implemeritatt of the

mechanical control. Section IV will show a real esment |
where BLM are formed in parallel fashion and morgitbin ‘ W
real time by embedded amplifiers. Finally, Sect\drwill

present an application of the apparatus for rengrdingle

ion-channel signals.
Il SYSTEM STRUCTURE AND CALIBRATION

. ' - BLM assembl
The proposed automatic liquid handling system (f&gu ﬁ

2). IS composed of: I.) Sutter InStr".Jmem MP_285.'X&'a Figure 1. Montal Muller technique for BLM formation on a srhiable on
micromanipulator for pipette automatic movement1®3D 5 Tefion or Delrin septum separating two chambiysdevice empty; 2)
space; ii) Newport NSA12: single-axis micromanipoitefor pipette positioning on the inlet channels; 3) itifge of buffer solution; 4)
multipipette flux control; iii) Anachem Ltd 8-Chaen deposition of lipids for monolayer assembly on twe solution surfaces;
Pipette (20-200 pL); iv) LabVIEW' control panel. 5) rising solution level 6) final bilayer assembly.

Sutter Instruments MP-285 micromanipulator offers a
range of movement of 25 mm in the 3 directionsallibws
also selecting between two submicron movementuteob
of 0.2 mm (coarse range) and of 40 nm (fine rangeyvport
NSA12 provides a motorized, linear plunger, whossitpn
can be controlled with sub-micron (0.1m-uSTEP)
resolution over 11 mm of travel, with a minimum
incremental motion of 0.am (3 HSTEPS). Each uSTEP is
1/64 of the full-step (FS) of 6i4m. The NSA is mounted in
a fixed aluminum bracket (screwed in the MP-28%ival
plate) that provides both a rigid coupling betwé¢aA12
plunger and the pipette plunger along the verticas and
the rigid coupling between the MP-285 and the migétte.
In order to have the maximum pipette volume rangeen
the NSA12 plunger is fully retracted, the pipettenger is
fully extended and vice-versa. The mechanical fater is multi
compatible with any kind of pipettes.

Calibration is done using a precision balance (g1
resolution) knowing these experimental relationshiphich
are dependent on the particular pipette tips used:

pipette

8100uSTEPS =100uL = 810%'?3 = 12.66;—5’
(N

10 15605850 Ah _p 35Kt L 10.34Hh
S s 12.66FS S mm

e

Using these two relationships, it has been possiblelate
the volume with the linear movement of the NSAl@ngler
as in equation (1) and its velocity with the Figure 2. Details of the micromanipulators and multipipetbenposing

infusion/withdrawal flow rate as in equation (2)ander to the compact automatic liquid handiing system.

have a control with a precision of £1jL. _ . IMPLEMENTATION OF THE CONTROL
Both micromanipulator are connected to a PC usifg R ) ) )
232 interface and are controlled by LabVIE{WElementary The described system has been designed with the

operations are implemented in LabVIEYWexecutable in Particular aim to create a compact automatic liquaddling

order to obtain modular software, very versatiledferent ~ "obot for BLM formation able to be interfaced wih array
applications as described below. platform [13]. The system is controlled by an immp&nted

user-friendly control panel (Figure 3). This haseie
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designed following a modular and reusable desitartisg
from elementary operations, implemented in difféeren
subroutines and associated to single independetriote

Origin
£l
Refresh

MP-285
coM#
e

Channel
g

Seps
g

Step, mkrons Step Y, microns kepZ, microns X absokte ¥ absokte  Z absokte
Jo,00 0,00 £J1000,00 0 0

5 % Free drive level (um)
<li000,00 |

Set Resohtion
Step >> | S eatns Rt Set Resl Reset l ’m’el
Set spesd
[ Current Speed mﬁ:«tﬁ% Relative
Slep<<| Move<<l 3 Hiom Setspdl ’ Exit I pemrit |
0 to Lipid - notounl m:.o!tv\l Go;t:'::yltl wwmghl
100+

NSAI2
coms
r 0

" Waiting
- (mn)

Buf : elocity] Yeloatx(
i withdrawal| e Set Velocity| Yoot (4)
" 0| Vimew = g
i i A 02 current velocky
2 | lnluslml J H 0 (us) Jrz,000
= e o- 12,0000 . Lowering
i Aulomaucl ‘(thml e | [ Raising
6- e @) Jmetowatfor sovenk evaparaton (min) Oerio-
. Ao 10 i
2- Lipid Volume (4) i
o

g
“Cyde #
o

Figure 3. LabVIEW™ Control Panel interface for automatic liquid
handling.

The operations are referred to the reference sy§ted to
the array platform [13]. Elementary operations available

to the user, more specifically: 1) to move the ipigette to
buffer reservoir; 2) to move the multipipette toidi
reservoir; 3) to shift left/right the multipipetten the bottom
of left/right chamber; 4) to move the multipipetba the
bottom of left/right chamber at the air-buffer irize level
where lipids are deposited; 5) to return to origimove the
multipipette to the reference system origin; 6\Mthdraw a
fixed amount of buffer selected by the usdr)( 7) to inject

a fixed amount of buffer selected by the usat)(
Furthermore, several important parameters for BLM
formation can be set, in order to test different MBL
protocols, in particular: a) volume of buffer/ligid
injected/withdrawed ((L); b) infusion/withdrawal flow rate
(uL/s); c¢) number of lowering/raising buffer levelabgs in
both chambers; d) waiting time for lipid solvengperation
(minutes). Finally, stacking and synchronizing the different
elementary operations, two automatic BLM formation
protocols (both using the Montal-Miiller method) aéadeen
implemented.

IV. MEASUREMENTS ON PARALLELBLM FORMING BY
REAL-TIME MONITORING

As proof of concept, two protocols for automatic NBL
formation have been implemented, following the Mbnt
Muller technique [11]. They are called “Automati@ising”
and “Automatic”. 1) Automatic raising. The system
withdraws a quantity of buffer from the reservoirdathen
fills the two chambers beneath the microhole (buffdume
< 70ul). Then, a selected quantity of lipids is atgel in the
two chambers and, after a waiting time for solven
evaporation, the buffer level in the two chambemaised by
a fixed quantity at a fixed velocity. At the enctthipette is
moved to the reference system origin. Il) Automalibis
sequence is illustrated in Figure 5. The systerhdritws a
quantity of buffer (1) from the reservoir it fillthe two
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chambers above the microhole (2) (3), in orderlimnato
use the offset correction (4) functionality implerted in the
readout interface. Then a selected quantity (5)ipd is
infused (6) (7) in the two chambers and, after dgimgatime
for solvent evaporation, the buffer level in thetehambers
is lowered and immediately raised (8) (9) by a ek
quantity of buffer.

For a better lipid spreading over the microholeg th
“lowering/raising  cycle”  functionality = has  been
implemented. This procedure automatically —move
alternatively the pipette to both chambers, withdraand
then injects a selected quantity of buffer from tiweo
chambers using a fixed pipette flow rate (selected
“raising/lowering level velocity” option). In ordeio better
distribute the lipid at the air-buffer interfachetuser can set
several automatic cycles.

To monitor the membrane formation, following a kmow
technique [1], a triangular wave of 80 m@6Hz is applied
by the electronic system and the current signaisirmg from
the parallel fluidic bilayer chambers are visualizand
recorded by means of a PC-based custom graphieal us
interface (GUI). As shown, in Figure 4, if the tpbilayer is
not formed, the microhole acts as an electricalst@s
Hence, the current follows the same shape as thageo
stimulus. When a BLM is formed, the equivalent w@itc
element could be modelled as a capacitor and threrdus
given by the derivative of voltage stimulus, réagitin a
square current waveform proportional to the menbran
capacitance. This method allows to known the dimogissof
the bilayer since different BLM have different sgpiavave
amplitudes (Figure 5).

VC

ipette
PP micro-chambers

] &[]
transconductor

VYYVY ¥V

Hardware/Software interface

x
\
[UH [UH [UH [UT :

Figure 4. Equivalent electrical circuit of the septum (abovié)BLM is

tnot present, the microhole can be representedrbgistor. In the presence

of a lipid membrane it can be modeled by a capacithe difference is
sensed by a low-noise transconductance amplifecegol on each spot of
the array (below).

The typical measured current is about 300 ,,pA
equivalent to a membrane capacitance of about 156 p
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much higher of the septum strain capacitance (8pEO
range), which can be neglected.

buffer withdrawal
frOmf rleservoir
I

e buffer infusion

chambefitwo

e lipids withdrawal
from ireservoir

a lipidhinfusion

chamber two

buffenlower-rising
chambertwo

Figure 5. Example of automatic operations sequence implerdeint¢he
“automatic” procedure. Steps 4-10-11 are screeagbfdhe GUI interface.
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The three square-wave signals (red, cyan and ygllow step 11
demonstates the concurrent formation of three iedépnt BLMs of
different dimensions on different microholes, whilwn wave indicates
the early stages of membrane formation where a lggglomerate is
present and acts as a very small capacitance &etilve two chambers.

V.  APPLICATION TO SINGLE CHANNEL RECORDINGS

As a working proof of formation of artificial lipithilayer
resulting from the proposed approach, a typicalglsin
channel recording using artificial lipid bilayer mbrane
will be shown. In the trans-chamber @haemolysin ¢HL)
protein is embedded with the BLM with a final
concentration of 5ng/mLoHL is an exotoxin secreted by
the bacteriumstaphylococcus aureus that forms pores
allowing ions and molecules to pass through the BLM

a) b) ion channel open:
/ions ions current flow

memOIRI L GRS, SRR
Nion channel
X
lon channel closed: Single molecule binding:
no ions flow current pulse due to ion
\ channel temporary occlusion
/ !

|

BLM.

When no ion channel is embedded into BLM, no passag
of current occurs, due to the high electrical tesise
(several Gigaohms) of the membrane with respedbris.
After insertion of axHL pore into BLM a constant current is
detected through the membrane. When a transmembrane
potential of -80mV, is applied a current of aboBOpA is
observed. Finally, we have also introdudgedyclodextrin
(BCD), which binds the a-haemolysin protein and
significantly reduces the ionic channel conductareed
thus the measured current. This molecule is ablgetanto
the lumen of the pore from the stem side and tad bnit,
partially blocking the channel and causing stodhastrrent
spikes. Figure 6 is illustrating this experimenterd current
pulses are readout using the same low-noise
transconductance amplifiers used for monitoring BLM
formation.
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VI. CONCLUSION [6]

A compact parallel liquid handling system for austit
BLMs formation procedure and real time monitorirng i
presented. The apparatus shows for the first tirmengplete
automatic setup for parallel BLM formation. A uggendly
interface controlling the micromanipulators has rbee

(7]

implemented in order to automatically create BLMs
regardless of the user’'s ability with a high yielte. As [6]
proof of concept, a complete sequence for par&le\
formation is reported together with single chameebrding g

using the same transconductance amplifiers usedototor
BLM formation.

[10]
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Abstract—In this paper, we propose two methods based
on quaternions for computing the angles of inclination and
the angular velocity with 6 degrees of freedom using the
measurements of a 3-axis accelerometer and a 3-axis magne-
tometer. Each method has singularities which occur during
the computation of the orientation of the device in the 3-
dimensional space. We propose solutions to avoid these singu-
larities. Experimental results are given to compare our model
with a real gyroscope.

Keywords-smart sensor; sensor fusion; accelerometer; mag-
netometer; angular velocity; gyroscope

I. INTRODUCTION

The computation of the angles of inclination of a device
and its angular velocity has many applications for aeronau-
tics, transportation systems, human motion tracking, games
and virtual reality. Classical methods use accelerometers,
magnetometers and gyroscopes. For some particular angles,
there are singularities for which it is impossible to compute
neither the orientation of the device in the 3-dimensional
space nor its angular velocity [1, page 407].

Our goal is to design a smart sensor magnetometer based
virtual gyroscope, i.e. a method for computing the angular
velocity based on the measurements of a 3-axis accelero-
meter and a 3-axis magnetometer, without any gyroscope,
and with 6 degrees of freedom: 3 degrees of freedom are
provided by the accelerometer and the others are provided by
the magnetometer. It is easier to implement, less expensive
and has a lower power consumption than the classical
gyroscope solutions. Our target is small motion tracking
with embedded devices like cellular phones, with application
fields like virtual or augmented reality. Moreover, it is
possible to create a virtual gyroscope using a magnetometer
and an accelerometer, whereas it is not possible to create
a virtual magnetometer nor a virtual accelerometer using
a gyroscope only. Methods with accelerometers only have
been already proposed in [2], [3], [4], [5]-

A well-known method for computing a strapdown gyro-
scope output simply consists in differentiating the angles
of inclination of the device, but we want to compute the
total angular velocity, which is the addition of the angular
velocities about the three axes of the fixed frame.

Two methods with two different approaches have been
developed. They are proposed in this paper. The method
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that uses the angles of inclination of the device have been
implemented. The method that uses the rotation matrix will
be implemented and the two methods will be compared in
order to find the method which offers the best precision on
the target architecture. This work is a collaboration project
between Freescale and ESIEE Engineering school which
started in June 2010.

In Section II, we introduce the platform and the sensors.
In Section III, a first method for computing the angular
velocity using the absolute angles of inclination is presented.
In Section IV, a second method for computing the angular
velocity using the rotation matrix is presented. In Section
V, experimental results are given.

II. HARDWARE AND SMART SENSORS

We use the new Freescale MMA9550L smart sensor. This
motion sensing platform can manage multiple sensor inputs.
It includes a 3-axis accelerometer and a ColdFire V1 32-
bit microprocessor with an integrated Multiply and AC-
cumulate module (MAC module) for DSP-like operations.
An additional Honeywell HMC5843 3-axis magnetometer is
mounted on the MMAO9550L board so that the two sensors
are strictly parallel and their frames are aligned.

This paper focuses on the mathematical model which
provides the angular velocity and the angles of inclination
of the device in the 3-dimensional space. The algorithms
have been implemented in the form of MATLAB scripts
for testing purposes and the curves show the results of
these implementations. In the future, the algorithms will be
directly implemented on the MMA9550L, since it includes
its own microprocessor.

III. VIRTUAL GYROSCOPE BASED ON THE ANGLES OF
INCLINATION OF THE DEVICE

In this section, the angles of inclination and the angu-
lar velocity are computed from the accelerometer and the
magnetometer measurements using Tait-Bryan angles and
quaternions.

A. Parametrization of Rotations with Tait-Bryan Angles

In order to describe the orientation of the device in the
3-dimensional space, 2 right-handed Cartesian coordinate
systems are used: a fixed reference frame with X, = North,

165



SENSORDEVICES 2011 : The Second International Conference on Sensor Device Technologies and Applications

Y, = East and Z, = Down (NED convention), and denoted
by the subscript r, and a moving frame attached to a mobile
device, denoted by the subscript d. The reference frame
and the device frame are aligned when the device is flat
and aligned with the X, axis pointed to magnetic North.
Rotation angles are positive when clockwise viewed along
the relevant axis vector in the positive direction.

The orientation of the device in the reference frame can
be described by Tait-Bryan angles: ¢, 6 and . v is the
angle of rotation about the Z,. axis (yaw). 6 is the angle of
rotation about the Y,. axis (pitch). ¢ is the angle of rotation
about the X,. axis (roll). Any rotation of the device can be
expressed as a composition of these three rotations in the
reference frame, as shown in Fig. 1.

Xr X, X
4 < ¢) 4
O >V, O« T gy, Opooon >y,
02) 0
var ?
Y y \d
ZT ZT ZT
Figure 1. Angles ¢, 6, 1, and Composition of the 3 Rotations about Z,,

Y, and X, Axes

A rotation about the Z,. axis, the Y,. axis or the X, axis
can be respectively described by a rotation matrix R, (),
Ry(0) or Ry(6):

cos(y)  sin(y) O cos(f) 0 —sin(h)
R.()=|—sin(y) cos(¢) 0| Ry(®)=| o 1 0
0 0 1 sin(f) 0  cos(6)
1 0 0
R;(¢)=|0 cos(¢)  sin(g)
0 —sin(¢) cos(¢)

The composition of the 3 rotations about the Z, axis,
then the Y, axis and finally the X,. axis, is described by the
rotation matrix R(¢,0,v) = R, (¢) - Ry(0) - R.(¥).

It is possible to compute ¢, 6, 1 and the angular ve-
locity ), from the Earth’s magnetic field By, expressed
in the device frame, and the Earth’s gravitational field
ga, expressed in the device frame. The magnetic field is
measured by the magnetometer. On the other hand, the
accelerometer measures the total acceleration including the
gravitational field, the acceleration provided by the user and
the acceleration due to the Coriolis force. Consequently, an
extraction of the gravitational field g4 needs to be performed
with a filter.

The expression of the Earth’s magnetic field in the refer-
ence frame is given by B, = (B -cos(d) 0 B- sin(é))T
where B denotes the strength of the magnetic field (in
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Teslas), & denotes the angle of inclination of the magnetic
field, which depends on the location on the Earth, and (.)”
denotes the transpose of (.).

The expression of the Earth’s gravitational field in the
reference frame is given by g. = (0 0 g)T where
g denotes the strength of the gravitational field, i.e. the
acceleration (in Newtons).

The computation process is shown in Fig. 2.

ﬁﬂby 0, ¢
o | Quaternion

§ ———— | Computation . 0 1/)' q

- of ¢, 6, ¢ Y ‘q
By—————————————»

S Jlr . Angular
- Extraction ingularity Velocityl (5
a1 of gy | Detection o, T
: 9a
Figure 2. Computation Process 1

B. Extraction of gg

Since gg is a constant offset in the measurement of a, it
can be extracted with a low-pass filter. The resulting vector
Je contains sensor medium frequencies and spurious noise.
In order to keep only g, a sliding median filter and a sliding
average filter are used, as shown in Fig. 3. The same delay
is applied to B, to make sure they are in phase.

Computation of gg
) Sliding Sliding R
ay LOFV‘Vi_IE;I'SS P »  Median > Average > gd
¢ Filter Filter
Figure 3. Computation of gy

1) Low-Pass Filter: The frequency of g equals 0. Conse-
quently, the gravitational field can be extracted with a first-
order Butterworth low-pass filter. The Z-transform transfer
function of the filter is given by:

Ge(z)  bo+by-z7t
ag(z)  1+4ay-271

The default coefficients have been computed with
MATLAB by synthetizing a low-pass filter with an expe-
rimentally determined cut-off frequency F, = 0.02 - F¢,
where F, denotes the sampling frequency. They are given
by [bo, b1, a1] = [0.0305,0.0305, —0.9391]. If a variation of
the norm ||gg|| exceeds a threshold, the cut-off frequency
of the Butterworth filter increases of 0.05 - F, and the
coefficients [bg,b1,a;] are computed again. If the cut-off
frequency reaches F. = 0.4 - F,, the filter waits for the
norm ||g;|| to stabilize. Then, F, decreases of 0.05- F, until
it reaches 0.02 - F,. Then, F, is kept, until the norm ||gg||
exceeds again the threshold. A threshold of A,y = 1—(1)0 |l gall
has been experimentally determined.
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2) Sliding Median Filter: A sliding median filter is used
in order to eliminate the highest frequencies sensor spurious
noise, which creates variations of the norm of gg. Since this
norm should be constant, we need to eliminate the samples
that have an erroneous norm. As we will see in section III-C,
gq directly impacts the accuray of the entire computation
process, hence the need to get g; with the least error. The
sliding median filter uses a sliding window of n norms. At
the beginning, the window contains the first n norms of the
first n samples. Then, the norms of the window are sorted.
Finally, the median value of the window is extracted, and
the sample whose norm is the median value is output from
the filter, as shown in Fig. 4.

Let § = (gz gy g-)7 be the input vector, g; =
(9fz gfy gr-)T the filtered vector and i the index of the
sample. The expression of the filter is given by:

g7 (3) = g(k) such that ||g(k)|| = median(||g(i—n+1..7))

Then, the window slides to the right and the norms of
g(i —n + 2.4+ 1) are extracted. A sliding median filter
creates a delay of n — 1 samples.

i=1 2 3 4 5 6
Measurements §(7) ‘6’(1)‘§(2)‘§(3)‘§(4)‘§(5)
! I ! ! I

‘2.1‘2.2‘2.6‘1.5‘2.3‘ ‘

Extraction of a window of norms

Norms ||g(¢)

Sorting of norms

1.5(2.1 2.2 |2.3[2.6
Median norm extraction!

Extracted Norms Hg}(7)|\‘ ‘ ‘ ‘ ‘2.2 ‘ ‘
A
Filtered Measurements g}(z)‘ ‘ ‘ ‘ ‘ 6(2)‘ ‘

i=1 2 3 4 5 6

Figure 4. Sliding Median Filter

The gravitational field filtered with the sliding median
filter still has variations, a sliding average filter is used to
smooth it.

3) Sliding Average Filter: The sliding average filter uses a
sliding window of n samples. At the beginning, the window
contains the first n samples. Then, the average value of the
window is extracted and ougput from the filter.

Let § = (9o gy g9-) be the input vector, g5 =
(gfI dfy 9 fZ)T the filtered vector and ¢ the index of the
sample. The expression of the filter is given by:

oo 1 i
gy =—- > gk
k=i—n+1
Then, the window slides to the right and filters the values
g(i —n+ 2.0+ 1). A sliding average filter creates a delay
of n — 1 samples.
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C. Computation of the Angles of Inclination

The Earth’s magnetic field By, expressed in the device
frame, results from the rotation of the magnetic field B,,
expressed in the reference frame.

By = R.(¢) - Ry(0) - R.(¢) - B, (1)

The Earth’s gravitational field gg, expressed in the device
frame, results from the rotation of the gravitational field
gr, expressed in the reference frame. Since ¢, remains

unchanged after a rotation about the Z,. axis, R (¢) g, = gr.
It follows:

ga = Ry() - Ry(0) - gr (2)

It is possible to compute the roll angle ¢ from the
gravitational field by developing Eq. 2:

¢4 = arctan2 (gdy) 3)
9dz
arctan2 denotes the arctangent on the domain [—7r, 7].
Once ¢ is known, it is possible to compute 6:
—Ydz
0 = arctan ( - ) “)
9y * SIn() + ga- - cos(¢)
arctan denotes the arctangent on the domain [—7, 7].

If gy is aligned with the X, axis, the denominator in
Eq. 4 becomes 0. Please see Tab. I for the detection of this
singularity.

Once ¢ and 6 are known, it is possible to compute i) by
developing Eq. 1:

1) = arctan2 (

B -sin(¢)—Bgy-cos(¢) )
By -cos(0)+Bay sin(¢)-sin(0)+Bg. -cos(¢)-sin(0)

D. Singularity Detection

A table of the singularities is given in Tab. I. The norma-
lized gravitational and magnetic field in the device frame are

denoted respectively by gan = (9ana, Jany; gan =)

- B
and Byny = (Bing, Biny, Bin:) = IIEZH'

ity is detected, several compositions of rotations give the
same result. Consequently, there are two methods. The first
method consists in keeping the previous values of ¢, 6 and
1. The second method consists in finding the appropriate
case that allows the accurate determination of ¢, 6 and .

— _Ya
llgall

If a singular-

E. Parametrization of Rotations with Quaternions

The quaternions are hypercomplex numbers, ie. 4-
dimensional mathematical objects, used to describe rotations
in the 3-dimensional space [6].

1) Definition and Properties of a Quaternion: A quater-
nion q has 4 coordinates in a 4-dimensional vector space and
isdenotedby ¢ = (1 ¢2 @3 6]4)T with (g1, g2, g3, q1) €
R*. 1t consists of a vector part ¢, = (q1 Q2 q3)T and a
scalar part g5 = g¢4. It can be expressed in the following
form:

q=q-t+q-j+q-J+q &)
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9dNzx 9dNy Bina BdNy ¢ 0 P
1 0 sin(9) cos(9) —n/2  —7/2 0
0 —7/2 —m/2
/2 —7/2 T
™ —7/2 w2
1 0 sin(9) —cos(d) | —w/2 —m/2 ™
0 —7/2 w/2
w/2 —7/2 0
™ —7/2 —m/2
0 -1 cos(9) —sin(d) | —7m/2 0 0
/2 T T
0 -1 —cos(d) | —sin(d) | —m/2 0 T
/2 T 0
-1 0 —sin(d) | —cos(d) | —m/2  w/2 0
0 /2 w/2
w/2 w/2 T
™ /2 —7/2
-1 0 — sin(9) cos(9) —7/2 w2 ™
0 w/2 —7/2
w/2 w/2 0
T w/2 w/2
0 1 —cos(9) sin(4) —7/2 T 0
/2 0 ™
0 1 cos(9) sin(0) —m/2 T T
/2 0 0
Table I

TABLE OF SINGULARITIES

In Eq. 5, i, j and k are imaginary numbers: ;2 = j2 =
K= -l,andi-j=—j-i=%kj-k=—-k-j=1
k-i = —i-k = j. Therefore, it is possible to compute
the product of two quaternions ¢ = (@1 2 g3 q4)T
and ¢ = (¢f & & qfl)T, denoted by ¢ - ¢/, using the
properties of the hypercomplex numbers. It can be noticed
that the product between 2 quaternions is not commutative:
qqd#dq

The inverse of a quaternion ¢ = (q1

denoted by ¢ ' = (=1 —q2 —q3  qa)

2) Euler-Rodrigues Parameters: A quaternion ¢ =
(1 @ @ q4)T can be used to describe a rotation by
an angle o about a unit vector @ = (a b c)T that is the
axis. @ is a unit vector, so ||@|| = 1. The Euler-Rodrigues

parameters corresponding to the rotation are given by:

T .
G2 g3 qa) s
T

@ =a-sin(g5) g =>b-sin(g) g3 =c-sin(g)

. S T
3) Rotation: Let ¥ = (¢ y z) be a vector. The
quaternion ¢ transforms ¥ into another vector v} =
T . S
(xy wyg =zg) by rotating it by angle a about an @
axis. A 4! null coordinate is added to ¥, so it becomes
- T -
Vg = (x [T O) . The rotated vector v} corresponds to
the vector part of v7, given by:

Vg =q Uy q " ©6)

The scalar part of v, is 0, since vy, is a pure vector in
the 3-dimensional space.
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4) Composition of Two Rotations: Let q, be a quaternion
describing a rotation by an angle o about an @ axis and ¢g a
quaternion describing a rotation by an angle (3 about a b axis.
The composition of the rotations about the b axis, then the
@ axis, is given by the quaternion ¢, g = ¢n - ¢3. Let ¥ =
(z y z)T be a vector. The quaternion ¢, g transforms
¢ into another vector v} = (x T zf)T by rotating it
by angle (3 about a b axis, then by angle « about an @
axis. With vy = (x T O)T, the expression of Eq. 6
becomes v5; = (¢a - ¢3) - Vg (qﬁ_1 -q;"). The rotated vector
v} corresponds to the vector part of vy,. The scalar part of
V¥4 is 0, since v¥, is a pure vector in the 3-dimensional
space.

5) Computation of the Angular Velocity: The instanta-
neous angular velocity w;.(t) of the device at the instant ¢,
expressed in the reference frame, corresponds to the vector
part of wy,(t) given by [7]:

“1gp . da(t)
T =2-q7 ) —2
() =27 1) - O
The scalar part of wy4(t) is 0, since wyy(t) is a pure
vector in the 3-dimensional space, which finally gives:

cos(f) - cos(v) - cz.S.+ sin(z)) - 0'.
—cos(f) - sin(¢) - ¢ + cos(¢) - 0
sin(6) - ¢ + ¢

FE. Computation of the Quaternion q From the Angles of
Inclination

A rotation by angle i about the Z, axis, by angle
0 about the Y, axis or by angle ¢ about the X, axis
can be respectively described by the quaternion ¢y =
(00 sin(%) cos(2NT , go = (0 sin(g) 0 cos(4))” or
gy = (sin($) 00 cos(£))T .

The quaternion describing the composition of the rotations
about the Z,. axis, then the Y, axis, and finally the X, axis,
is given by ¢ = q¢ - qo - qy-

The method described above has 8 singularities. Conse-
quently, the computation of the angles ¢, # and v cannot
be accurate if the detection of singularities is not efficient
enough.

IV. VIRTUAL GYROSCOPE BASED ON THE ROTATION
MATRIX

In this section, the angles of inclination of the device and
the angular velocity are computed from the accelerometer
and the magnetometer measurements using the rotation
matrix and quaternions. Although its computation cost is
higher, the major advantage of this method is that it reduces
the number of singularities to only 2. Furthermore, this
method does not require the explicit computation of the
angles. The computation process is shown in Fig. 5.
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Quaternion]
f—  » q
Computation > +
3 M|,
B——————» of The Singularity
Rotation Detection
Extraction Matrix M q
aq— of gy 9?(1 Angular
' o> Velocity -5,
Wy
Computation
¢, 0,
of 6, 6, @00
Figure 5. Computation Process 2

A. Computation of the Rotation Matrix M

. T . .
Let = (z y z) be a vector. The rotation matrix M

. . T
transforms  into another vector v} = (zy yr zf) by
rotating it by an unknown angle « about an unknown @ axis.
The coordinates of the resulting v are given by:
vp=M- -V @)
Once ¥ and v} are known, it is possible to compute M.
Consequently, we will be able to deduce « and a.
Let gon = Hgfj” be the normalized gravitational field in

the device frame, Byn = I\gd\l
d

field in the device frame, Cy = gg x By the cross product
between the gravitational field and the magnetic field in the

the normalized magnetic

device frame, C;N = ﬁ T];d = B;N X C;N and T;d =
d
gan % Can. )
On the other hand, let g,y = H9+H be the normalized

gravitational field in the reference frame, BT N = _JlB T

normalized magnetic field in the reference frame, C'. = g; X
B, the cross product between the grav1tat10nal ﬁeld and the

magnetic field in the reference frame, C’, N =& c H TBT. =

BNXCNandTngTNxCrN
The expressions of 797 ~ and BT N are respectively g1veTn
by ;v = (0 0 1) and By = (cos(6) 0 51n(5))

Consequently, C, = (0 g-B-cos(d) 0 ooy =

(0 1 0)7, 75, = (=sin(8) 0 cos(d))” and Ty, =
(-1 0 0"
The general expression of the matrix M is given by:
Mix Miz Mg
M=|Ms Mz Mo
Ms1 Mz Mss

Since ng =M-Ty, Cqn = M~Cr1_\( and_'gJN =M-g,n,
the matrix M can be deduced from T4, Cyn and ggn:
—Tgde CdaNe 9gdNz
M=|-Tysy Cany gany
—Tga- Canz gdN=
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Since T;d =M - T];T and B;N =M - B:N, there is
another method, which is to deduce the matrix M from Tg,
Cyn and Bgn:

Bangcos(0)—Tpas-sin(d)  Cane Banesin(d)+Tpds-cos(d)
M= BdNy-COS((S)*Tde-Sin(J) Cd,Ny BdNy-Sin(5)+Tde-COS(5)
Bsz-cos(zi)fTde-sin(é) Can-= Bsz-Sin(5)+Tde-COS(§)

B. Computation of the Quaternion q

Once the matrix M is known, it becomes possible to
compute ¢q. The four possible cases are given in Tab. II [8,
page 15]. The comparison of Mj;, Moo and Ms3 gives the
appropriate case that allows the computation of g.

V14+Mi1—Maz—Ms3
(M12+Ma1)/~/T+ M1 — Moz — M3z
(M31+Mi3)/v/1+M11—Maa—Mss
(M23—M32)/v/1+Mi1 —Maz—Ms33
(Mi2+Mz21)/v/1—=Mi1+Maa—Mss

VI=My1+Mao—Ms3
(M23+Ms2)//1—=M11+Maz—Mss
(Mg1—My3)//T—Myi1+Maz—Msg
(M31+Mi3)/v/1—Mi1—Ma2+Ms3
(M23+Ms2)/v/1—M11—Maz+Mss

V1—Mi1—Maz+Ms3
(M12—M>1)/v/I=Mi1—Maa+Ms3
(M23—M32)/~/T+ M1+ Moz +Msz3
(M31—Mi3)/v/1+Mi1+M22+Mss
(M12—M21)/v/1+Mi1+Ma2+Mss

VIFMi1+Maz+Msz

Table II
COMPUTATION OF ¢ FROM M

Moo <—Ms3s
Mi1>Maso
Mi1>M33

)
Il
ol

Myo>Ms3s
My <—Mao
My <—Mszs

Moo <Ms3s
My1<—Mag
Mi1>M33

Moo >—Ms33
My1>—Mag
Mi1>—Ms3s

<
I
ol

C. Computation of the Angles of Inclination
Once ¢ is known, ¢, € and ) can be computed:

2 (¢ 'CI4+Q2'CJ3))
1-2-(qf +43)

¢ = arctan2 (

0 =arcsin (2-(q2-qa — g3 - q1))

2'(Q3'Q4+Q1'Q2))

1-2-(q3 +d3)

With this method, there are only 2 singularities left: 6 =
+7. They are known as the gimbal lock. If such a singularity
is detected, the previous value of € is kept.

1 = arctan2 (

V. EXPERIMENTAL RESULTS
A. Extraction of gg

The Fig. 6 shows the results of the computation of gg.
First, the X; axis has been aligned with the Z,. axis,
then the device has been shaken by the user, who created
accelerations of about 2g. Then, the Y} axis has been aligned
with the Z, axis and, finally, the Z; axis has been aligned
with the Z,. axis.

We can notice that the norm of the extracted gravitational
field equals 1g and that the highest frequencies due to the
fast shakes of the user have been eliminated.
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Adx Ady adz
29 29+ ‘ 29-
19 19- iR 1g-
1o 1o : R
g- g- 9-
-2g- -29- -2g9-
9dx 9dy 9dz
2g- 2g- 2g-
[/ S e
0 o — - 0
1g- 19- 19-
-2g9- -2g- -29-

Figure 6. Extraction of gy

B. Angular Velocity

Experimental results of the angular velocity computed
with our first method virtual gyroscope (top) compared to
the one from a real gyroscope (bottom) are given in Fig.
7. The real gyroscope is tied to the accelerometer and the
magnetometer and their frames are aligned to get a 9 degree
of freedom system. The similarity of the two measures
confirms the accuracy of our model.

dps wX dps wY dps wZ
300 300 300}
2001 200- 200
100+ 100 A 100
0 o- 0 MMM\,/\[\[—/\N
-100 -100r -100
-200f -200+ -200
-300¢ -300- -300
dps  QyroX dps  gyroY dps  QyroZ
300} 300 300
200 200 200
100 100 100+
-100 -100 -100
-200 -200 -200
-3000 -300 -300
dps=degrees per second
Figure 7. Angular Velocity Computed With our Virtual Gyroscope (top)

vs. a Real one (bottom)

VI. CONCLUSION AND FUTURE WORKS

In this paper, we have presented two methods to imple-
ment a virtual gyroscope that only uses the measurements
of an accelerometer and a magnetometer, with 6 degrees of
freedom.

The two methods have their own advantages and draw-
backs. The method which uses the angles of inclination is
easier to implement, but there are 8 singularities, which
need to be solved. Moreover, the computation of 7 depends
on the computation of €, which in turns depends on ¢. If
there is a singularity on ¢, the computation of the angles
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is not possible. On the other hand, the method with the
rotation matrix has only two singularities but its computation
cost is higher. The second method has not been completely
implemented and validated yet; this is our current work.

The precision of both methods and their limitations must
be investigated and will be our main future work.

Finally, we plan to optimize the implementation of both
methods on the MMA9550L. This will allow us to provide
the angular velocity and the angles of inclination of the
device and use them for several applications, like a 3-
dimensional mouse, a virtual joystick, a human motion
tracker. The MMA9550L board can communicate with the
PC with a Bluetooth connection. Consequently, the board
can become a portable device with its own power supply.
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Abstract—This paper proposes a framework dedicated to
the management of data processing within a geographically
distributed system made of heterogeneous software and hard-
ware components. The integration and coordination of these
different components is easily performed thanks to a uni-
form abstraction level proposed here. The resource-oriented
approach combined with a rule-based system allowing trans-
actional manipulation of these resources provides a unified
view of the distributed system. An example will show the
powerfulness of the proposed middleware.

Keywords-Middleware; rule-based language.

I. INTRODUCTION

When dealing with distributed sensors data processing,
from co-located sensors to sensors spread over different
continents, the problem to solve at the application level
always remains the same:

¢ to share data;

« to synchronize “entities”;

« to manage concurrent accesses;

e to define conditions, and

« to ensure consistency on the system “global state”.

Until now, each level was defining its own way to solve
(or sometimes not!) its own issues, with different specific
points of view and mechanisms.

The proposition in this paper is to provide a uniform
abstraction layer that eases the integration and coordination
of the different components (software and hardware) that
compose the network of sensors and actuators. It is based
on a resource-oriented approach combined with a rule-
based system allowing transactional manipulation of these
resources. This results in a unified view of the system,
whatever its size and its geographical distribution.

Chaski is rooted in previous projects conducted at XRCE
(Xerox Research Centre Europe), in particular the Coordina-
tion Language Facilities (CLF) project [1], [2] and STITCH
[3] developed from 1995 to 2003. Chaski may be seen as a
natural evolution, based on the lessons learned and the will
to reduce the middleware footprint in order to better fit with
a large number of small devices and appliances.

Chaski, is the combination of three paradigms, namely
associative memory, distributed transaction and production
rules presented in Section 2. Put together they offer a
powerful framework to address distributed (sensor) data
processing with properties that are up to our knowledge
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novel in this field. Section 3 presents the Chaski rule-based
language, an intermediate coordination layer that can be used
by application programmers or automatically generated from
Domain Specific Languages or graphical user interfaces.
This rule-based language offers in addition the possibility
to dynamically modify the application to adapt not only
to changes induced by the user, but also changes due to
the self adaptation of the system to the context (both for
planned modifications and failures). Section 4 demonstrates
the Chaski expressiveness through an application.

II. PARADIGMS
A. Associative Memory

An abstraction layer is highly desirable to unify the view
of the various components usually involved in distributed
sensor processing: the sensors, the sensed data, the actuators,
the software components responsible for the data fusion, the
software components used to interact with the system either
for application or monitoring purpose, etc.

The option chosen is to consider these entities as ’re-
sources” managed in an associative memory. The associative
memory is implemented with a tuple-space, following the
concept introduced by Linda in the 80s [4] and resurrected
several times since in the middleware field [5], [6]. An
associative memory provides a repository of tuples that can
be concurrently accessed by a set of software components
that may either insert resources (data) as tuples in the space
or retrieve or consume resources from the space according
to a matching given pattern. This tuple-space may be seen
as a distributed shared memory.

get()

@ put() rd() o

Figure 1. Associative memory and basic operations

From original Linda, only 3 operations are retained (see
Figure 1) to manipulate tuples: rd () which verifies the
presence of a tuple matching a given pattern, get () which
consumes a tuple, and put () which inserts a tuple (the
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original Linda operations in () and out () have been
renamed to make their semantic less ambiguous).

In Chaski, the associative memory is split into distinct
units called bags. Unlike in the original Linda, bags may be
distributed over different hosts, offering a fully distributed
associative memory. Moreover, the bags are typed. Distinct
types introduce specific differentiations in the semantic and
operation of the rd (), get () and put () methods. For
instance, the bag may be a set, or a multiset with an impact
on the put () operation. When a resource is put () in a bag
already containing an identical resource, then it is inserted
when the bag is a multiset but inserted if it is a set.

The abstraction of bags completely hide the data dis-
tribution thus it matches the first problem that is how fo
share data. It is also well suited to encapsulate sensors
and actuators. Actually, a sensor is a virtual” bag in
which the resources are the different sensed information
that can be accessed one by one through the rd () and
get () operations. An actuator is a ”virtual” bag where each
inserted resource through the put () may trigger actions.

B. Distributed transactions

A distributed transaction is a set of operations in which at
least 2 geographically distributed clients are involved. Trans-
actions usually ensure the so-called Atomicity, Consistency,
Isolation, Durability (ACID) properties. In Chaski, only
atomicity is managed, to ensure all-or-nothing outcomes
for each unit of work (operations set). The atomicity is
implemented using a two-phase commit protocol (2PC) [7]
to ensure that each participant in the transaction agrees on
whether the transaction should be committed or not. In the
first phase, the participants involved in the transaction are
queried. In the second phase, when all participants replied
they are ready, the coordinator formalizes the transaction.

In order to allow transactional manipulation at the re-
sources level, the rd (), get () and put () basic oper-
ations are divided into 2 phases. The first one prepares the
operation and locks the resources. The second phase per-
forms the operation if the transaction has to be committed or
it unlocks the resources otherwise. Distributed transactions
tackle two problems raised in the introduction, i.e. “entities”
synchronization and concurrent accesses management.

C. Production rule system

A production rule consists in 2 parts: a precondition part
and a performance/action part. If a precondition matches
the current system state, then the action is performed. A
production system can be seen as a mechanism that executes
productions in order to achieve some goals. An example of
production rule system is, e.g. OPS5 [8].

The production rules in Chaski use only the 3 basic
operations defined on top of the associative memory. The
system state is kept and managed through the associative
memory (tuple-space). So, rd () operations are naturally
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used to access and evaluate this state. The precondition
of a rule is a set of rd () operations. The distinct rd ()
operations required to evaluate the precondition are per-
formed sequentially, with a right propagation following logic
programming approach [9]. This will be developed in details
in Section III. The performance phase of a rule is a set of
rd (), get () and put () operations embedded in one or
more transactions. Broadly speaking:

o rd () operations are used to ensure that the conditions
which triggered the rule are still valid when the rule is
actually executed. If the conditions are no longer valid,
then the transaction is aborted. This ensures that a rule
cannot be performed when conditions were fulfilled at
some point in the past, but this is no longer the case;
e get () operations are used to validate the resources ex-
istence (e.g. resources involved in the definition of the
precondition) but, in addition, to ensure the resources
will be consumed when the transaction is committed.
Therefore, if different transactions depend on the same
resource availability, only one is committed;
e put () operations are used to insert new resources in
the associative memory, as combinations of resources
returned by rd () operations of the precondition phase.
When a performance phase contains multiple transactions,
they are executed in sequential order. Then, if the distinct
transactions perform a get () over the same “token” re-
source, it is very easy to formalize alternative treatments for
a given precondition with the insurance that only the first
possible treatment will be performed. This provides a natural
and very elegant way to solve various difficult problems
(e.g. graceful degradation, redundancy or dispatching) that
arise in a distributed environment. The full picture of this
mechanism is described in Section III.

The Chaski production rule system answers the two last
problems, that is how fo verify distributed conditions and to
ensure consistency on the “global state” of the “system”.

III. RULE-BASED LANGUAGES

One of the key features of Chaski relies on its coordination
language which is an evolution of the STITCH language. In
this section, the basis of the Chaski language are introduced.

A. Writing of Chaski rules

In a Chaski rule, the precondition and a performance parts
are separated by the symbol ::”.

The associative memory is split into bags. These bags may
be grouped into objects according to the application design.
For instance, bags may be grouped for location reasons
(hosted by the same machine) or for semantic reasons (all
the bags used to manage a given sensor network are grouped
in the same object).

A bag is uniquely defined among the overall sys-
tem with syntax [<objectname>, <bagname>] where
<objectname> and <bagname> respectively define the
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names by which the object and the bag are known within
the system. As an example, "Zigbee" and "Sensors"
could uniquely define the bag containing tuples built as
(<sensorid>, <value>) and corresponding to all the
measurements done by the sensors currently connected to
the system through the zigbee protocol.

Then, applying an operation on this bag (e.g. rd())
is noted ["Zigbee","Sensors"].rd(id,value).
A ["Zigbee","Sensors"].rd(id,value) opera-
tion in the precondition returns one by one the tuples
matching the given pattern (id, value), that is, in the
present example, all the sensed informations collected by
the system through the zigbee protocol. When the last
corresponding tuple is returned, the rd () is blocked until
a new matching tuple becomes available.

This mechanism is similar to the one a software program
that is reading a file on which one or several other software
programs are appending data. The read operation blocks
when the pointer reaches the current end of the file and is
automatically unblocked when new data become available,
as the result of append operations performed by the other
software programs. If one or several fields (e.g. 1d) are set
with the identity of a specific sensor (e.g. "Zig001") then
["Zigbee","Sensors"].rd("Z2ig001",value)
only returns the current value associated to this particular
sensor. As soon as the sensor reads a new measurement,
the corresponding new tuple is added to the bag and then
will be returned by the pending rd ("Zig001",value).

In the precondition part, several reads can be sequentially
invoked and the related instantiated variables are instantly
right propagated, as it would be done in a classical logic
programming approach. For instance, the following precon-
dition will be true each time a new temperature is read by
any of the temperature sensors in the system.

["Directory", "SensorNetworks"].rd(network) &
[network, "Type"].rd(id, "temperature") &
[network, "Sensors"] .rd (id, value)

The first rd () returns all the wireless sensor networks
known by the system. Obviously, if a new wireless network
is integrated in the system, and if the resource defining its
availability is inserted in the bag "SensorNetworks",
then it will be automatically taken into account in the
evaluation of the precondition. Each returned value will
be instantly propagated in order to define the variable
network used to designate the object name in which the
"Sensors" and "Type" bags have to be queried. The
second rd () gets the id of all the temperature sensors
while the last rd () gets, for each of them, their mesured
value. As a result, we obtain the search tree of Figure 2.
Here, the computation item is seen as a “virtual bag”
that, each time a rd () is done, takes the first field of
the tuple as input parameter, computes the consign =
compute_consign (value) function, and then returns
a tuple containing the result in the updated second field.
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Figure 2. Evaluation tree

From the system side, it is seen exactly as any other bag.
In the same way, it is possible to map assertions:

ASSERT: lib.lowerthan(value,threshold)

Here too, a virtual bag generates the expected resource if
the condition is true. If the condition is not met, no resource
is generated and the rd () is blocked.

The last facility allows to define of temporization in seconds:

TIMEOUT: 30

Here, the virtual bag waits the given delay before returning a
tuple allowing the evaluation of the rest of the precondition.

For instance, if supplemented with an assert condition,
the rule explained above will only consider the sensors with
readings lower than 16°:

["Directory", "SensorNetworks"].rd (network) &
[network, "Type"] .rd(id, "temperature") &
[network, "Sensors"].rd(id, value) &

ASSERT lib.lowerthan (value,"16") &
COMPUTE 1lib.compute_consign(value,consign) &
[network, "Location"].rd(id, location) &

In addition, the reference that has to be transmitted to the
heater according to the measured temperature is computed.
Finally, the location of the temperature sensor related to the
heater that has to receive this reference is retrieved. For the
tree in figure 2 that contains 3 sensors, only the first one
will actually trigger the performance phase.

The last point is to control the frequency of the precon-
dition evaluation. Currently, each time a new measure is
performed by a temperature sensor, the precondition is evalu-
ated. This is obviously not suitable. Thus, at the beginning of
the precondition, a rd () is added to a bag called Ticket
that regularly generates resources used as tickets for trig-
gering time-dependent actions. For instance, suppose that
the Ticket bag generates a ("heating", "ticket")
resource each 10 mn. Then, the precondition presented above
is evaluated each 10 mn. If such a sensor exists, its location
and the reference to apply to the related heater is computed.
The full rule with its performance part can now be written:
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["Clock", "Ticket"].rd("heating", "ticket") &
["Directory", "SensorNetworks"].rd (network) &
[network, "Type"] .rd(id, "temperature") &
[network, "Sensors"].rd(id, value) &

ASSERT lib.lowerthan (value,"16") &

COMPUTE 1lib.compute_consign(value,consign) &
[network, "Location"].rd(id, location) &

"Clock", "Ticket"].get ("heating", "ticket") ;
network, "Sensors"] .rd(id, value) ;

"Heating", "Actuators"]. (location, consign)

{

"Clock","Ticket"].get ("heating", "ticket") ;
network, "Sensors"].rd(id, value) ;
"Alarm","SMS"].("06778899", "heating problem")

The performance part is made of 2 distinct transactions,
basically corresponding to 3 different cases:

1) in the first phase of the first transaction, we check if the
ticket ("heating", "ticket™") is still available, if
the temperature is the same as the one measured in the
precondition, and if the heating system is manageable.
If it is true, the second phase is performed: the ticket
is consumed and the resource defining the consign
for the heater is inserted in the bag controlling the
heating system. Since, the resource corresponding to
the temperature value might be shared by some other
rules we do not consume it: a rd () is used instead
of a get () ; The second transaction has no chance to
be performed as the ticket resource disappeared.

2) the temperature measurement has not been modified
but, for some reason, in the first phase, the system
has not been able to communicate with the heating
system. In this case, the first transaction aborts, the
ticket remains and the second transaction is tried. This
second transaction sends an alarm via SMS to the user
to warn her of the heating system problem;

3) if the temperature measurement has changed, then
none of the 2 transactions are performed because the
resource corresponding to the temperature of the pre-
condition disappeared. In this case, the resource ticket
is preserved in the system, enabling the precondition
to be re-evaluated with the new temperature resource.

B. Other extensions

Two other mechanisms are provided to refine the evalu-
ation mechanism of the precondition. Their goal is mainly
to reduce the size of the search tree and to cut off earlier
branches. These mechanisms are exemplified hereafter:

{x,!}["Clock","Ticket"].rd ("heating", "ticket") &
{x,!}["Directory", "SensorNetworks"] .rd (network) &
{x,600} [network, "Type"] .rd(id, "temperature") &
{*, !} [network, "Sensors"].rd(id, value) &

ASSERT lib.lowerthan (value,"16") &
COMPUTE 1lib.compute_consign(value,consign) &
{1,!}[network, "Location"].rd(id, location) &

The first field into the curly brackets defines the number
of awaited replies. It has already seen that rd () opens a
stream of replies. With this new field, the system knows that

Copyright (c) IARIA, 2011.  ISBN: 978-1-61208-145-8

after receiving the required number of values, the stream
can be closed. For instance, a sensor is known to stay in a
single location (a single location resource exists in the bag
for the given sensor). The second field indicates how long
(in s) to wait for resources while the rd () is pending. Here,
for instance, the waiting for a temperature measurement
will be no longer than 10 mn (i.e. 600 s), as a new ticket
is issued every 10 minutes. Then, even if the temperature
would finally be read after 10 mn, it would not anyway be
validated in the precondition re-evaluation. Then, it is not
useful to keep the stream waiting for this rd () open.

To be complete, it is worth to say that opened streams
are automatically closed by the system when the resource
on which depends the rd () stream gets consumed.

IV. APPLICATION

In this section, we illustrate the high level of expressive-
ness of the Chaski coordination language through the fol-
lowing application. Several seniors are living autonomously
in their own habitation. Nevertheless, they need a daily
checking. A pool of health professional has to check that
the elderly people are fine.

Two organizations of these daily meetings can be pro-
posed. The first one consists in fixing in advance the
appointment between one elderly people and one health
professional. Obviously, this way will not take into account
the different unforeseen events:

« an elderly person is late at the appointment because
involved in daily activities;

« a health professional is late because previous check-up
lasted more than expected;

« emergency has to be taken into account;

o if a check-up is shorter than planned, the remaining
time is just lost even if another check-up would be
possible;

o the load is not balanced among the pool of health
professionals, some are idle, some are overwhelmed.

The second way is to let to the application organizing the
scheduling in real time by relying on the Chaski framework
and its rules to capture information from different type of
sensors and to synchronize distributed actions.

Emily Amper
Hospital —
o
(CommCaller) Meg Awatt

) (CommReceiver )

Mick Rofarad
-

Sensor

Figure 3. Overview of the distributed application
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Figure 3 gives an overview of the distributed application
with the decomposition in Objects/Bags:

["Hospital", "Checkup"] is a bag containing in-
formation about the people to be contacted during a day;

["Hospital"."Pool"] manages the available doc-
tors who can make the daily checking;

name
Emily Amper
Eloi de Moure
Mani Kor
Meg Awatt
Mick Rofarad
Kyle Hobbit

doctorname
”Dr. Home”
”Dr. Whatelse”

status
“idle”
“idle”

Table I
EXAMPLE OF RESOURCES CONTAINED IN CHECKUP AND POOL BAGS

[ 2?2 ,"Sensor"] encapsulates a presence sensor at
the location of each elderly person;
["Hospital", "CommCaller"] is a bag encapsulat-
ing the video conference equipment of the hospital;
[ ?2? ,"CommReceiver"] is a bag encapsulating the
video conference equipment at elderly person location;
The main rule is:
["Hospital", "Checkup"].rd(senior) &

["Hospital","Pool"].rd(doctor, "idle") &
[senior, "Sensor"] .rd("present")

"Hospital", "Checkup"] .get (senior) ;
"Hospital", "Pool"] .get (doctor, "idle") ;

senior, "Sensor"].rd("present") ;

"Hospital", "CommCaller"] .put (doctor,"call", senior) ;
senior, "CommReceiver"] .put ("accept", doctor)

The bag [senior, "Sensor"] encapsulates a presence
sensor that insert in the bag the information about the
presence or not of the person. For instance, it can be a
simple presence sensor put on top of a computer/laptop/pad
screen. The bags ["Hospital", "CommCaller"] and
[senior, "CommReceiver"] just encapsulate the video
conference software module used by the system. It can use
for instance the command line interface of skype.

The behavior of the rule is as follows. The first token
returns all the people that are waiting for a checkup. The
second token returns all the available Health professional.
The third token corresponds to a presence sensor on the
location of each of the elderly people. When one of them
is detected as “present” then the precondition of the rule is
verified and the performance part may be triggered.

Assume that the precondition becomes true with "Mani
Kor" as senior and doctor is "Dr Home". Then the
performance part is:

"Hospital", "Pool"].get ("Dr Home","idle") ;

"Mani Kor","Sensor"].rd("present") ;

"Hospital", "Checkup"].get ("Mani Kor") ;

"Hospital", "CommCaller"].put ("Dr Home","call","Mani Kor")
"Mani Kor", "CommReceiver"].put ("accept","Dr Home")
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When the performance part is triggered, the initial situa-
tion responsible for the precondition could have changed and
then it is required to verify that the condition is still true.
This is done either using the rd () or the get () operations.
Both verify that the required resource is still available but the
second in addition will consume the resource in the second
phase of the transaction. The different cases concerning the
performance are discussed hereafter.

If the 3 resources ("Mani Kor"), ("present") and
("Dr Home","idle") are still available then they are
locked and the 2 last tokens verify that the video conference
is technically possible (e.g. equipment “on” at both sides). If
everything is fine then resources ("Dr Home", "idle")
and ("Mani Kor") are consumed and the video con-
ference is launched. The consumption of resources ("Dr
Home","idle") and ("Mani Kor") prevents the two
people (doctor and senior) to be involved in another video
conference because all the rules that require one of these
resources will fail in the performance phase. When the
check-up is finished, the doctor has just to notify the
system that he is available again. As a consequence the
resource ("Dr Home","idle") is inserted in the bag
["Hospital", "Pool"]. This will reactivate all the rules
waiting for a resource in this bag.

The transaction may cancel because:

« the doctor could have received an emergency. In this
case, the corresponding resource is removed from
["Hospital", "Pool"]. This could be done auto-
matically by removing the resource when the doctor
id card used for authentication and tracing is removed
from the reader associated to the computer;

« the doctor could be involved in another check-up if 2
check-ups were possible at the same time. Only one
triggers the video conference and the other fails due to
the absence of the resource ("Dr Home", "idle");

e "Mani Kor" could already be with another doctor;

e "Mani Kor" could have left the room equipped with
video conference system for some reason and then the
resource ("present") is no longer available;

« video conference equipment failed at one of the sides.

If the transaction fails then no resources are consumed.
Thus, the precondition of the rule may become again true if
the doctor or the senior becomes again available.

Concerning the faulty equipment, another transaction can
be added after the first one and then triggered in sequence.

"Hospital", "Pool"].get ("Dr Home","idle") ;

"Mani Kor","Sensor"].rd("present") ;

"Hospital", "checkup"].get ("Mani Kor") ;

"Hospital", "Support"].put ("Pb", "Dr Home", "Mani Kor");

If the resources awaited by the 3 first token are available,
this means that the previous transaction failed. Otherwise
("Mani Kor") would have disappeared. Then this trans-
action is executed only if the first one fails. In this case
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aresource ("Problem", "Dr Home", "Mani Kor") is
inserted allowing another rule waiting for it to manage the
problem and to warn the support team for instance.

V. DISCUSSION

The simple example given in the previous section shows
the expressiveness of the Chaski language may simplify the
design of distributed applications which need to put together
data coming from different distributed locations.

ECA rules

This language goes beyond what is possible to do
with Event-Condition-Action (ECA) rules [10] on different
points. First, it unifies the event and the condition because
they are seen in the same way by the system: an event
and value condition are resources contained in the bags.
This allows to have much more refined way to trigger the
rules. Second, the event and the condition evaluation concern
distributed data with no restriction about the distribution.
Third, the verification of the condition is embedded in a
transaction including also the actions to be performed. This
guaranties the same logical time.

STITCH coordination language

As Chaski rules are an improvement of the STITCH
coordination language, we discuss here the differences.

First, STITCH does not allow to consider alternative
transactions in the same rule. This means that fall-back
treatment is less natural and requires additional bags and
explicit extra rules that makes the design of the application
more complex. In addition, in STITCH, the insertion (put)
is not embedded in the transaction but handled by a separate
mechanism ensuring that the resource is eventually inserted.
It obviously ensures the insertion but does not allow any
treatment if the insertion cannot be done at the transaction
time. This makes the system less flexible. For instance, this
could not ensure the correct setting of the video conference
in our example. Another difference is that, in STITCH,
the exact same resource of the precondition is used in
the transaction. Then, if the sensor reads many times the
presence of a person and inserts each time a new identical
("present") resource, this would cause the transaction
to abort and to be retried with another resource with the same
value. This generates much more work. The last difference
that is not highlighted in the present example concerns the
extension introduced in Section III-B that allows respectively
to define the number of replies awaited and the maximum
time to be blocked when pending.

VI. CONCLUSION

In this paper, a new abstraction layer is proposed. It
provides a uniform view of the components - sensors,
actuators and services - that are encountered in (wireless)
sensors and actuators networks. Thanks to this abstraction
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layer, integration of geographically distributed software and
hardware components is easier. Morever, to enforce the
whole system consistency, sensing and actuation are em-
bedded in transactions. Prototyping is accelerated thanks to
the rule-based coordination language. The powerfulness of
this middleware is exemplified on a realistic application.
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