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| ntroduction

In fluid dynamics research, pressure measuremeatsfayreat importance to define
the flow field acting on aerodynamic surfaces. dotfthe experimental approach is
fundamental to avoid the complexity of the mathecahtmodels for predicting the
fluid phenomena.

It's important to note that, using in-situ sensmnionitor pressure on large domains
with highly unsteady flows, several problems areocemtered working with the
classical techniques due to the transducer costinthusiveness, the time response
and the operating range.

For example sensors for aircraft design need highiracy and precision, working in
ranges up to x2kPa. Otherwise the internal airfeemsor for automotive design
requires a pressure operating range from +10kPabtmt +30kPa. Considering
sensors for nautical applications, they must deieedsure ranges up to only £250Pa.
A common specification in fluid dynamics applicaisois to create a measurement
system able to work over a large size surface,guaitarge number of robust and
conformable sensors so that the required spasalugon is achieved. Certainly a
real-time pressure measure is an important tooltlie aerodynamic behaviour
analysis of the body and its correct design. Tlyired sensor properties will be:
small dimensions, high rejection ratio to tempemt robustness , low cost and low
environment-invasion level. The latter characterisan be satisfied only if the
whole measurement system is not invasive. In faath sensor need a read-out
circuitry and there will be cables to collect datad to supply the structure,
embedded inside the body under test.

The above specifications point out that the cladsiceasurement techniques are
suitable in laboratories where the aerodynamicaserfare designed, but it's rather
unlikely to find them in the real environment wheeal bodies are used. An example
can be to implement a classic pressure systemeotoghof a sail or on the racing car
aerodynamic surfaces

To achieve a real and low invasive level it would fandamental to remove every
kind of wiring connection between the sensor amddivice used to perform the data
collection.

These remarks give the motivation to investigate plossibilities to change the
classic sensor network implemented on the bodyredein a sensor network based
on wireless technology, without loss of robusspesimber of measure points and
real-time acquisition. Moreover creating a networky means of wireless
communication , on the top of aerodynamic surfaceery challenging. In fact radio
communication is an expensive energy process, édeated electronic increase the
device dimensions and each measurement point neust httle system able to
monitor the sensor, creating a digital data andagierg a radio transmission.

The technological improvements of the last few yeaelp to implement wireless
communication. Wireless Senor Network platforms evdrorn to perform an



environmental sensing (home control, security, th@abut also are useful
applications of the technology to allow exploringe ttechnological challenges of
further integration. Based on low power devicesl miniaturized electronics, these
structures are able to manage communications betweesors (set inside a wide
area) and data collection point.

A interesting approach for satisfying the previgugported sensor requirements is
the implementation of Micro-Electrical-Mechanicatlstems (MEMS). Using this
devices small area occupation (tens of?jand the proximity of the read-out
circuitry to sensor can be obtained permittingriprove the spatial resolution.
However, aspects such as sensor packaging, ting#ong processes, robustness
and costs cannot be neglected. In fact harsh emmeats or interfacial stress may be
critical for the packaging procedure, limiting MEBMtobustness.

The use of devices fabricated with polyimide orypsters materials and assembled
by means of micromechanical circuit board technglogay represent a valid
alternative to the MEMS solution, allowing sensoosts to be further decreased and
providing features of environment-invasive-levetaesolution fairly similar to the
MEMS ones. Devices based upon the Printed Circodrés technology can be used
for electro-mechanical transduction.

The purpose of this work is to design, build anst & sensor capable of acquiring
pressure data on aerodynamic surface and to desidncreate a wireless sensor
system able to collect the pressure data withdives$t environmental—invasion level
possible.

The system is a network of electronics nodes ablsense pressure by means of
developed sensor. The sensor is based on a flexit@mbrane changing the
displacement because of fluid dynamics paramet@iations. The membrane is an
electrode of a capacitor, so that the displacergenerates an electrical capacitance
variation. The embedded electronics reads out saciations and translate them
into a digital data and finally it transmits thédmation to a collection point. The
wireless network must be able to manage severaldenodes, guaranteeing a robust
communication and a long life time of the system.

As a proof of concept, the monitoring of pressumdtee top of the mainsail in a sail-
boat has been chosen as working example.



Chapter 1

Fluid field measur ement

Particular objects immersed in an ideal fluid ahdracterised by a geometry that
determines a very small and attached vortical z@wa ideal fluid) are defined
aerodynamics and the vortical zone around them is defined lasuadary layer [1].
Example of aerodynamic object are the aircraft wing the boat sails. When an
aerodynamic object passes through the air, it eseatpressure gradient distribution,
due to its geometry, velocity and due to the diogctvith respect to the air motion.

N ideal fluid

___+~ non ideal fluid

— - X
" boundary layer
vortical zones

Fig.1.1: Aerodynamic object moving through a real fluid

The boundary layer theory describes as if the bagntayer is sufficiently thin,
there is no static pressure gradient, in the doratormal to the object surfaces: this
means that the pressure just above the vortica mothe same on the object surface.
In this way, it is possible to obtain the pressdigribution at the object surface,
using the Laplace and Bernoulli equations outside boundary layer, on the
aerodynamic object.

The aerodynamic loads acting on a body immersedfiowstream are produced by
the normal and tangential stresses over its sudaeeto the pressure distribution.
When integrated, these stresses give rise to thdtaet load components. These
effects are strictly connected with the shape efaérodynamic body.

It's understandable how important the knowledgthete forces is.

An active control of the magnitude of pressure,rahe surface of an aerodynamic
object, is useful both for the design and for theib concepts of fluid dynamics [2].



1.1 Pressur e measur ement background

Pressure can be acquired with different methodsmtipg upon the applications and
the required fluid dynamic conditions. The measweitechniques can be generally
classified as direct or indirect, depending uporetivar the instruments are able to
measure the required physical quantity or evalitdtem other measured properties.
A wide number of fluid dynamic techniques are aalé for describing the fluid
flow behaviour. Mainly we can divide them by: MEM&evices, conventional
pressure transducer and imaging techniques.

The MEMS pressure transducers operate a capaciegtstance or piezoelectric
transduction. They have an excellent spatial réwiiand a real low invasive level
but they are still expensive. The output accuratyhe MEMS, in fluid dynamic
measurements, strongly depends upon a correctratadib as well as upon the
conditions in which they are used (harsh envirorisiare not suggested)[3].

The conventional transducers (i.e. Scanivalve®a®eCapacitive Instruments) use
fluid dynamic probes, such as Pitot or Prandtl sutte sense the flow field. They
have an good spatial resolution but and they ang exgpensive with an high invasive
level.

Finally the imaging techniques, as Pressure SeasiRaint (PSP) or Optical
measurements based on laser Doppler velocimetrpearsed. This techniques have
an excellent spatial resolution and a medium-higrasive level but they are still
very expensive. Moreover the particular measurersetup is suitable only inside a
laboratory.

The above remarks depict a technical scenario wkegyessible to perform excellent
measures, investigating carefully the fluid fielthut only laboratories are
environments suitable to perform the measurements.

1.2 Proposed pressure measur ement

Starting from reflections discussed in the lastageaph, it's clear like, at moment,

it's impossible to perform real time experimengdts in the real environment where
the aerodynamic body is used. This is an impoteitnological gap.

In the present work we suggest a solution and gerdee a system able to overcome
the bounds of the current pressure measurements.

The goal is to create a sensors network to acquiessure values in the real
environment over an aerodynamic surface. The sy$iawve to be robust, reliable,

with a low invasive level and operating in realéim

We have chosen to apply the sensor network onuttiace of sail.

Fig.1.2 : application field of proposed measurement system



1.2.1 Measuring system description

To perform the pressure sensing on the top of la isathe real environment, is

necessary to create a sensor network with the lowreasive level possible. Every

network sensitive point, composed by the sensor@ad-out circuitry, must be very
thin minimizing the total area. To be implementedtbe sail, the sensor network
have to remove every kind of physic connectiorfalet, the sail is too thin and tens
of sensors necessary hundreds of wires, disposed #he surface or embedded in
the sail. It's a quite complicated scenatrio.

The only solution is to perform a radio communigatbetween every sensitive point
and the network data collector. Therefore the s@espoint will be a wireless node

housing the sensor, the sensing circuitry, thetmlec dedicated to the radio

transmission and node management, but also a paypety. The energy source has
to be sufficient to allow node life time of sevenaeks

Wireless sensor

/ nodes

I Y

PC |b— Data
collector

Fig.1.3: system layout

The wireless sensor node will be a little systemhe &dbtranslate the data pressure in a
digital information suitable to radio communication



The sensor devoted to the application will be dgvedl. The sensing will be done by
the transduction of differential pressure betwdendail leeward side and windward
side (Fig.1.4) (an absolute sensor is not usedusecpressure variations on the sail
are too small compared with atmospheric pressurenshole in the sail, below the
sensor to create a static tap, will be necessampth®er opening, shaped like the
sensor, must be created in the sail to allow thil flield acting on the membrane
sensor.

Leeward

plL p2L

p3L

. p4L
wind PIW  ow

p3W

p4wW

Windward

Fig.1.4 : pressure field detection

To obtain a low invasive level, the proposed wsslesensor network will be
developed to be embedded in the sail battens. Tieeas sensor node dimensions
will be tuned on the batten shape and the numbeodés onboard each batten will
be function of pressure map necessary (Fig.1.5).

2\

Fig.1.5: a) example of node , b) batten instrumented

Finally the node will have to be flexible so thaillvbe able to follow the sail
curving.

1.3 Additional considerations

The measurement system proposed is devoted torperforeal time pressure
monitoring on the top of a sail, operating in tkalrenvironment. It can be useful to
describe aerodynamic loads variations or drive éongth relation to sail surface



trimming. Therefore the system can be an imponaeans for analysis of the sail
aerodynamic behaviour, helping the designer tondpé the aerodynamic object;
otherwise it can be useful at the helmsman to inmpsailing.






Chapter 2

Wireless sensor networks

The advances in radio frequency (RF) technolog\elaeated low-cost, low—power
and multifunction miniature device. Low-cost, higlkerformance RF devices and
systems are finding their way in various applicgaioSome prominent applications
include wireless LANSs, portable GPS receivers, Bloth , RFID or wireless sensor
networks (WSN). In particular WSN are applied tmpte metering, home
automation and large-scale sensor networks [4].

The wireless applications are classified by thrgugtand transmission range. If we
compare the WSN with others applications, shorgeaand low throughput are clear
(Fig.2.1).

SHORT < RANGE > LONG

LOW < ACTUAL THROUGHPUT > HIGH

Fig.2.1 : comparison between WSN and others wireless @imins

In fact, the wireless sensor networks have beestexeto collect sensors data ( few
bytes) using limited energy (low power transmisyioso that to implement the
network over a wide region it will be necessaryugdnnumber of sensor nodes.

The architecture of the hardware sensor node dsnsiainly of five components:
sensing hardware, processor, memory, power supghtransceiver (with antenna).
Therefore the sensor node is able to sense, congputeactuate into the physical
environments [5].

The wireless sensor networks can be an interesbhgion to perform the wireless
communication inside the proposed pressure measmtesystem.



2.1 Features

Operating into ISM (Industrial, Scientific and Medi) band ,the wireless sensor
networks have several transmission frequency witbrdnt data rate (Fig 2.2).

The transmission frequency is a very important pp@tar choosing the WSN
platform suitable for the application, becausédrges not only the data rate, but
also the transmission range.

In fact, considering the Frijs transmission formifal) that models the theoretical
free-space loss between isotropic radiators imanconication system [6] , we have
the relation between transmission frequency andepogceived into a transmission
range.

_ ALY
P: = GGy ﬁ (2.1)

In the (2.1) R is the received power;;is the transmitted power ;& the gain of

the transmitting antenna @ the gain of the receiving antenadn the operating
wavelength and R is the distance between the TXR¥dntennas. It's clear as
using the same transmission power but increasdrémsmission frequency, it will
be possible to obtain the same received poweriatdya shorter transmission range.
The Fig.2.2 describes the available transmissiequency.

BAND COVERAGE DATARATE #OF CHANNEL(S)

24 GHz
915 MHz ISM Americas 40 kbps 10

Fig.2.2 : ISM band : coverage, data rate and frequency

Changing transmission band, we find different dedte and the maximum is
250kbps. Therefore the WSN works with low data ratel this is a suitable
characteristic of networks with low duty cycle likeem . The sensor nodes can be
active few tens of milliseconds over wide peridetIminutes or hours, because it has
to monitor just a sensor. It's important to notatttow date rate allows to save
energy and so it helps to have low power devigedadt, to create a wide network
with a large number of nodes, it's necessary tetdavices with long time life using
common battery. To save energy, the wireless semsiworks have short
transmission range (low+pP: 30-50metres indoor range, 100-200metres outdoor
range. Moreover to have long battery life low povedectronic is used Another
important characteristic are the node dimensiorsnall form factor is necessary to
allows the system embedding it the operating enwrent so single chip with
processor and transceiver embedded or miniatubeadd are used[7] [8].
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2.2 Network topologies

The wireless sensor networks are composed by tpestygf devices:

- Full Function Device (FFD)
- Reduced Function Device (RFD)

The FFD are devices able to perform the data sgfsinalso to manage data routing
inside the network. They are the routers or col@r®inetwork

The RFD are devices devoted to perform only #ita densing. They are the slaves
device ( or network end points).

Every network needs at least one controller workikg a network coordinator.
There will be a large number of slaves able to compate with the controller and,
dependently from network topology, router can bedud he differences between the
RFD and FFD are the amount of memory and the softweogrammed. In fact, the
data routing functions are based on wide routimdetémemorized) and a particular
software management.

The WSN can have hundreds of network nodes, soimportant to find the best
network topology to create the system. The threstro@mmon topologies are : star,
mesh and hybrid.[9]

2.2.1 Star
In the Star topology all nodes (slaves) communiaditectly with the network

coordinator (Fig.2.3) . This type of network is yeimple and the most suitable for
short range applications.

Fig.2.3 : Star topology

The single-hop approach for communicating betwesh slave and the controller is
the lowest overall power consumption [10]

2.2.2 Mesh

In the Mesh topology all devices are FFD. In fastery node con communicates
with all devices (into its transmission range). STt a multi-hop approach for

11



communicating between each node and the contrdltes topology is suitable to
implement large-scale networks, with hundreds afaso

It's energetically expensive and the transmissioretis increased by each hop. In
fact, every node employs some tens of millisecaadsansmits a received data.

The communication is really robust, because eade wan use many routes to reach
the network coordinator.

all FFD

Fig.2.4 : Mesh topology

2.2.3 Hybrid

The Hybrid topology mixes Star and Mesh topologhisTis a multi-hop approach
for communicating between each node and the cdertydbut not all nodes can
transmit to every device into transmission rangefakt this topology is useful to
shape network on the environmental geographic bmuHis topology is suitable to
implement large-scale networks, with hundreds afaso

RFD

- "

o0 /S
. @@ FFD

B4

Fig.2.4 : Mesh topology
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2.3 Network and Data management

To manage the wireless sensor networks it's nepessBF protocol. Nowadays the
user can choose between two options: ZigBee prbtoc@ proprietary solution
based on the RF standard IEEE 802.15.4. It's inapbrto note that not all WSN
platform can use the two solutions, but just onienjglemented. Usually the platform
it's chosen also dependently from used protoco].[11

The ZigBee solution is the WSN standard, and hugehb®r of companies cooperate
to develop it. Using ZigbBee the user creates facsghnizing sensor network, really
reliable , flexible and easy to deploy [9]. Thiarelard appears very interesting when
a Mesh network with hundreds node has to be creaved a wide area. If the
network is small with tens of nodes creating a 8&work, using ZigBee can be too
complex.

Proprietary solutions, appear real interestindeweelop a WSN simple or where the
self-organizing property is not important [12]. fact,programming the nodes is
simple and faster than a ZigBee solution.

The RF protocol provides to the user an API ( Aggdion Programming Interface)
command data base necessary to develop the WSNysrarat software.

It will be necessary to program the controller, sheves and finally the router with
devoted software.

It's interesting to describe the basic methodsidquiring and propagating sensor
data. There are three common classes: [13]

- periodic sampling : useful where the process needs to be monitored
constantly. Sensor data is acquired from a numbeeraote points and
forwarded to a data collection center on a peradiasis;

- event driven : the sensor data is transmitted only when a icettt@eshold
Is reached;

- dtore and forward : the sensor data is captured and stored by ateemo
node before it is transmitted to the network coethr.

The right method to acquire and propagate the satea is necessary to perform
the best monitoring but also to minimize the powensumption. In fact, save
transmission or power on the node only if necesgabasic to obtain long battery
life.

2.4 Thewireess sensor network chosen.

In the chapter 1 the measuring system is descriliscclear that a wireless sensor
network can be used to remove every cable and yiegl@a sensor network on the
top of a sail. This is a shot-range applicatiorgause the nodes are deployed into a
small area ( few tens of square metres) and thestasommunication between slaves
and controller has to be performed. Finally thergpeonsumption is basic because
the environmental bounds limit also the batteryehsion.

Using the above remarks we have studied many phatimsed on ZigBee protocol
or a proprietary solution. We have chosen a prtgyesolution: the Z-WAVE™
platform by Zensys.

We have chosen Z-WAVE™ ZMO0201 single chip solutietause it was the first
single chip on the market allowing to create a/\&mall sensor node. In fact, into a

13



5x5mm QFN package there are a 8051 compatible nootoller, a 868MHz RF
transceiver, a 12 bit rail to rail ADC and ten dgafable general purpose I/O pins.
The power consumption is small : 2.54A in sleep enadd 5mA n normal mode.
The transmission power is programmable in the raB@dBm to 0dBm allowing to
save energy in the transmission.

Finally it is interesting to note like in the Zessyeveloper kit are available different
types of board to simplify the hardware and sofentasst before the full customized
electronic is created (Fig.2.5).

o)

110201
p RecceBP

a) b) c) d)
Fig.2.5: Zensys boards: a) ZW2106, b) ZW2106c, c) ZW2H)ZM0201
Working in the 868MHz ISM band Zensys platform alfoto use less power to
cover the same radio link compared with the 2.4GlgBee solutions.

The very low data rate (9.6kbps) appears a limahd so we will have to use
carefully the available band.

14



Chapter 3

Design and smulation of Wing
Pressur e Sensor

The strip pressure sensor for aeronautical userided in the following section, has
been developed in strict collaboration with otbelleagues. In particular the project
has been led off and developed by Dott. M. Zagrieom the Phd thesis of whom
[14] and Eng. A.Rossetti.

The author has been involved only in the sensarcttre optimization, in the
fabrication of sensor and in the test. The desagul optimization of single sensitive
unit have been performed by Mr. Zagnoni and Mr.dets

The performed activity, concerning the aeronautipedssure sensor, has been
preparatory to be able to develop the sail pressarsor, thus the behaviour of
materials, the simulation methods and the fabocatechnology are reported

The aeronautical pressure sensor is a conformdiahe film strip, designed for
aerodynamic applications. It is a capacitive défdral pressure transducer aimed at
monitoring the pressure profile on an aerodynamiyb@apacitive sensing has been
chosen because of distinct advantages when comparedher, such as higher
sensitivity, lower power consumption and better gemature performance. The
differential pressure sensor approach has beeprpedfto absolute pressure sensors
for overcoming altitude problems due to baromgirigssure gradients.

The sensor was built using PCB (Printed Circuiti@&echnology. This choice has
been done because it allows the manufacture adehsor by fast prototype machine
directly into our laboratories so we obtained ahtetogy independence in the
development of the device. The materials used ameq to achieve a good
transduction by sensitive units created, and tHewato build a low cost device
because cheap. Moreover, in the future, the PCihtdogy can allow the hosting of
electronic sensing and signal processing comporigntaeans of smart packaging,
(such as the chip on board) directly inside thessen

The proposed sensor is able to operate in a peefisiat with the range of £2000Pa
and a resolution of units of Pa.

The device developed must be suitable for confagrtorthe profile surface and must
be characterised by a total thickness that willaltgr the fluid flow condition. This
requirement is satisfied if the sensor is comprisgtiin the boundary layer of the
profile.

15



3.1 Sensor working principle

The pressure sensor system presented, is mearddoge an electric output related
to the pressure distribution that is applied to Hemsor strip surface. The fluid

dynamic variables act on the deformable part ofstesors, where an electrode is
placed, which, changing its geometry, leads to lactrecal capacitance variation

(Fig.3.1).

The latter can be electronically read in order oflect a set of surface pressure
points, through a multiplexed switch capacitor sgscheme.

Pl :}P £ ]_::2 ::}P] P ;;::>[:1!I P ‘:::P

e

Bt ¢ ) ¢ - 1

]
— —
bl

1 Metal 1 FR4 \ Membrane
MMM Bi—adhesive N Polyvimide Guard Ring

Figure 3.1: Differential pressure sensor strip principle of ig®n. Membranes
deflect upward or downward with respect to the gnaidof pressure between the
outside and inside of the chamber.

As illustrated in Fig.3.1, the membrane at eachmipoif sensing deforms itself
downward or upward with respect to the static pressseference taken by means of
the holes. Since the membrane area is usually rmodiler than the aerodynamic
surface to be monitored, the corresponding pres$igtebution over the deformable
film can be considered constant with a good appration, however the importance
of the surface occupation of every sensing elenerierms of spatial resolution
becomes evident.

: N . sensor strip. '
ot sanising it SETEOT SR
. measurement :
velocity V- : : :
e o P e e

Figure 3.2: Application example: monitoring pressure distribntover a wing
profile.
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An application example is to investigate the presslistribution over a wing profile.
It depends on free stream velocity V and angletaick o: a variation in theo, V)
field leads to a different pressure pattern (FR).3.

3.2 Sensor structure and optimization

3.2.1 Original sensor structure

The sensitive unit consists of a three layer stmecin a stack: Base, Spacer and
Conductive Membrane (Fig.3.3):

- the Base layer is a rigid copper-clad glass-fimmposite layer. This
layer hosts as many pads as pressure measurematd. f@ads represent the
lower plate of every capacitor (fixed electrodep¥I(particular D) enable the
addressing of every pad through the connectionflet aable;

- the Spacer layer is a rigid glass-fibre copper-atathposite layer
which is glued both to the top of the base layer tanthe bottom of the membrane
layer, forming the cavity within the membrane idleleted by the pressure input.
All unity chambers are connected by miniaturisgoepj patterned in the spacing
layers, in order to share the same internal presforming a unique bigger
chamber.

- the Membrane layer is a 25 pm thick deformable eotad (17 pum)
Kapton® polyimide composite layer. Small holes (particidgrare drilled on the
proximity of one the ends of the sensor, beforefitise sensing element and act as
a pressure reference. A VIA (particular C) is dest for the connection of the
upper electrode, through the same flat cable ugembfmecting the Base.

Layers are attached to each other by means of S6men thick bi-adhesive tape,
patterned in the same shape as the spacing lagesh@dwn in particular A of Fig.

3.3, a small chamber is realized for allowingpihessure reference to be shared in
every sensing element chambers.

Exist also a copper layer acts as a guard ring,rédducing the coupling effects
between the upper electrode on the membrane anaultes, on the top of Spacer.
Particular B and C show how the spacer guard ring the membrane can be
electrically connected.

The device length and width can be set accordingth® application: the
measurements and simulations reported here invbiik are related to devices that
are from 13 to 16 cm long and from 1.8 to 3 cm widlke total thickness is
comprised within 700 um and 1 mm, as shown in Fg.3
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Figure 3.3: Pressure sensor strip structure: exploded top {eftvside), exploded

bottom view (right side).Membrane, spacer and laaseonnected by means of bi-

adhesive layers. A: small chamber for allowingphessure reference to flow in the

spacer chamber. B: spacer guard ring electricatection. C: membrane electrical
connection. D: base electrical connections.

I3=16cm

Figure 3.4: Pressure sensor strip structure: assembled viewliarehsions.
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3.2.2 Layout optimization

The sensor has been built using PCB (Printed GirBoiard) technology. This
choice, allowing the manufacture of the sensor dst prototype machine directly
into our laboratories, let to reach a technologyependence in the development of
the device but also it needs to pay attention dutime design. In fact, not all
manufacture solutions will be possible.

The sensor design depicted above showed sometdhiaracteristics:

1) there is a guard ring ground connected in fromhof/eable electrode divided
by bi-adhesive layer. If Spacer shape process i(@ilbf rigid glass-fibre
copper-clad covered by bi-adhesive layer) is notege we can have small
rips in the bi-adhesive and so creating short tatisveen guard ring and
membrane;

2) the guard ring contact is on the top side of sensbe VIA is critical to
solder because Kapton® surrounds and it breakfiatmess around the VIA
area;

3) the electrical routes are on the top side of Baserl around the fixed
electrode (Fig.3.5). The Base-Spacer junction,tetehy a 50um bi-adhesive,
can be dangerous for sealed cavity within the mamdbis deflected by the
pressure input. In fact the un-flatness of the Bager can create small pipes
around electrical routes and connecting the insid@mbers with external
pressure. The pressure shared in every sensingmethambers could be
different from the pressure reference.

Figure 3.5: top side of Base layer in the original pressuresgen

To avoid critical features we have changed the Bager and simplify the Spacer
layer.

To obtain a perfect flathess around the fixed ebelet, we have translated the
electrical routes in the bottom side of the Basgelda(Fig.3.6). To perform the

electrical connection with the fixed electrodestioa top side we have created a drill
plated in the centre of each pad. To note thatdtiieplated is a pipe to external
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environment: we have provided a cover by a Kapttay@r on the bottom side of the
Base layer to close every drill.

Figure 3.6:bottom view of the Base gerber file

The second change has been to remove the guarftemgthe Spacer layer and to
translate it on the top side of the Base Layer.(Bi@). This solution avoid every
short cut chance between membrane and guard mujtaemoves the problem
about the electrical connection. In fact, having ¢luard ring on the top of the Base
layer a simply VIA is sufficient to lead the elactd contact on the bottom side,

simplify the soldering. All electrical contacts e in the bottom side of the Base
layer.

Figure 3.7:top view of the Base gerber file with guard ringdipart)

The Spacer layer will have the same shape but witboard ring. The Membrane
will not need the particular B of Fig. 3.3.
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3.3 Designing methodology

3.3.1 Mechanical model compared with FEM simulation

The first designing step has been to develop alytae sensor model for modelling
the sensor and for identifying the parameters.

A cylindrical structure has been chosen for thessgnelement. Such geometry
considerably simplifies the model description, sing three dimensional axial
symmetric configuration can be easily expressevindimensions, allowing much
simpler equations to be considered both for thehaical and the electric model
representation.

The mechanical model is based on the classical amecdl theory of large deflection
where a linear stress-strain relationship for mattlooke’s law) describes the linear
displacement of plates with respect to the exgrtedsure.

Afterwards Finite Element Method Simulations (FENmMslation) have been
performed.

Aim of FEM simulations is to describe more effidignthe physical and structural
sensor features, because of the sensor analybicalfation the behaviour might be
not sufficiently accurate. To achieve a good desfrhe device due to the non
linearity present both in the pressure-deflectiaassduction and in the electric
capacitance relationship, other approximationsties introduce by means of the
model used in the rule of mixtures, these topiesl ® a non neglegible error in the
capacitance integration.

Studying the result of comparison between FEM satioh and analytical model, the
latter appears unsuitable to design the senséiige3.8 and 3.9 show.
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Figure 3.8: deflection; analytical an FEM simulation
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Figure 3.9: difference (%) of displacement between analyticaFBEM simulation

3.3.2 Creep : viscoelastic phenomena

Some materials subject to an external load canobsidered, in the range of small
deformations at ambient temperature whenever tleenal stresses don’t exceed the
yield and therefore can be treat as linear elastiicls. This assumption implies that
the Hooke's law can be used and that there is me-tdependent relationship
between stress and strain. When a material is sisbje tension exciding the yield
point or to lower tension but at high temperatimentthe relationship between stress
and strain strongly depends on the size of theieppbad, on the temperature, and
crucially on time. This effect is usually referremas viscoelasticity [15]. Materials
as metals or ceramic manifest viscoelastic phenana¢very high temperature and
load while other materials as polymers or polyester still concerned with this
phenomena at ambient temperature and low strestsleAn important implication
of viscoelastic behaviours is that the stress+stcharacteristic cannot be rigorously
considered a static (i.e. memory-less, though neali) relationship. Conversely, the
stress-strain characteristic exhibits behaviouas dppear highly non linear, even for
small deformations, and that, most importantly, edefs on the derivatives of the
stress and strain functions. This phenomenon i$ evétlenced by the analysis of
two cases.
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£(1)

Figure 3.10: Response to an applied constant stress.

As shown in Fig. 3.10, if a stress function steg) (s applied to a sample of material
subject to creep, a sudden elastic strain is fabblwy a viscous and time dependent
strain with an increasing trend(t)). This phenomenon is referred as “compliancy”
as is defined as:

by =£® (3.1)

O,

G (t)

Figure 3.11: Response to an applied constant strain.

Conversely, if a strain step is applied, the stdmseases as a monotonic function
(Fig. 3.11) and is commonly referred as “relaxdtjiaefined as:

o)

0
This type of behaviour is usually present in poligies at ambient temperature and

for stress bigger than 1 MPa [16] and is conveiigrknown as creep, where the
common trends followed by materials are shown @ Bill. In viscoelastic material
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the stress is a function of strain and time andhay be described by an equation of
the form:

o=f(et) (3.3)

This is known as a non-linear viscoelasticity, lstit is not amenable to simple
analysis it is frequently approximated by the fallog form:

o=elf(t) (3.4)

This response is the basis of linear viscoelagtiaitd simply indicates that for a
fixed value of elapsed time the stress will be diyguroportional to the strain.

£ (%) (a) log E() (b)
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Figure 3.12: a) Creep deformation for different applied stresbgQualitatively
behaviour of the relaxation modulus as functiotimme and molecular structure.

However, this doesn’t imply that the time functi@nlinear. First of all, it can be
observed that the mechanical deformation of a Isuthyect to creep phenomena is a
function of the entire loading history of the boiself. In other terms, thanks to
viscoelasticity the system gains memory: all prasitoading steps contribute to the
final response, as shown in Fig. 3.13.
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Figure 3.13: Presumed creep response when different stressapplied

Creep affects the proposed structure, causing nambdeflections of some pum,
manifesting themselves in time-scales of tens afuteis. The above observation
implies that in order to know the exact responsea afructure subject to creep, a
model of its excitation should be available, ddsog the evolution in time of input
stress (or strain). This is normally not possilidluid dynamic applications where
the input loading and its dynamic is unknown. listbase, the best that can be
achieved is a bound on the maximal deviation the¢g may introduce with regard
to static models. Such bound can be roughly iné¢ep as an uncertainty that should
be taken into account when using the sensor asaaurament device in a dynamic
environment. A convenient way to obtain such boooisists of realising that creep
can be approximately classified as a low-pass phenon, so that a typical ex-
periment to estimate its extent consists of applyat t = 0, a step-like excitation in
stress spanning the whole allowable stress randeiramvaluating the difference
between the response at t = 0+ and the response»at, where, of course,—w
means a temporal value for which the experimenthmronsidered settled or the
viscoelastic effect has reached more than 90 %safhaxation behaviour.

The major reason to practise this kind of analigst® understand how actions on the
geometry and materials employed in the sensordation can reduce the extent of
the viscoelastic response and thus tighten the bawnds.

In the modelling of creep [17], the deformation rabdf a membrane changes from a
static, non-linear, time-invariant model to a dymgmmon-linear, time-invariant
model. In other terms, one could in principle motled viscoelastic behaviour by
introducing time derivatives into the system oft@drequations that rule the mem-
brane deformation. In many conditions it is uséduinodel creep by using equations
where time-varying parameters take care of deswilthe dynamical effects. A
particularly effective way of doing so is by theroduction of a time dependent
module of elasticity, obtained starting from Kapgodata sheets [16]. As shown in
Fig. 3.14, from strain versus time curves, givendifferent applied stresses, the
corresponding time dependent modulus of elastidigve been calculated,
interpolating the strain curves, as:

g

E0=

(3.5)

whereg;(t)is the time dependent straim, is the corresponding stress and the index
“I” represents different values of stresses andpeature conditions. The approach
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is convenient because it leads to equation setshwiltimore easily into an analytical
and conventional FEM simulation structure than n®deith explicit time
derivatives. In other terms it allows creep to Uamed by a sequence of static
simulations referring to different time instantd€Be curves (Fig. 3.14.b) have been
fitted by :

E,(t) = Z( &8t )+k (3.6)

where Aj, Bi; and Ki parameters are representative of the elastit viscous be-
haviour of the membrane in particular conditioneakrted stress and temperature.
The expressions obtained in Eq. 3.6 will be usedtifoe dependent mechanical
simulations and for analytical approximation in tesign phase. The approach
followed is an alternative and easier way to repoedcreep behaviour without
differential equations, basing the estimation & toefficients of Eq. 3.6 by means
of interpolation, depending upon the stress anddahmgerature. Since the maximum
membrane relaxation, due to creep, is obtainedh®rmaximum pressure value, a
time dependent capacitance variation can then heulated until the transient
response can be considered as finished or no lorelevant for the proposed
application.
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Figure 3.14: Kapton® creep: a) strain versus time behaviour from dattshe
particular temperature and stress conditions.n tiependent modulus of elasticity
Ex(t), as described in Eq. 2.18 for particular terapgne and stress conditions.
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3.3.3 Electro-Mechanical model compared with FEM simulation

The electric model has been developed considehi@agxial symmetry of the sensor
and a parallel plate capacitor structure with etet#s of the same area The
capacitance C is given by:

c==" (3.1)

whereeg, A and d are the permittivity of the gap, the acéathe plates and the
distance between the plates, respectively. For mgoeircular diaphragm sensor, the
capacitance becomes:

_ £
c=|| mfdrdﬁ (3.2)

where d is the distance between the plates when no pesswapplied and w(r) is
the deflection of the diaphragm . Due to the agiahmetry of the structure there is
no dependence on the angle

Developing the expression 3.2 it's possible obtimath relation between sensor
capacity and pressure applied in function of thenim@ane Young’'s modulus .The
creep behaviour in the membrane is evaluated wiitfstaorder approximation, using
two different values for the Young’s moduluskEand Eyin.

The FEM simulation has been performed using modofusasticity E(t) obtained
from Kapton®data sheets.

—analytical

—+—simulated

Capacitance [pF}

3 i i I i
-3000 -2000 -1000 1000 2000 3000

Pressure [Pa]

Figure 3.15: Electro-Mechanical model compared with FEM simalati

As Fig.3.15 shows, the analytical and simulatedhwds presents a significant
difference, especially for pressure values thal kb& plates to get closer. The FEM
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model remains a useful mean for a qualitative prgation and it allows the
designer to understand which effects are producgdclbanging the sensor
parameters.

3.3.4 Conclusion

During the designing of sensor the best tool haanldeEM model. It's important
point out that the design created without viscde&laphenomena consideration
(creep) appears unless. In fact, the creep chamuyeaily the behaviour sensor. Thus
to perform a correct analysis we must to know moslf elasticity E(t); for the
wing pressure sensor we have used t{e Bbtained from Kapton®ata sheets[16].
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Chapter 4

Fabrication of wing pressure sensor

For assembling the sensor we have chosen standatedocircuit board technology.
This choice has been done because it allows theif@manre of the sensor by fast
prototype machine directly into our laboratoriesve® have obtained a technology
independence in the device development. The migtersed are perfect to achieve a
good transduction by created sensitive units, dm&y @allow to build a low cost
device because cheap.

Manufacturing the rigid part of sensor, fibreglapoxy layers were used. They low
thickness and stiffness guarantee both a low tbiekness and a strong frame above
which to stretch the membrane. The membrane is lginflde layer, a polymer
commonly used for obtaining flexible connectionsdavices where a moveable part
is utilised, i.e. inject printers, due to its réaiece to cyclic stresses. Bi-adhesive
tapes habe been used for assembling the threepadsof sensor (base, spacer and
membrane).

4.1 Materials

4.1.1 Epoxy resin

FR4 laminate is the usual base material from whatated-through-hole and

multilayer printed circuit boards are constructdeR” means Flame Retardant, and
Type “4” indicates woven glass reinforced epoxyirre$he laminate is constructed
from glass fabric impregnated with epoxy resin @ogper foil. Foil is generally

formed by electro-deposition, with one surface tet@hemically roughened to

promote adhesion. FR4 laminate displays a reaser@ivhpromise of mechanical,
electrical and thermal properties. Dimensional istgbs influenced by construction

and resin content.

We used a two types of FR4 laminate:

- FR4 DURAVER-E-CU 104ML : 20@m thick with copper 3fm thick (both side)
- FR4 DURAVER-E-CU 104ML : 12%um thick with copper 17um thick (both side)

4.1.2 Polyimide

Polyimides are a very interesting group of incrgditrong and astoundingly heat
and chemically resistant polymers, which are oftesed for replacing glass and
metals, such as steel, in many demanding industpplications. They can also be
used in circuit boards, insulation, fibres for gaive clothing, composites, and
adhesives.
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Aromatic heterocyclic polyimides are typical of m@®mmercial polyimides, such
as DuPont’s Kapton®. In this work we used:

- AKAFLEX KCL: a composite laminate made of a Kapton® layer and
copper layer, whose thickness wasi2b and 17um respectively, was used
for the sensitive membrane.

- A generic 50um Kapton® layer : it was used like protective blag of the
sensor bottom side, where there are the elecpatak.

4.1.3 Bi-adhesive

We have used, for assembling the sensor layersA@Myic Adhesive 200MP in the
format 7962MP. 200MP tapes are usually employed Honding a variety of
substrates, including most metal, sealed wood dmssgas well as many plastics.
They are characterised by specific features sudhighstensile strength, high shear
and peel adhesion, resistance to solvent and mejstow outgassing and
conformability. The 3M Acrylic Adhesive 200MP ingliormat 7962MP is a 50m
adhesive layer double coated by two 108 protective layers, presenting a total
thickness of 15@um (£ 10% tolerance). It's ideal for selective digting.

4.2 Tools

The sensor fabrication consists of two steps: s éne produces the BASE, the
SPACER and the MEMBRANE layer of the pressure semstne second step
concerns to assemble the parts. Every layer igdegiby CAD software and it's
created by PCB fast prototyping techniques. Therayave been bonded together
by bi-adhesive films. To perform the layer bondiwg have built a particular
assembler device working with a vacuum table.

4.2.1 Fast prototype machine

To create every sensor layer the LPKF Protomat fa6@ prototype machine has
been used.

Figure 4.1: LPKF Protomat S62
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This machine by means of milling tools, it's abtedraw, on a FR4 substrate or on
other material (sheets of plastic, aluminium, cappelectronic circuit, and
mechanical structures.

To use the fast prototype machine, we have creatptbject where the action of
every machine tools are described by a dedicatéisvae (CircuitCam) able to
translate a generic CAD design in a project to $edby the prototype machine. To
carry out the project we must use a particularagament software (BoardCircuit):
it creates the job machine which describes the murob devices and where the
devices will be created, but it allows also thechiae setup.

The LPKF Protomat S62 is a three axis (X,Y,Z) maehable to work with a
maximum of 10 different tools in the same job, trep holes with different
diameters and drawing lines of 100 um wide witlaking precision of 10 um on
the horizontal surface (X,Y). Itisn’t a full 3Machine: in Z direction it's possible
to set only the tool working depth.

4.2.2 Assembler Device

The assembly procedure has been performed by noéapecial assembler built in

laboratory of the faculty. The assembly device iespnted in Fig. 4.2 a), it is

composed by three floor of which just the middle a& movable. The bottom floor

is fixed (Fig.4.3 a))on the ground and by meanthoée reference pivots allows the
alignment of the base layer settle on it. The mt/éoor is actuated by a circular

crank handle, and it houses also three referengetspito perform the layers

alignments . Moreover the movable floor is a sucBarface, in fact it is connected,
by means of a rectangular sealed chamber andla piug, to an extractor fan. It is

thus possible to lay subsequently both the spaocer membrane layers to the
movable floor, and to lower the floor to performstithe base—spacer junction and
then the spacer-membrane junction to completedbenably procedure. In Fig.4.2 b)
the assembler device completely lowered is shown.

Fix floors

Sealed suction chamber

Figure 4.2 :a) assembler device sketch, b) created assenlare
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a)

Figure 4.3 :assembler device a) bottom floor, b) top and mtzvébor

4.3 Layers

The sensing unit is a three layers stacked streictur

- BASE : rigid part of the sensor built using a FRdr
- SPACER : rigid part of the sensor built using a F&4er
-  MEMBRANE : deformable part of the sensor built @gsiKAFLEX KCL

The sensor vertical section is presented in Fig.4t'd4 possible to note the structure
of every layer.

Kapton

)Mem brane

Bi-adhesive
FR4-Spacer MEMBRAN Spacer

contact
Bi-adhesive Fixed electrode

Copper-Shield

FRA4-Base Base

Signal via

Via GND to SHIELD

Electric paths

protective Kapteon Signal pads

Figure 4.4 :three layers stacked structure
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4.3.1 BASE
The BASE layer is an FR4 substrate covered by &lddayer of copper. The copper
thickness on each side of FR4 is 35um, the FRQGs1@ thick. After the creation of

project by means of an electronic CAD, the sensg@tch is exported into the
prototype machine management software.

00000000k
00000000k

Figure 4.5 :Base gerber files: a) top view , b) bottom view

The fast prototyping machine area has been abtailtmg seven sensor layers at
once (maximum working area is A4 size). The thré@&mnt layers have been
realized and bonded in the assembly procedurd ali@, and subsequently divided
by each others.

In the BOTTOM side of the BASE layer the electropaths and the pads to carry
out the electronic signals are present Fig.4.6rajhe TOP side of the BASE layer
the fixed electrodes of the capacitors are milledl@own in Fig.4.6 b). The signal of
every fixed electrodes in the upper side, is rotitethe electric paths on the bottom,
by means of drills plated. It's important point othtat all fixed electrodes are
enclosed by ground plane (shield) : it's import@ntiat the junction surface between
BASE and SPACER to obtain the best peel adhesidnt@mprotect the fixed plate
from electromagnetic interferences. The shield Iwsn connected to ground by a
devoted via near others fixed electrodes signat pbigar the signal pads a square
cut has been realized to allow the signal of thedoative membrane to be lead to
the bottom side of the BASE through the thickndsb® whole sensor. (Fig. 4.7)

Figure 4.6 : BASE layer: a)bottom side, signal routing, b)tages fix electrode
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Preformed cut Via GND to Shield

Figure 4.7 :BASE gerber file: zoom of signal pads side

Drills holes between every internal cavity sensuat the external environment have
been closed by means of a Kapton® layer set altw/bdttom side of the BASE, to
avoid air to penetrate inside the cavity of eveayssng unit. The Kapton® layer is
also useful to preserve, the electronics patherbtbitom side of the base, from
oxidation (Fig. 4.8).

Figure 4.8 : Bottom side BASE sensor covered by Kapton® layer

4.3.2 SPACER

The SPACER layer is an FR4 substrate covered bgubld layer of copper. The
copper thickness of every layer is 17um, the FR#28um thick. After the project
creation by means of an electronic CAD, the sersketch is exported into the
prototype machine management software.
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Figure 4.9 : SPACER gerber files

All unity chambers are connected by miniaturisggepj patterned in the SPACER
layers, in order to share the same internal presgorming a unique bigger chamber.
It's possible to note that in the BASE gerber fdesquare cut has been realized to
allow the conductive membrane signal to be leathenbottom side of the BASE

through of the whole sensor thickness. (Fig. 4.9)

reo0eeee

Figure 4.10 :SPACER layers covered by bi-adhesive

The SPACER layer is an FR4 substrate where theetdppers has been chemically
removed, this layer when bonded to the base cteatmner circle cavities where the
circular electrode are present and the membradefiscted. In order to create the
internal chamber between the BASE and the MEMBRAIKE bi-adhesive layer has
been bonded in upper and lower side of the FR4 EFA@yer before the milling
process (without peeling off the remaining exteroc@iting protection). Acting in
this way the spacer and the two bi-adhesive lagershaped at once (Fig.4.10).

4.3.3 Membrane

The MEMBRANE layer is a 25m thick deformable copper-clad (L) Kapton®
polyimide composite layer (AKAFLEX KCL). After thereation of project by means
of an electronic CAD, the sensor sketch is expoited the prototype machine

management software.
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Figure 4.11 :MEMBRANE gerber file

Three small holes are drilled on the proximity oeahe ends of the sensor, before
the first sensing element and acting as a pressteeence. The MEMBRANE was
a AKAFLEX KCL sheet with the same dimension of gheentaining the seven
SPACER layers.

4.4 Methods

4.4.1 BASE — SPACER bonding

The BASE-SPACER bonding is performed aligning theed containing the seven
BASE layer, above the fixed floor, of the assemldevice, by the three reference
pivot. The BASE layer is arranged to share the digje ( the one with the fixed
electrode ) towards the movable floor (Fig.4.12 &))e SPACER layer is aligned
above the movable suction floor (Fig.4.12 b)), thedhesive protective film is
removed and subsequently the movable floor is ledeo perform the bonding
process.

To obtain optimum adhesion, the bonding surfacetrbaswell unified, clean and
dry. At room temperature, approximately 50% of thlémate strength will be
achieved after 20 minutes and 100% after 72 hduar$ig.4.13 the BASE and
SPACER layers are shown after the bonding proddss.top side of the SPACER
layer still present the bi-adhesive protection filthat will be removed in the
following SPACER-MEMBRANE bonging.

seccesee:
so0ec000l

Figure 4.12 :a) BASE layer above the fixed floor, b) SPACER\abmovable floor
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Figure 4.13 :BASE and SPACER layers after the bonding

4.4.2 MEMBRANE - SPACER bonding

The MEMBRANE-SPACER bonding is performed alignirigg tpreviously bonded
BASE and SPACER layers above the fix floor. Theadhiresive protection film is
removed from the upper side of the SPACER (Fig.4)14 The MEMBRANE layer

is aligned above the movable floor and is arrangeshare the bottom conductive
side toward the bi-adhesive layer. The suctiongoeréd by means of the suction
surface ensure the planar shape of the flexible bn@ne (Fig.4.14 b) ).

Subsequently the movable floor is lowered to penfdhe bonding process, in
Fig.4.15 a) and b) the bottom and the top sidénefassembled array of strip sensor
are shown.

Figure 4.14 :a) BASE layer above the fixed floor, b) SPACERabmovable floor
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Figure 4.15 :assembled array of strip sensor a) bottom dxje¢qp side

Finally the array of strip sensor is aligned instde PCB prototyping machine, to
separate along the edge the single sensor unkign4.16 one of the final strip
sensor is presented.

Figure 4.16 :final strip sensor - bottom side

The final size of strip sensor are: 158mm long, 22wide and only 0.6mm thick.
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Chapter 5

Experimental results of wing pressure
Sensor

The fabricated strip sensor in laboratory, as dlesdrin chapter 4, has been tested.
The analysis set up intended to validate largeedefins and creep simulation
models for the sensitive unit in the array: this baen obtained by applying several
pressure values (in the range from tens to hundvre@a) on the device membrane
by means of sealed chambers that allow an indepénaeasurement to be
conducted on each sensing unit.

The test results have been compared to the firdoseseries prototypes built by a
PCB Swiss manufacturer, since in the laboratory reviibis work was originally
developed, there were not the facilities for asdemlthe devices.[14]

5.1 Experimental setup

The experimental test targets were to obtain thgcstharacteristics of the sensor
and testing the long term behaviour of the sensarder to depict the viscoelastic
behaviour of sensor membrane. The setup to petioentests is composed by:

- awind tunnel,

- a Pitot tube,

- sealed chambers for applying loads independentih@sensor membranes,
- aconventional silicon-based pressure transducer,

- an LCR meter,

- a Labview® interface control system.

The complete setup is shown in Fig. 5.1.
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Fig 5.1 : the measure setup

5.1.1 Wind tunnel and Pitot tube

A system composed by a wind tunnel and a Pitot tude been used, to apply
different pressure values on the membranes. Lowspre values, into a range of
units to hundreds of Pascal, are very difficultotatain statically acting on small

volume variations. Indeed the temperature drift aofd the pressure waves

propagation create instabilities in the resultingrinodynamic pressure.

The problem depicted above has been avoided usshgferenced applied load, the
dynamic pressure obtained from a Pitot tube inatimel tunnel test chamber inserted.
Varying the wind tunnel free stream flow velocitgrious pressure values can be
achieved as the difference between the static ypresand the total pressure, as
shown in Fig. 5.2.

-

Static pressure

Total pressur:

a) b)

Fig 5.2 : Pitot tube a) into wind tunnel , b) output pressthiannels
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5.1.2 Sealed chamber

The sealed chambers for applying loads independenmtl the top of the sensor
membrane has been built using PVC by means of aencirtontrolled milling
machine in our laboratories. The PVC device is cosegd by a base (Fig. 5.3) where
the sensor is leaned (like above an airfoil sulfeered a lid where two sealed
chamber have been milled. In the smaller sealechbba by means of three static
taps in the forward part of sensor, the refergmessure is led inside the internal
chambers of all sensing units. In the larger seeteanber a different pressure value
is led, thus each sensing unit share the sanereiiffial pressure.

-4
&\Pressure PIG’Q

Fig 5.3 : sealed chamber

Every capacitor of the sensor is connected elatlyito the measure instrument by a
flat cable, soldered to the array.

5.1.3 Data read-out system

The conventional silicon pressure transducer, aa®etCapacitive Instruments,
connected to an National Instrument acquisitionrtbo&s used for measuring the
pressure every time that the wind tunnel free sireeelocity is varied by the
dedicated control panel.

Fig 5.4 : Setra® Capacitive Instruments
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An Agilent 4284A Precision LCR meter has perfornted data acquisition. The
instrument is used for measuring directly the cdpace values to estimate the
accuracy of the characteristic evaluated by therthand by the FEM simulations.
Data have been sampled by a National Instrument6PZDOE High Performance
1.25 MS/s 12-bit multifunction acquisition boarantrolled by a Labview program
(Fig.5.5)

a) b)
Fig 5.5: a) Labview programm ;B) Agilent 4284A Precision L@fter

5.2 Static characteristic

A set of different constant pressure values havenbexerted on the sensor
membrane, each value being applied for an acquisgeriod of about sixty second ,
by mean of the sealed PVC chamber shown in Fig. 3t# static sensor

characteristic and the creep drift was obtainedhleymodelling procedure described
in chapter 3.

The fabrication process and the material employecteucial issues in obtaining an
reliable pressure sensing device; therefore aicefabrication experience must be
achieved. Tests on the first home made prototypee Bhown a lack of repeatability
in the static characteristic behaviour of the eigimsing unit of which the strip is
composed (the results in Fig.5.6 are presented).

it
210

Fem upper bound ;
/ ‘.,..--'.?"_f
e i

Nominal Fem characteristic | '/’JM r
! P 7

Fem lower bound ,__?;k-’-. gt .

Capacitance [pF]

[eumulated min]
[emutated may] |

] i 1 | L 1
M 500 & - el | " ot A B0 &0 100
Pressure [Fa)

Fig 5.6 : two experimental static characteristics
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Two experimental static characteristics of the saeresing unit have been extracted
and compared with the Fem nominal characteristittha two Fem bound related to
materials tolerance.

The two experimental function, performed at différdime instants, show a
completely different behaviour. For low values oégsure between ( +/- 200 Pascal)
the function slopes are different. At higher presstalues the slopes of the two tests
share the same trend but the absolute value ofcitgpe different. Further
investigation has revealed how the lack of longnteepeatability is due to the lack
of a pre-stress level in the diaphragm of the sfrips cause a lack of planarity in the
membrane causing different membrane equilibriunpesdor low pressure value.
Trying to overcame the problems, the assembly éeglescribed in chapter 4 has
been modify to provide a pre-stress level in thetia® membrane before bond it to
the SPACER layer.

Fig 5.7 : assembler device modification

Four movable rods have been set at the same |éweé dix floor, in the assembly
device; any rods has been linked by means of wirésur known lead weights. The
Kapton® sheet is first placed on the fixed flooddrond with an adhesive tape to the
four movable rods, the lead weights are then aped the kapton is pre-stressed.
Subsequently the SPACER layer set on the movalstéosuloor describe in chapter
4, is lowered and bonded to the stretched memlfEge.7).

New test have been performed with the pre-stress\brane and an acceptable
repeatability is gained (Fig.5.8).

Unfortunately the pre-stress procedure doesn’tguae an uniform strain of the
Kapton® sheet moreover if the lead weight is tapthie sheet shape is not anymore
planar. The pre-stress assembly device descricetden suitable to understand that
a certain level of pre-stress is necessary tohetsensor be repeatable in the whole
full scale input and stable when low pressure inaies are applied. Being able to
understand the role of pre-stress a new device #@blperform a known and
repeatable stress-strain level in the membrane beudeveloped.
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Fig 5.8 : new test with pre-stress membrane

5.3 Creep measur ement

The response to a constant load of an ideal semgbthe response of sensor affected
by viscoelastic phenomena are different. When atemo pressure load is applied it

is possible to distinguish two dynamics: an instagbus response due to the
elasticity of the membrane and a slower responsdalthe viscoelastic behaviour.

Ideal Sensor Real Sensor
Applied Pressure = constant Applied Pressure =tanhs

(@):- (b)

72 ] G -
71
71 "
-
7 ]

0 500 1000 1500 2000 0 500 1000 1500 2000
Time [s] Time [s]

Fig 5. : response to a constant load: a) ideal sensor b3eaaor

In order to understand the viscolelastic behavafuhe sensor a series of long term
experimental tests has been performed. The expetinteas been carried out by
applying four different steps of constant pressawer the membrane, for the whole
time interval required to reach an asymptotic camsvalue of capacitance output.
The four pressure loads imposed in the test praeedave been +200, +400 +600
+800 Pascal. The loads chosen are defined positiem the membrane deflect itself
inside the cavity of the sensor, producing the éiglalue of capacity output.
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The creep measurements on sensor reveal the wmsbelastic behaviour if
compared with previous sensor type designed (byit PCB Swiss manufacturer)

Type arces C5 Creep perecentual error

Creep percentual error [ % ]

200 400 B0 800
Pressure [ Pa |

Fig 5.12 :creep % error

The maximum creep drift is 5% of the full scalemutfor a pressure of 800 Pascal.
The main reason for the worst behaviour of the hbmk sensor has been identified
in the material employed to create the device.

5.4 Conclusions

If we compare the test results on home built setgme with the sensor prototypes
built by a Swiss manufacturer, we discover the Hestaviour in the last one
(Fig.5.13).

The static characteristic of Swiss sensor, if camgavith static simulations, show a
very good agreement and confirming the FEM modsls aeliable mean for the
sensor design.

About the creep measurements show a maximum efr@y1®6 of the FSO for a
pressure of 800 Pascal.

Observing the static characteristic we have theficoation that the fabrication
process is a crucial issues to obtain an relialdegure sensing device.

Moreover the material employed in the fabricatiéthe@ device are really important.
Indeed has not been possible to find on the maheesame type of Kapton® used
for the Swiss sensor type.

Kapton®, as many polyamide products, is made inidewariety of blend and
thickness and even if the copper layer employedtimasame thickness the mixture
of copper bonded to the Kapton® layer is slightly brucially different.

Depending on the materials, viscoelastic behaviocaes manifest at ambient
temperature and for stress bigger than 1MPa [11791830,21] : copper thick, crystal
copper size, gluing substance used to bond Compé&fapton® and finally the
polymer macromolecules are component able to madéynembrane behaviour .
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Fig 5.13: Swiss sensor a) static characteristic b) creeprét e
It's important point pout that other tests haverbeerformed to study the sensor
behaviour. These have been accomplished by othieragaes in laboratory group

and the author has been involved only marginakgalise not interesting to develop
other type of strip pressure sensor for aerondwjmalication.
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Chapter 6

Design and simulation of sail pressure
sensor

6.1 Fluid dynamic input variable

To perform the simulation to achieve the best getacal definition of the sensor,
first we need to define the range of fluid dynainjout variable (pressure range).

In many sailing contest the higher limit of the diabove which the regatta is
aborted is usually twenty knots for this reason fiile scale pressure input of the
wireless sensor network has been developed to tepera true wind ranging from
zero to twenty knots. A safe factor to allow ovegsure has also been considered.

The related differential pressure has been cakedl&dr two conditions of apparent
wind of 10 kts and 20 Kts. (Among the different fezndes the results from
MacSail® a vortex-lattice (VLM) methods developddiae Helsinki University of

Technology [22]], has been analyzed to infer thanabof the pressure field acting
over a maxi yacht with mainsail and head sail)

~N

V' =10 Kts Apy, =38 [Pa]
\ Mainsalil
V' = 20 Kts Apy. =160 [Pa]
J
V =10 Kts APy =23 [Pa] )
Headsall
V' = 20 Kts Apy, =204 [Pa]

J
The maximum value of the differential pressure erger the headsail is about 200
Pascal in a true wind of 20 Kts, with both the saibrking. For this reason the full
scale input of the pressure sensing unit implenteint¢he wireless network has been
set to a value of +/- 300 Pascal to let the dealde to sense the pressure field and to
prevent unwanted overpressure.
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6.2 Preliminary geometry definition

The proposed wireless sensor network has beenapmeeko operate over sails, it's
aim is to detect the pressure field without to masive. Invasivity is an important
issue of the network cause geometrical variatmndiscontinuity over sail surface
may affect the characteristic of the flow and, asoamsequence, to modify the
pressure field of the sail. For these reasons thet monvenient way to take the
measurement network above the sail is to integratethe battens of sail. This topic
due to the natural shape and dimension of battdhgnamatically affect the design
of every nodes of network and the sensing unitgefisrted in chapter 3, the sensing
unit is a circular diaphragm created by the unibthoee layer, the base the spacer
and the membrane. The spacer create the circuldy ezghere the membrane deflect
while the base, which is the thicker layer, hagaare shape, as shown in Fig.6.1. In
a first design phase the allowed maximum and mimndimension for the frame
square base L , the circular cavity of the spacerabd the initial distance between
plate H have been set.

—F>

L
Tob View Side View

Figure 6.1: Sketch of sensor

Battens width usually ranges from 20 to at leastldmetres , for the design of the

battens the higher limit of 40 millimetres has bedmwsen. The width L of the

sensing units must lay between this two boundsthedound diameters D must be
chosen as trade off among two requirements:

- it has to be as large as possible to guaranteertaircanechanical
sensitivity;

- it has to be as small as possible to guaranteela free surface able to
ensure a safe and robust adhesion of the glue getpltm joint the
membrane to the spacing layer.

The maximum lateral dimension L will also have eodmme millimetres shorter than

the width of the battens external edge, to lets@sor not to be damaged when the
battens are inserted inside the apposite pocket®igail.
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Starting from the above considerations the maxirdunension allowed of the round
cavity of the sensor D has been set to 20 mmenthé external width L to 40 mm .
Acting in this way the sensor can be house insige Hattens, and a useful free
surface for the layers adhesion is present. Timénmaim diameters for the membrane
is set by the mechanical sensitivity of the memerdahe minimum diameters of 4
mm must be set to be able to sense the pressiude Aiecording to the previous
consideration the sensor edge length L, must beritkan 40 mm and radius of the
membrane must be 4 mm<D<20 mm .

The last parameters is the initial distance betwsates of the capacitor, the bounds
within it can be chosen depend on the allowed marnthickness for the battens
and the minimum distance of the electrode at wthehelectrostatic force is no more
negligible. The maximum thickness of a batten isutll millimetres but it doesn’t
affect the dimension H of the sensor cause foreshf H greater than 500 um the
sensitivity of the device is not appropriate to B& (Full Scale Input) proposed. The
lower limit of H is limited by the magnitude of thedectrostatic force that would
cause the conductive membrane to be attracted ¢o ldtver electrode, this
phenomena imposes to chose a value for the parakhdtigher than 10 um.

6.3 FEM simulation

Numerical FEM simulations are then a fundamentst far the understanding of the
sensor. The aim of FEM simulations is to descrilmeenefficiently the physical and
structural sensor features in order to find anrpth geometry and to satisfy the
specific application. Since the output of the sensoa capacitive information,
coupled electrical and mechanical simulation havbe taken into account. It's also
important to remember as a difficult issue is doeviscoelastic behaviour of
polymers, that an over-simplified analysis coulddédo large errors. A fem static
model of the sensor has been realized by meanstatia non linear coupled model
able to predict the mechanical deformation of thembrane an the related
capacitance change induced between the two plates @fapacitor.

The Fem static model is a suitable tool to predifferent topic concerning the
sensor behaviour, as the mechanical and elecimstatsitivity, potential conditions
of saturation, dead band zone and full scale owpdtresolutions. By means of the
fem static tool is then possible to choose the @mpte geometrical dimensions in
terms of radius and initial distance between platdated to the pressure field.
Anyway the static fem model is not useful to esterthe error of the sensor in terms
of accuracy and repeatability. This problem is ttuéhe non linear and viscoelastic
time dependent behaviour of the thin diaphragm €@ydo be able to estimate the
inaccuracy bound associated to each geometry testedhe static model and to be
able to sense the proposed pressure field, a tiependlent model of the error
affecting the diaphragm is necessary. Unfortungpelgr data concerning the creep
behaviour of Mylar® are available in open literaur technical datasheet. Thus it
has been necessary to develop an experimentaldunecable to extract this data and
to infer a time dependent error model to predie thaccuracy of the device,
introducing in the fem static model, time dependgarameters to reproduce, with a
certain degree of confidence, the inaccuracy bousldsed to the pressure input.
Both the fem static model and the time dependemir enodel have been used to
choose among many potential geometries for theoseRally the one associated
with the better trade off , in terms of sensor fegof merits parameters, has been
chosen.
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6.3.1 Modelling and design

A multi-physic coupled mechanical load-deflectiondaelectrostatic deflection-
capacitance numerical analysis of the diaphragmvanidble capacitor is necessary
for the modelling and design of the sensor strectur

A FEM-based software tool such as FEMLAB® [23] heeen used to perform a
static non-linear analysis of the multilayered stwes under a uniform load. The
modelling of the diaphragm deformations with resgedhe pressure load has been
carefully considered (Fig.6.2).

The mechanical module output is the deformed shégeedach pressure load of the
membrane, the latter is the input of the electtastanodule (Fig.6.3).The
electrostatic module estimates the space chargatgémthe internal chamber of the
sensor, therefore it's possible to evaluate theaciéggnce related to every pressure
load of the full scale input.

Acting in this way it is possible to evaluate, bgans of the mechanical module, the
membrane deflection in response to the appliedspredoad finding out, through the
electrostatic one, the respective capacitanceti@riéFig.6.4).

Boundary: z-displacement Subdomain marker: z-displacement  Displacement: Displacement Max: De-4

-0.5

min: -3 071999e-4 - s max: §363162e-9

-2.5

5 5
a 0.0m 0002 0.003 0.004 0.0035 0.006 0.007 0.008 0.003 om o011 omz 0.013

Min: -3.0728-4

Figure 6.2: Diaphragm deformation
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Figure 6.3 : Maximum displacement versus Pressure input
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Figure 6.4 : Sensor capacitance versus pressure
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A campaign of finite element test has been perfdrineinvestigate the behaviour of
the sensor in full scale pressure input with défgrgeometry and pre-stress level of
the diaphragm.
The independent variable of the campaign are :

= p: pressureload

= r : radius of the cavity

= h:initial distance between electrode

= T :initial pre-stresslevel

while the dependent variable are :
* W : maximum displacement of the membrane
» C: capacity
* ¢ Vonmisesstress
*  omean . Mean Von Mises stress

Parameters used to describe
pre-stress membrane

By means of the numerical output provided by thedehas possible to obtain the
classic figure of merit of the sensor as: full scalitput, sensitivity, transduction
function, saturation, dead band etc.

Aim of the numerical simulation is to find the bestde off of the independent
variable of the sensor varying the dependent ones.

6.3.2 Fem data analysis: unstressed and stressed diaphragm

In the chapter 3 we described like bonding a mendrabove the spacer
guaranteeing only its flatness, it exhibits diffgreequilibrium shapes when the
pressure load is low. This problem manifest higrelef hysteresis at low values of
pressure. A radial pre-stress tension is therefmeessary to reduce diaphragm
instabilities when the differential pressure isseldo zero. This helps the membrane
to preserve a steady planar shape in the absépcessure input

In the condition of total absence of pre-stresslJaghen a pressure load is applied
on the top of the membrane the mean local stremsges, as showed in Fig.6.5.

Mean“on Mises stress [Pa)

N S R
-250 -200 -150 -100 50 0 50 100 150 200 250
Applied constant pressure [Pa]

Figure 6.5: Mean von Mise stresses in the full scale input
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This phenomena affects the displacement of membharkgg.6.6 (a) and (bpalf of
deformed shape of Mylar layer is shown for fivepsté pressure, each one spaced of
50 Pa starting from 0 Pa to 250 Pa. The left (@pts related to a value dfequal to
zero the right plot (b) to a value dfequal to 4 MPa. It's worth to note as above a
certain level of stress the relation between laadi deflection tends to a proportional
behaviour (Fig.6.6 b) ).
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Figure 6.6 : deformed shape of Mylar layer; a) absence of pesst b) pre-stressed
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The presence of a pre-stress in the membrane milatends to increase the stiffness
of the membrane and to reduce the mechanical Bétysito the pressure load.
Increasing the stress in a certain way acts agasang the thickness or the material
Young’s module: even if subjected to the same Idhdgnaximum displacements of
the diaphragm decrease and its behaviour doesmist® the membrane model but
to the one of a thin plate. This behaviour is shifwrig 6.6 b) where the maximum
displacement is expressed as a function of thestidle pressure input for different
pre-stress level. When the induced stress in taphdagm is close to 1.5 Mpa the
magnitude of maximum displacement is equal to thiekhess of the diaphragm
(20um) and the maximum displacement is proportiboméhe pressure loads as in the
thin plate theory.

The presence of a pre-stress in the Mylar plateedses the mechanical sensitivity
of the sensor but increase the linearity of thati@h between displacement and
pressure load Fig 6.7 a). A similar trend can b&eoled if the transduction curve of
the sensor for the same level of tension is ploe higher tension levels strongly
decrease the overall sensitivity of the sensor ageduthe full scale output but the
transduction curve tend to a linear relation.
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Figure6.7: a) Maximun displacement, b) Mean stress as funafgressure

The Mean stresses are dependent to pressure io@ds$ luntil the parameteis
reaches a certain value. In particular the stressvhich this phenomena takes place
Is around the pre-stress tension for which the \neba of the diaphragm change
from membrane to like a thin plate subjects todafthis trend is depicted in Fig 6.7
b), where the maximum deflection and the mean s#=eare plot as function of the
pressure input load. For the particular geometnseh, the pre-stress value, at which
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the maximum deflection is equal or lower to theptiiaagm thickness, is within 1,5
MPa and 2 MPa. Above these values mean stressestadependent on the pressure
load and the percentage variation of mean stréisshe diaphragm is below 15%.

6.3.3 Viscoelastic phenomena: creep

The main consequence concerning the invariant betaof stresses with pressure
Is how the viscoelastic phenomena take place. Asrieed in Chapter 3 the time

dependent deformation of the diaphragm dependsressss.

To be able to estimate the behaviour of each gagnesdted with the static model

and to be able to sense the proposed pressure digiche dependent model of the
error affecting the diaphragm is necessary. Unfately poor data concerning the
creep behaviour of Mylar® are available in opearéture or technical datasheet. .
Thus it was necessary to develop an experimentgepure able to extract this data
so that it was possible to infer a time dependawoir enodel E(t).

Eit) 1

relaxation 1
t=0 t=inf

T

10t 10% 10 10t 107 10% 107 1oft(8)

Figure 6.8: Example of E(t) function

The experimental procedure developed is an itexgirecess where performing tests
to explore behaviour viscoelastic of prototype sessit has been possible to modify
the static model.

Inserting time dependent parameters achieved heostatic model it possible to
reproduce, with a certain degree of confidence, rik@d behaviour of prototype
sensors[18,24].The FEM static model and the timgeddent error model achieved
have been used to choose among many potential geesni®r the sensor with the
better trade off , in terms of sensor figure @frits parameters.
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6.4 Electro-mechanical plan

Performing the iterative process briefly depictdmbve, we have developed four
sensors type.

Typel Type?2 Type3 Type4d
With 24 mm 24 mm 24 mm 24 mm
Length 24 mm 24 mm 24 mm 24 mm
Cav_lty 5mm 3 mm 5 mm 3 mm
Radius
Fixed
Electrode 4 5mm 2,5mm 4. 5mm 2,5mm
Radius
Spacer 110 um 110 um 75 um 75 um
Thickness

Tab 6.1: four types dimensions of sensors developed
The best sensor type it was the type four: the separameters are described in

chapter 8.
The plan of the sensor and the fabrication arerde=tin chapter 7 .
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Chapter 7

Fabrication of sail pressure sensor

For assembling the sensor, standard printed cibmard material layers have been
used. As described in the Chapter 5 “Fabricatiowiofy pressure sensor”, we have
used the printed circuit board (PCB) technologyase it allows the manufacture of
sensor by fast prototype machine directly into fabaries and the materials used are
perfect to achieve a good transduction by sensitivits developed. Finally the PCB
technology it’s really low-cost.

If you compare the bill of materials used for wipgssure sensor with the list below
you can note as we have changed the adhesive:egleanshigh resistance spray glue
for assembling the three main part of the sensor.

A new material used in the manufacture of unit as theen the Mylar®. It's a
polyester layer commonly used for a broad array applications in the
electrical/electronics, magnetic media, industsakcialty, imaging/graphics, and
packaging markets and wherever flexible surfaceh viiigh resistance to cyclic
stresses is required.

The rigid part of the sensor have been built againg fibreglass epoxy layers. Their
low thickness and stiffness guarantee both a Idal thickness and a strong frame
above which to stretch the sensing Mylar® film.

It's important point out that the sensor will n& bonded directly on final electronic
board, but it will be soldered by a plinth. Thegeas of this choice will be described
in Chapter 11 “Wireless sensor node”. In this caapte will describe only the plinth
and the manufacture methods.

7.1 Materials

7.1.1 Epoxy resin

FR4 laminate is the usual base material from whitated-through-hole and

multilayer printed circuit boards are construct$R” means Flame Retardant, and
Type “4” indicates woven glass reinforced epoxyirre$he laminate is constructed
from glass fabric impregnated with epoxy resin @ogper foil. Foil is generally

formed by electro-deposition, with one surface tetehemically roughened to

promote adhesion. FR4 laminate displays a reaser@vhpromise of mechanical,
electrical and thermal properties. Dimensional iitghs influenced by construction

and resin content.

We used three types of FR4 laminate:
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- FR4 DURAVER-E-CU 104ML : 46@m thick with copper 3fm thick (both side)
- FR4 DURAVER-E-CU 104ML : 76@m thick with copper 3fwm thick (both side)
- FR4 DURAVER-E-CU 104ML : 1.6mm thick with copp& um thick (both side)

7.1.2 Mylar

Mylar® is a biaxially oriented, thermoplastic filnmade from ethylene glycol and
dimethyl terephthalate (DMT). It is one of the mestvironmentally safe polymer
products made today. Mylar® polyester film, only BuPont Teijin Films, is
available uncoated or coated and in a broad vaokegpauges and widths.

The overall sensibility of the sensor is a tradepodbblem concerning the membrane
mechanical sensitivity and the modulation of dd¢ftetactuated by the capacitor. To
be able to improve the mechanical contribution e bverall sensibility of the
device, a thin film is required.

Others important requirements are : a good dimeasistability, due to low thermal
expansion coefficients and resistance to viscaelgstenomena. Moreover the thin
film must be conductive by its nature or able tocbated with conductive coating
and nevertheless cheap, to respect the projecelinedelated to the development of
a working macro pressure sensor, realizable witis #v economics efforts.

Many of the already mentioned features are typichlmetals but are more
appreciable in special steels which are often eyga@as sensing element of typical
commercial pressure sensors. The only mismatchiegtufes is the high
manufacturing cost of such thin metal films.

A suitable alternative to thin steel film is reprrted by Mylar, it posses features
similar to steel but with a cheaper costs. A wideiety of Mylar are available on
market, each one of them have differences in thehar@cal characteristics, anyway
as indicated in the Dupont Mylar datasheet [25]s igenerally not so sensitive to
creep.

Unfortunately poor data about Mylar viscoelastehéviour are present in open
literature, as consequence an estimation of theoelastic behaviour of the thin film
is not so easy to be inferred and the inaccuraayntt® of the sensor, largely
dependent on these effects, are not predictable fiwitte element analysis. The
particular Mylar chosen for the membrane is a type, 20um thick, coated
on the bottom side with an aluminium depositiorfes¥ Armstrong. The coating let
the membrane to be conductive and to operate anakiable plate of the capacitor.

7.1.3 Adhesive

We have used a spray glue: the Scotch-Grip Spraddhgésive. It is a multi-purpose
aerosol adhesive. It is fast tacking and it hasng ftack range when applied to both
surfaces. It is characterised by specific featwash as high tensile strength, high
shear and peel adhesion, resistance to solventmamsture, low outgassing and
conformability. It is usually employed for bondigvariety of substrates including
lightweight boards, foams, plastics, fabric, paged insulating materials. It is also
used for bonding fabric backcloths in studios anddew dressing, and bonding
polystyrene foam in fabricating packaging units.

The solvent is a petroleum distillate/cyclohexaseolourclear/pale cream, it shows
very good water and UV light resistarimat a poor resistance to fuel solvent and oil,
this characteristic fit well with the experimentatocedures where different pre-
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stressed membranes where easily glue to the sammerdeame once a quick solvent
clean.

7.2 Layers

Four distinct prototypes, differing by dimensiomglastructures have been designed
and tested. Since the viscoelastic behaviour haa baderestimated and a correct
procedure was not developed at the very beginnihghe project. The first
experimental attempts and results were initiallgfulsfor validating and optimising
the FEM simulation models. However, their main tes been to provide a better
understanding of the sensor transduction mecharfremmsthe physical point of view
and for shedding new light even on the aspectsrdg#rd the parasitic capacitance
and the optimisation of the sensor structure andidrking principle.

The sensing unit consists of a three layers staskedture:

- BASE : rigid part of the sensor built using a FRaydr
- SPACER : rigid part of the sensor built using a F&zer
-  MEMBRANE : deformable part of the sensor built ugsMylar®

Digplragm —> —‘ ’—
Spacer —
EBaze —> r— - ”

Z777] TJlylar 1 FE 4

. Coray lue B Copper

Figure 7.1 : Sensor layers sketch

Fig. 7.1 shows the sensor layers sketch. Layers baen attached to each other by
means of either a 5 +/-2 um thick layer of sprayegipatterned in the same shape as
the SPACER. To create BASE and SPACER layers we baed the fast prototype
machine LPKF Protomat S62 like it has been for wirgssure sensor.

7.2.1 Base

The BASE layers has been created using the 760Rdnl&minate. It is the bottom
part and the thicker layer of the sensing unitg] arhave to guarantee different
topics. First of all the base, due to its high khiess, has to act as frame above which
the other layers such as the spacer and the d@plaee glue and pre-stressed.

In the upper side of the BASE, the round fixed @lat the capacitor is realized, and
a circular static tap of 1 mm is presented Fig.(@)4The static tap is a drill plated, so
it leads the pressure inside the sensor cavityitdets the electric signal of the fixed
plate to be routed to the electric paths in thedmotside of the BASE layer. In the
bottom side of the BASE layer Fig. 7.4 (b) two patlsw the contacts for the two
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electrodes of the capacitor (deformable membrame, @und fixed plate), a
rectangular shield is also present to protect tkedf plate from electromagnetic
interferences.

In the shield ten copper connector are realizegyTat manly the sensing unit to be
stiffly bonded to the plinth, but also they connicthe ground the rectangular shield
through the plinth.

One of the edge of the base perimeter presents\@issular cut, realized to allows
the signal of the conductive membrane to be leatthdédbottom side of the base by
means of conductive glue, routing the signal thiotige thickness of the whole unit
Fig. 7.4 (a), Fig. 7.4 (b).

The first step to create the BASE it has been tsigtethe structure by a CAD
software. The Fig. 7.2 shows the gerber files pcedu The second step has been to
drill and to plate the hole. Final step has beeatth, by prototype machine milling
tools, the top and bottom FR4 surface. In the umide of the BASE we have
etched not only the copper but also the glass-fibrer layer around the fixed
electrode, in order to lowering the base-spacettjan surface. This action has been
crucial to set the initial distance between thdeptaf the capacitor. The precision of
this manufacturing is +/-10 um.

(@) (b)

Figure 7.2 :Sensor: BASE gerber file; upper side (a), bottote $n top view(b).

Figure 7.3 :Sheet obrocessedR4 laminateo create the BASE layers
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Figure 7.4 :Sensor upper side (a), Sensor bottom side (b).

7.2.2 Spacer

The SPACER layer is the middle layer of the sensimig as shown in Fig. 7.1 , it is
a single fibre-glass planar surface of 460um tktkout copper-clad. The two sides
of the spacer are equal to each others. Princypadtion of the spacer, is to create
the circular cavity in which the membrane defleshen pressure loads are applied.
The first step to create the SPACER has been tmrdéke structure by a CAD
software. The Fig. 7.5 shows the gerber files pcedu

Figure 7.5 :Sensor: SPACER gerber file;

The second step has been to remove the copper demin side of 460 um FR4
laminate by chemical etching. Final step has beecut out, by prototype machine
milling tools, the SPACER layer.

Figure 7.6 :the fabricated Spacer layers for different sepsototypes dimension
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The base-spacer and spacer-membrane junctions ade with special spray glue
sprinkled above the surfaces to joint. The mosicatiaspect of this layer, during the
assembly process, is the risk that liquid glue prates inside the cavity. This event
would affect the sensor efficiency both from thecélostatic and mechanical point of
view. The presence of glue inside the cavity, inot,favould alter the dielectric
constant of the means between the plate of thecitapaand it would have an effect
on the mechanical deflection of the diaphragm glie cavity. To overcome the
two problems, different FR4 shapes, 400 um larpan tthe cavity of the sensor,
have been realized to protect the electrode inbdse and the cavity of the spacer
Fig. 7.7 (a), (b). The small FR4 shapes are theroved after the sprinkling of the
adhesive glue.

Figure 7.7 : Spacer layers fabricated for different sensorgiypies dimension.

Also in the SPACER layer one of the edge preses&acircular cut realized to
allow the signal, of the conductive membrane, téelbe to the bottom side of the
base through the whole sensor thickness.

7.2.3 Mylar
Mylar is the active layer of the structure: it @efis inward and outward the cavity of
the sensor, in response to the differential pressyout.

The assembly of MEMBRANE layer is a critical senfalrication process, this is
due to the need of pre-stressing the thin film. iFfgal stress forced on the film is a
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key factor in reducing instabilities around thez@ressure loads, and hysteresis
along full span pressure input.

7.3 Plinth

The plinth is the junction element between sensar the final electronic board. It
has to lift the sensor from the electronic boaranpl without breaking the electric
paths.

To guarantee the electrical connection, the plitatkes sensor signals using the
contacts on the long edges and it leads them tceliwetronic board through the
vertical contacts on the short edge (see Fig.T.8)avoid ground loop, just one of
ten sensor shield ground contacts is connectduetelectronic board ground through
a vertical contact ( the electrical path is showthe upper side of Fig.7.8).

The two pads, allowing the contacts of capacitectebdes, will be connected to the
electronics board through two vertical contactise ¢lectrical paths are shown in the
bottom side of Fig.7.8).

Like in the junction plinth-sensor, the contactstbe short edges without electric
paths on the plinth upper side are used only talsiiifly the plinth to electronic
board and they are connected to ground.

In the middle of plinth there is a 2mm hole: itdeahe pressure to the sensor static
tap.

To create the plinth we used a 1.6mm FR4 lamiri@dte.plinth is 5mm wide and 24
mm long.

(b)

Figure 7.8 :Plinth: gerber upper side (a), real upper side (b).
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7.4 Methods

7.4.1 Base — Spacer, bonding

Aim of the junction between the BASE and the SPRCRyer is to realized the
cavity of the sensor. In this phase the concemasgembly of the circular fixed plate
and the circular through cut of the spacer mugpdréormed. The second important
issue is to avoid glue to penetrate inside thetgaad above the electrode (like
described in the paragraph 7.2.2). The conceassembly has been performed by
means of two precision steel blocks leaned to e#icér to form a reference square
corner Fig 7.9 (a). In this way one of the fourreas of the base has been leaned to
the reference structure and after the glue has geenkled above the upper side of
the base. Also the spacer layer has been leartbd teference corner above the base
Fig 7.9 (b).These easy self alignment of both tthgeelayers, let the circular cavity
and the square copper plate to be concentric.

Figure 7.9 :BASE self alignment (a), SPACER self alignment (b)
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Figure 7.10 :FR4 Glue Shaper (a), Glue sprinkling process (b)

The second issue realized before the alignmenteproe is performed by means of
an FR4 cavity-shape 400 um larger than the cavdaynpeter; the small shape
protects the electrode during the glue sprayinggss, and it avoid the glue to
penetrate inside the cavity when the adhesion cessmn load is applied, in Fig.
7.11 the final assembly is shown.
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Figure 7.11 :Normal weight to ensure adhesion (a) , Base aadesBonded (b)

7.4.2 Mylar — Spacer, bonding

The main critical part of the assembly processésjtinction between the membrane
and the spacing layer, because a predefined horaogsrand repeatable pre-stressed
level must be forced in order to reduce instab#itiof the membrane causing

hysteresis error. For the purpose a special pieendevice has been developed
and built. It consist of three different partsciecular cave cylinder, acircular ring,
and aplunger Fig 7.12.
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Figure 7.12 :Circular cave cylinder, circular ring, and a pleng

The used material to produce all the above mentiaie®ices has been manufactured
in the laboratories of the faculty. Inside the cayknder a toroidal cavity is realized
to house an amount of lead necessary to let tha@reshjtension be imposed Fig.
7.12.

The assembly routine must be nerformed with calseéitention in order to guaranty
an homogenous and repeatable stress level in thdraae.

First step to perform the bonding is to clean anddgrease all the contact surfaces
with a special cleaner and degreaser to avoid iitypor dirty to affect bonding
process.

Successively a sheet of Mylar 840® is prepared nedstretched by means of a
vacuum plane (Fig.7.14). Using an electric testardcessary to ensure that the non-
conductive side of the sheet is the one in contaitt the suction surface(vacuum
plane) while the other is free to get the glued SER surface where it has to be
bond.
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Figure 7.13 : Mylar sheet above suction surface

At the same time, when the air suction is in pregr¢he pre-streched sheet of Mylar
Is glued, with a soft adhesive, on the circulagrifhis process is used to let the thin
sheet surface to be as planar as possible befobe fpositioned above the cave
cylinder, which is the device that will impose ttegjuired amount of stresses in the
MEMBRANE.

The Mylar and the circular ring are joint to theveacylinder by means of three

screws and nuts able to ensure a strong mechquneion between the circular ring

the Mylar sheet and the cave cylinder. The tworag$sd objects shown in Fig 7.14

are then inserted inside the plunger along whictica translation is allowed.

Figure 7.14:Circular ring and cave cylinder leaned on the gérrtop

The plunger has been built few centimetre longantthe cave cylinder height, so
the cylinder slides along the piston later wallsilihe diaphragm touches the top of
the piston. When this condition is reached thencldr stops its vertical movement
and the gravity force acting on it let the thin lsliyfilm to be pre-stressed (Fig 7.15).
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PRE-STRECHED
SHEET

Figure 7.15 : Stretched MEMBRANE

After this action, the cavity of the spacer is patéd by means of the small shape
used in the base-junction and the spray glueprisilde over the upper side of the
spacer. This action performed before the glue spgagrocess is fundamental to
avoid the glue to penetrate inside the cavity wtenadhesion compression load is
applied. The small protection shape is then remaretithe sensor frame is leaned
on the stretched diaphragm (Fig 7.16 (a)).

Above the bottom part of the base a known weigtg amormal compression stress
on the layers to ensure the layer bonding (Fig6 1d)). At room temperature,
approximately 5% of the ultimate adhesion strength will be achiewsdter 30
minutes and 10% after 10 hours.

SENSOR

a) b)

Figure 7.16 :a)MEMBRANE bonding process; b)Normal weight to eresadhesion

When the bonding process is completed a specialumive epoxy CW 2400 is
applied in the through cut, shown in Fig 7.4 ang Fi7, to let the electric signal of
the membrane to be lead through the thicknesseo$éhsor to the relative electrode
in the base of the sensing unit. The conductive ghguires, at room temperature, 4
hours to reach the ultimate strength and a lowteta@sistance(0Q).
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Finally, the weight used to impose the normal actio reach the adhesion of the
layers is removed and the Mylar film in excess atbthe sensor edges is cut away
using a cutter. The final assembled sensor is showig. 7.17.

Figure 7.17 :Sensing unit assembled

In Table 7.1 the overall geometrical charactersst€ the fabricated prototypes are
presented.

Type 1 Type 2 Type 3 Type 4
With 24 mm 24 mm 24 mm 24 mm
Length 24 mm 24 mm 24 mm 24 mm
Cavity Radius 5 mm 3 mm 5 mm 3 mm
Fixed elgctrode 4.5mm 2,5mm 4.5mm 2,5mm
Radius
Spacer 110 um 110 um 75 um 75 um
Thickness

Table 7.1 :Fabricated prototypes dimension

The full thickness of multi-layer sensor is aboortr.
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Chapter 8

Sail pressure sensor: experimental
setup and results

The fabricated sail pressure sensor, as describetiapter 7, has been tested. The
analysis set up has intended to validate the feol tapacity to predict the
transduction characteristics of the device andstomate the actual behaviour of the
sensor. The experimental program have been enpesfprmed in the laboratory of
the Second School of Engineering of the UniversftBologna.

Two types of analysis have been set up. The fing is intended to evaluate the
static characteristic of the sensor and the eftécthe pre-stress tension in the
transduction chain.

The second test was set up to investigate someatlytissues emerged from the
first run of test in which problems concerned withcoelastic drift and instabilities
of the membrane, close to low value of pressuratirfpave been observed.

8.1 Experimental setup

The experimental test targets have been to oltaistatic characteristics and testing
the long term behaviour of the sensor, in ordetepict the viscoelastic behaviour of
the sensor membrane. The setup to perform theisestenposed by:

- awind tunnel,

- aPitot tube,

- sealed chambers for applying loads independentih@sensor membranes,
- aconventional silicon-based pressure transducer,

- an LCR meter,

- a Labview® interface control system.

The complete setup is shown in Fig. 8.1.
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Fig 8.1: the measure setup

It's clear like the experimental setup is very $amito the experimental setup
performed for wing pressure sensor analysis. Tiyeadifferences are in the structure
of sealed chamber and in the pressure rangentiedthie chamber (+/- 300 Pa)

The sealed chambers, for applying loads indepehdent the top of the sensor
membrane, has been built again using PVC by meamsiomeric-controlled milling
machine in our laboratories. The PVC device is coseg by a base (Fig. 8.2) where
the sensor is placed and a lid. Below the sensside the base, it was created a
channel to lead the static pressure to the semstic tap. In the lid has been created
a channel to lead the total pressure.

a) b)

Fig 8.2 : sealed chamber a) opened without sensor, b) a&féding

Every sensor has been connected electrically tonsure instrument by three wire
(GND, fixed electrode, flexible electrode), soldimn the sensor contact pads.
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8.2 Static characteristic measur ement
8.2.1 Comparison between experimental data and fem static model

A set of different constant pressure values havenbexerted on the sensor
membrane, each value has been applied for an #&tmuiperiod of about sixty
second , by mean of the sealed PVC chamber showigin.2. The static sensor
experimental characteristic is thus obtained amdpared with static simulations. In
Fig. 8.3 the fabricated prototypes, named Typdth the geometrical characteristic
specified in table 7.1 (Chapter 7) and a pre-stiegel of 2.8 Mpa, is shown.

During the sensor assembling we have a geometlioansional tolerance of +/-
30um due to the thickness uncertainty of BASE aRACER layers and the glue
employed in the bonding process. Through the gemcaetdimensional tolerance we
have simulated the upper and lower bound: it's iptes¢o note that the experimental
capacitance trend ( blue line ) is in good agree¢métin the FEM static model (
black line - Fig.8.3).

The experimental curve is compose by two closelceg curves, this is due to the
experimental characteristic affected by a certairel of hysteresis as shown in Fig
8.4.
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Figure 8.3: Static characteristic of the sensor Type 4

8.2.2 Comparison between several static characteristic

In order to observe the behaviour of the staticgattaristic, the Mylar membrane of
the Type 4 prototype sensor (discussed above) ¢ms dssembly with different pre-
stress load, by means of known amount of lead.

The behaviour of the static characteristic is fiorciof different parameters: mean
sensibility, accuracy, percentage hysteresis. Marei's important the capability of
solder glue to keep the required tension in the brane.
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In the chapter 6 it has been observed, by FEM sitimus, as if the pre-stress load
increase, the transduction function loses its #jpiwon linear shape. In fact the
displacement becomes comparable to the thickness tla® behaviour of the
membrane tends to a thin plate subjected to srefiitations. In Fig.8.4 three static
characteristics related to three pres-stress loagosed are presented.

If we consider the hysteresis error, it appeara &sction of the pre-stress tension
and in the performed experiments it had a rangas £0,96% of FSO (Full Scale
Output, the capacitive range) with zero pre-stlead, to 1.82% of FSO at 2,8 MPa.
(Fig.8.4)

It's really important point out that the increasioigthe pre-stress load decreases the
mechanical sensitivity. In fact, the same pressopait produces a lower output
capacitance and the FSO is reduced (Tab. 8.1)

A different trend appears if the linearity error particular if the zero pressure ones
is considered. Increasing the pre-tension levelallewv the sensor to manifest a
lower linearity error at every pressure. This chteastic is clear especially close to
the zero pressure input where the percentage isrreduce from 17.34% to 6.49%
of FSO. Without initial stress the membrane app&aessume different equilibrium
shapes depending on the load time history, thise#lue membrane to present a zero
pressure capacity value extremely unpredictableuanelpeatable.
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Figure 8.4: hysteresis sensor Type 4
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Pre-stress Absolute Percentage FSO Mean Linearity
Load Hysteresis Hysteresis Sensitivity Error

0 MPa 551,58 fF 20,96% 2,63 pF 5,26 fF/Pa 17.34%

2,8 MPa 37,94 fF 1,82 % 2,08 pF 4,16 fF/Pa 12.98%
3,7 Mpa 11,90 fF 1,34% 0,89 pF 1,79 fF/Pa 6.49%

Tab.8.1: hysteresis error, sensitivity, and FSO for three¢hpre-stress load tested

Another important parameters to consider in thedroff process, is the capability
of the solder glue to keep the adhesion of the mangbwhen the initial stress and
pressure load are applied.
A membrane stretched with 5,5 Mpa has been tesgitbdseveral cyclic load within
the full scale input (Fig.8.5):
in the first cycle (blue curve) a low sensitivitpcaa dead band zone in the

range +/- 50 Pa have been found;

- at the fourth cycle (red curve) of the same sentwr,static characteristic
changes; it shows the highly non-linear shape efuh-stretched ones with

great hysteresis in the proximity of the zero input
Experiments have shown that for stresses exceedin§ Mpa the solder glue
employed is not able to keep the tensions cauaitigdf long term repeatability or in
the worst case the loss of adhesion among memharahsolder glue.
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Figure 8.5: loss of repeatability due to lack of adhesion

Experimental tests have been performed on sensotstypes with different radius,
initial distance between plates and pre-stressl leverder to tune the fem static
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model, and to get parameters useful to infer a frsler estimation about the

inaccuracy of the sensor due to the viscoelastenpimena. The geometry of the
sensor to be employed in the sensing unit of theless sensor network has been
chosen as trade off among these parameters to alloveasonable accuracy an
adequate sensitivity, and long term repeatability.

8.3 Creep behaviour experimental result

In order to understand the viscolelastic behavaiuhe sensor a series of long term
experimental tests has been performed. The expetsnteas been carried out by
applying four different steps of constant pressawer the membrane, for the whole
required time interval to reach an asymptotic camstvalue of capacitance output.
The four imposed pressure loads in the test praeedave been: +50, +100, +150,
+200 Pascal. The loads chosen are defined positrem the membrane deflect itself
inside the cavity of the sensor, producing the éighalue of capacity output.

Positive constant pressure loads was chosen betasds the condition where the
time dependent viscoelastic deflection of the meméris more amplified by the
closer distance between electrodes.

As represented in Fig 8.6 it is possible to distish two superimposed dynamics: an

instantaneous response due to the elasticity afngrabrane and a slower rise due to
the viscoelastic behaviour.
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Figure 8.6: Membrane capacitive response to applied pressepeos 250 Pa.
In order to simulate the latter phenomenon, a tiegendent creep modulus has been

used, as described in chapter 6: to find out teegmodules parameters an iterative
procedure based on experimental test (severaltmesslevel in the membrane) is
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required. Thus is possible to extract a viscoelastior model described by the creep
module. Coupling the viscoelastic error model viktEM static model, it is possible
to find out the better sensor characteristic traffien terms of cavity radius, initial
distance between plate, and pre-stress level, tabieinimize the creep dependent
error in the whole FSO.

8.3.1 Unstressed membrane

As mention in the chapter 4, unstressed membraméard to the sensor frame by
means of a suction surface therefore a low residtr@ss in the membrane is
imposed but its magnitude is unknown and unrepéatab

The static Fem model fail to evaluate the membiaagteaviour in the proximity of
zero pressure input this is due to the un-planapsiform of the membrane, this
because of high value of hysteresis error closeeto pressure inputs. Long term
experimental test has shown a creep dependentigagaof approximately 330 fF

resulting in a 17% degradation of dynamic rang8@mmin for a pressure of 250 Pa
(Fig.8.7).
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Figure 8.7: creep absolute and percentage in the unstressetnareen

Finally the Fem static model and the associatedoeisistic time dependent error
model are compared with the experimental acquisitit's possible to point out how
the static model fail to estimate the trend andkibs value of the sensor behaviour
for the lowest pressure input Fig.8.8 .
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Experimental characteristic

It is important to note that the main error affegtunstressed membrane is the un-

repeatability due to the different un-planar shapssumed whenever the zero
pressure input is applied.

8.3.1 Stressed membrane

The behaviour of stressed membrane have beenralestigated. How described in
the chapter 7, a repeatable pre-stress level wassed during the fabrication.

When a certain pre-stress level is imposed to tambmane the FEM static model is
able to reproduce with sufficient accuracy the expental behaviour, both in terms
of trend and capacity output values. Long term @rpental test has shown a creep
dependent variations of approximately 140fF resgltin a 6.5% degradation of
dynamic range in 36 min for a pressure of 250 Fa&M).
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It is possible to appreciate how the high hystereslue associated with the
unstressed membrane disappears. The FEM staticl mggteduce the experimental
shape and is able to predict the reduction of bditgiand full scale output due to

the new behaviour of the membrane.

If the error bound predicted by the viscoelastiadeiare superimposed to the FEM
static model and compared to the experimental tmioty due to the actual

viscoelastic behaviour. It is possible to see htw FEM error bound slightly

overestimate the actual error (Fig.8.10).
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Figure 8.10: Pre- stressed diaphragm : Fem static model, Creepdstimation,
Experimental characteristic

The reported data concern with the best sensor gegnand pre-stress level,

provided as output of a numerical campaign perfortmg means of the Fem static
model and viscoelastic error model obtained by medracquired data through four

pre-stress experimental tests.

The table 8.2 summarizes the characteristicsebtst sensor developed (Type 4).
We will use this sensor to realize the pressurgiegrinside our system

Pre-stress | Absolute Linearity % FSO Capacity Mean
Load Hysteresis Error Hysteresis Zero- Sensitivity
pressure
2,8 MPa 37,94 fF 12.98% 1,82 % 2,08 pF 6 pF 4,16 fF/Pa

Tab.8.2: characteristic of the sensor we have chosen teldgthe system
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Chapter 9

Sensing system

Designing the devoted electronic to perform thessgnof the sail pressure sensor,
we have to remember, as it has been noted in Ghaptinat the dimension and
power consumption are important. Therefore theisgrsrcuitry must be developed
to spend few energy allowing a long node life tinseng small battery. At the same
time it must perform a fast, reliable and carefatadacquisition, using less space
(area) possible, so it will be important to use Sktilnponents.

The electronic management has been performed bysnefathe microcontroller
embedded in the Zensys Node, considering to cuhdbe energy consumption.
Every wireless sensor node of the network will nmtoansail pressure sensor
described in the previous chapters (6,7 and 8).

In this chapter the electronic structure, to perfdhe data read-out, is discussed. It
describes the sensing circuitry management andtatgpe to perform the functional
test. Finally a schematic of the wireless sensderns proposed.

9.1 Available sensing circuitry and choice made.

The sensing of a capacitive sensor can be realiged) many methods. Mainly it's
possible to use a frequency generator, which cleatigefrequency proportionally to
the capacity variation. Another method is to meashie charge or discharge time of
the capacitive sensor. Finally we can use a chemgdifier circuit.[26]

The first method is really sensitive to the inpapacity of components : the sail
pressure sensor has g (Capacity value when the differential pressuredaso, see
Chapter 8) of 6pF so it's very near to the inpufpamty of components
(approximately 10 pF) .Therefore it’s difficult peerform a good reading of pressure
because the frequency generation process is dadinay input capacity of
components.

In the second method, also if the sensor capagicharged by a resistance of some
tens of M) we achieve rise time of someec. To measure the rise time a
microcontroller must check the voltage level on skasor. Making this operation is
possible, if the ADC conversion time is smallerritéarge time of sensor, but the
ADC conversion time embedded in the Zensys nodernse tens ofisec. Therefore
it's impossible to use this metod.

The last one appears the best. Using a charge fanglere are not parasitic
capacity dangerous or problems using the ADC caerdthe voltage levels are
fixed).
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9.1.1 Charge amplifier

The proposed charge amplifier circuit consistingtwb stage: the fist is the real
charge amplifier, the second is a simple voltagwldier used to maximize the

ADC converter input voltage range. The 12 ADC cotereembedded in the Zensys
node has been used.

Studying the circuit working proposed in Fig. &% possible to identify five phases:

Phase 1The switch is closed, the control signal Vin isa@and the control
signal Vdd-Vin is one. Therefore Vch will be eqt@alVdd/2

Phase 2The switch is open. The Vch rise by means of swittérge injection.
The charge injection is variable phenomenon so,ndurevery
measure, it must be evaluated

Phase 3The ADC converter evaluates the Vout : it's thedieg process after
the switch charge injection. The voltage value twesl inside the
microcontroller.

Phase 4Vin and Vdd-Vin change state: Vin =1, Vdd-Vin=0hd Vch voltage
decreases proportionally to the sensor capaciter(§)s Changing
voltage on Ccomp is important to remove the charg€sens due to
the value of G where @ is the sensor capacity when the differential
pressure is zero. The Comp must be equal to themmim value of
Csens.

Phase 5The ADC converter evaluates the Vout: this is dtage value
proportional to the sensor capacity value but stained by switch
charge injection. Inside the microcontroller welwiérform a simple
math operation, using the voltage value storedndutine phase 3, to
obtain the final voltage value. This value représerthe pressure
acting on the sensor.

When phase 5 is ended the evaluation cycle redtann phase 1 or breaks off, in
function of software management.

| R2
Croomp Cref
Vdd-Vin ] Il ) i
i I Vdd
Vid
Op Amp
Op Amp 18 3
-
Czens i ||| A 2 _\

Vin [l 2 f L ~L_ ¢ Vout
1 f Vch 3
; 1

Fig. 9.1: schematic of proposed charge amplifier
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To understand the math expression describing tile between Csens e Vout we
need to start from the phase 3. Calling Voff thétage offset due to the charge
injection, it's possible write the voltage samptkding phase 3 like:

V,, = G[\% +V } (9.1)
where G is the gain of voltage amplifier:

G :1+% (9.2)

During the phase 5 the microcontroller acquiresvbet

V,, =GV, (9.3)
where
V Csens - Ccom
Vg = % Vot =V (TDJ (9.4)

So it's possible to write:

C..—C
Vou =GV, = G{V%-'-Voﬁ ~Va (wﬂ (9.5)

ref

To obtain the final voltage value () the microcontroller compares Eq 9.2 and Eq
9.5:

Csens - Cconrp
Ve =V, =V, =GV, | —= (9.6)
Cref

From Eq 9.6 it's possible to write Csens as:

Vv,C
=~ +C (9.7)

sens comp
GV

The capacity Cref has to be small to maximize thargd amplifier gain. It's
interesting to note that charge injection increabesVch range so it is a positive
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factor in the measure cycle (but it has to be nbigdo avoid the voltage amplifier
saturation).

To manage the charge amplifier are necessary thgialdine : two used for Vin
and Vdd-Vin and the last one to conduct the switette.

9.2 The developed charge amplifier

To design the charge amplifier we have to choose gower devices. In fact, as
depicted in Chapter 1 and 2, it is really importdot minimize the power
consumption. To minimize the area used to builddihbeuit we make use of SMD
components. To test the sensing circuitry we usedZgnsys node ZM2106 (see
Chapter 2) so it has been possible using direlstyl®? bit ADC converter embedded,
obtaining a two bytes voltage data.

To minimize the power consumption we have choseswidch off the sensing
circuitry when unused so we used devices with slowtn pin. To use them we had
to use another digital line to manage the shut-dpian(just one for all electronic).
In the design of the sensing circuit we have chdkerdouble operational amplifier
TLV2763 [27] and single analog switch TS5A4595 (watlcharge injection of 1pC)
[28]. In fig 9.2 it's possible to see the developedtotype.

Fig. 9.2: developed prototype to test the sensing circuit

9.3 Tests

The Zensys node ZM2106 has been programmed to petfa circuit management
but also to transmit simply the collected databsd it has been possible to check the
acquired data like in the final interface (see Gaaf0).

We have performed three types of test: the fist l@asn to check the functional
phases and to acquire the sensing timing , thensebas been to evaluate the
linearity of the function voltage to capacity dimhlly we have estimated the power
consumption.
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9.3.1 Functional phases test

Using an Agilent 54641D Mixed Signal Oscilloscopes have acquired the Vout
waveform. In the Fig 9.3 is shown some sensingesy@there the five phases are
clear.

~%.% Agilent Technologies

07 e " D0

Mm:(l): =.68Y Min(;): -130mY
Select: Measure Clear Thresholds
Min Min Meas i

Fig. 9.3: sensing cyles

Starting from the flat zone (1) we see the previvokage level associated to the
sensor capacity. The first rise voltage (2) happémsn the circuit return in phase 1:
switch closed , Vin=0 and Vdd-Vin=1. The second ns#éage (3) happens by the
switch charge injection due to the opening of the&ch. The subsequent drop (4)
happens when Vin and Vdd-Vin change state andlghedne (5) is the new voltage
level accociated to the sensor capacity.

In Fig 9.3 are shown also the four digital line dise manage the sensing circuit: DO
Is used to command the switch, D1 is used for th&-down pin, D2 is the signal

Vin and D3 is the signal Vdd-Vin.

Through this test has been possible to measurentleeperiod for each cycle: it has
been estimated nearly 100us. If we consider the AB@ple period equal to 96usec
[12] and we remember that the sensing circuitrginmerform two sampling during

each cycle ( Vsw and Vout) we can estimate a ahgling period for each acquired
value equal to 300usec.

9.3.2 Linearity test

To estimate the linearity of the sensing circuitwye have tested the developed
prototype using capacity measured by Agilent 42&¥Acision LCR meter, in the

range between 2.2pF an 7pF . After it has beeropeéd the sensing, programming
the sensing system to realize sixteen, thirty taood one hundred an twenty eight
sampling periods for each capacity value. The veltaglue transmitted, for each
capacitor tested, has been the average of theradqgamples.

The prototype has been powered by a 3.3V batteth@d\DC input voltage range

has been tuned to be between 0.1V and 3V
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We have discovered a good linearity because betwerheoretic the measured
values we find the follow mean error :

- mean of 16 samples the error has been +/- 3mV
- mean of 32 samples the error has been +/- 1.2mV
- mean of 128 samples the error has been +/- 0.3mV

In the Fig. 9.4 the C/V output graphic for 128 s#sps shown.

C/V — 128 samples

24

2,2

0,6 4

041 /

0,2

0

0 0,5 1 15 2 25 3 3,5 4 45 5 55 6 6,5 7 75

Capacity (pF)

Fig. 9.4: C/V characteristic using a mean of 128 samples

9.3.3 Power consumption

Finally it has been important to evaluate the m@aler consumption. To perform
this measure simply we have programmed the Zensge o realize sampling
periods of some seconds (wake up mode) and the &amtbe periods when the
electronic is switch off (sleep mode).

Powered the prototype circuit by a 3.3V battery, seve found the following
consuption:

sensing electronic in wake up mode : 180
sensing electronic in sleep mode nAl
Zensys node in wake up mode : 5,2mA
Zensys node in sleep mode : 285

The values about the Zensys node consumption arsatine depicted in the data
sheet [12]
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9.4 The proposed schematic of wireless sensor node

In the paragraphs above has been described thmgeystem. It is suitable to be

used in the developing of the wireless sensor ndderefore now it's possible to

create the full schematic of the wireless sensdeno

The final structure of the wireless sensor node matl use the Zensys node ZM2106,
because too big, but théoard ZW2102 with an area of only 2 square centieset

(Fig.9.5).

Fig. 9.5: pboard ZW2102

In the full schematic, depicted in Fig. 9.6, thare some components, as the battery
and the antenna not still described. This elemeiitsbe treated in the chapter 10
and 11.

In the Fig.9.6 it's interesting to note the senstimguit builds by double operational
amplifiers and the analog switches with some resestd capacitor (red square).
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Fig. 9.6: wireless sensor node:final schematic, insidestpdare the sensing circuitry
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Chapter 10

The network of wireless sensor nodes

The sail is a particular place where creating &Mgs sensor network. As described
in the Chapter 2, heavy geometrical bonds affeetdésign of the wireless sensor
node. The electronic board, the sensor, the antenddhe battery must be chosen to
create the smaller structure but, at the samentye reliable and careful .

In this Chapter we suppose to have all featuresyabepicted, but in particular to
have an omnidirectional antenna.

Working with an omniditectional antenna is one fué tmost important features in
our wireless sensor network. In fact, if we thiokput the wireless sensor nodes on
the top of a sail, we are creating a network wltleeeend devices are not fixed in a
point, but they change the position with the salljle the network controller is fixed
in a point on the boat.

Therefore to have a good omnidirectional antennathe wireless sensor node,
allows to have the same signal power transmitte@viery direction, so that the
wireless sensor node has the same radio link distanevery direction.

If we think to a racing sail-boat, it's simple tmte that 30 metres can be the
maximum radio link distance between the contraied a wireless sensor node; for a
wireless sensor network this is a short range iwatks in open space condition
(Chapter 2). Therefore it will be possible to donite the maximum power
transmission, and so saving battery energy.

Thinking to the sail, we have chosen to implemést mnetwork on the top of the
mainsail, because it's possible to embed the wasegensor nodes in the battens. To
obtain a good pressure map, the network needs aberuraf 30-50 nodes
(dependently from sail surface) and a whole dafieesh time every 3 seconds ( this
data it has been obtained by interview to testdrshapbuilders). This conditions
impose at the collector to receive a pressure elatey 60msec.

To avoid delays in the data collection process @axelchosen to implemet a simple
star network topology. In fact, using a mesh neknara hybrid network, the hops
between the end device (wireless sensor node) antfotler can delay the data
stream of an amount of time greater than 70msedeasribed in the Chapter 2.
Working with a short radio link distance, the caofigr can directly communicates
with every wireless sensor node.
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@ Zensys Node

Network Controller

Figure 10.1: Star network topology

To realize a reliable network it's important to &e it with a efficient method,
having in mind to save, in each moment, more enpoggible on the wireless sensor
node.

Working in the 868MHz ISM band, it's important atsodon’t crowd the band.

10.1 The elements of the Networ k

The network will be composed by the controller, Wiesless sensor nodes and the
graphics interface.

10.1.1 Graphicsinterface

The graphics interface is the tool by means ofug®r can control the network and to
check the sail pressure map.

In the Fig.10.2 the graphics interface is shown.

It has been created by LabView® interface. It isyahe beta version, in fact the
pressure data are shown like voltage level (1% possible to set the number of
nodes to check (2) and the synchronization charaetsveen controller and graphics
interface (3) (useful during the system developmemhe number of acquired

pressure data send from each node can be showethd4finally an output array

with the last data arrived is present (5) (anottwed useful during the system

development). All the pressure data are storedfiie.a
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Figure 10.2: graphical interface

10.1.2 Thecontroller

The controller is a Zensys node with around el@atréo connect it to a computer by

a cable.
We didn’t created a devoted structure, but we hsed a board available with the

developer kit Zensys.

Figure 10.3: network controller
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The controller needs to be powered by net suppbalree it spend a lot of energy
being always power on. This normally it isn’t a lplem, because it works connected
to the computer using the graphics interface.

10.1.3 The wireless sensor node

The wireless sensor node is the end device whicst toucheck the pressure on the
top of the sail. It was built following the bondspicted in the chapter 2 and it's
described in the chapter 11.

The main network target is to create a system tblaaximize the node life time
(further a reliable communication).

Figure 10.4: wireless sensor node: 1 sensor, 2 antenna, 3sthgetircuitry

10.2 The networ k management

To manage the network we have tested three methods:

- Free broadcast transmission of each node, ussn@atiision Avoidance
implemented in the Zensys protocol.

- Transmission using time slot dedicated to each node

- Free transmission of each node with acknowledge

10.2.1 Free broadcast transmission

This free broadcast transmission has been the riethod used to manage the
network because, the Zensys protocol has a Calligieoidance system , so we

thought to use it.[12]

We have tested the network using four nodes and made has been programmed to
transmit every 240msec so that in a period of tlsesonds fifty transmission have

been performed.

The result has been that, after some secondsathentission is started to collide and
after few tens of seconds we had only collision. Wée concluded that Zensys
Collision Avoidance system is not the right tool have a reliable network. This
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behaviour is understandable if we think to the éargf generic wireless sensor
network: it has been created to perform home comtith low duty cycles (see

Chapter 2) so the random time generated, to perfitven Collision Avoidance

system, can be to big compared to our activatimesi

10.2.2 Transmission using time slot

The second method used has been based on theoereht number of time slot,
equal to the number of wireless sensor nodespigriad of three seconds. Each time
slot has been used to transmit the pressure datadnly one node. To perform this
network management the controller had to contrelgynchronization of the whole
network using periodic frame transmitted to theasd

Without describing the synchronization methodolegye have discovered that the
timer, used on the wireless sensor node to measwlecreating the time slot, is
really inaccurate. In fact, this system needs adtléwo synchronization frame every
data pressure refresh period. To use this methodmossible because the
synchronization procedure need nearly one second.

10.2.3 Freetransmission with acknowledge

This method is very simple. When a node has tetréina data, simply it does it,
waiting an acknowledge frame from the controlléthé acknowledge doesn’t arrive
before some tens of milliseconds from the transionsghe node repeats the
transmission after a random time, otherwise itifself in sleep mode. The controller
transmits the acknowledge if the arrived data isomupted.

This method is the one used to manage the wiraletsgork.

Using this method there is a problem: it's impoksii®o manage a network with 50
nodes.

In fact, if we consider the transmission to be @as&mn’s process, it's possible to
write the probability to have no collision as:

— 20T _ _-2G
P, =e =e (10.1)

where T is frame length transmitted in seconds &rare the retransmissions.
The average number of transmission with succestl Serequal to:

S=Ge®* (10.2)

Drawing this function (Fig.10.2) is possible to atiger the maximum value of S
when G is equal to 0,5. [29]
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Figure 10.5: function ofaverage number of transmission with success

The maximum value of S is 0.18erl: it's the maximamount of transmissions with
success per second in the network.

Working with the Zensys platform and having to smanit 2 byte with a data rate of
9,6kbps [12] waiting the acknowledge, it's possikising the Zensys developer kit
documentations, to compute the full time of trarssiwn and answer: 40msec.
Calling this value T it’s possible to identify thember of transmission in a period of
one secondX():

= 45tx/s (10.3)

therefore, working on a period of 3 secondg)Tit's possible to find as no more of
13 wireless sensor nodes can transmit in a datesteperiod (Eq. 10.4)

N=AT, =133 (10.4)

These reflections appear dramatic, but there isliien. We are working with the
200 series Z-Wave single chip (ZW0201) but it ish& best Zensys solution. Indeed
on the market it's present the new 300 series Z&\&ngle chip (ZW0301). This is
a new generation of Zensys node fully compatiblthwhe hardware and software
developed on the 200 series Z-Wave but with a &t increased to 40kbps[30].
Considering a transmission using the new hardwhaee period necessary to the
transmission to receive the acknowledge is 10m&ecNow, from the EQ.10.3 it's
possible to achieve:
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A= iMaX =18x/s (10.5)

so the number of wireless sensor nodes able terti&iin a data refresh period will
be 54 (Eq. 10.6)

N = /]iTtot =54 (10.6)

To solve the transmission problems it's therefanffigent to change the Zensys
node series.

10.3 Controller and Wireless sensor node programming

Identified the method to perform the data exchaogfveen controller and wireless
sensor nodes, it's necessary to explain how thé&rater and the end devices have
been programmed.

It's possible to recognize four different netwotkages:

1)

2)

3)

Creating the network. This phase starts with the controller switchimgamd
the start of graphics interface. The controller tevdhe power on of each
node: every time a node switch on, it sends a fremaesk to the controller of
being joined to the network. The controller knowe humber of nodes to
join in the network: it receives this informatiaiom the graphics interface.

Waiting to wake up. When a node has been joined to the networkcdives
an acknowledge from the controller and after itgyoe sleep mode. Every
four minutes the node wakes up and it waits duangeriod of 90msec the
START data frame from the controller

Working. When the user push the START button in the gegdhinterface,
the controller starts to send, every 50msec, theRSTdata frames during a
period of four minutes. Each wireless sensor noelegived the START data
frame, sleeps during the next four minutes, to éGvtd overlap its
transmission to the START data frame. When therotat finished the
network wake up, it starts to wait the pressurea dadm the nodes and it
sends the acknowledges. The controller transmith €ata received to the
graphics interface. The graphics interface stohesdata into a file and it
shows also the pressure values at the user. Eaelesd sensor node wakes
up every three seconds and it check the pressuee Hahe new data is
different from the previous more than a threshotldgpammed, the node
transmit the new information, otherwise it retumssleep mode. Using this
method the node is able to save the battery, bedausansmits only if the
data is important, and the transmission is the mmpensive action for the
battery. At the same, the node uses the band bmigcessary. If the node
doesn’t receive the acknowledge, it retries thegmaission after a random

95



time. This action is repeated another time. Atttiied transmission without
acknowledge the node thinks lost the data andds go sleep mode.

4) Waiting to sleep. Every sixty wake up, each node set itself in ptioa mode
during a period of 90msec, waiting the SLEEP dateé from the controller.
If the user push the STOP button in the graphitsfizce, the controller stops
to wait pressure data and it starts to sends SL&H® frame every 50msec
during a period of four minutes. To be sure thaialeless sensor node are
in sleep mode the controller listens to the netwduking five seconds. If
there are no transmissions the controller wait AT command from the
graphics interface, otherwise it restarts to sehdsSLEEP data frame. The
wireless sensor node, received the SLEEP data fraetetself in SLEEP
mode. The network is returned in the phéfeting to wake up.

From these four phases is clear like the real es®lsensor nodes power on is done
only when the network is created. The SLEEP modmalig an ultra-low power state.

10.4 Energy consumption

To estimate the power consumption we suppose glariday, the network working
eight hours and the other sixteen it stays in steegde. We suppose to transmit with
-5dBm power using 23mA and to spend the same t@iwvedl2]. We have chosen
this transmission power by means of transmissists tasing the ZW2106 module
using a printed circuit board monopole antenna (Geapter 11), an after to have
estimate the transmission range [31] in functionpofver transmission.. If the
sensing circuit works with 32 samples using B3 per sample cycle uses 10msec
to create a pressure data using 5,3mA(see Chaptd@ioQransmit and waiting the
acknowledge the node spend 23mA during 40msec.

If we use the “mAh” to describe the power consumpiit possible to estimate the
following value:

- During the 16 hours of Sleep mode, considering #lgoperiods where the
node wait START data frame the node uses only AI12m

- During the 8 hours of Working mode the node cre@&30 pressure data. If
we suppose the node transmits every data, and ms&dey also the periods
when the node waits the SLEEP data frame, the nség only 2,7mAh

The node power consumption, during a day, with@itansmission, is less than

3mAh. To be conservative we suppose to have the S%transmission
retransmitted, so the power consumption will bex¥AR every day.

96



Chapter 11

The wireess sensor node

The wireless sensor network, to operate on thetdpe sails, must to guarantee the
lowest level of invasivity. The node dimensions am important issue of the
network, because geometrical variations or disooity over sail surface may affect
the characteristic of the flow and, as a conseqietacmodify the pressure field of
the sail. For these reasons the most convenienttwayace the wireless sensor
nodes over the sail is to integrate them in théebatof sail. This topic, due to the
natural shape and dimension of battens, will drarally affect the design of the
single node.

The battens width usually ranges from 20 to 40imétres , for the node design the
higher battens limit of 40 millimetres has been sgo The pressure sensor is
24millimeters wide, therefore the sensor node beddih must to be greater than
24millimeters but less than 40millimeters.

To fix the sensor node board length we have toiden$iow to integrate the node
inside the batten. We have chosen to create a padiere housing the node. If the
pockets are too length and deep, they can wealeebatten structure. The maximum
thickness of a batten is about four millimetres. Nége chosen to create pocket deep
nearly three millimetres with a length smaller thi@n centimetres.

To build a wireless sensor board compliant to thengetric bounds, after the sensor
and the sensing system, it has been necessaryomseltthe optimum antenna.
Moreover it has been fundamental to establish #daevof power supply and the
type. Finally it has been important to minimize theeless sensor node layout, to
achieve the board with the smallest area possible.

11.1 The antenna

Having to mount the antenna over a miniaturizedrdoave have to save space
without losing radio link distance and omnidirectidity (see Chapter 10).
The antenna types useful using a wireless senseprieare mainly:

- M4 orA/2 whip antenna
- M4 monopole

- chip antenna

- planar antenna
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The whip antenna is the best between the antenopoged [32] with good
omnidirectionality and a good gain, but it's impb$s to use it because too big
(Fig.11.1). At the same every external antennaaloe used.

Working in the 868.4MHz ISM band the wave lengths 34,5cm, therefore the
planar antenna (patch) is too big (because the sudace is proportional to the
[33]) but also really directional, so it doesnttwiith the design bounds.

The chip antenna is the smallest antenna, buteatdme time its performance are
really dependent from electric parameters ( groplacie dimension, electronic too
close, ecc.) so it complicates the board desigroti#er big problem is its poor
omnidirectionality [32] [34], with a short radiamge.

TheM4 monopole, internally mounted, can be directlyated as a trace on a printed
circui board.

Fig.11.1: ZM2106 node using &4 whip antenna

This antenna is the most similar to a whip antenpegause it has a good

omnidirectionality , a good gain and so the radioge will be good [33]. The main

problem, using this kind of antenna, is the destbe: material (FR4) used to build

the board or the available space can be unsuitalthee antenna tuning.

Based on the antenna features above describduis ibeen chosen to implement a
M4 monopole directly on the printed circuit board.

11.1.1 Thedesign conditions

The wireless sensor node is little system whemnaa with the sensing electronic, a
microcontroller, a transceiver, an antenna and pgbeer supply have to work
together in the smallest area possible. Therefr@ecessary to use the least surface
for each system electronic part, and during thegdesf antenna can be a dramatic
bound.

If we want to use a simplég4 monopole is necessary to create a trace onrihieg
circuit board of 86millimeters (working in the 8881Hz ISM band the wave length
A is 34,5cm) with a free space all around (no etettr or ground plane). These are
dramatic conditions, because it would be impossiblestay within the bounds
described above.

To solve this problem we chose to draw the antenmee wrapping it around a
corner. Using this method the length of the mones#iould be 10 to 20% shorter
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than then full size monopole (depending on theedielc and the thickness of board)
[34]. The antenna shape will be like an “L”. Moreowdrawing the antenna on the
board edges, it has been possible to cut downebessary free space on the board.
The next step has been to cut out a free areaewdreate the antenna, inside the
wireless sensor board.

We have chosen a board 30millimeters wide ( todeatvleast of 5 millimetres of
batten, up and down the node) and a board 90-100netres long. It has been
possible to estimate the free area available taatlienna design after some board
layout test, the shape and the dimensions aretddpit Fig.11.2.

Before starting the design it has been essentidefime the substrate used to create
the board. Like it will be explained in the parggrall.3, the node needs a flexible
board so we chose a thin FR4 used also in the sdaboication: the FR4
DURAVER-E-CU 104ML : 46Qum thick with copper 3fwm thick (both side).

To design the antenna we have used the softwareMi§®dwave Studio.

65mm

A
10mm

A
A 4

30mm

10mm
>

Fig.11.2: free area available to the antenna design

11.1.2 Theantenna design

The antenna design aim has been to create a deitlteghe same impedance, 30

of the uboard ZW2102 transceiver output used. Unfortunatedydesign conditions
described ( free area available, FR4 thicknesshar¢he best to reach the target and
so, we have worked to create the best antennalgpp@ssi

During the simulations we have kept in mind thamatching has bee necessary
between antenna ad radio frequency output of th@ O, so we optimized the real
S11 antenna parameter, referred tg 8ntenna parameter conditioned to matching
condition.

The antenna designed is shown in Fig 11.3; the (&tameters are shown in Fig
11.4.
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Fig.11.3: The antenna designed: a) top view , b) antenrd,fegbottom view

The main trace length of the “L” monopole is 4&8limetres, the second trace is
29,5millimettres, the traces are 2mm wide. It's artpnt to note that the free area
available to build the antenna has been reducédbtmillimetres.

If we observe the Fig.11.4 a) we see a poor resanaround the 900MHz, but like
depicted in Fig.11.4 b) using a matching network e achieve a really good
resonance (-25dB), but with a narrow band. Workimthe 868.4MHz ISM band is
necessary only a 10MHz band and so narrow resorcamcbe acceptable.
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Fig.11.4: The §; parameters : a) real condition , b) matching cioorli,

It's important to point out that antenna has a g@ain. In fact, like depicted in
Figll.5, the ABS Gain is 0dB.
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Farfield

enabled (kR >> 1)
farfield (f=06.868) [11
Abs

Gain

Type
Approximation
Monitor
Component
OQutput

Frequency 0.868
Rad. effic- 0.8967
Tot. effic. 8.3965
Gain -6.1691 dB

Fig.11.5: The antenna Gain

11.1.3 The matching network and antenna test

During the design, to accelerate the simulatioresuge the ground plane only in the
bottom side of the project, but when realize thieama, by the LPKF Protomat S62
fast prototype machine (the same used in the fatioit of the sensor), we created a
structure similar to the final board (Fig.11.6).efé&fore we put the ground plane also
on the top side, but this act changed slightlyathienna impedance

Fig.11.6: antenna realized without matching network

In fact, the impedance simulated at the frequerfc68.4MHz was &,= 28+j81
while the impedance measured becamg21-j64.
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Starting from this value it was possible to dessgmatching network using lumped
components. Using the matching network theory, welied aIl network a a T
network [35]. The T matching network, with a shaapacity an two inductors series
was the best, because with component values nélae tommercial values.

We have developed a new antenna with the footptmtisnplement the matching
network near the antenna feed (Fig.11.7).

Fig.11.7: antenna realized with matching network

The tests were performed by means of Agilent Teldyes E5071B 300kHz-
8,5GHz Network Analyzer, the data saved as CS\¢ filed after drawing by means
of Matlab®. We have discovered that to change atli matching network
components values has been necessary. The finsdsrahd the structure are shown
in Fig.11.8.; the resonance achieved shows a ggaement with the simulation and
a 10MHz band (Fig.11.9)

LL=4,7nH LS=5,6nH
ANTENNA m P m RF output
_ C=5,6pF

Fig.11.8: theimplemented matching network

103



DB

10 MHzband @ -21dB

Freq ” 103

Fig.11.9: measured § parameters under matching condition

11.2 The power supply

To supply the wireless sensor node we have coresidazveral cases.

The fist one was to implement on the board a singplergy harvesting based on
solar cells. We have thought to store the energyeséed inside supercapacitor and
S0 creating a board without battery able to haveualimited life time. But we
quickly left this idea. In fact, to supply the nodiering 24 hours 4.2mAh ( equal to a
charge of 15 Coulomb) are necessary (paragraph.IXb store so many charge we
need at least of 5F capacitor, 3 volt charged.c®&ay between the available devices
on the market [36] [37] it was clear as the dimensiexceed the node geometrics
bounds. Moreover the typical working voltage in\2,&nd the best device has a
20p A leakage current ( an high leakage currenttexagreater capacity value to be
able to supply the node with the same charge).

The next solution considered was to use the smddagery possible. Before we
have tried watch batteries[38]: really small andhwa good discharge curve, they
have a little charge (nearly 20-25mAh) but mairiig turrent capable to be drained
is very low. We considered also a flexible batt&9]: really thin with a small area,
it has poor capacity and a big internal impedaicbig internal impedance cut off
the nominal voltage during the peak current ( wilennode transmits), therefore it
has been impossible to use it.

Finally we have chosen a classic coin battery. $is device it has been possible
to have a good amount of energy without being teasive. We used a 3V 220mAh
coin battery 32millimetres diameter and 2,6millinas high.

In the Chapter 10 , we have evaluated the wiredeasor node energy consumption,
with a 33% duty cycle (8hours in wake up mode e&fHyours), is equal to 4.2mAh,
therefore the node life would last 50days. Thighis right node life time if the
wireless sensor network user, powers on every @acéeng on the switch mounted
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on every board) and it uses the network untilliateries are exhausted. Powering
off the whole network, if unused for many dayss gfossible to increase the life time

11.3 Thewireess sensor node

Fixed the power supply and designed the antenedah step has been to create the
board layout, depicted in Fig 11.10.

&=

£
= =

-
= X
- +

2
= =
= f
L

Fig 11.10 : wireless sensor node layout : a) top view Hjdmo view

It's important to note that there are not composentthe bottom side. In fact, it's

basic to guarantee the board flatness in the bgndurface with the batten to

improve adhesion.

Moreover, housing the node on the sall, it needsr¢ate a board flexible to adjust
itself to the sail curving without breaking electioor the sensor.

To minimize the dimensions we have used the sstalemponents and we have
designed a dense electrical routing.

In the Fig.11.11 the final wireless sensor nod#ejgicted.
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30mm

9)

Figure 11.11: final wireless sensor node — top view

In the Fig.11.11 it's possible to note:

a)
b)

c)

d)

9)
h)

pressure sensor;
developed sensing circuitry;

ZW2102 Zensys node : it's the “mind” of the nodetranslates the analog
voltage value in a digital value, manages the sgneircuit and perform the
radio transmissions;

matching network;
programming connector : connector to program the2Z;

switch ON/OFF: it's the switch dedicated to powartbe node. The Sleep a
Wake up mode are possible only if the node has Ipesvered on by the
switch;

3V 220mAh coin battery
868MHz ISM band “L"A/4 monopole antenna created directly on the PCB.

The board has been created using a FR4 DURAVER-ELQAML substrate, 460
um thick with copper 3um thick (both side). The small thickness is neagssa
that node is real flexible an capable to follow siad curving.

All components are housing on the top of the botreh bottom is free to allow a
perfect bonding with the sail batten. The figurel?1 show the bottom layer of the
wireless sensor node. We can note as below th&/4_fnonopole antenna there isn’'t
metal plane, to allow the right behaviour of antigremd it's possible to see the static

tap to |
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Figure 11.12: wireless sensor node - bottom view

It's important underlining as the sensor isn’'t beddlirectly on the board. In fact,
the sensor is too wide: every board strain, du¢éhéobatten curving, changes the
sensor membrane tension, distorting the pressuwe.vao avoid this event we use a
mechanical solution: below the sensor we have lrdearrow plinth but with a

length equal to the sensor width.

Figure 11.13: Plinth - top view with electrical paths

The plinth is 5mm wide, 24mm long and 1,6mm thicth¢ fabrication has been
described in Chapter 7). Using this structure tharth strain doesn’t act on a surface
of 24x24mm (sensor surface) but on a surface @48mn

Figure11.14: plinth bonded to sensor base, the edge elecpathk are evident

It's important point out that the electrical contabetween sensor and board are
bypassed by electrical paths on the top plane artleedges of plinth.

Using the plinth, the sensor is the highest compbié the board. On the whole
developed wireless pressure node the maximum Bighly 4 mm; it is 30mm wide
and 90mm long.
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Hmax =4mm

Figure 11.15: wireless pressure monitoring node — sensor side

Figure 11.16: wireless pressure node — battery side

As described, the pocket, where the wireless semsie will be housed, has a depth
of 3millimetres. Therefore the sensor sticks owdrlyeone millimetres: this value is

sufficient so that the sensor will be at the saaiklsvel, if we consider a sail cloth

thickness nearly 1millimetres. The sail will musive a window shaped with the
same dimensions of the sensor.

11.4 The wireless sensor node per for mances

To qualify the node behaviour in the pressureirgpgrocess, basic it is to know the
minimum pressure value detectable.

In the previous chapters we have described asehgos capacity over a range of
2.08pF detects a pressure range of 500Pa (-25@TEB#a2 with a mean sensitivity of
4,16fF/Pa. The sensing circuitry translates senapacity range over a 3V voltage
range, so that a 1mV variation is equal to 0.69&ffation.
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The 12bit ADC embedded in the Zensys node has &RBa3intregral nonlinearity
[12], so that the 3V sensing circuit output voltagage will be quantized over 512
levels. The minimum voltage step detectable will5)86mV (noiseless condition).

Therefore the minimum voltage step is equivalend,06fF or 1,02Pa. In Tab. 11.1
are summarized these remarks.

AC Pressure M ean Sensing Quantization Minimum | Minimum | Minimum

Sensor | Range | Sensitivity voltage levels voltage AC AP
range level detectable | detectable

2.08pF| b500Pa| 4,16 fF/Pp 3V 512 5,86mV 4,06 1F Rz02

Tab.11.1: the wireless sensor performances

The performed hypothesis, speaking about the mimmpressure level detectable by
the sensor (in the Chapter 6) has been to det2Paland, under the best conditions,
to reach this sensitivity level is possible.

Finally the node dimensions and the good agreemtht the geometric bounds
(Fig.11.17), the life time obtained and the comgtess, describe the system quality.

Figure 11.17: wireless pressure node inside the batten
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Conclusions

In this thesis a wireless sensor network for flfiedds pressure has been designed,
built and tested.

To develop the system, a capacitive pressure selased on polymeric membrane,
and read out circuitry, based on microcontrollesye been designed, built and
tested. The wireless communication has been peedmusing the Zensys Z-WAVE
platform, and network and data management have lbeee. Finally, the full
embedded system with antenna has been created.

The experimental results, following the sensoritgsthave shown good agreements
with FEM simulations of the pressure-capacitanaéctunction.

The sensor shows a large dynamic range of 2pF aveP50Pa range with a
capacitive variation of about 4fF/Pa. However tmeep phenomenon affects the
sensor behaviour: it can decrease the sensitidtyldrge time scales. In fact,
experimental results show how a 140fF of capacdarariation that means 6.5% of
degradation of the dynamic range in 36 minutediegpressure of 250Pa. The
viscoeleastic behaviour is due to the material usethe fabrication. The sensor
represents a good trade off in terms of materiaslsdy manufacturing and cost.
Indeed the Printed Circuit Boards technology hanlsemonstrated to be low cost,
allowing fast prototyping.

The sensor has also a good spatial resolutionangnsitive cavity radius of about 3
millimetres and a low invasive level.

The above remarks describe a device suitable tséeé in a wireless sensor network
created to perform pressure monitoring on the fapesail.

To implement the network a star topology has bekosen to speed up the
communication between each wireless sensor node tlamdcontroller. Several
network management strategy has been studied,omet Imas allowed to reach a full
pressure map refresh in a 3 seconds period ovetark composed by 50 nodes. In
fact the Zensys platform has been demonstratee t cbmpact electronic structure
(single chip), simple to use and with a excellarige radio, but it has also a poor
data rate, so that it is possible to implementtaokk management strategy capable
to work only on 13 nodes in a 3 seconds period.eitbeless it has been described as
to overcome this bound: it would be sufficient fpgtade the platform hardware,
mounting inside the nodes the new single-chip wersvith a data rate four times
higher.

Finally it has been created the wireless sensoe.nblde hardware is 30mm wide and
90 mm long with a thickness of 4 mm: so as to dydm embedded inside a sail
batten. The pressure sensor, the sensing circtiiteyantenna, the Zensys node and
the power supply have been implemented on a sbuged.

It has been realized a low power device: using 239mAh coin battery , the node
life would last about 50 days, operating 8 hounsdasy.

As described in the table 11.1, and neglectingetbetronic noise, the system, is able
to detect a pressure variation of about 1Pa.
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To complete the work, we are developing a sailifgahodel to put inside the wind
tunnel. The experimental tests will be fundamemtatonfirm the features of the
system, before mounting the wireless sensor netaoithe top of a real salil.
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