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Abstract

The present thesis deals with the development of a flow rate sensar, to
be included in Miniaturized Total Chemical Analysis System, p-TAS,
with the goal of controlling the flow rate of silicon micro pumps.

A variety of means to measure the flow rate of a liquid nsing miniature
elements are shown. With the objective of using such a component in the
cnvironment described above, the different solutions are discussed
briefly and one method is chosen.

A silicon micro pump which was manufactured in our institute by a
novel technology is characterized and some of its strong and weak points
highlighted.

A flow rate sensor has then been developed. After introducing the
measurcment principle, the manufacturing sequence is shown. The
sensor is modelled nsing different approaches. The micro pump and the
flow sensor were then integrated in a reguiated system. An anaiytical
approach to the regnlated pumping system as well as practical results are
shown.

During this thesis, some technological problems not related to fluid
handling systems, were solved using the same or similar components as
the flow sensor. The solutions are based on hybrid structures using
silicon micro-sensors as sensing elements and conventional micro-
mechanics as supports and interfaces. A micro-torque sensing system
developed in partnership with MECANEX S.A. in Nyon Switzerland is
shown. Another interesting application of a hybrid device used in the
measurement of three-dimensional displacement of hip-bone implants in
the human body is also presented.

Before concluding, several exampies of applications of hybrid devices
are shown.
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0.

Introdnetion

This chapter shows the frame in which the present
work is placed. The motivation of the thesis is
briefly explained, then it’s structure is described.

The present work has been done under a project of the Swiss Committee
for the Promotion of Applied Scientific Research (CERS) entitled
“Development of a Miniaturized Total Chemical Analysis System (J-
TAS)”, with as industrial partner CIBA-GEIGY Ltd, Basel, Switzerland.

The main elements of such a system are the flnid handling components
and the chemical sensors, Such a P-TAS using two silicon micro pumps
had already been developed and presented by van der Schoot et al. in
1991 [1}.

The present thesis deals with the development of a flow rate sensor, not
included in the then existing p-TAS, with the goal of controlling the
flow rate of the existing micro pumps.

The first chapter shows a variety of means to measure the flow rate of a
liquid nsing miniature elements. With the objective of using such a
component in the environment described above, the different solutions
are discussed briefly and one method is chosen.

The second chapter deals with the characterization of a silicon micro
pomp which was manufactured in ounr institnte by a novel technology,
giving rise to a patent. One of the most important drawbacks of such a
pump is the dependence of the flow rate from the pressure difference
between inlet and outlet.

The third chapter deals with the flow rate sensor as such. After
introducing the measurement principle, the manufacturing sequence is
shown. The sensor is modelled using different approaches and finally
characteristics are measnred and compared with theory.

The fourth chapter deals with the integration of the micro pump and the

flow sensor in a regnlated system. The analytical approach to the
regulated pumping systemn as well as practical results are shown.
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Duaring this thesis, some technological problems not related to fluid
handling systems, were solved using the same or similar components as
the flow sensor. The solntions are based on hybrid structures using
silicon micro-sensors as sensing elements and conventional micro-
mechanics as snpports and interfaces. This work is described in chapters
five and six.

Chapter five deals with 2 micro-torque sensing system developed in
partnership with MECANEX S.A. in Nyon Switzerland. This device
allows absolute measurement of torque in, for instance, watch
mechanisms.

Chapter six shows an interesting application of a hybrid device used in
the measurement of three-dimensional displacement of hip-bone implants
in the huoman body.

Before concluding, chapter seven shows examples of applications of the
various devices,
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1. Flow measurement

This chapter shows different means of measnring
volumetric flow rate in liquids. The various
characteristics are compared and one solntion is
chosen based on the application in a p-TAS.

1.1 Introduaction

Due to the increasing number of fluidic micro mechanical devices
developed during the last 20 years, a development on component level
[2,3] as well as system level [4,5,6] has stimnlated the need to gain more
information about the characteristics of the floid flow. With this
objective, various methods to measure volumetric flow or flow rate have

been investigated.
flow | e Flow rate signal Sensitive
¢ transformation 5 element
2
g x
External element §
S
) Signal J electr. sign. .
—————— Aquisition
transformation e

Figure I Flow rate measurement system

The objective of this survey is to identify a flow rate sensing principle to
be used in liguid handliug systems. One main goal is to achieve the

regulation of a micropump that can be used for liquid handling systems
such as needed ina |I-TAS [1].
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In figure 1 the general schematic of a flow rate measurement system is
shown. A volumetric flow, or flow rate, has to be transformed into a
signal by an external element. A sensitive element placed in the stream
yields a detectable signal. For example in a turbine, the external element
is the wheel and its honsing, and the senitive element is the encoder
measuring the rotational speed of the turbine’s shaft. The aquisition and
signal transformation blocks modify the sensitive element’s output into a
convenient signal.

The various fonctions of this bloc diagram will be used in the present
chapter as gnide-lines for the description of the system. In a second stage,
one of the sensing principles will be selected and the selection criteria
discussed
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1.2 Varions principles psing Microfabrication approach
A. Electrohydrodynamic flow meter

The electrohydrodynamic(EEHD) micro flow meter was presented by
Richter et al. in 1991 [7}. The EHD principle consists in generating a
pulse of ions in the solution and measuring the transit time of this pulse
between the generation electrode and a detection electrode placed
"downstream as shown in figure 2.

The exterior element, see figure 1, in this case is a step voltage which
modifies the ionic concentration of the liquid. The ion concentration wili
be a function of the stirmulation voltage. On the detection electrode, part
of the generated ions are trapped and the current in the electrode varies
as a function of the ion concentration. For a constant step voltage, the
width of the ionic concentration pulse on the detection electrode is
proportional to the liquid flow. A reference electrode is placed upstream
of the pnlse generation on the same device.

/ Reference electrode

— . —
(] |
Flow > | . -
a 1 [
— . = ]
‘\
Ion generation Ion pulse detection

Fignre 2 Schematic view of EHD flow sensor

After comparison with the current in the reference electrode and
integration, a flow rate dependent signal is obtained. This is a third order
function. The response time, ranging from 0.1 to 1 second, is
proportional to the flow rate as a transit time i1s measured. With a
distance of about | micrometers between ecxcitation and detection
clectrodes, flow rates in the order of 1 micoliter per minute can be
detected. This principle has been demonstrated by Richter et al. for flow
rates down to 8 microliters per minute with a distance of 10 micrometers
between the electrodes. The voltage applied was 300 volts at a frequency
of 1 Hertz.
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This solution allows a low detection limit by reducing the size of the
device. However high voltages have to be generated and it has been
observed that the voltage has to be adapted to the type of liquid used. The
ionic concentration in the liquid is also affected by the measurement.

B. Hot wire anemometry

This method measures the heat dissipated through convection while
cooling a resistor in a fluid flow as shown in figure 3 [3,8,9].

The exterior element transforming the flow rate into a detectable signal
is the difference of electrical power required to maintain the heater-
resistor temperature constant. When monnted in a Wheatstone bridge
configuration with a second reference resistor, the voltage required to
maintain the bridge voltage constant is propomona] to the square root of
the fluid's velocity.

— g{>ﬁfmv

Tamb P ENVV.\I ) Tamb
T I
Puiss

Figure 3 Schematic view of hot wire anemometer [39]

This element can be manufactured nsing classical or silicon technologies.
It require a temperature difference in the fluid of at least 5 °C between
the input and the output of the sensor so as to allow a good detection. The
time constant of the device has been reported to be in the order of 100
milliseconds. Although this principle presents a precision of only abont
10%, it has soccessfully been put on the market for applications in gas-
flow measurements.

C. Thermal pulse detection

Closely related to the first solution presented, the generation and
detection of a heat pulse in the fluid can also be considered. This
principle has been presented by Branebjerg et al. in 1991 [10]. It consists
in modifying locally the temperature of the liquid by sending a current
pulse throngh a heating resistor placed in the flow channel.
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This pulse is then detected downstream where the local temperature is
monitored and constantly compared with a reference detector placed
upstream. The measurement principle is shown in figure 4.

ref heater detector

- O O O

Figure 4 Heat pulse detection principle

Two modes of operation can be nsed to ncquire the flow rate. The first
Tonsists in applying a single pulse and measuring the transit time between
generation and detection. The second mode consists in a square wave
excitation on the heater electrode and a determination of the phase-shift
between excitation and detection. Both modes show a linear dependence
between output signal and flow rate, this has been demonstrated by
Branebjerg et al. for flow rates between 50 and 500 microliters per
minute. The systems time constant is lower than 1 second in both modes.
The measurement accuracy was (.2% at full scale in the second mode of
operation. Polar fluids could not be measured due to the EHD effect
discussed earlier.

D. Interfcrometric lift-Torce detection

An obstacle placed in the flnid flow will be subject to a drag force,
parallel with the direction of the flow, and a lift force perpendicular to
the direction of the flow [11]. These forces are due to the pressure
differences around the obstacle which are indnced by the flow of the
fluid.

If, as shown in figure 5, the obstacle were to be part of an optical Fabry-
Perrot cavily, the displacement of the obstacle due to the flow velocity
conld be detected by optical interferometry. No publication integrating
interferrometry and lift force have been found.
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Optical fibre

Figure 5 Principle of interferrometrical detection

In the present case, the wavelength of the signal reflected from the F-P
cavity is modulated as a function of the cavity's opticaf length, The ontpnt
signal of the sensor is extremely non-linear and reqnires computer
assistance in its treatment. Resnlts nsing this type of detection principle
by Hilg et al. [12] show that displacements from 1 nanometer to 3
micrometers have been detected.

This method has the advantage of no-contact. However the geometrical
accoracy has to be gnaranteed to ensore correct functioning. Changes in
refraction index of the fluid are not allowable prior to re-calibration of
the device.

E. Piezoresistive drag-force detection

The force parallel to the fluid flow acting on an obstacle (drag force} can
be detected by measuring the stress indnced by the fluid's velocity in the
elastic suspensions of the obstacle. This principle was demonstrated by
Schmidt et al. in 1987.[13] The principle of operation is shown in figure
0.
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Again the difference in pressure between the upstream and downstream
sides of the obstacle is proportional to the fluid's velocity. This principle
was tested in our laboratory using a cantilever-type accelerometer(14]
placed into the fluid stream.

Depending on the ratio between the dimension of the obstacle
perpendicular to the direction of the flow and the dimension parallel to
the direction of the flow, two models can be used. If the ratio is low, the
pressure drop depends on the length of the obstacle [13] and the
phenomenon is called skin-friction drag. If the ratio is high, the pressure
drop depends on its surface perpendicular to the flow [14] and the
phenomena is called restrictive drag.

Deflection

Figore 6 Drag force measurement principle

The seismic mass of the cantilever acts as obstacle and piezo-resistors
diffused in the mass suspensions can detect its deflections. Tests were
conducted with silicon oil and flow rates in the tens of nanoliter per
minute range were detected. For low flow rates, as long as the flow is
laminar, the response of the device is linear. Time constants independent
of the flow and lower than 1 millisecond were observed.

F. Rotary elemenf detection

A miniature wheel or turbine placed in the fluid stream will be actuated
if the fluid is directed onto its edge, as shown in figure 7. This has been
demonstrated by Field et al. for rotary gears driven by water [15].

The rotation speed is proportional to the speed of the fluid. Detection of

the rotary speed can be done via an optical fibre as demonstrated by Bley
et al. in 1991 [16].
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The main problem is to overcome the friction by high fluid velocity. For
example Field et al. showed that the forces opposed to the movement are
in the same order of magnitude as the driving force. Water would have
to flow at a velocity of about 0.2 meters per second to overcome these
opposing forces. This means a [low rate of 200 microliters per minute in
a channel of 40 by 40 micrometers.

Optical detection

"\ Rotatlon
—. ‘n’

Figure 7 Rotary actuation and detection principle
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1.3 Selection of principle

If we consider the application for the flow rate sensor to regulate a micro
pump for a p-TAS, the following conditions have to be met.

The fluid used is an incompressible aqueous solntion that has to be kept at
constant temperature. The ionic concentrations of the lignid must not be
modified during sensing. The micropump, as will be shown in chapter 2,
operates between 0 and 500 microliters per minute with water or an
agueous solution. To be able to regnlate this flow between 10 and 100
microliters per minnte, the detection limit shonld be around I microliter
per minute.

The comparison between the different solutions on a performance basis is
shown in table 1. Only the last three solntions do not interact with the
liquid in terms of temperature and ionic concentration. The rotation
drive requires high liqnid velocities and the operating life of such a
device is reduced by the wear of the wheel's axis. Interferrometrical
detection of drag or lift force remains a very interesting solntion
althongh this technology presents a high risk as all dimensions in the F-P
cavity have to be perfectly aligned.

The solution chosen is the piezo electric detection of the stress induced in
the obstacle's suspensions due to the force cxerted by the fluid flow. The
technological risk is small and preliminary tests with silicon integrated
accelerometers show that the specified detection limit can be reached.

Three functional models were manufactured during the end of 1991
using existing piezo-resistive cantilever accelerometers, developed in our
institute by T.Tschan [14]. When mounted into a fluid stream, the seismic
mass of the accelerometers was deflected causing a variation of the
measuring bridge's output. This measurement principle was also
demonstrated in gases by van der Wiel et al. [38].

These functional models worked only with insnlating fluids such as
silicon oil, as the resistors are diffused directly into the surface of the
beam. Liquids such as water or aqueouns solntions create a short-circuit
making the measurements impossible.

When pumping silicon oil having a relative viscosity to water of 96, the

sensitivity of the sensor without amplification was about 20
uV/pl/min.(direct output of the bridge powered by 1 VDC)
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These results allowed the optimisation of a prototype series of sensors,
dedicated to the measurement of flow-rates in other liguids such as
water.

Table 1 Performance comparison of flow-rate sensor solutions
{A = EHD, B = Hot Wire Anemometry, C = Thermal Pulse,
D = Interferometric lift-force, E = Piezoresistive Drag-force,
F = Rotary Element)

Evaluation
++/+/0/-f
good —> bad
SOLUTIONS
CRITERIA A B C D E F

Transformation ACions | AP dissip.| AT impuls| AX obst. | AX obst. | AX rotat.
of flow rate - 0 + + ++ +

Type of signal Iions I'therm | phase shif wave-len.| stress rolation
0 + a 0 ++ +

Sensitive element ISFET resistor | resistor Phot. dio | resistor | phot diode
0 +4 ++ + ++ +

Type of detectable | Atpeakl | Al{loss) [Atwave | AAinterf.] AR piezo | A frequ.
- 0

signal + 0 ++ +
Output characteristic| order 3 | order 0,5 | linear spiral linear linear

+ + ++ - ++ ++
Response time 0,1 sec 10,1 sec 1 sec <msec | 1 msec > msec

0 - ++ + +

Technical high average | average | high simple simple
complexity - 0 0 - ++ ++
Price - + 0 -- ++ -
Technology 0 + + - 0 _
Global eval. Average| good good Risk v. good | average
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1.4 Conclusion

The flow rate sensor principle chosen is the piezo-resistive detection of
the stress induced by the force parallel to the direction of the flow. This
concept is promising as it can fulfil the specifications and the
technological complexity allows easy manufacturing in a standard silicon
manufacturing line.

The proposed solution is a cantilever beam placed in a flnid flow. At the
end of the beam the fluid passes through an orifice. Strain gages on the
extremity of the beam measure the stress caused by the deflection of the
beam. In the chosen geometrical configuration the stress is directly
proportional to pressure drop over the orifice.

The stress is mcasured via an integrated piezo-resistive Wheatstone
bridge. All resistors are diffused simultaneously close to each other to
minimise offset and electrical noise when measuring.

The advantages of this configuration are:

- Flow measurement without complex signal handling is pessible.

- High sensitivity can be achieved by adapting the geometry.

- Low response time.

- No modification of physical flow parameters.

- All fluids can be detected if the measurement resistors are isolated.

page 15



Companents for P-liquid handling ... Micropump characterization

2.

Micropump characterization

This chapter deals with the characterization of the
improved micropump developed at the Institute of
Microtechnology, Neuchitel, Switzerland. Its
characteristics will complete the requirement for
the flow rate sensor.

2.1 Introduction

In 1980, a peristaltic piezoelectric flnid pump was developed at Stanford
University by Smits [17] and several prototypes were realized in silicon
wafers. Since 1983 research has been carried out at the University of
Twente on the possibility of realizing a micropump based on
micromachining of silicon and thin-film technology [18,19). These
pumps have been shown to yield flow rates up to several tens of
microliters per minute. The maximum pressure build-up is several
hundreds of millibar at zero flow [20,21,22,23].

The design of the micropump presented hereafter is similar to that of
van Lintel et al. [18]. It consists of a micromachined silicon part
anodically bonded between two pyrex glass plates. The thicker glass
plate (I.5 mm) serves as the base plate for the fluid connections. The
thinner glass plate (0.3 mm) forms the pump mermbrane that is driven
by a piezoelectric disc (Philips PXE 5, silver electrode, 10 mm
diameter, 0.2 mm thickness). The actuator disc is cemented to the
thinner glass plate using conductive epoxy. Micromachining of the
silicon chip forms two passive valves against the giass base plate,

Figure 8 shows a cross section of the pump and explains its operation.
The actuator is driven with a square wave voltage with an amplitude up
to several hundred volts. The maximum pump rate is obtained at a
frequency of 40 Hertz and is in the order of 300 ! per minute. The
maximum pressure build-up is 300 millibar at zero flow.

At rest, both the inlet and the ontlet valve are closed and no liquid is
flowing. When a voltage is applied to the piezo disc, the glass membrane
bends downwards, increasing the pressore in the chamber. The liquid is
then forced though the normally closed outlet valve. As the voltage
drops again, the pressure in the pumping chamber drops, sealing the
outlet valve and opening the inlet valve thus filling the pumping
chamber. Finally the pressure difference across the inlet valve equals out
and the original condition is regained.
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Pumping chamber Piezo disc

/

Nl ——)

— )
Inlet Pyrex base plate n N Ontlet
Silicon pump body
Voltage applied * pressure increase valve open
valve closed flow out
Voltage released pressurc drop valve closed

flowin  valve open

Figure 8 Cross section of the pilezoelectrically driven micro pnmp
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2.2 Description of micropump

General design characteristics have been described in detail and will not
be repeated here [18]. The pump dimensions are the following:

Dimensions valne (mm)
Chip size 22x 22
Pump membrane diameter 12.5

Valve diaphragm diameter 7

Pump chamber depth 0.115
Sealing ring inner & ounter diameter 12 &1.5
Valve membrane thickness . 0.050
Oxide film thickness 0.001

Table 3  Micropump dimensions

One of the main problems of silicon liquid handling components is that
silicon is hydrophobic. This makes the filling or priming of such a
micropump difficult. One solution is to “wet” the pump with alcohol,
another is to coat the pump’s surface with a hydrophilic layer. The
manufacturing process described hereafter has made the object of a
patent application [24]. 1t allows selective in-process coating of the flow
channels in order to improve the pump's overall performances.

The manufacturing sequence is a fairly simple 4 mask process. The main
steps are the top-side pre-etch of 50 um which determines the membrane
thickness, see figure 9, and the double sided “deep” etch which will
liberate the structures.

Silicon wafer
\ etch mask

Fignre 9 Mask deposition prior to deep anisotropic etch
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The etch mask remains in place only on the valve seats. This ensures that
the valves do not stick to the base piate during the anodic bonding
(figure 10). The hydrophilic coating is applied prior to the
encapsulation. The piezo-disc is the cemented in place and the whole
pump mounted in a fixture that allows for both electrical and fluid
connections.

eI _ N

Inlet Pyrex base plate Outlet

Figure 10 Pump after etch and anodic bonding of pyrex plates

The pump fixture was designed for vse inside a space bioreactor [25]. 1t
consists of polyimide base plate accornmodated with a surgical needle at
its input and a threaded hole for the output connection. Two o-ring seals
ensure for water tightness. This type of fixture allows simple
replacement of the pump, should the need arise.

Piezo disc Lo
Electrical interface

Pump

...............

o-ring seal

I \ YRTEII]
_
\\\“\\\\\“ o

Needle
mput

Figore 11 Mounted micropump
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2.3 Characteristics

As described earlier, the pumping chamber’s volume is modified npon
applying a voltage to the piezo-disc.

The voltage causes a radial contraction of the piezoceramic disc and the
resulting moment of flexure forces the thin glass membrane to curve
inwards, hence a difference in volume in the pumping chamber.

Measurement set-up

As shown in figure 12, the measurement set-up consists of a set of driver
electronics generating the high voltage, a reservoir filled with filtered
liquid, a micropump, a high precision micro-balance and a computer
assisted readout transforming the mass variations into flow rate in real
time.

The differential pressure between the input and output of the total
system is zero. In the present case the reservoir and balance are at the
same height as the pump. The only pressure drop due to the system
itself, mbing & channels, has to be compensated by the pnmp.

Driver ) Balance
biid
Pump
J(I)
Reservoir Dat? ..
aquisition

Figure 12 Measurement set-up
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It is to be noted that one of the limitations of the present driver
electronic configuration is the drop in efficiency at frequencies over 50
hertz, The capacitor-diode cascade does not react fast enongh at these
frequencies and the square wave voltage desired is altered significantly,
as shown in figures 13a & 13b.

by

AUAVEY

Figure 13a Driver ontpnt at low frequency

‘V

— raal
— ideat

Figure 13b Driver ontpnt at high frequency

Results

Measorements were conducted in laboratory conditions 50 as to
determine the punmps response with respect to actnation voltage and
actuation frequency. The effect of the degradation of the actuation signal
as shown in figure 13 can be seen in figure 14.
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Figure 14 Micropump flow rate vs. actuation frequency

For this reason the actpation frequency is chosen to be 40 heriz. The
flow rate versus voltage characteristic is shown in figure 15 for a 40
hertz actuation frequency and flow rates between 0 and 500 microliters
per minute.

As described by van Lintel et al. [18] a certain voltage (pressure} is
required to overcome the pre-tension of the valves. At low frequencies
the complete volume is pumped out before the pressure is released. Thus
at low actuation frequencies, the flow rate is proportional to the
actuation frequency.

The pump 1s now coupled to a flow sensor(described in chapter 3) which
allows to study the detail of each stroke (figures 16 and 17). Such a
single stroke is represented in figure 16 under a frequency of 0.9 Hertz
and an actuation voltage of 150 volts.

page 22



Components for p-ligoid handling ... Micropump characterization

600

Y Lh
= o
< o

1

Flow rate [Ul/min
L%
<
S

200 F ]
100 | <
0 :1-111- --u:l-n-nlxnlllalll:
0 50 100 150 200 250 300

Vpiezo [V]

Figure 15 Flow rate characteristic at 40 hertz
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Figure 16 Pump flow rate at 0.9 Hertz actuation frequency
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The volume pumped is proportional to the integral of the flow rate over
time. We can obseive a slight back-flow as the voltage on the piezo disc
1s released. Most of the liquid passes through the pump doring the first
200 milli-seconds. This means that at higher frequencies and voltages
only the more “efficient” part of the stroke will acteally contribute to the

pumping.

The back flow shown in the example above is always present dne to the
closing motion of the valves. However, bad sealing of the pump’s valves
will greatly increase this phenomena.

280

240

Trrrery

]IIIIIII!

200

160

120

1IIIIIIIIIIIII

80

Flow rate [pl/min]

40

LM 1 B B B B I L

pe g

0 25 50 75 100 125
Time [msec]
Figure 17 40 Hertz actuation frequency at 170 volts
At 40 Hertz for example, see figure 17, the flow rate profile is close to a
sine wave with a positive offset. This means that the inertia of the liquid

and of the valves does not allow any back flow and the average flow rate
is greatly increased.
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One of the main disadvantages of the pump presented here is the strong
dependence of the output flow rate with respect to a pressure difference
between inlet and outlet. This characteristic is represented in figure 18.

500 1] 1 L] L T 1 L L 1 1 T T E 1 T 1 T T L] T
: :
= 400
£ ) ]
= i G.E :
E 300 - 5 :
L= F [ ]
s L B, i
g 200 [ O i
- - Oy ]
= i ) ]
i | %, -
T4 | - -
o i IZI-.D. ]
= L '13_.' -
D 0 Lo L1y Ls1o Lo @y ]
0 50 100 150 200 250

Differential pressure AP [mbar]

Figure 18 Pump output versus pressure difference between outlet and
inlet of the pump at 200 volts / 40 Hertz actuation

From figure 18 we can see that the maximum pressure build-up is about

250 millibar at zero flow for an actuation voltage of 200 volts at 40
Hertz.
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2.4 Conclusion

The micropump is one of the most important components used in micro
liquid handling, hence the wide interest in many research groups.
However, the use of silicon technology also has a few major drawbacks.
Filling and priming are relatively complicated even after the pump has
been coated as described. Small gas bubbles will tend to get stuck in he
channels reducing the pump efficiency. Particle contamination, even for
particles smaller 1 micrometer in diameter, will cause leakage through
the valve seats and also result in a drop in efficiency. These aspects will
not been described here and the fluid pumped is considered filtered and
outgased. The pressure dependence of the micropump agrees with the
modelization done by van Lintel et al. [18]. This is the effect that will be
compensated by regulating the pump’s flow, as will be described in the
following chapters.
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3.  Flow-sensor

After having described the the micro pump, we
come to the main part of this thesis. The present
chapter deals with the drag-force micro flow-sensor
developed for fluid handling systems [26]. The
sensor will be presented, different models discussed
and the practical resolts shown.

3.1 Introduction

The drag on an object immersed in a liquid flow is comprised of two
components: skin-friction drag and restriction drag [27]. Depending on
the situation either one of the two can be the predominant one. This is
illustrated in fignre 19:

* A thin plate placed parallel to the direction of a flow, as in figure 19a,
gives little disturbance to the flow, but induces a shear stress in a
boundary layer adjacent to the surface. In this situation the skin-friction
drag in predominant.

* A thin plate placed perpendicnlar to the direction of a flow, as in figure
19b, has a small boundary layer, bot will canse a significant disturbance
to the path of the flow. In this sitnation the restriction drag is

predominant.
~a b
- g\ -
’é
— —_—— ?
?‘
—_— - g .
- é
%
- —_—— -

Figure 19 A thin plate placed in a liquid flow with an optimal skin-
friction drag (fignre a), and with an optimal restriction drag,
(figure b).
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The cantilever of the flow sensor is however not placed in an infinite
fluid, but is a system of a short flow channel at the end of a cantilever.
The viscous friction on the flow channel walls creates a pressure
difference that acts on the cantilever.

This pressure difference can be calculated wvsing two different
approximations as described later. The force from the skin-friction drag
on the cantilever end and the force from the restriction drag.

The pressure difference causes a momentum in the thinner snspension of

the cantilever, this momentum canses a surface stress that is detected by
piezo resistors doped in the surface of the snspension.
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O bulk silicium
B first deposited nitride, defining the cavity walls
secoud deposited nitride, defining the thinner membrane regions

7 AR
&

Figure 23 The two witride masks and the final KOH etch result.

After the KOH etch, the last deposited nitride ou the compouent side is
removed by plasma etch leaving the first deposited nitride aud the
protective oxide as a protection over the resistors.

The definition of the aluminium contact pads is done by a uniform
deposition and an etch nsing mask NO 6.
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)
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Lotol )

_40 L1 T P S N SO DY WO T T T T IR T T W T T T R

0 04 0.8 12 1.6 2 2.4 2.8 32
Distance [mm]

Figure 24 Scan along the centre of the cantilever backside.
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The selective plasma etch liberating the cantilever and creating the main
flow opening nses mask NO 7.

In figures 24 and 25, the backside profile is shown. It is important to

note that the beam thickness increases gradually. This has to be taken
into account for the modelization of the sensor as will be seen later.

60 ¢ 610 pm

Height [um]

0 100 200 300 400 500 600
Distance [lum]

Figure 25 An ellipse {it to the cantilever scan in figure 25.
In Table 2 the geometrical dimensions of the sensor as well as the

physical parameters considered for the following modelizations are
given.
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Table 2  Flow-sensor geometrical considerations

\ﬁ

o
_——— e — — o B

E

|
T
|
i
1
|
1
1
!
|
|
1
|
1
1
1

Geometrical Measurements: dimensions in meters

aj = 30.0 106 ap =10.0 10°6 bi= 10000 1075
b2 = 3000.0 106 h =200 106 Iy = 300.0 10°6
1y = 30000 1076 wp = 1000.0 1076 wy =400.0 10°6
Physical parameters: Formula parameters:
A cross-sectional flow area
30 10" m? 1 moment of inertia, [m#]
AEsd  area of cantilever end Kai gauge factor
20 109 m? Map moment from the pressure
Lm difference on the cantilever,
Acant  area of cantilever perpen- [Nm]
dicular (0_‘(:‘3 féow Mg moment from the restriction
3% m dragon the caatilever {Nm)
C constant, Refl.[b] Mgr  moment from the skinfric
Dy, hydra?l?ic diameter tion on the cantilever [Nm]
b p pressure difference, [N/m2)
‘4A!welled0;_)§nmelcr AP total pressure difference
c‘nd. 58 107 6 m over the cantilever, [N/m?]
side: 20 10° m Re Reynolds number
E Young’s modules u average speed of the fluid, [m/s)
169 10° Nm? u speed of the fluid, [mis]
Qv volumetric flow, at 100 pl/min X, ¥.z co-ordinates {m]
16.7 10010 s m long, piezores, coef. [mZ/NI
i viscosity, (water, 20 °C) N trans. piezores. coef. Im2m!
‘ 10-3 kg/ms g stress in beam [N/m2)
p density, (water, 20 °C) T shear stress, iN/m?]
107 kg/m?
v Poisons ratio
042
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3.3 Modelling.

Flow in the sensor

For an internal flow passing an obstacle there are three zones of flow.

» Laminar flow, which is constant in time and which will show the same
flow lines if the flow is reversed.

» Eddy flow, which is constant in time but includes back flow eddies. If
the flow direction is altered, the flow lines wiil change.

« Turbulent flow, which is not constant in time.

The flow lines for the three types of flow are Hlustrated in figure 26.

—

-

Figure 26 The flow lines for laminar flow, eddy flow and turbulent
flow respectively.

{%i
=

The laminar flow in the sensor is a very important assumption for the
modelizations. The path lines of the flow were therefore determined to
prove the laminar flow.

“A path line is the path or trajectory traced out by a moving flnid
particle “ {11].

The experimental set-up was a special mount of a flow sensor under a
LCD video camera. The flow sensor had been sawn to make the flow
channel visible. It was then glued on a glass plate and the liquid
connection was build up by plastic tubes. This is shown in figure 27.
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The output from the video camera was treated by computer using the
application programs Adobe photoshop 2.0 and Imagegrabber 2.1.

part of the ane tube

flow sensor

glass plate

Figure 27 Mounting of a cut flow sensor to obtain the flow path lines.
Two types of images were obtained:

» Water-isapropano] interface patterns on the glass surface were seen due
to the different diffraction of the backlight through the two liquids. This
effect was only observable at high flows ( >800 pl/min ) because the two
liquids would mix at lower flows, also surface effects on the glass could
be important at flows with less kinetic force. Figure 28 shows flow
patterns recorded at about 1000 pl/min. The sensor opening can be seen
on the left hand side.

* Thuos colored water was injected close to the cantilever opening (=1mm).
The solution was injected this close because of the fast dilution. The
syringe tip used for the injection was placed in the middle of the flow
channel to avoid the effect from the opening between the cantilever side
and the glass. The camera was then focused on the syringe tip and thus
on the flow path.

A sodium permanganate solution was observed passing the cantilever at

230 pl/min. The flow was seen on the video recording to be clearly
laminar.
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The following modelization considers the conributions of the two types of
drag-forces shown in figure 1.

First model: Pressure difference due to restriction drag

The first model is based on the pressure drop in an equivalent circolar
flow channel [26].

The assunmptions for the first model are that the flow of an
incompressible flnid is laminar and dominated by viscous forces. Further
more, the ratio between the channel length and the hydranlic diameter
must be less than 0.5 [27]. Tables 3 & 4 give the models for flow in small
channels as a function of channel geometry and Reynolds numbers.

Table 3  Flow models for incompressible liquids at varions Reynolds
nnmbers [27]

Type of | Definition Viscous losses dominate Rey
restriction laminar flow {Re<<Ret)
Orifice L/Mp<0.5 2D 15

h Qy=A ET"AP (1)
Short
channel 2<L/Dp <50 D2 30L/Dy

2"h
Qv=A Em AP (2)
Long
channel L/Dp>100 2300
Diffuser
inlet (D)
outlet (Dy) | 5>L/DKp>50
(A isthe D3 30L/Dh
smallest B
2 3
arcil) Q A E D_[J_ Dh' Ap
YTURCLuy Dpy
Dy,
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Table 4  Definition of parameters
A Cross sectional area of flow path
Dp Hydraulic diameter [Wtcd%tﬁTetcr]
L Length of channel in flow direction
C Friction coefficient: ( = fRe )
= 64 for circular cross section
= 96 for rectangular cross section (w >>h)
f Pressure ]o§s coefficient
Friction factor { = 0.14-Re-018 for fully developed
turbulent flow)
Pin Inlet pressure
Pout Qutlet pressure
AP = Pin - Pout ; pressure drop
Qv Volumetric flow at output
s Dynamic viscosity
p Fluid density
U % ;Average fluid velocity
Re = _ Y Iflh P ; Reynolds number
Ret Transitional Reynolds number
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» The fluids, water or aqueons solutions, can be considered quasi-
incompressible since the normal working pressure does not exceed 200
mbar.

» The flow is laminar because the Reynolds number is lower than the
transitional Reynold's number Ret. We have at a volumetric flow of 100
pl/min:

Re =UDhﬁ (3)

—556103*58106* =3.23

» The ratio between the channel length and the hydranhic diameter is:

L
Dy = 53,7 04

which is less than 0.5.(see Table 3)

The restriction model yields a pressure difference proportional to the
flow of the fluid. We have from equation (1):

AP '2A by Q @)

96 * 10-3
T2 *3010°9*5810-6

2 _ Bl
% 1671012 =04 2per min

AP} =

With the flow both in the end and in the side channels the pressure
difference can be expressed in an equivalent to Ohms law: the pressure
difference is equivalent to the voltage, the flow to the current and the two
flow channels to a parallel connection of two resistors:

REnd RSide
AP142 = Rgnd + Rside ®

_27.610% * 40 10%
T27.6 102 + 40 109

*167 10712 =273 — N er AL

min
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Second model: skin-friction drag.

The second approximation is based on the pressure drop from a flow
between two infinite paralle] plates.

The approximations for the second model are the same as for the first
model: a fully developed laminar flow of an incompressible fluid. The
flow is further assumed to have no flux in the z-direction.

* The flow in the channel is dominated by viscons forces because the flow has
a fully developed flow profile, i.e. the channel length L is longer than the
entrance length Lo needed to produce a fully developed flow profile at a
flow rate of 100 pl/min.

L

internal losses viscous losses

Figure 29 The development of a parabolic flow profile in a channel
from a nniform entrance velocity.

Lo =0.03 D Re (6)
=0.03 * 58 10-6 323 =574 pm
Which is smaller than the channel length of 20 pm.

In the infinite plate model there are only pressure alterations in the x-
direction and only shear stresses acting in the y-direction.

The skin-friction model, equation (2), yields a pressure difference
proportional to the flow of the fluid

h
AP =124 35+ Q (7
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The pressure difference from the flow in the end channel wiil then be

12 * 10-3 * 20 10-6 N

= -12 = A
AP] (30 10-6)3 * 10-3 *16.7 10 0.148 2 Per e
or in both the end and the side channels with a calculation equivalent to
that of (5)

$.89 109 * 40 109 N jud
= * -12= = -
AP142 3 89 109 3 40 109 167 10 0121 —5 per -

Comparing the two models given in equations (4} and (7), shows that
the second approximation has the channel length as a factor and the cubic
root of the width of the channel.

Cu ath h
4 mpz My

For a « b this gives

2 h
a2p adb ®)
thus for h = 2 * a the two models yields the same result. This,
coincidentally, is the case for the side channels.

Since the cantilever is pre-stressed against the flow direction by 20 um
due to the fabrication, the end channel is comparable to two infinite plates
only for flow rates between 50 and 100 pl/min. The first approximation
must therefore be expected to yield the best result for low flows.

In the laminar flow region, both models predict a linear relation between
the flow and the pressure difference over the cantilever.
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Electrical output from the pressure differcnce.

The pressure difference acting on the cantilever creates a moment in the

thinner suspension of the cantilever. The surface stress from this moment

is detected by four piezo resistors connected in a Wheatstone bridge [28].
* The moment in the thinner suspension is independent on whether the

pressure difference is considered a line load on a flexible beam or a
central force acting on a rigid beam.

Iy
M = AP ACant 5 )]

With the result from (5) in the first approximation (9) yields

3103 pl
— * -Gk == -
M=027*3 106% 7 =12310 9 Nm per o

+ The surface stress in the thinner suspension is constant.

h
2 M
G =77
_(2wn)h3
where I = 12
A
- - +h/2
|
h, -
|
—— -h/2 -
Figure 30 Stress distribution in a bent beam
3 I wo
2
AG:E W AP (1)
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With the result of (5) this yields

(3 10-3)2 * 10-3

* =723 103 ul
400 * 10-6 * (20 10-6y2 0273 = 23107 Parper

min

3
2

The sensitivity of the piezo resistors in the Wheatstone bridge is given by
the factor KG,

A
T =& =KGAo (11)

Figure 31 Four piezo resistors on the cantilever suspension

Two resistors (1&3) are placed parallel and two {2&4) transversal to the
stress and the 110 cristaline direction of the silicium.

» The factor is given as
(mij are the piezo resistive coefficients)

%:m g1+ M G, (12)

Rl + W2 + 744
= 5

L3 B I =11 -11
_6.610 +1.11g +138.110° 10 o
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_ W1+ T2 - 44

-11 4 - -1l . -11
=6.6 10-11+-11 120 138.1 10 - 663 10-11 pa-
The two piezo resistor R1 and R3 are placed parallel to the deflection
stress, thos
ARR
ol =1 (13)
=71.8 10-11 Pa-!

The two piezo resistor R2 and R4 are placed perpendicnlar to the
deflection stress, thns

o (14)

With the relative ontpnt of the Wheatstone bridge is given by
AR]1 AR2 AR3 AR4

Vot 1
v "2R1 "Ry "R3 " R4 as)

the factor can then be calcnlated to
KG = 69.05 10-11 [Pa-1]

» The theoretical sensitivity of the sensor can then be fonnd from (11} and
the result of (5) in the first approximation.

AU
T 'FLow = 18.8 UV/V per ;,% (16)
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There are some factors not considered in equation (16)

e The leakage current,(about 0.2 yA), in the pr-junction is assumed
unimportant due to the relatively large currents in the bridge (about 70

BA).

« Series resistors formed by the diffused conductor lines are not considered
due to the very high difference in doping level.

* Self heating of the resistors and temperature dependence of the doped
resistors are not taken into account because of the high heat conductivity
of silicon (and of water) and because of the Wheatstone bridge connection
out baiances an even drift of all resistors, as seen from equation (15).
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Deflection of the cantilever

The cantilever is pre-stressed to the piczo resistor side, against the flow
direction. This is due to the thermal expansion coefficient of the silicon
nitride layer, nsed to insulate the piezo-resistors, being higher than the
coefficient for silicon and silicon dioxide. The depesition at 1100 °C
gives a tensile stress on the cantilever surface which is measured as being
abont 25 um at the end of the cantilever, As the thicker part of the beam
{length 1) hardly bends, The force F on the end of the beam produces a
moment M at the end of the suspension (length 1;) which shows up as
compressive and tensile stress in the silicon. If dy is the deflection at the
end of the suspension, at that point the beam has an angle B, and d2 is the
deflection due to the angle of the thicker part of the beam, digy = di +d2
is the total deflection.

We have:
dz=lzsinB=1R amn
MI
B=-3E1 (18)
M l2
1
di = TE I (19
2w h3
=13 2m
M=FI» 2D
and combining (17) to (21):
2 2
21511 + Iz l|
dot=—"Ffp1 — (22)
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Combining (9), (10) and (11) a force sensitivity for a force applied at the
free cantilever end can be determined

AU il
U 'ForcE = KG 52 (23)

3%3 1073
0410301062 %l 'y "5 per N

=69.05 10-11

Combining (22} and (23) yields a displacement sensitivity of

U Eh )
U 'Dsp=KG——— 3 (24)
41112 +21,

16910920106 .. wv
3.6 106 + 0.18 10-6 Vp Hm

= 69.05 10-11
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Diseussion

All the given sensitivities are dependent on the beam thickness and on the
border between the thinner and the thicker part of the suspension. The
beam thickness will in a successful ctch vary + 10 %, that is between 18
pm and 22 pm .As seen from figure 25, the length of the thinner part can
be extended by roughly 0.4 mm, taking into account the etch profile. The
total length 17 + 12 will however not be affected.

h=[18; 22] um 11 = 700 rather than 300 um
12 = 2600 rather than 3000 pm

Table 5 resumes the results and lists the minimum and the maximum
limits given by the alterations

Table 5 Formula overview

Parameter unit mean hnin hmax
1
éug | FLOW,ISItAPP. WV/V per—— 141  17.4 117 (10),311)
min
éUQ | FLOW.20dAPP. WV/V per —n% 64 70 57 (710
%l | FORCE !lv_v per UN 40.0 49.4 33.0 (23)
%U' | DISP. &Vy‘ per Lm 334 301 369 24)
g-| FLOW.ISAPP. N per2- 035 035 035 (519
min
gl FLOW,20dAPP. KN per ﬁin 0.16 0.1 0.17 (D9
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3.4 Characteristics
Flow sensitivity measurements

All sensitivity measurements, flow, force and displacement, have been
done on the sarme sensor so as to obtain correlation between the resnlts.

Experimental set-up

The experimental set-up for the flow sensitivity measurements gave an
electrical output as a function of a flow in the 15 pl/min to 200 pl/min
range.

For the sensitivity measurements the flow sensor was glued on a PCB
print and protected by two plastic tubes, as shown in figure 32, This
allowed a free bending of the cantilever, with its deflection limited in the
flow direction at the PCB.

=

Figure 32 The sensor mounting for the flow sensitivity
measurements.

The mounted flow sensor was connected in the arrangement shown on
figre 33. The flow was from right to left, and was controlled by
adjusting the height of the source vessel or by blocking the tubing with a
clamp. A Mettler AE240 balance, interfaced to a computer measured the
flow. In the test arrangement the flow sensor was covered, as the PN-
junction between the implanted conductors and the substrate is sensitive
to light.
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Vour
[——1]

——]
VSENS

Amplif ier

1 Clamp
POT r Flow sensor E |[“r!:}|
I

=

I Balance I

Figure 33 The experimental set-up for the flow measorement.
Results
The experimental resnlts show a clear linear dependence. No difference

in sensitivity was observed due to the different absolute pressure over
the sensor with the vessel or the clamp regnlation.

Amplified output ([mV] v =0.20645 + 0.99799x

350
300
250
200
150
100

50

0 A3t P W P T a1 PR S WY T Y T T I |

50 100 150 200 250 300
Flow [u)/min]

SRR EREEESENANNTN NN NN R AN RANEND

RN LA LA AR LERLE LE LA L

Amplified output [mV]

=

Figure 34 Sensor output plotted versus the flow of de ionised water.
Sensor outpat is amplified 100 times.
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The unamplified measnred flow sensitivity of the sensor is

Al
10 pV per mid

measured with a voltage drop of 1 V over the Wheatstone bridge.

The theoretical flow sensitivity is

v
11.7to 174 E\T per ;I%lﬁ for the restrictive drag model.

570740 %} per —n% for the skin friction drag model

The flow sensitivity of the sensor is comparable to the calenlations using
the first model.

Force sensitivity measnrements.
Experimental set-up.

The experimental set-up for the force sensitivity measurements gave an
electrical ontput as a function of an applied force in the 20 pUN to 1800
HUN range.

The connected flow sensor, before mounting the flnid interface, was
placed on a stable support and the point of a wire spring was placed near
the end of the cantilever. The fixed end of the wire spring was then
displaced vertically. The relation between the displacement and the force
of the spring point was found by pushing on a Mettler AE240 electronic
balance with the spring point as shown in figure 35.

The force was applied at the end of the cantilever becanse it was easier to

place the point precisely at the end of the cantilever than precisely in the
middle.
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the wire spring
displacement . .
mount Spring wire

Mounted flow sensor

METTLER AE 240

Figure 35 Measurement set-up
Results.

The experimental results shows a clear linear dependence.

“ Amplified output 1 [mV] y=197x

—_— T TrTTrTTrTrTTrTTrTT oY T
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Figure 36 The sensor output plotted versus applied force.
The sensor output is amplified 100 times.
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The unamplified measared force sensitivity of the sensor is

uv
20 N

measured with a voltage drop of 1 V over the Wheatstone bridge.

When combined with the last two expressions of table 5, we have for the
first model:

1
7 WV per -nlill—n
and for the second model:
from 28to3.4 uv per -rrl;%

This is to be compared with the resolt of the flow sensitivity which was:

gl
10 WLV per miD
These last results are a slightly lower than the flow sensitivity values.
The force was applied as close to the edge as possible, but not gn the
edge. This misplacement will yield a somewhat lower output for a given
force as seen from (23).

Displacement sensitivity measurements

Experimcntal set-pp

The experimental set-up for the displacement sensitivity measurements
gave an electrical output as a function of a displacement in the O pm to
50 pm range.

The mounted sensor was placed under a UBM optical scanner and
displaced with a wire spring as shown in figure 37. After each
displacement of the fixed end of the wire spring, the UBM scanned a
trace over the edge of the free end of the cantilever over on the sensor
surface. From this trace the relative distance between the free cantilever
end and the sensor surface was measured.
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UBM lens

scanning beam

cantilever

wire spring

IE—
& flow sensor

Figure 37 Experimental set-up for displacement measurements

Results

The experimental results shows a clear linear dependence for the sensor.

—— Amplified output [mV]y = 1176.1 + 40.335x

T 2500

5 2000 ¢F ®

8 : 4
° :

z 1000 | //,/

g > //

-30 -20 -10 0 10 20 30
A Height [um)]

Fignre 38 Sensor ontpnt plotted versns displacement.
The sensor outpnt is amplified 100 times.
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The unamplified measured displacement seunsitivity of the sensor is

A
400 i

measnred with a voltage drop of 1 V over the Wheatstone bridge.

This is to be compared with the theoretical displacement sensitivity as
seen from table 5.

A
301 to 369 m

The results show good correlation between theory and practical
measurement.

Flow profile simulation

Using numerical flow-profile simulation, the flow through the sensor has
been determined and the resulting pressure distribution on the cantilever
beam calculated. This was done in order toverify the flow models (This
work was subcontracted to Sulzer Innotec, Winterthur, Switzerland)

Using the simulation program TASKflow, the geometrical boundaries of
the flow sensor, represented by 81’000 mesh knots, were entered into a
computer. As boundary conditions, a volumetric flow of 50 microliters
per minutes of water at ambient temperature was considered to be
established.

The resnlts show that the relative velocity of the fluid increases by a
factor 100 inside the opening and due to the rapid expansion of the flow
channel after the slit, a low velecity back-flow of the water appears. This
is shown in figures 39 and 40. These figures show half of the sensor’s
front opening, x-z plane, as viewed along the y-axis.(see table 2)

The static pressure drop calculated is 4.05 N/m2 at 50 microliters per
minute which corresponds to a force exerted on the beam of 0.24 uN per
pl/min. This result is in the same order of magnitude as the values of
table 5.
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3.5 Conclusion

As seen in the previous results, both analytical models used show a good
correlation. The results from the orifice model are closer to the practical
measures. This has been verified making measures with variable
geometiies [29].

However the measnrement methods for force and displacement are
relatively rugged compared to the precision required. The fact that the
sensor's force and displacement characteristics are measured prior io
encapsulation must also be taken into account as this process step can
induce strains into the sensor and alter the results.
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4.

Regulated Mieropump

After having described the the micro pump and the
flow sensor, the present chapter deals with the
integration of these two components into a regulated
device. The regulation will first be approached
analytically and the practical resnlts will be shown.

4.1 Introdnoction

As presented in chapter 2, the micro pump’s ontput is influenced by a
certain number of disturbances. These can be classified into internal and
external disturbances. The external disturbances are pressure variations at
inpnt or ontput or changes in the channel geometry ontside the pump.
The iaternal disturbances are due to bubbles in the pump, bad sealing of
the valve seats or ageing of the piezo disc.

The main problem, which wilt be discussed in the present chapter, is the
differential pressure dependence as shown in figure 18 [30,31].

So as to compensate the effect of pressure variations, the pump will be
operated as a feedback control system. For a system to be classified as a
feedback contro] systern, it is necessary that the controlled variable, in the
present case the flow rate, be fed back and compared with the reference
input. In addition, the resulting error signal must actpate the control
elements to change the output so as to minimise the error. A feedback
control system is also calied a closed-loop systemn.

In contrast to the ciosed-loop system, in the open-loop system there is no
comparison of the controlled variable with the desired input. Each setting
of the input determines a fixed operating position for the contrel
clements. Thus for a given set input, there may be large variations to the
controlled variable due to the disturbances [32].

A major advantage of employing feed-back control is that, because of the
comparator, the actuating signal continually changes so that the controlled
variable tends to become equal to the reference input regardless of the
disturbances. Another consideration is that with feedback one can
generally use relatively inexpensive components and yet achieve better
control than is possible with very expensive components in an open-loop
system.
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4.2 Analytical approach

In order to simplify the analytical regulation, all physical variables are
expressed in the same unit. Hence the pump is coupled to the flow sensor
and both input and output are expressed in volts. The actual flow rate
does not neced to be taken into account as the pump “transforms” the
actuation voltage into flow which in turn the sensor “transforms” back
into a voltage. (see figure 41) The effects of the flow channels linking the
discreet components to each other and to the outside world are integrated
in the components characteristics,

Flow

Input Output

— Pump

Sensor

~atiffs Channels

Figure 41 Open-loop pump system.

The function relating the input to the outpnt is called the transfer
function. For an open-loop system we have:

(input) x K = output (25)

The transfer function is the ratio of two variables expressed in the same
units, hence it is unitless.

In a closed-loop system the ontput is compared with a desired reference
or set-point if it is constant. The difference between reference and output
is called the error which yields the feedback signal once fed through the
controller. the feedback then acts on the input so as to minimise the
error. (see figure 42)

The relation between error and feedback is the transfer function of the
controller. We have:

(error) x G = feedback (26)
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Output

Sensor
Y

Input +
’Q = Pump

~atlil Channels

Feedback Error ¢t
Reference
Controller

Figure 42 Closed-loop pump system.

The combination of the open-loop and feedback transfer functions
characterise the complete system. The next step is to determine the
transfer function of the open-loop syster, chose a certain type of
controller and implement its transfer function.

The most powerfol methods of system analysis have been developed for
linear control systems. For a linear control system all the relationships
between the variables are linear differential equations, usually with
constant coefficients. The reason that differential equations rather than
algebraic equations are obtained is that in feedback control systems the
variables are functions of time. Actuator control systems usually contain
some non-linear elements. Such elements would in turn yield non-linear
differential equations for the system. For many components encountered
in control systems, the operating characteristics are given in form of
general operating curves rather than egnations. Thesg curves can be
analysed and a linear approximation fitted around the point of reference
or the range of operation if possible.

All systems have two main modes of operation: the steady-state operation
and the transient condition. By steady-state operation is meant the
equilibrium state attained such thar there is no change with respect to time
of any of the systems variables. The system remains at this equilibrium
state of operation until it is exited by a change in the desired input or in
the external disturbances. A transient condition is said to exist as long as
any of the variables of the system is changing with time.
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We will assume that the components are described by linear differential
equations with constant coefficients. For a known inpnt, constant or
varying in time, classical methods can be used to determine the output.
However, considerable time is saved by using the Laplace transform
method of solving linear differential equations. 1n addition, Laplace
transform analysis are closely related to other methods for evainating
system performance. The Laplace transformation of a function of time
f(t) is noted F(s).

F(s) = LIf(9)] = Jf(t) e-st dt Q7

where L. is the symbol for taking the Laplace transform. For the integral
on the right side of cquation (27) the variable t vanishes after evaluation
between the limits of integration. Thas the resnlting expression is a
function of s only,

Open-loop transfer function

The open-loop transfer function in the time domain k(t) is a constant. If
x(t}) is the inpnt and y(t} the output we have:

ko = % (28)

The pump and sensor mnst be considered as one element. If (B(t) is the
flow rate as a function of time and V(t) the voltage at the entrance of the
high-voltage cascade producmg the excitation of the piezo, we have the
pump characteristic:

@ty =a; Vplt) + a2

For the flow-sensor, Vg(t) being the outpnt voltage, we have:
Q(t) = by Vg(t) + b2

The combination of these two equations yields:

a2 bz

Vs(t) = Vp(t) + (29}
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To determine the transfer function k{t) would be relatively difficnlt as
the effects of the pump, the sensor, the flow channels and the electronics
have to be taken into account. The steady-state operating conditions are
well known, see figure 17, but the transient state is defined from the
practical results. It is simpler to determine the Laplace transform K(s).
This can be done practically by first determining the order of the system.
If the response to a nnit step voltage does not “overshoot” the desired
value, the system is said to be a first order system.

Mmresponsc
632 %

051
j | ! |
0 T T | 1 1 | -
0 1 2 time
Figure 43 Response to unit step of a first order system
The transfer function can be written as follaws:
Ao
K= l+1s (30

Where Ag is the static gain of the system and 1T the open-loop time
constant of the system defined as being the time the system takes to reach
63.2 % of its final value. {the vertical axis on figore 43 is normalised)

Controller transfer function

Depending on the system we want to regulate and the type of regulation,
the controller will be chosen.
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The simplest system is the proportional control system. In this case the
error is amplified by a factor Py, called the gain of the regulator, and this
amplified error is then subtracted from the input. The proportional
control system establishes a linear elationship between the error and the
feedback. In a lot of cases this type of regulation is sufficient, that is if
the pertorbation is transient, its effects on the system will be diminished.

If an external load is applied to the system, for example change in
diameter of the tabing thus variation in the flow resistance, the reference
will not gnite be respected. As a matter of fact, an increase in channel
resistance causes a drop in flow rate. The error signal becomes negative,
and the feedback increases the input. The flow rate increases again but as
the outpnt approaches the reference, the error decreases (in absolute
value) and the input value is agzin lowered before the reference is
reached. The steady state operation of the system, if the output y and the
reference r are different, will be:

K-K Po I
Y=T+KP, GD
This steady state error is called the static error. To compensate this
phenomena and maintain a reference output under long perturbations, the
history of the error signal must be taken into account. This is obtained by
integrating the error signal and adding this integral to the error signal
itself before multiplying it with the gain Py. The feedback signal can be
expressed by the following expression:

i
f= Po[r + % Jr dt] (32)

in equation (32) Ti is the time constant of the integrator. We now look at
what happens when the outpnt changes due to a constant load. The error
signal absolute value increases, the feedback signal increases and if the
response time of the open-loop system is slower than that of the
controller, the output will increase until it reaches the reference value. At
that point the error is zero and the feedback signal stays constant.

We can see that if the regulator reacts too fast, the reference value will be
passed and the system will oscillate around the reference value. This
means that the choice of the regulation constants P and Tj determines the
stability of the regulated system.
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1t is possible to add a differential loop in the regulator, making a well
known PlD-regulator. In this case the differential contribution wounld
yields a larger regulation signal on fast disturbances. These are
automatically damped in the present configuration due to the elasticity of
the fluid connections.

An advantage of having chosen a standard type of regulation, the
proportional-integrating or Pl-regulation, is that the transfer function are
well known. For a Pl-regulator, the control loop ,can be expressed by the
following expression in the s domain:

I 1+sTj
G(s) = Po[ 1 + S Ti] = Pom Ty : (33)
System transfer function

The transfer function of the system can now be calcnlated. We have:

K(s
HG) = 773 K(s) G(g)

when replacing the values from equations (30) and (33) we have:

1+5sTj
s2(tTi) + s(T; + AgPoTi) + AgPo

H(S) = AoPo (34)

This function has two poles. The poles of this equation are the values of s
for which the denominator is equal to zero. The value of the poles
determine the stability of the system.

A closed-loop system is stable if the poles of the transfer function H(s)
are complex and negative numbers.
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4.3 Testing and results

The regulated system must be able to deliver a constant flow rate even if
the pressnre difference between inpnt and outpnt varies.

The pomp will be actuated at 40 Hz and the characteristic linearized.

150 j
Tg i :

100 F .
3 ] ]
2
o ]
2 50 : ]
i 4 ]

0 A A "

100

Vp [mV]

Figure 44 Pump flow rate characteristic at 40 Hz actpation frequency
expressed as function of the input voltage

The amplification factor of the driver electronics is taken into account.

This means that the approximation of the pump characteristic is (voltage
in millivolts and flow rate in plfmin):

O(1) = 2.5 Vp(0) - 45

The ountput signal of the system is based on the sensor signal. The sensor
signal has been amplified. Figure 43 shows the system output versos flow
rate. We have (in this equation, voltage is expressed in millivolts and
flow rate in pl/min):

O = 0.1 V(1) -30
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Figure 45 Sensor flow rate characteristic expressed as function of the
system ontput voltage

When replacing the measured values in equation (29) we can obtain the
steady state open loop relation between input and output:

V(t) = 25,9 V(1) - 158 ‘ (35)

If we take as reference point 90 pl/min, it corresponds to a output voltage
of 1.2 valts and an input voltage of 50 millivolts. Figure 46 shows the
response of the open-loop system (o a unit (50 mV) step input.

We can see that the time constant is 1.1 seconds and the static gain 23.
Equation (30) can be written as follows:

23

KO =13115s (36)

To now determine the coefficients of the regulator the method of
Ziegler-Nichols can be applied {33]. It consists in analysing the system
step response. The intersection between the tangent to the step response at
its point of inflection and the abscissa is called L. The normalised slope of
the tangent is called a. We have:

0.9
al

Po= and Tj=33L [s] (37)
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The point of inflexion is difficult to determine. From figure 46 we can
determine [. = 0.03 and a = 0.83. When replacing these values in equation
(37) we have:

Po=135 and Ti = 0.26 [s] (38)
which yields from equation (33):

1 +(0.26
Gls) = 13.5 —(%é%ﬁﬁ (39)

]
// System response
63.2%

05 1

time [s]
Figure 46 System response to unit step

From equations (34), (36) and (39) we can determine the transfer
function of the complete system:

1+ 5 (0.26)
S2(0.29) + s(81) + 3105 (40)

H(s) = 310.5

The poles of this equation are p; =- 3.9 and pz = -275.4 . From these
valnes we can conclode that the regulated system is stable.
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Practical verification and regulation

According to the parameters above, a practical measurement set-up was
mounted. A step corresponding to 420 pl/min was applied to the entrance
of the regnlation system. This corresponds to the maximum allowable
actnation voltage on the pomp and corresponding flow with no
differential pressure applied. The rise time necessary to reach 90% of the
desired output was less than one second. with no overshoot or
oscillations.

The object of the present study is to operate the pump in a mode where
the reference is imposed and does not change over time. Figure 47 shows
the measurement set-up. The height of the inlet reservoir may be varied
so as to create a differential pressure between input and output. This
would practically be the case of a patient lying in bed and lifting his arm
where a drug is infused. The difference of pressure must not influence
the reference flow rate desired.

+Vpump
p o
Control- i
8 tecironi 3
clecironics Vpump
VSENS
rrrm—]
I:'()'I.ll

| ]
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Flowsensor P Pq
l Balance I
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F1
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Figure 47 Measurement set-up
The flow rate is measured for different reference values, the reference

being set at zero differential pressure. The inlet pressure is then lowered
and the vanations of the flow rate recorded.
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Figure 48 Unregolated flow-rate versus differential pressure

We can see that even small difference in pressure will change the flow
rate significantly. This has been compensated successfully .

Regulated flow rate {ul/min]
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Fignre 49 Regolated flow-rate versns differential pressore

The flow rate is maintained over the pressure range. Higher ranges can
be achieved only within the lirnits of the pump capacity.
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4.4 Conclnsion

It has been demonstrated that the variations of the output flow rate of 2
micropump which are due to changes of the inlet pressure or the ountlet
pressure can be compensated by operating the pump in a feedback control
system.

The stability of the controlled system is mainly due to the dampening
indoced by the elasticity of the interconnection tubing. As can be seen
from figore 46, the system is of the first order. However the analysis of
the system’s behaviour has allowed an optimisation of the control
parameters.

The implementation of the control loop has also the advantage of

minimising the effects of internal disturbances, making the pump less
sensitive to bubble formation and particle contamination.
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5. Micro-Torque sensor

This chapter describes a Micro-torque sensing
system developed for the watch industry. This
device allows absolute measurement of torque
between 0 and 150 micro-newton-meter.

5.1 Intreoduction

Torque measurement is an essential item in the characterisation of Micro
Electro-Mechanical Systems having rotating components. A high-
resolution torque measnrement device is presented. This device has been
developed to answer a particolar need in the characterisation of
automatic watch mechanisms. Such torque measurement systems have
recently been presented by Mikuriya et al., working in the range from
100 nN.m to 10 uN.m with a resolution of 10 aN.m. The size of the
active part of this system is about 30 cm by 10 cm by 10 cm.[34] This
system is used to characterise micromotors. A force meter is coupled to
a meter shaft floated by air bearings to reduce friction. The torque
acting on the shaft is proportional to the force applied to the force
meter.

We propose a similar miniaturised approach using existing components
such as the flow or force sensor presented previously [26]. This system
combines classical high-precision mechanics and silicon technology.[35]

In the watch industry, a criterion of quality for mechanical self-winding
wrist-watch mechanisms, is the amount of movement the wser has to
make per day to rewind the energy storage spring. This criterion
depends mainly on the “dead angle” of the mechanism, that is the angle
the oscillating mass has to cover until the spring is again wound up when
the rotation of the mass changes direction. The lower the dead angle is,
the higher the quality rating of the mechanism will be. The work
required to move the oscillating mass depends on the efficiency of the
mechanism. This efficiency can be determined by measuring the
frictional losses between the oscillating mass and the energy storage
spring.
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To measure these frictional losses in order to classify the mechanisms in
a serial production, a micro-torque sensor based on differential force
measurement having a resolution of at least 0.5 pN.m over a range of
-200 pN.m to 200 pN.m is required. At the end of 1992, this device was
first tested in our institute giving satisfactory results.
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5.2 Principle

The torque sensor is schematically represented in figure 50. It consists
of two piezo resistive force sensors. A spring blade mounted
perpendicular to the torque axis converts the torque to a force acting on
the two force sensors. The force sensors are micro machined silicon
cantilevers with piezo resistors doped in the bending suspension of the
cantilevers [26].

ﬁ ﬁ“-——— Adjustment screws

Figure 50 Schematical representation of micro-torque sensor

The piezo resistors are arranged in a Wheatstone bridge configuration
and the voltage drop over the bridge is amplified.

A perpendicular bar is mounted on the torque axis. This bar acts on a
spring blade by way of two adjustable screws. The spring blade acts
through two points on two cantilever force sensors. The spring beam is
pre-stressed by the pressure of the screws, and in the used range a
torque applied on the axis will increase the pressure on one force sensor
and decrease the pressure on the other.

The most fragile elements in the device are the silicon chips. To allow a
safe use of the sensor, 2 mechanical end stop limits the rotation of the
torque axis. This function is performed by a bolt passing through the
torque axis into a hole. The difference of diameter between bolt and hole
accounts for the rotational freedom of the torque axis.
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5.3 Experimental results

The calibration of the torque sensor is achieved with the help of a
Mettler AE240 balance by applying a known force on either of the sides
of the perpendicular bar. (see figure 52)

the wire spring the torque axis with the perpendicular bare

displacement
mount -

"/t.hc torque sensor

Y

METTLER AE 240

Figure 52 Calibration set-up

As expected from the force characteristic of the force sensor chip, and
shown in figure 53, a linear characteristic is obtained with an amplified
sensitivity of 4 mV per UN.m. Once mounted and adjusted, the device
presents no measurable drift over time, about 6 months of use to this
day, in a laboratory envircnment. This is in part due to the differential
measurement principle. To increase the operating range of the device,
the geometrical (reduction factor) environment has to be adapted.

The inner length between the two spring wires on the fork is 20 mm.
The distance on the spring blade between the torque axis and the contact
point is 14 mm. The ratio between these two distances yields the
reduction factor. The point of application of the force is at 1 mm from
the edge of the cantilever beam

A torque of 200 uN.m exerted on the torque axis corresponds to a force

of 0.01 N on the sensor chip. This is an order of magnitude higher than
the forces used to calibrate the sensor chip.(see figure 36)
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Figure 53 Sensor output vs. torqne

We have seen that the sensitivity and range of the device depend on the
geometrical set-up of the system. The limit of sensitivity of the force
sensor chip has been demonstrated to be abont 100 nN. If we consider a
set-up where the half-length of the spring blade is 1 cm, the torque
resolution for the device is 1 nN.m. We consider a practical sensitivity
of 50 nN.m as the electrical noise from the circuit makes more precise
measorements difficult. 1n the present case the range is limited by the
mechanical end stop to +/- 200 pN.m.

The sensor (see figure 54) is mounted in a complex test bench that
simulates the movement of the oscillating mass. The whole watch
mechanism is rotated while a know torque, simulating the energy storage
spring, is applied to one end of the gear train. On the other end of the
gear train is the oscillating mass. The mass will be oriented downwards
in the same position due to gravity when the system is at rest. As the
mechanism rotates, the friction in the gear train as well as the torgne
simulating the storage spring will exert a torqoe on the oscillating mass.
The sensing device is interfaced via the spring wires of the fork to the
oscillating mass and the desired frictional torque can be acquired.
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Torque {UN.m]

The primary motor rotates the mechanism as the torgue motor acts on
the gear train. An optical encoder monitors the angular displacement and
speed.
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Figure 54 Wristwatch mechanism measurement set-up

Figure 55 shows experimeutal results on a wristwatch mechanism
operated 6 turns clockwise and 6 turns couuter clockwise at 10 rpm. The
variations on the signal are due to the teeth of the gears inside the
mechanism and particle contamination. With this result, the watch-
makers can classify the mechanisms into high and low quality withount
human interference.
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Figure 55 Friction torgue on watch mechanism
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Miniature motors are a field of intense research. The moteor torque
characteristics are. often in the sub-micronewton meter range. The
present device has been coupled to a hybrid integrated micromotor, [36]

The conpling was achieved on the basis of a friction clutch. The dynamic
starting torque was measured to be 1.4 WN.m with this method, as shown
in fignre 56. The motor is conpled by friction to the torque sensor and
then released.
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Figure 56 Dynamic torque of Hybrid Micromotor

When determined optically, the result obtained was 1.2 uN.m. This
shows good correlation between the two measurement methods. The
main advaatage of the torque measurement device in this case is that the
measurement is direct and rapid. it has the disadvantage of influencing
the motor movement as some of the produced energy is absorbed in the
coupling.
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5.4 Conclusion

A novel minjaturised torque measurement system has been manufactured
using the advantages of small size and good reproducibility given by
micro-machined devices. This device is a good example of hybrid
technology. It has allowed industrial production contrel in the watch-
making industry and can be applied to numerous other problems.
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6. Bone Implant Relative Displacement System

This chapter describes a hybrid system developed to
measure the relative displacement of a hip bone
implant. The system describes only nses readily
available components to realise its function.

6.1 Introduction

Artificial hip joints are being implanted since numerous years., The
quality of the implant and its “lifetime” vary from a few months in the
worst case, to many years. The main problem is the stability of the
socket placed inside the pelvic girdle. The aim of this type of implant
fixation is to achieve osteointegration. Osteointegration is the growing of
the bone tissue into the implant which is porously structured for that
purpose. Relative motion between implant and bone exceeding 100um to
120pm will prevent bony in growth. It has been observed that if the
implant is not well attached, softer tissues will fill the gap and cause
partial or total failure of the operation. [mplant displacements up to 3
cm have been observed. It has also been observed that the optimal
osteointegration occurs during the first few weeks after the operation,

The task proposed is to monitor the displacements of an implant with a
sensing systern placed inside the pelvic girdle. This is to be done in
laboratory conditions. Specified loads are then applied to the joint and
the relative displacement observed. The results observed will be nsed to
specify treatment conditions for the patients with the aim to raise the
efficiency of the operation.

In order to measure thesc displacements, a Bone lmplant Relative
Displacement System (BIRDS) has been developed. The diameter of the
device should not exceed 4 millimetres so that the mechanical behaviour
of the host bone is altered as little as possible. Axial displacements of
150 pm and lateral displacements of 300 pm have to be acquired with a
resolntion of at least 10 pm.[37]

The BIRDS developed is based on a hybrid structure. The range covered
is too high to be measured directly. A mechanical element acts as
interface between a sensor-chip and the implant so as to transform and
reduce the displacements. Different available sensor-chips were tested.
The most promising results are obtained with a membrane pressure
sensor nsing diffused piezo-resistors to measure the deformation of the
membrane.

page 82












Components for ... Bone Implant Relative Displacement System

The variations of resistance, proportional to the voltage drop over the
Wheatstone bridge, due to the d1splacemcnt “t™ of the implant have a
linear relationship. This can be expressed in form of a matrix A. For
reasons of symmetry, an additional parameter “c” is integrated giving
the matrix a foor by four dimension.

We have:

8V| EAAR:AS] aV1_

9x ody oz oc
avi ] | V2 ava ava V2 I ax
AV3 dx dy 9z dc Ay = -
AV3 |=| av3 av3avs avs || az | AV =4Ar (D)
AVy4 Ox o9y oz oc |LAc

3Va Vs 3Va 3V

L ox dy dz odc

To determine the matrix elements 4jj, separate displacements in x, y and
z direction are made. The four voltage changes are recorded and the
sensitivity determined for every axis. This matrix is the calibration
matrix and has to be determined for every sensor. When inverting the
matrix, the displacement can be obtained by introducing the voltage
variations observed. We have:

AY = 21 AV (42)
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Figure 61 Sensor response to x - displacement
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As shown in figure 61, voltage variations corresponding to a one axis
displacement vield a linear signal amplified one thonsand times. This has
been repeated for all three axis. We have:

AV, 1.89 1.49 9.93 1000 [ Ax
AV2 | 1 | 172 -1.01 -9.29 1000 || Ay
AV3 |7 1000] -1.58 -1.17 9.57 1000 Az
AV4 209 1.26 -9.93 1000 L Ac

Matrix elements are expressed in Volts per micrometer. The “¢”
contribution is chosen to be 1. Inverting the matrix yields the system of
equations for absolute displacement as a function of voltage variations.
After eliminating the parameter “c” contribution we have:

Ax] [ 122 152 -130 -145 ﬁ:,’;
Ay |=| 213 -194 210 192 |1 1y (43)
Az 233 -28.2 285 -23.6 3
AVy
Verifications

Mounted on a test bench, controlled 3D-displacements were applied to a
BIRDS. The output voltages of the four Wheatstone bridges were fed
into equation (43} and the measured resnlts compared with the applied
displacement values. Some of the resnlts obtained are shown in table 7.

Table 7 Comparison between set and measnred displacements

Displacement Set values Measured values
axis [um] [um]
Ax] 250 220
Ay| -250 <260
Az -50 -44
Axg -250 -220
Ay2 250 230
Azp -50 -49
Ax3 -250 -230
Ay3 -250 -260
Az3 -50 -55
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It is to note that the displacement was achieved with a mechanical x,y,z-
stage. The precision of the set displacements is therefore in the order of
5 to 10 um. We can however say that the measured values correspond to
the set value within about 10%. For large compoesite displacements, the
cross-influence and the geometrical tolerances due to mounting and
interfacing become more important and have an effect on the
measurement precision.
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6.4 Conclusion

Test are currently underway in medical Iaboratery conditions, If the
resnlts continue to be promising, the system will again go into
development so as to optimise the reliability of the measurements and the
reproducibility of the manufacturing sequence. This last point will
include the integration of all or part of the measurement electronics on
the sensor chip.
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7. Outlook

This chapter gives examples of applications of the
components presented earlier. It shows that hybrid
micro systems can be nsed to solve various research
or industrial problems.

7.1 Introduction

The devices and systems presented hereafter have been developed or are
still under development in the Institute of Microtechnology, Neuchitel,
Switzerland. The goal of this chapter is to show the practical use of snch
devices.

7.2 Examples

The most striking example of a complet hybrid sylem nsing conventional
mechanics, chemical sensing devices as well as flnid handling
components is a miniature bioreactor developed for experimentation
under micro-gravity conditions on board of the spacelab [25]. The
bioreactor is shown in fignre 62.

Electrodes

Inspection window

Reaction chamber

Figure 62 Space bioreactor
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This experiment has been selected by the European Space Agency (ESA)
for the IML-2 mission scheduled for summer 1994. This work was done
in collaboration with MECANEX S.A., Nyon, Switzerland. Yeast cells
are grown over a period of 9 days and various properties of the culture
are monitored. The feeding of fresh nutritif mediom is achieved by a
micro pump identical to the one presented earlier. In fact this project
was the driving motivation to develop the enhanced micro pump.

Another example is the flow rate sensor which is currently being tested
as a single device by the technical University of Darmstadt, Germany.
Their application consists in monitoring the production of cerebrospinal
fluid in hydrocephalus patients. In this sickness, too much fluid is
produced which causes an important increase in pressure inside the skull.
The only means to relieve this phenomena is to implant a drain into the
skulfl, equipped with a passive valve, allowing the excessive fluid to flow
out of the skull back into the trunk of the body as can be seen in figure
63. The flow rate sensor is to be integrated to this drain in order to gain
better understanding of the phenomena. This type of sensing was selected
as the physical properties of the fluid are not altered.

Drain

Position of
sensor

Figure 63 Fluid drain implant in human skull
The power and data transfer to and from the seusor are to be executed

by telemetry. This is the most interesting potential application of the
flow rate sensor.
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Lastly, most recent contacts with Adidas Research Centre, Portland,
USA, have given rise to an absolute 3-D force measurement based on the
BIRDS presented in chapter 6. This system representad in figure 64 is
developed with the objective to quantify the interactions between foot
and shoe so0 as to optimise its design.

Application of force

Elastic element

Sensor chip

Trs
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e e e —
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Figure 64 3-D force measurement system

Figure 64 is represented with a scale of 4:1. The Elastic element, made
of titanium alloy, transforms the forces (up to 2000 Newton) into a
displacement measnred by a system identical to the BIRDS.

7.3 Conclusion

Three differsat applications of hybrid systems and discreet components
have been shown. Their use is mainly found in small series and
laboratory equipment. However, the torque sensor presented in chapter
5 is currently being put into industrial production.
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8.

Conclusion

The goal of this thesis was the development of a
flow rate sensor and its integration to a micro pnmp
in order to regnlate the pump’s ontpnt. This has
been achieved. The project spin-offs described in
the last three chapters have shown that hybridisation
in micro systems is often a rapid solntion to solve
Jaboratory and in some cases industrial problems.

The flow rate sensor has been developed using available technologies.
This confirms the utility of standardisation in the manufacturing
processes to allow rapid transition from ideas on paper to functional
prototypes.

Integrating the sensor to a micro pump and controlling the pump’s
output in a feed-back loop has allowed to maintain desired flow rate
constant and un susceptible to changes in pressure. The limitation of the
measurement set-np can be overcome by modifying the clectrical
components of the system.

The use of the flow sensor to measure force in a hybrid torque meter
has given rise to a new product. The same approach has allowed
measurement of 3-D displacement with the BIRDS device and 3-D force
for an application in the shoe indostry.
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