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Welcome to the 3" International Conference on MicroFluidic Handling Systems

Dear colleagues,

We are pleased to welcome you to the 3™ International Conference on MicroFluidic Handling Systems (MFHS
2017) in Enschede, as a follow-up to the successful first two conferences in Enschede in 2012 and in Freiburg in
2014.

Worldwide, accurate handling — i.e. analysis, dosage, measurement and control — of small and extremely small
mass flow rates of both gases and liquids is becoming more and more important, driven by numerous applications.
Examples of economically and societally relevant applications are e.g. improvement of medical infusion pump
systems, increasing the efficiency of processes that extract oil from oil wells (enhanced oil recovery), systems that
measure the energy content (calorific value or Wobbe Index) of natural gas and bio-gas, monitoring of ground
water pollution and the production of pharmaceuticals by means of flow chemistry.

Whether in analytical instrumentation, flow chemistry, energy, semiconductor industry, food and beverage or life
sciences — microfluidic handling systems are facing three major trends: (1) a need for accurate measurement and
calibration facilities; (2) a need for complete functional systems rather than for the individual components, and
(3) commercialisation of academic research results. In the future, the impact of this field of research may become
bigger and potentially large target markets may arise, especially when spin-off companies start manufacturing and
selling their products, systems or pilot plants.

The MFHS 2017 focuses mainly on the technology, components, devices and systems that enable the applica-
tion in microfluidic systems. It provides an excellent opportunity to bring together scientists and engineers from
academia, research institutes and companies to present and discuss the latest results in the field of microfluidic han-
dling systems. The conference goals are to stimulate interaction and knowledge exchange between the delegates
in a friendly atmosphere. The most recent developments in the field of microfluidic sensors, actuators, interfaces,
fluidic control systems and applications will be presented.

We are looking forward to seeing you at the MFHS 2017 conference!

Kind regards,
Prof. Joost Lotters Prof. Gerald Urban
Conference Co-chair Conference Co-chair
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Invited talks

Manufacturing microfluidics with 3D printing

Drs. ing. Jan Eite Bullema, Senior Scientist at TNO Technical Sciences

3D Printing / Additive Manufacturing appears to be an attractive technology to realize
fluidic devices. By many still mainly seen as technology for development purposes, as 3D
printing makes it relative easy to make small series with design iterations (e.g. different
inlet apertures, different channel length, mixer size). In fact 3D printing evolves rapidly
as a manufacturing technology. This is especially true for fluidic devices that have a more
complex design — like many organ-on-chip devices. Recent developments in 3D printing
have made 3D printing more attractive as a manufacturing technology. Dolomite has
introduced the Fluidic Factory 3D printer for fast prototyping. The Continuous Liquid
Interface Process (CLIP) announced by Carbon in the beginning of 2015, makes VAT
polymerization 100 timed faster. Carbon has demonstrated (and patented) production
of microfluidic products. At TNO we have developed production equipment that enable low cost production of
integrated microfluidics with 3D printing.

With 3D printing technology it becomes possible to manufacture functional 3D fluidic structures, e.g. serpentine
mixers, Brownian ratchets, Tesla valves. 3D printing makes it also possible to easily integrate fluidic function-
alities, like mixing, valving, metering in one device. Which leads to a reduction of integral device costs. It is
expected that especially for complex integrated lab-on-a-chip / organ-on-a-chip devices, 3D printing will become
the production technology of choice.

Engineering microfluidic organ-on-a-chip systems

Prof. dr. Sabeth Verpoorte, Professor of Pharmaceutical Analysis, Research Institute of Pharmacy, University of
Groningen, The Netherlands

Engineering cellular microenvironments that more accurately reflect the in vivo situation
is now recognized as being crucial for the improvement of the in vitro viability and in
vivo-like function of cells or tissues. Microfluidic technologies have been increasingly
applied since the late 1990’s for this purpose, with a growing number of examples of per-
fused cell and tissue cultures in microfluidic chambers and channels. The well-defined
solution flows provided by microfluidics mean enhanced cell growth and function through
improved nutrient delivery and waste removal. Additional benefits include the imple-
mentation of well-defined temporal and spatial (bio)chemical gradients, and mechanical
signals that cells experience in their natural environment. Because the ability to culture
cells and tissue under such controlled conditions leads to cellular function that is distinctly more organ-like, the
microfluidic systems used are now referred to as “organs-on-a-chip” or “microphysiological systems”. Reported
organ-on-a-chip systems are as diverse as the biological models they have been designed to study. Most examples
are based on cell culture models, which involve seeding cells into a chip with the eventual formation of a 2D or 3D
tissue-like structure. The biological approach in these cases could be regarded as “bottom-up”. Less common are
the “top-down” biological approaches, in which organotypic tissue samples are directly obtained from mammals or
human subjects for further study. Regardless of the biological model of interest, all organ-on-a-chip systems must
be designed to accommodate cell or tissue culture, which implies precise peripheral control of medium transport
to and from the chip. The use of microfluidics to do this rather than a pipetting instrument of some kind opens
up the possibility for continuous perfusion of cell or tissue culture, a starting point for the creation of cellular mi-

croenvironments that are more representative of the in vivo situation. Moreover, peripheral pumping systems can
be configured to change the composition of perfusion media at specifically programmed timepoints throughout the
experiment to include compounds expected to induce some form of cellular response. This enables the definition
of time-varying dosing experiments of drugs, nutrients or other compounds that reveal real-time effects on cells,
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something which is far more tedious or even impossible to accomplish in more conventional well plate formats.
This presentation will focus on examples from our labs in which we have designed “top-down” and “bottom-up”
organ-chips incorporating means to both monitor culture conditions and quantify cell behaviour. Our “bottom-up”
example constitutes the culture and investigation of primary human endothelial cells in microfluidic devices. In a
simple demonstration of the importance of microenvironment in cell culture, clear differences in cell phenotype
are observed when human umbilical vein endothelial cells grown in microchannels and well plates are compared.
In a “top-down” example, a microfluidic device was designed for perfusion culture of precision-cut organ slices.
Metabolic studies employing precision-cut liver slices and on-line HPLC analysis were successfully demonstrated
with this device, as was a multi-organ slice experiment showing regulation of bile acid synthesis in the liver by the
intestine.

Porous Media everywhere! Microfluidic experience and opportunities in Shell

Prof. ir. Cor van Kruijsdijk, Sr. Principal Researcher at R&D Physics, Emerging Technologies, Shell R&D, The
Netherlands

The use of microfluidic devices in Shell goes back to the 1980’s where we studied the
dynamic behaviour of a brine, HZS, sulphur mixture at subsurface conditions, T=120 °C,
p=31MPa. Here safety was the biggest driver for the choice of microfluidics. Currently
we have a focus on chemically enhanced oil recovery where we are studying the funda-
mental processes of oil displacement by chemically enhanced water. Microfluidic devices
are also starting to penetrate other divisions in Shell. Many processes in “New Energies”
take place in porous media of one kind or another, batteries, photo-chemical/electrical
cells, porous catalytic bed reactors etc. Moreover, microfluidic devices are finding its
way in analytical chemistry either for sample preparation and/or direct measurement of

fluid properties and composition. A significant part of these processes can be studied
using currently available technology. However, some of the catalyst supported gas reactions push past the current
operating envelopes of microfluidic devices as they require temperatures upwards of 1000 °C. Moreover, the cur-
rently available spectroscopic methods for in-situ measurements are challenged by the small densities of the gas

phase.
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1. Sensors

Oral

MICRO CORIOLIS MASS FLOW SENSOR WITH INTEGRATED RESISTIVE PRESSURE
SENSORS
J. Groenesteijnl , D. Alveringhz, T.V.P. Schut’, R.J. Wiegerinkz, W. Sparrebooml and J.C. Lotters"?
! Bronkhorst High-Tech BV, Ruurlo, The Netherlands
2 MESA+ Institute for Nanotechnology, University of Twente, Enschede, The Netherlands

ABSTRACT

We report on novel resistive pressure sensors, in-
tegrated on-chip at the inlet- and outlet-channels of a
micro Coriolis mass flow sensor. The pressure sensors
can be used to measure the pressure drop over the Cori-
olis sensor which can be used to compensate pressure-
dependent behaviour that might occur and it can be used
to calculate the dynamic viscosity of the fluid inside the
channels.

KEYWORDS

Resistive pressure sensor, micro Coriolis mass flow
sensor, multiparameter measurement, viscosity mea-
surement

INTRODUCTION

We report on novel resistive pressure sensors, inte-
grated on one chip with a micro Coriolis mass flow sen-
sor. The two pressure sensors are placed on the inlet-
and outlet-channels of the Coriolis mass flow sensor,
which not only allows the measurement of the in- and
outlet pressure, but also the pressure drop over the flow
sensor. By using the quantities measured by the Cori-
olis sensor (mass flow and density) together with the
pressure drop, the dynamic viscosity can be measured
in real-time as is shown schematically in Figure 1. The
pressure measurement can also be used to compensate
pressure-dependent behaviour of the Coriolis sensor.
The pressure sensor consists of a Wheatstone bridge of
metal tracks meandering over a channel. As aresult, the
design of the fluidic path of the Coriolis sensor [1] and
the fabrication process [2] do not have to be adjusted to
add the pressure sensors to the flow sensor.

In the past, many microfluidic sensors have been
made using their own unique fabrication process, e.g.
Coriolis flow sensors [3, 4] and pressure sensors [5, 6].
However, since these fabrication processes are unique,
combining these sensors on the same chip is hard to
achieve. In [7], we integrated a capacitive pressure sen-
sor with a micro Coriolis mass flow sensor. However,
this pressure sensor suffered from low sensitivity and
large drift. Due to crosstalk between the different ca-

resistive
pressure sensor

Coriolis
mass flow sensor

resistive
pressure sensor

inlet mass . outlet
density
pressure flow pressure
1 | ]
¥
kinematic viscosity
|

dynamic viscosity

Figure 1: Overview of the integrated multiparameter
measurement system. The output of the pressure sensors and
the Coriolis sensor can be used to determine the viscosity of
the fluid.

pacitive read-outs, these pressure sensors and the Cori-
olis sensor could not be read out simultaneously. The
resistive pressure sensors presented here consist of a
Wheatstone bridge which is actuated and read out us-
ing a lock-in amplifier. As a result, the sensitivity is
higher, the drift lower and it can be operated together
with the Coriolis sensor.

THEORY

The design of the pressure sensors is shown
schematically in Figure 2 and an SEM image is shown
in Figure 3.[8] The resistive pressure sensors consist
of a channel with the four resistors of the Wheatstone
bridge on top. Each resistor consists of 123 strain
gauges placed perpendicular to the direction of the
channel and the (unstrained) sections that connect these
together. When a pressure is applied inside the chan-
nel, the flat top will deform. Two of the resistors are
placed in the center of the channel, where the flat top
of the channel will elongate the strain gauges due to the
deformation of the top and will thus increase in resis-
tance. The two other resistors are placed at the edge of
the channel, close to where it is anchored in the silicon
bulk. The deformation will cause a compression of the
strain gauge and will thus decrease the resistance. The
input voltage of the Wheatstone bridge is applied by the




R
Ry Rl gy
- —

Figure 2: Illustration of the design of the resistive pressure
sensor. The flat part at the top of the channel will deform
due to an applied pressure. The thin-film resistors on top
will then elongate or compress due to this deformation.

function generator in a Stanford Research SR830 lock-
in amplifier and the output voltage is measured by the
same lock-in amplifier. The output voltage is equal to:

Ry B Ry )
Ri+Ry R3+ Ry

Vout = Vin ( (1)
All resistances are designed to be equal when no pres-
sure is applied and the resistances can be rewritten as:

Rl = R4 = RO - A-R1,47

(2)
Ry = R3 = Ry + AR273

When substituting equation (2) into equation (1) and
assuming the change in resistance is much smaller than
the initial value the output voltage can be calculated us-
ing:

AR273 + AR1,4
2Ry

Here R contains both the initial resistance of the strain

Vour = Vin 3)

Figure 3: SEM image of the fabricated resistive pressure
sensor. To reduce the pressure drop over the in- and outlet
channels, three parallel channels are used. A single
pressure sensor is placed on all three, measuring the
average pressure inside the three channels.

gauges as the resistance of the parts connecting them.
To estimate ARp3 and AR 4, the deformation has
been simulated using Comsol Multiphysics. Since the
deformation in the length-direction of the channel will
be constant, a 2D simulation of the cross-section of the
channel will suffice to simulate the deformation of one
strain gauge. Separate simulations were performed for
the elongating and compressing resistors using a pres-
sure range of 1 to 10 bar. The resulting change in
length is shown in Figure 4. The deformation of the
two different strain gauges is not equal, indicating that
ARy 3 # ARy 4. The deformation is in the order of a
few nm on strain gauges of 40 ym, indicating a change
in resistance less than 0.1 % of the unstrained value.

14
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Figure 4: Simulated change in strain gauge length for the
elongating and compressing resistors. The initial length of
each is 40 pm.

EXPERIMENTAL

To characterize the sensors, gauge pressures have
been applied in the range of 0 to 1bar in steps of
0.1 bar. The results of these measurements are shown
in Figure 5. The amplitude of the applied voltage Vi,
is 100 mV at a frequency of 1.5 kHz. The results show
a linear response with a sensitivity of 4 uV bar~! with-
out any noticeable hysteresis. Tests show that the burst
pressure is higher than 10 bar. The pressure drop is
measured together with the mass flow for water and
isopropyl alcohol (IPA) in a flow-range of 0gh~! to
12gh~! with a pressure at the inlet of 3 and 4 bar.
The results of these measuremnets are shown in Fig-
ure 6. Future work will include design optimization for
the pressure sensor and characterization of the different
parameters that can be measured using multiple fluids.
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Figure 5: Characterization of the pressure sensor with a
pressure applied by a pressure controller in the range of
0 bar fo 1 bar. There was no fluid flow during the
measurement.
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Figure 6: Measurement of the pressure drop over the sensor
at varying flow rates of both water and IPA. The
measurements are done using an input pressure of 3 and

4 bar.

APPLICATIONS

Compensation

The fabrication process allows to make free hang-
ing channels with a very thin channel wall. This makes
a sensor made using these channels very sensitive to
properties of the fluid inside the channel. For the pres-
sure sensor, the deformation of the channel due to pres-
sure results in an accurate pressure measurement. How-
ever, in the Coriolis mass flow sensor, this deformation
changes the stiffness of the channel and will thus re-
sult in a pressure dependent resonance frequency of the
sensor. Since flow introduces a pressure drop over the
length of the vibrating channel, this too adds a pressure
dependence. This can be seen in Figures 7 and 8 where
the resonance frequency is measured during a flow mea-
surement using IPA and during static measurements us-
ing mixtures of water and IPA. When assuming that

& 1750 te -
B 1740 [* - ““H 1
5 -“u i‘\u =
=) L LR g
54173047 "L" ‘Hll‘ t‘.. -
(3] ~ - "‘. “ -} -
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2 4bar = 6bar = -
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Flow (g/h)

Figure 7: Measured resonance frequency of the Coriolis
mass flow sensor for different flow and input pressure. The
used fluid is IPA.
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Figure 8: Measured resonance frequency of the Coriolis
mass flow sensor for different mixtures of water and IPA at
different input pressures. The black lines indicate the
calculated frequency using equation (4).

the stiffness of the channel is linearly proportional to
the pressure, the resonance frequency can be calculated
using:

ko+a-P
wo = )
Mechannel + P ‘/channel

where wy is the resonance frequency, kg is the spring
constant of the channel without an applied pressure, o is
a calibrated value indicating the pressure dependence of
the stiffness, P is the pressure in the channel, mcpannel
is the mass of the channel, p the density of the liquid and
Vehanner the volume of the liquid inside the channel.
Using the results in Figure 8 for pure water and pure
IPA, o and kg can be calibrated. The resulting modelled
resonance frequencies are indicated using black lines.

“4)

Viscosity
The pressure drop over a channel, the mass flow
through that channel and the density of the fluid in that
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Figure 9: The kinematic viscosity of mixtures of water and
IPA. Measurements from [9] are shown as reference values.

channel can be used to find the dynamic viscosity of liq-
uids. To do this, the Hagen-Poiseuille equation has to
be rewritten to:

ﬂAPprl
128L®,,

where (1 is the dynamic viscosity of the fluid, AP is the
pressure drop over the channel, p is the density, Dy, is
the hydraulic diameter of the channel, L is the length of
the channel and ®,,, is the mass flow.

The Coriolis flow sensor can already be used to

n= (5)

measure the density and mass flow, so combined with
the pressure sensors, the dynamic viscosity can be de-
termined. Figure 9 shows the results for different mix-
tures of water and IPA. A calibration using pure water
was used to calculate the viscosity using the output of
the different sensors. Since the temperature of the fluid
in the channel could not be measured during the mea-
surements and the viscosity is heavily dependent on the
temperature, the calibration is done at 17 and 21 degrees
Celsius. The figure also shows the measured viscosity
of the mixtures according to [9].

CONCLUSION

We report on resistive pressure sensors, integrated
The pres-
sure sensor has a linear response with a sensitivity of
4uVbar~! in the range of 0 to 1barg. The inte-
grated pressure sensors have been used to compensate

with a micro Coriolis mass flow sensor.

the pressure-dependence of the stiffness of the free-
hanging channel in the micro Coriolis mass flow sensor,
improving its accuracy. By using the measurements of
the pressure sensors and the micro Coriolis mass flow
sensor, the viscosities of several mixtures of water and
IPA have been determined.

[1]

(2]
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GAS CONCENTRATION AND FLOW SPEED MEASUREMENT WITH A
THERMAL SENSOR FOR APPLICATIONS WITH BINARY GAS MIXTURES
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ABSTRACT

A sensor and a measuring method for detecting flow
speed and simultaneously gas concentration of binary
gas mixtures is presented in this contribution. The key
features of this sensor are the time-independent
excitation modes (constant power and constant
temperature) in combination with the sensor design. In
constant power mode a flow independent but gas
sensitive region is established, wherein the gas content
can be analyzed. The flow independent region is
obtained due to the width of the membrane. The paper
focuses also on possible applications of this measuring
method. Options and limitations are discussed.

KEYWORDS

Thermal flow sensor, flow
conductivity, gas concentration.

speed, thermal

INTRODUCTION

The first micro-machined thermal flow sensor was
developed over 40 years ago [1]. These sensors offer
several advantages compared to other flow
measurement techniques such as a low cost
fabrication, an excellent low flow sensitivity and an
outstanding long term stability due to the lack of
moving parts [2]. Applications of thermal flow sensors
are various and these sensors are implemented e.g. in
devices for process control or for medical
applications.
Thermal flow sensors can be classified in three main
categories based on the sensor layout and measuring
principle:

e Anemometric

e  Calorimetric

e  Time-of-flight

Thermal anemometers feature in the simplest form
one resistor, which is used simultaneously as joule
heater and temperature sensor. The widely used
excitation mode for this sensor is the Constant
Temperature Anemometer. In this configuration the
heater is set to a constant temperature difference
towards the ambient temperature. As flow passes the
heating element, heat is transferred from the heater in
the fluid [3]. Consequently, the temperature of the
heater cools — as higher the flow as higher the cooling
— and the electronics resets the temperature difference,
which requires more electrical power. The output
signal of this sensor is the power needed to maintain

the temperature difference. Materials used for this
type of sensor have a well-defined temperature
coefficient of resistance.

The design of calorimetric flow sensors feature a
centered heating element and two temperature sensors,
one located upstream, the other located downstream.
The temperature difference between the up- and
downstream temperature sensor is a function of the
flow rate. The direction of the flow rate is measured
by the sign of this temperature difference [3]. These
types of sensors are mainly excited in the constant
power mode.

Time-of-flight sensors consist of a heater and a
temperature sensor located further downstream. The
flow rate is a function of the time, which a heat pulse
needs from the heater to the temperature sensor [3].
The output signal of all these types mainly depends on
flow rate and regime, the construction of the flow
channel and the thermal gas properties. One of the
main drawbacks is the dependency towards the
thermal gas properties. Therefore the sensor has to be
calibrated to the gas of the application or correction
factors have to be implemented if other gases occur.
Consequently a change in the thermal properties —
namely thermal conductivity, specific heat capacity
and density — will lead to a change in the sensor’s
output signal. So far thermal flow sensors cannot be
applied in applications, where flow speed and the
thermal gas properties vary simultaneously, because
an inaccurate flow measurement will be taken. The
thermal gas properties will change in applications
where the gas type or the gas concentration changes.
This drawback can be overcome with a thermal sensor
which is measuring flow speed and gas concentration
at once. Common applications, where both parameters
vary, are for example in biogas plants or in the breath
gas analysis, which are in the focus of this paper.
Research in this topic — the measurement of flow rate
and thermal gas properties — is carried out since long
time. Methods have been developed where the flow
measurement principle does not depend on the thermal
gas properties. Other research groups used time
dependent excitation modes of the heating
element [4]. One drawback of time dependent
excitation modes is the complex excitation and data
acquisition.

Time independent excitation modes have been used so
far to measure the gas thermal conductivity in no flow
condition and correcting the flow rate afterwards. No
flow condition or nearly no flow condition is achieved
by special sensor design or by stopping the fluid from
time to time. The main drawback is that this thermal
system can be very complex.
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CONCEPT AND APPLICATIONS

The approach presented in this paper is a thermal
sensor for measuring gas concentration and flow rate
in binary gas mixtures simultaneously. The design is
based on the calorimetric layout with a heater and two
temperature sensors located up- and downstream. The
material of the heater (platinum) enables the use of
two time-independent excitation modes (constant
power and constant temperature).

In constant power mode, the gas concentration is
obtained by the temperature of the downstream
element; based on the theoretical relationship to
thermal conductivity [5]. The output signal in this
mode depends only on thermal conductivity in a
certain flow range due to the layout of the sensor [6].
By knowing the gas concentration, flow rate is
extracted from the temperature different between the
two temperature sensors in constant temperature
mode. The measurement technique is shown in Fig. 3.
The gas components of the mixture have to be known
in advance to apply this technique.

Applications of this sensor can be in anaerobic
distinctions to analyze the gas concentration of
methane and flow rate. Thus, the fermentation process
can be monitored on-line and optimized. Furthermore,
the fuel value of the biogas can be calculated. Another
possibility with this sensor is to analyze the breath in
terms of flow rate and the carbon dioxide
concentration. Thus, diagnostics can be combined in
one device and diseases might be recognized earlier.
Therewith, new methods of treatment can be
developed. The mixtures in these both applications
can be seen as a binary gas mixture. Biogas consists
mainly of methane and carbon dioxide, other gases
occur as well but in low concentrations (below 2 %).
Thus, biogas is seen as a binary gas mixture in this
paper. In biogas plants the methane content varies
between 25 and 75 % due to the fermentation process.
Air consists mainly of nitrogen and oxygen other
gases have a concentration with less than 1 %.
Nitrogen and oxygen have nearly the same value in
thermal conductivity. The concentration of carbon
dioxide increases of 5% due to the breath and can be
even higher for some diseases. The concentration of
oxygen lowers in this case; the concentration of
nitrogen is constant. Consequently, also in this
application the gas mixture and the variation of the
content can be seen as a binary mixture. These
applications have been successfully proven under
laboratory conditions (experiments with binary gas
mixtures of CH,;-CO, (biogas analysis) and CO,-N,
(breath gas analysis)).

SENSOR

The cross section of the developed thermal system is
shown in Fig. 1. The assembled sensor in a flow
channel is illustrated in Fig. 2. The design of the

NNE

calorimetric flow sensor features a polyimide
membrane  wherein  the platinum resistance
temperature detectors are embedded [6]. This
technology has on one hand the advantage to provide
enough sensitivity due to the polyimide membrane; on
the other hand the switch between the excitation
modes is easily possible, because platinum can be
heated up and simultaneously its temperature can be
measured. The unique feature is the design of the
membrane area. The substrate around the heater serves
as heat sink, thus, in power mode a nearly constant
temperature on the downstream element is obtained
towards flow rate, however the signal depends on the
gas’ thermal conductivity. The flatness of the signal is
reached only in power mode because of the decrease
in heat conduction and an increase of heat convection
towards the downstream element by an increase in
flow rate. Contrary to temperature mode, the heat
conduction is constant by an increase in flow rate. The
fabrication process was described in a previous

work [6]. The distance between heater and
temperature sensor is 192um (distance L in Fig. 1).
Slaoswing Flow channel

Stagnant

gas Opening Temperature

Sensors

Figure 1. Cross section of the developed thermal
system. The sensor features a membrane layer
wherein the platinum layer is embedded. Substrate
serves as heat sink to establish the flow independent
region (see Fig. 5).

Figure 2. Pic ure of the assembled thermal system.
The flow channel area is 2 mm?,
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Figure 3. Measurement principle: Gas concentration is measured in constant power mode, afterwards
flow speed in constant temperature mode. Power, temperature respectively, on the heater is kept constant

independent of flow speed and gas type.

EXPERIMENTAL SETUP
The gas concentration is generated by adjusting the
normal volume flow in two Mass flow

controllers (MFC). With these controllers, the normal
volume flow is adjusted in the flow channel. The
binary gas mixtures are obtained by varying the flow
rate of these two MFCs. The normal volume flow is
changed between 0 and 150 sccm. Thus, a laminar
flow profile is expected in the flow channel due to a
Reynolds number below 300. The excitation and the
acquisition of the sensor’s signals are performed with
a LABView program and a DAQ-module form
National Instruments. With this setup the power on the
heater is controlled to 12 mW in constant power
mode, the temperature difference between heater and
ambient temperature is 75 K in temperature mode,
respectively. The thermal properties of the mixtures
have been taken from [8].

EXPERIMENTAL RESULTS

Power mode

The temperature of the downstream element as
function of the normal volume flow is shown in Fig. 4
for different gas concentrations of each mixture from
100% methane to 100% carbon dioxide and 100%
carbon dioxide to 100% nitrogen. The temperature
variation is less than 1% in the flow independent
region. The flow independent region is obtained due
to the design of the membrane area [5]. The
temperature of the flow independent region
corresponds to the thermal conductivity of the gas and
therewith to the gas concentration of the mixture
(Fig. 5 for mixture of CO,-CHy); as higher the thermal
conductivity of the gas, as higher the temperature of
the downstream element. In order to apply this
method, the thermal conductivity of the gas
components have to differ, as higher the difference as
better is the resolution (see Fig. 5).

The relative accuracy of the measuring method is
calculated to 3% related to thermal conductivity [5].

IS}

&
1
+

#

= | ——co,

~ +—0.3N,,0.7CO,

— »— 0.5N,,0.5CO,
= 0.3CH,,0.7C0,

—«—0.7N,,0.3CO,

!".‘". T * Nz

. 4 0.5CH,,0.5C0O,

B - = 0.7CH,,0.3C0,

i T = CH,

ambient subtracted) [K]
= 8 B ®
1 I L L
<+
\
1] R
foy
f
|!
4
’

(i
'

Temperature - downstream element

=
L

T T T T T
a 50 100 150 200

Normal volume flow [sccm]

Figure 4. Constant power excitation: Temperature of
the downstream element as function of flow speed. The
flow independent, but gas sensitive region is obtained
due to the sensor design.
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Figure 5. Constant power mode: Output signal as
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Temperature mode

Figure 6 shows the temperature difference as function
of flow speed for different gas concentrations of the
two mentioned applications. The temperature
difference increases continuously by an increase in
flow rate. This signal depends on both flow rate and
the gas type, concentration respectively. Flow rate can
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be extracted by knowing the gas concentration. In this
mode, the continuous signal is obtained, because the
heat transfer by conduction is constant over flow rate
and not decreasing as in power mode for each gas.
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Figure 6. Constant temperature excitation:

Temperature difference between up- and downstream
element as function of flow speed.

DISCUSSION

The time needed to switch between the two excitation
modes is a key parameter in the analysis of the breath
gas. The switching time between the two modes is
estimated by the response time of the sensor [5]:

1)

Based on Eq. 1, the response time for the sensor as
shown in Fig 1 is calculated to 3ms. One drawback is
that this value has not yet been proven experimentally.
Adults breathe 12 to 18 times per minute. This fact
leads to a required response time of the sensor of
around 3 to 5ms. Thus, the excitation mode can be
changed every second breath, leading to a gas
concentration value of carbon dioxide and flow rate
around four times per minute.

The flow independent region can be varied by
changing the distance between heater and temperature
sensor L [6]. The above mentioned accuracy seems to
be low for this application. In order to increase the
accuracy in terms of gas concentration the distance L
has to be decreased. However, the range of the flow
independent region also decreases [6].

Breath gas has a relative humidity of 100% r.H. The
change in relative humidity can have an influence
towards the accuracy. The high over-temperature of
the sensor (AT = 75 K) can reduce this influence. This
estimation shows that this concept can be used for
analyzing breath gas.

The response time of the sensor is not important
parameter in biogas plants, because the gas
concentration does not change suddenly due to the
fermentation process. In biogas plants, the robustness
towards high humidity is more important. Biogas
measured direct after the fermenter has a relative
humidity close to 100% r.H. as the other application.
Another critical point is the content of H,S in the

Rin * Cin

to30 =

ppm-range. High humidity in combination with H,S
can lead to corrosion of the materials. Consequently,
the first step before analyzing the biogas content is to
remove the humidity in condensation traps and the
sensor has to be placed behind it. The calculated
accuracy of 5% in terms to the gas concentration
seems to be sufficient to monitor the fermentation
process.

CONCLUSIONS

For the first time, the detection of multi parameters
has been successfully demonstrated for several
applications by lab experiments with this
measurement concept — time independent excitation
modes contrary to AC-excitation. In order to apply
this method, flow speed has to be in a specific range.
The design of the sensor has to be constructed
application specific due to the special requirements of
the different applications; one design for all
applications is not possible with this measuring
method.

The investigation of mixtures with more than three
components is a task for future works. This might be
possible by analyzing the temperature of the heater in
power mode. This enhanced concept provides an
additional output signal. Thus, “real” biogas can be
analyzed.
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ABSTRACT

In this paper we report on gas density
measurements using a micro Coriolis sensor. The
technology to fabricate the sensor is based on surface
channel technology.
The measurement tube is freely suspended and has a
wall thickness of only 1 micron. This renders the
sensor extremely sensitive to changes in medium mass
and therefore density.

The average stability of the density measurement
is 0.01kg/m®. Temperature dependency is
0.02 kg/m®/°C. Pressure dependency is approximately
2 kg/m®fbar. Accuracy of several common gases is on
average better than 0.2 kg/m®.

KEYWORDS
Gas, Density, Coriolis sensor

INTRODUCTION

Gas density sensors are interesting for quality
control and real time gas composition measurement
[1]. Here we report on gas density measurements
using a micro Coriolis sensor as reported in [2]. A
Scanning Electron Microscopy (SEM) picture of the
sensing tube is given in figure 1.

SENSOR DESCRIPTION

Novelty

The sensor has an extremely thin wall of only 1
micron, which renders the sensor extremely sensitive
to changes in medium mass and therefore density. The
ratio of the mass of the medium inside the tube and
the mass of the tube is at least 10-20 times larger than
in conventional stainless steel tubes. As compared to
current MEMS Coriolis density sensors this ratio is
more than 2 times larger than current MEMS Coriolis
density sensors [3].

Chip

The sensor chip is based on the technology
developed by Dijkstra et al [4]. With this technology

channels at the surface of a silicon substrate can be
fabricated. In figure 1 a SEM picture is given of the
tube. The free hanging tube has an inner diameter of
approximately 50 ym and a wall thickness of
approximately 1 um. The tube wall is LPCVD silicon
rich silicon nitride. The electrodes are gold.

38 28 SEI

Figure 1: Scanning Electron Microscopy photo of
the sensing tube. Sensing structures are shown at the
top left of the figure.

Electric and fluidic interface

Actuation of the tube is performed using Lorentz
force. The detection part uses electrostatic comb
structures [2]. Here displacement of the tube causes a
change in capacitance that is transformed into a
voltage change. This is detected by a digital signal
processor (DSP) via several analog to digital (ADCs)
and chip actuation is performed using digital to analog
converters (DACs). The combination of the above
components and the sensor renders a closed control
loop that locks the actuation frequency to the tube
resonance frequency. This type of control loop is
commonly called a phase locked loop (PLL). The chip
is interfaced to a charge amplifier by wirebonding to a
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printed circuit board (PCB).

The chip is interfaced to the outside world using
two 1/16” stainless steel tubes. The seal material
between the stainless steel tubes and the chip is
Kalrez.

EXPERIMENTAL

Before the density experiments helium (He)
pressure and leak tests were performed. The sensor is
He tight (< 2x10™ mbar.l/s) up to 20 bar.

To check the stability of the sensor the density of
nitrogen gas was measured. This was done in the
setup presented in figure 2. The sensor was flushed
with nitrogen for 10 minutes. To prevent gas diffusion
to and from the sensor valves before and after the
sensor were closed and the density was logged.

Gas 10 bar—>

Figure 2: Schematic view of the setup. DUT is defined
as device under test. Gas pressure is delivered using a
mechanical pressure controller at 10 bara. A pressure
meter (P) is used to electronically control the pressure
using an electromagnetic valve.

In two separate experiments temperature and
pressure dependency of the sensor was measured. The
temperature dependency was measured in a climate
chamber (Votch VC4018). The pressure dependency
was measured using the setup given in figure 2.

The density measurement was calibrated on
nitrogen and water at zero flow, atmospheric pressure
and room temperature.
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Figure 3. Measured density of nitrogen at room
temperature as a function of time.
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RESULTS

The result of measurements with three different
sensors during 50 minutes is given in figure 3. The
stability is approximately 0.01 kg/m®.

Table 1. Measured density versus reference density

measured | measure | measure
Reference | density [ddensity|d density| average
density | [kg/m~3] [[kg/m~3]|[kg/m~*3]|deviation
[kg/m~3] [ sensorl | sensor2 | sensor3 |[kg/m"3]
N2 1.25 1.25 1.25 1.25 0.00
Ar 1.79 1.76 1.56 1.78 -0.08
CO2 1.98 1.90 1.80 1.91 -0.10
He 0.18 0.20 0.24 0.36 0.09
Temperature  dependency is  0.02 kg/m*/°C.

Pressure dependency is approximately 2 kg/m®/bar.
Especially the measured pressure dependency is too
high for practical use in gas density measurement.
Therefore, pressure sensors will be included to
compensate the pressure effect.
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Figure 4. Measured density of helium, nitrogen, argon
and carbon dioxide as a function of reference density.

The sensors were tested for several common gases
(helium, nitrogen, argon and carbon dioxide). The
result of this measurement is shown in figure 4 and 5
and in table 1. Interestingly it shows excellent
behavior (i.e. within the measured stability) at
nitrogen, however, not with the other gases. This is
likely caused by calibration. Since calibration is only
done for one gas and one liquid and liquid has an
approximately 1000 times higher density than gas,
minute errors in this calibration cause considerable
errors in density measurement for media other than in
this case nitrogen and water.
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Figure 5. Measured deviation in density of helium,
nitrogen, argon and carbon dioxide as a function of
reference density.

CONCLUSION

To conclude we presented experiments on gas
density measurements using a micro Coriolis sensor.
The sensor element is freely suspended and is made of
silicon nitride. This makes the sensor chemically
resistant to most gases. We tested this chip with
several common gases and found predictable
behavior. The average stability of the density
measurement is 0.01 kg/m®. Temperature dependency
is  0.02kg/m*°C.  Pressure  dependency is
approximately 2 kg/m*/bar. The current calibration
method needs improvement since average errors up to
0.2 kg/m® are measured between several common
gases.
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ABSTRACT

Reliable and very sensitive detection of
hydrocarbons can be achieved with a flame ionization
detector (FID). Due to the required complex gas
infrastructure for the operation of an FID these
devices have not been implemented as true field
devices yet. Miniaturization by using ceramic multi-
layer technology leads to a strong reduction of gas
consumption and allows autonomous operation of the
FID with gas supply by electrolysis and without
external gas infrastructure. Thus, the use of an FID as
a field device is now possible for the first time.
Characterization of this miniaturized FID reveals a
performance comparable to conventional FIDs.

KEYWORDS

Flame lonization Detector, FID, WFID,
Miniaturization, Electrolysis, Field Device, Ceramic
Multilayer Technology, LTCC

INTRODUCTION

Reliable and very sensitive detection of
hydrocarbons is very important in the context of
emission control, environment protection, or the
monitoring of areas exposed to explosion hazards. For
emission control and environment protection small
amounts of hydrocarbons in the order of few ppm
must be detected to ensure that emissions comply with
effective regulations. Thus, a very sensitive
measurement method has to be applied to fulfill these
needs. In the case of explosion protection the
detection of hydrocarbons must be very reliable.
Temperature and humidity as well as different

Polarization Voltage

=

Ionization ~

Current Measurement

Air --fF -9
Hydrogen === -~ -
Sample - == == -~

Figure 1: Schematic drawing of a conventional FID.

substances in the surrounding area must not lead to
false alarms. Therefore, the measurement method has
to be insensitive to environmental conditions but
selective towards hydrocarbons at the same time.

All of these aforementioned requirements are met
by the flame ionization detector (FID). The FID is
very sensitive and selective towards hydrocarbons and
insensitive to environmental conditions. In an FID
hydrogen is burned together with air, as shown in
Figure 1. A sample gas is added to this flame.
Hydrocarbons contained in the sample gas are ionized
by the flame and can then be extracted by an electrical
field. The resulting electrical current is proportional to
the carbon content of the sample. The FID has a very
low detection limit and a high selectivity towards
hydrocarbons. Thus, it can reliably detect extremely
small amounts of hydrocarbons in the sample (ppm or
ppb region) [1].

In the context of emission control, environment
protection, and explosion protection FIDs have the
best performance of all available technologies.
However, the true potential of FIDs is not leveraged
completely due to expensive supply with the
necessary pure hydrogen and conditioned air for
operating. Until now, this required complex gas
infrastructure impedes the use of FIDs as field
devices. Therefore, this work describes an innovative
approach to realize the operation of an FID with
internal electrolysis using a special way of
miniaturization.

MINIATURIZATION OF THE FID

Electrolysis generates pure hydrogen and oxygen.
Both gases shall be used to operate the FID. Thus, the
gas consumption of the FID must be reduced and it
must be operable on pure oxygen instead of on
synthetic or conditioned air. Both requirements are
met by miniaturizing the FID realizing an innovative
planar counter-current geometry [2], as shown in
Figure 2. The usage of pure oxygen at the high
temperature of the hydrogen flame and the humidity
of the gases due to the electrolysis require a high
corrosion resistance of the miniaturized FID.
Conventional miniaturized systems based on MEMS-
technology are not sufficient in this case. Therefore,
ceramic multilayer technology LTCC which is
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Figure 2: Drawing of the uFID geometry.

extremely robust towards high temperatures and
chemicals has been used to manufacture the
miniaturized FID (uFID) [3].

The UFID measures 15 mm x 15 mm x 2.5 mm. It
has a small counter-current burner geometry in the
sub-millimeter regime allowing operation with a small
diffusion flame. To study the influence of the burner
geometry on the YUFID performance different nozzle
sizes have been realized. Type A has full-sized
nozzles, type B has half-sized nozzles, and type C has
asymmetric nozzles. To supply the uFID with gases
and to apply all control and measurement signals the
MFID has several interfaces. All fluidic connections
are placed at the bottom side of the chip and all
electric connections are placed at the upper side of the
chip. This enables easy integration of the chip into a
measurement system. Not shown in Figure 2 is the
guard electrode which is placed inside the chip to
prevent from measuring a leakage current between
counter electrode and measurement electrode.

CHARACTERIZATION OF THE pFID

As mentioned before, the gas consumption of the
FID is reduced by the miniaturization. Thus, the first
parameter to be characterized is the gas consumption
of the YFID. Further important characteristics of the
UFID are its operating point, its sensitivity, its noise,
and its resulting detection limit.

For all measurements the ceramic chip was fixed
on a heated mounting to avoid condensation in the
exhausts of the WFID which results in flame extinction
and electrical leakage currents [4]. The gas flows were
controlled with conventional (mass) flow controllers.
The electrical controlling and measurement of the
MFID was done with a self-developed measurement
setup [4].

Minimum Gas Consumption

To determine the minimum gas consumption of
the UFID the flow of the hydrogen as well of the
oxygen was reduced while the flame temperature of
the pFID was monitored. As reported in [4],
monitoring the surface temperature in the center of the
chip corresponds best with the flame. These
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Figure 3: lon current of the uFID (Type A) as a
function of the polarization voltage at a concentration
of 9000 ppm Methane in Nitrogen.

measurements show that the gas consumption of the
MFID can be reduced down to 0.48 I/h of hydrogen
which is less than half of the hydrogen consumption
of conventional FIDs. Furthermore, due to the use of
pure oxygen the gas consumption could be reduced
from 30 I/h of air down to less than 0.24 I/h of
oxygen. These reduced gas flows allow in deed for the
use of electrolysis as the gas supply of the pFID.

Operating Point

The first step for the characterisation of the
sensitivity of the puFID was the determination of an
adequate operating point, i.e., finding the best relation
between polarization voltage and current. Therefore,
the polarization voltage was swept from -100V to
+100 V while all other parameters were kept constant.
The results of such a measurement are shown in
Figure 3. This figure shows, that the current saturates
for a polarization voltage of about 40 V. Therefore,
for all following measurements the operating point of
the WFID was defined at a polarization voltage of
40 V.

Sensitivity

The sensitivity was then characterized by varying
the carbon content in the sample gas while all other
parameters were kept constant. The result of such a

1E+1 ¢

1E40 ¢ e

1E-1 s

Current (nA)

1E2 |

1E-3
1E+1 1E+2 1E+3 1E+4
Methane Concentration (ppm)
Figure 4: Function of the ion current of uFID type Aas a

function of the Methane concentration.
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Figure 5: Relative sensitivity of the uFID for several
gas flows.
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measurement is a linear dependency of the ion current
on the carbon concentration as shown in Figure 4. The
slope of this linear function is the relative sensitivity
Srer Of the YFID. It is defined as the resulting current
per a specific carbon concentration. As the curve in
Figure 4 clearly illustrates, the characteristic line of
the UFID is linear over a range of three decades at
least. This behaviour is typical for an FID [5].

As can be seen in Figure 5 the relative sensitivity
increases with rising gas consumption. This behaviour
is present in all three uFID types. In addition, Figure 5
reveals that pFID type A has the highest relative
sensitivity of all three variants. This indicates that this
type might be the most promising UFID type for the
field device application.

Noise

The noise of the PFID is defined as +3c [5].
Therefore, the standard deviation of the ion current
during time periods of 100 s was calculated. As the
signal to noise ratio is most crucial at very low signal
levels, the noise estimations have been performed
without any hydrocarbon content in the sample gas.
The results are shown in Figure6. These
measurements show that the noise is not dependent on
the gas consumption. The small variations are due to
measurement uncertainty only. This is a huge
improvement compared to the first pFID designs
reported in [4] where a strong dependency of the noise
on the gas consumption was present. Thus, the
elimination of the leakage current with the guard
electrode proofs to be a very effective way to reduce
the noise of the pFID.

Detection Limit
The detection limit represents the smallest
concentration of hydrocarbon in the sample gas which
can be detected reliably. However, the detection limit
is restricted by the noise of the pFID [3]. The
detection limit (DL) can be determined from the value
of the noise (N) and the relative sensitivity (Sy) [5]. It
is given by
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Figure 6: Noise of the pFID as a function of gas
consumption.
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The values of the detection limit calculated with
eq. (1) from the values of the relative sensitivity and
the noise are shown in Figure 7. As the noise is
constant and the relative sensitivity increases with
rising gas consumption the detection limit decreases
with increasing gas consumption. For small gas flows
of 8 ml/min hydrogen and 4 ml/min oxygen the
detection limit is between 1.5 mg/m® and 2.9 mg/m?
depending on the chip type. However, for higher gas
flows around 20 ml/min hydrogen and 10 ml/min
oxygen the pFID can detect carbon quantities down to
approximately 0.2 mg/m®.

The values for the detection limit at higher gas
flows are comparable to conventional FIDs. As these
higher gas flows are in the same range as the gas
flows of conventional FIDs, the performance of the
MFID is equal to the performance of conventional
FIDs. Furthermore, the pFID has the benefit that the
gas consumption can be reduced down to less than the
half of conventional FIDs while still attaining a low
detection limit.
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Figure 7: Detection limit of the puFID for several gas flows.
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THE pFID AS A FIELD DEVICE

As mentioned before the pFID shall be used as a
field device. Therefore, to determine the pFIDs
potential to be used as a field device all fluidic
components around the YFID chip of which a field
device will consist must be taken into account. First,
the gas supply will be done by electrolysis. Second,
the sample to be analyzed must be injected into the
MFID. This is done with the help of a membrane
pump.

Both the gas supply by electrolysis as well as the
pump generates fluctuations in the fluidic system.
This represents a higher noise level of the pFID and
might also have an effect on the relative sensitivity of
the YFID. Thus, these additional fluctuations will
reduce the performance of the overall device.
Therefore, the relative sensitivity and the noise of the
overall system have been measured to determine the
resulting detection limit.

The first measurement already revealed that the
fluctuations caused by the electrolysis and the pump
have a negative effect on the flame stability of the
MFID. Only for gas flows of at least 12 ml/min
hydrogen the flame inside the pFID is stable and
allows steady operation of the system. Thus, the gas
reduction of the overall system is not as big as of the
single UFID chip. However, these gas flows are still
significantly lower than in conventional FIDs and
allow for gas supply by electrolysis.

Further measurements showed that the relative
sensitivity is not affected by the fluctuations.
However, the noise of the uFID is three-times higher
due to the fluctuations. Thus, the detection limit of the
system is also three-times higher. Therefore, the
system can reliable detect a carbon concentration of
approximately 2.4 mg/m® at the lowest possible gas
flow of 12 ml/min hydrogen and 6 ml/min oxygen. It
can also still detect carbon concentrations below
1.0 mg/m?® at higher gas flows.

The measurements did also reveal that the
humidity of the gases generated by electrolysis does
not affect the uFID. The behavior of the uFID during
the ignition phase did not change when switching
from gas bottle supply to the gas supply by
electrolysis. Furthermore, even humid sample gas did
not change the response of the uFID. Thus, the uFID
is also comparable to conventional FIDs in its
robustness against humidity.

\H

CONCLUSION

The miniaturization of an FID was successfully
performed using the ceramic multilayer technology
LTCC. The performance of the resulting uFID chip at
common gas flow rates is comparable to conventional
FIDs. In addition, the pFID allows stable operation at
reduced gas flows while still offering a good detection
limit of 1.5 mg/m®. The overall system based on this
MFID still achieves a good detection limit of
approximately 2.4 mg/m® with small gas flow rates
which allow for gas supply by electrolysis. Thus, this
MFID paves the way for the introduction of a FID as a
field device for the first time.
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BIOGAS
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In the coming years, more gas will be imported from
different sources all over the world, through pipelines
and as Liquid Natural Gas (LNG). Furthermore, the
need for a transition towards a sustainable energy
supply will result in an increase of the production of
biogas. A significant part of the biogas will be fed into
the distribution grids for natural gas. In Europe the
composition of both LNG and biogas deviate from the
traditional sources, such as the on-shore gas fields and
North Sea gas.

The currently available gas quality measuring systems
(e.g. GC, Wobbe Index analyzer, etc.) cannot fulfill the
need for a cost-effective inline measuring method. An
example is proposed in the EDGaR project, in which
the gas composition is measured using a combination
of NDIR, photoacoustics, thermal conductivity and
viscometry[1][2]. Although this combined approach
can measure the composition very accurately, the size
and costs of such a system is too high for widespread
implementation. For that reason, TNO together with
gas grid operators and Bronkhorst High-Tech started
the development of a new type of gas sensor, based on
gas sensitive coatings on an electronic platform.

The gas sensitive coatings can be based on polymers,
metal oxides or semiconductors that change an
electronic property upon absorption of the target
gasses. One approach that is widely used is based on
the change in resistivity of a metal oxide layer at
elevated temperatures. However, this approach cannot
be used for in-line measurements in calorific gas,
because there is no oxygen present for sensor
regeneration.

Therefore, a capacitive platform was chosen, made
from an array of interdigitated electrodes (figure 1,
figure 2), each of which was coated with a polymer
based coating, specifically tuned to one of the target
gasses[3][4]. The responsive coatings that were applied
on the capacitive comb electrodes were based on
fluoro, silicone and imide polymers, some having
porous additives for the capture of the gas molecules.
The cavity size and porosity was tuned to the chemistry
and molecular size of the individual gasses. When gas
molecules are captured inside a cavity, the dielectric
constant changes, giving rise to changing capacitances,
measured by the electronics. The capacitive chips were
bonded to a sensing-PCB (figure 3), and installed in the
gas exposure vessel (figure 4). The signal processing
PCB was kept out of the gas mixtures for practical and
security reasons.

The gas sensing device was exposed to the target gases
of methane, ethane, propane, nitrogen, carbon dioxide
and water vapor, and mixtures of various gases. The
concentrations in these mixtures were chosen to
approach the concentrations in a typical gas (i.e. ~80
vol% methane, ~3 vol% ethane, ~1 vol% propane).
Two examples are given in figures 5 and 6: one coating
exposed to methane concentrations between 65 and 87
vol% (at 1 bara and 25 °C), and another coating
exposed to ethane concentrations between 0 and 5
vol%.

Combining the response of multiple sensor chips makes
it possible to simultaneously obtain the concentrations
of the individual components of the target gas mixtures.
Subsequently, other gas parameters can be calculated
from the composition, such as the calorific value,
Wobbe index, and density.

We will present the recent progress with respect to
miniaturization of the electrodes and electronics, the
development of the responsive coatings and application
process, and the result of the testing and
characterization of the sensor in gas mixtures. We will
show that miniaturization of the sensor system not only
enables the integration in gas flows, but also leads to
higher accurate measurement results. Furthermore, this
miniaturization also opens the possibilities to measure
gas compositions in microfluidic devices.
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Figure 1: Eight interdigitated electrodes manufactured
on a silicon wafer and packaged.

Figure 4: Full sensor (sensing-PCB and processing-
PCB) installed in exposure vessel
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Figure 5. Response of one of the coatings to a change
of methane concentration at 1 bara and 25 °C.
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Figure 6. Response of one of the coatings to a change
of ethane concentration at 1 bara and 25 °C.
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VISCOSITY DETERMINATION BY THE IN-LINE DETECTION OF FLOW
TIME THROUGH A CYLINDRICAL TUBE
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ABSTRACT

This paper reports on a novel in-line viscosity
measurement concept, with several benefits compared
to common approaches. The measurement concept is
based on the determination of the transition-time of a
liquid/gas interface while filling a well-defined
capillary. In contrast to previous work [1] this paper
determines the transition-time for the first time in a
non-contact capacitive way.

The viscosity is determined by recording the time of a
travelling liquid/gas front while filling a capacitive
flow sensor setup using the differential pressure
principle, as presented in [2]. Thereby, the viscosity is
calculated from the measured flow rate assuming
laminar flow through the sensor channel with known
diameter.

The method enables to determine the dynamic
viscosity with a mean coefficient of variation (CV) of
8.4% for a measuring range between 1 and 20 mPas.
It showed to be high valuable for fast viscosity
calibration of flow sensors based on the differential
pressure principle.

INTRODUCTION

The presented viscosity calibration is fully im-
plemented in a capacitive flow sensor presented by the
authors earlier [2]. The flow sensor consists of two
capacitive pressure sensors on both sides of a
capillary, acting as defined fluidic resistance, as
shown in figure 1.

capacitive pressure sensors

fluidic resistance

Figure 1: Visualization of the flow sensor setup that
consists of two capacitive pressure sensors and a
fluidic resistance mounted in between. The read-out
electronic for each pressure sensor is implemented on
printed circuit boards.

Each pressure sensor measures the hydrodynamic
pressure by detecting the radial expansion of an elastic
tube, acting as measuring cell. Semispherical gold
electrodes are mounted on the printed circuit board
(PCB) with the isolation distance g and the inner
radius r. They surround the measuring cell and enable
the detection of a flow induced expansion due to a
changed amount of dielectric material €, resulting in a
changed capacitance.

The higher the pressure the more the elastic tube
expands and the distance s between electrodes and
tube decreases, as shown in figure 2. The expansion of
the measuring cell can be detected electrically by
applying an arbitrary e.g. sinusoidal signal on one of
the electrodes and compare it with the detected signal
on the other electrode.

tube wall
under pres-
surization

without
applied
pressure

gold
electrodes

Figure 2: Schematic side view of the elastic expansion
of the tube between two spherical gold electrodes with
and without external pressure applied. The distance s
between electrodes and tube decreases under pressure
by which the amount of dielectric material between
the electrodes is increased. This measuring principle
is used for both capacitive pressure sensors.

The measuring cell is composed of a solid mounting
with Luer Lock connections on both sides with an
elastic silicone tube in between. It is enclosed by half-
shell electrodes fabricated on a PCB with 3.2 mm
width. The complete read-out and amplification
electronics are implemented on the PCB and the
sensing electrodes are realized by side metallization,
as shown in figure 3.

The centrical and stable position of the measuring cell
with respect to the electrodes can be adjusted by
turning regulating screws from the bottom and the
sides into the 3D printed housing.
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read-out
electronics
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Figure 3: Visualization of a single pressure sensor
setup composed of a disposable elastic measuring cell
with elastic silicone tube between two Luer Lock
connections. The measuring cell can be mounted in a
3D printed housing between two half-shell electrodes
realized as side metallizations on a PCB.

The combination of two pressure sensors on both sides
of the fluidic resistance enables to calculate with the
law of Hagen-Poissuille the volumetric flow, as it was
already presented for MEMS flow sensor devices [3].
The fluidic resistance is thereby linearly affected for
incompressible and Newtonian liquids by their
viscosity. Therefore, the viscosity has to be precisely
known to calculate the flow from a given pressure
difference. Figure 4 shows the change in differential
pressure for flow rates between 0 and 50 pl/s of
liquids with different viscosities. A pre-calibration of
each fluid is therefore highly desired before every
measurement when using this type of flow sensor.

. 600r = water
= . 2()\1't.(i/o glycerol )\
g 500 | v ~40wt% glycerol 1
R=| v 60wt% glycerol
o L _
£ 400 y s I
@ !
£ 300 ¢
= 3 + .
s 200 ¢ _
5 ’ s '
£ 100 * . ¥
a :

“ "3 T 1 1 1 1

0 10 20 30 40 50

Flow in pl/s

Figure 4: Pressure differences across a fluidic
resistance made of a metallic capillary with 100 pm
inner diameter and 16.5 mm length as a function of
the flow rate and viscosity of the liquid. Aqueous
liquids with different glycerol concentrations and
viscosities between 1mPas and 9.75mPas were
evaluated. The viscosity of the liquids increases with
increasing glycerol concentration. The slope of each
curve correlates to the viscosity of the corresponding
liguid and must be determined before every flow
measurement as calibration curve.

WORKING PRINCIPLE AND REALIZATION

The presented method is based on the principle of a
capillary viscometer. It does not measure the flow
time of a well-defined volume of liquid, as it is
present for example in an Ostwald’s viscometer, but
considers instead the moving liquid/gas interface
while the sensor is filled. This transition-time can be
only measured once each time the sensor setup is
filled. Therefore, the results cannot be averaged as it is
common for other viscosity measuring techniques, e.g.
using an oscillating viscometer [4] and the method has
a higher methodical error. Still the presented approach
is useful, as it can be easily integrated into a
differential flow sensor without additional effort.
The two capacitive measuring cells are highly
responsive and can therefore determine in high
temporal resolution when the liquid/gas front enters
each of the two measuring cells while filling the
sensor setup. A change of medium from air to liquid
inside the measuring cells results not in a radial
expansion of the tube as presented before, but in a
sudden change of relative permittivity when liquid
replaces air. Therefore, this method does not require
any kind of external optical measurement of the
liquid’s movement respectively travel time as it is
present for other methods using the same calibration
technique [5].
The travelling time through the capillary is mainly
influenced by the applied differential pressure, the
channel’s geometry and the liquid properties. The
driving pressure is created for all experiments in the
same way, by a liquid reservoir of 20 cm height and
an additional pneumatic pressure of 50 mbar. For the
fluidic resistance between both pressure sensors a
capillary made of stainless steel with an inner
diameter of 100 pm and length of 16.5 mm was used.
When measuring the transition-time of the liquid/gas
interface, the liquids front must pass a series
connection of three fluidic resistances:
*  Rqyppy, the fluidic resistance of the supply
tubes and the outlet of the liquid reservoir
= Ry the fluidic resistance of the first
measuring cell
* Rep the fluidic resistance made by the
metallic capillary
The resistance of the elastic measuring cell Ry is
neglected due to its high diameter and short length
compared to the other fluidic elements. The measured
transition-time begins at the moment the liquid enters
the first measuring cell and ends when it leaves the
capillary to flow into the second measuring cell.
The filling of the sensing parts can therefore be
separated in two phases:

1. The meniscus enters the measuring cell and
fills the measuring cell. The flow rate is
limited by a constant fluidic resistance of
Rsupply @nd can be described by the law of
Hagen-Poiseuille.
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2. The meniscus has completely filled the
measuring cell and fills the capillary, which
can be described by a combination of
capillary and pressure driven flow
approximated by the Washburn equation [6].

1. The fluidic resistance of the first measuring cell is
neglected and approximated by an opened end.
Therefore, the pressurized reservoir creates in the first
phase a constant flow rate, which is independent of the
liquid volume inside the measuring cell. This relation
is valid until the volume of the measuring cell V. is
completely filled and can be described by the law of
Hagen-Poiseuille in equation (2)

Q — Vmc — APtotal

ty Rsupply (2)
where Q is the volumetric flow, V... the volume of the
measuring cell which is filled in a defined time ti,
APy the total applied pressure and Rgygpiy the fluidic
resistance of the supply tube. The filling time of the
measuring cell can be calculated with the formula for
a fluidic resistance created by a circular inelastic
capillary by solving equation (2) for t; as

lsupply
Tsupp1y4
APtotal

2
T Imc '8
Vmc * Rsupply _ e me

tl =
APtotal

®)

With length I, = 5 mm and radius ry. = 1.25 mm of
the measuring cell, its volume yields V. = 24.5 mm®.
The dimensions of the supply tube are given by
lsuppty = 350 mm and g0, = 0.8 mm. This results in a
linear dependency of the filling time t; on the liquid’s
viscosity.

2. After the measuring cell is completely filled the
capillary starts to fill and the now increasing fluidic
resistance results from two fluidic elements: First, the
supply tube creates a constant fluidic resistance, which
can be modelled as a tube of same diameter as the
capillary, but with an equivalent length leg, = 0.35 - |
to maintain the value of Rguy. Second, the fluidic
resistance of the capillary, which changes during the
meniscus movement through the capillary, has to be
considered. This filling process can be described by
Washburn’s differential equation [6]

al [PA+gp(h—ls sin(¥))+ ZTGcos(e)] [r2+4er]
E - 8in

(4)

with P, the applied pressure and h the height of the
liquid reservoir. For the given experimental conditions
the inclination angle of the capillary ¢ and the
coefficient of slip ecan be set to 0. With these
simplifications the equation can be integrated over the
total length of the capillary lc,, and solved for t; as
follows

[(lcap"'lequ) lequ]
[APtota1+ cos(@)] n

tz—

()

The two transition-times t; and t, have to be added up
to yield the total transition-time, which is detected by
the measurement setup.

EXPERIMENTAL RESULTS AND DISCUSSION

Six different aqueous liquids were analyzed, which are
listed with their rheological properties in table 1. A
cone plate rheometer from Anton Paar (Physica MCR
101) was used to determine the viscosity, the density
was calculated from literature values [7], [8]. The
content of glycerol in deionized (DI) water was
changed for the first four liquids and mainly increased
the liquid’s viscosities from 1.00 up to 9.75 mPas.
The variations in density and surface tension were
significantly lower in the range between 1.00 and
1.14gcm™ and between 67.7 and 72.0 mNm*
respectively.

Due to the high surface tension of the water/glycerol
solutions, which could cause high capillary forces and
systematic errors in the measurement two more
sample liquids, namely fluid F and fluid B as
described in[7] with reduced surface tensions were
additionally investigated.

Table 1. Overview of the used test liquids and their
viscosities and densities.

Test liquids Viscosity  Density
in mPas ingcm?
Deionized water 1.00 1.00
Water + 20% glycerol 1.83 1.03
Water + 40% glycerol 3.48 1.08
Water + 60% glycerol 9.75 1.14
Fluid F 2.70 1.08
Fluid B 19.10 1.17

Table 2: Overview of test liquids surface tensions and
contact angles on cleaned stainless steel surface.

Test liquids Surface tension  Contact
in mN/m angle in °
Deionized water 72.0 61.6 4.6
Water + 20% glycerol  69.5 65.2+ 3.5
Water + 40% glycerol  69.9 62.1+3.7
Water + 60% glycerol  67.7 58.3+£7.0
Fluid F 39.1 546+7.6
Fluid B 30.5 33.6+21

The capillary action influences the transition-time t,
and varies with changing surface tensions ¢ and
contact angles 6, as shown in equation (5). This
wetting inside the capillary cannot easily be measured
due to the non-transparency and high curvature of the
capillary. Therefore, the contact angle had to be
measured on a test sample of the same material of
stainless steel. It was cleaned twice with ethanol and
DI water as it was the same procedure before each
measurement with the metallic capillaries. The static
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contact angle was measured with a system from
dataphysics (OCA 15 plus) for ten different 3 pl
droplets with twice measurements on both sides of the
droplet. The surface tensions were taken from
literature [7], [8]. All values and standard deviations
are shown in table 2.

Transition-times of the liquid/gas interface to pass the
capillary tube were measured ten times for all liquids.
The resulting mean values and their standard
deviations are shown in figure 5 in black squares. The
expected transition-times resulting only from the
advancing meniscus through the measuring capillary t,
calculated with equation (5) are shown as red dots and
the sum of the transition-times t; and t, is displayed as
in blue triangles.

= Measured filling time
30009 & Calculated filling time t] and tp |
e Calculated filling time tp "
) . A
g 20004 u
5 ; .
Q
£
= 1000 i :
i ]
E A
& ¢ s
04
0 5 10 15 20

Viscosity in mPas

Figure 5: Measured transition-times of aqueous test
liquids (black squares) with mean values and standard
deviations of ten measurements. The results are
compared with the transition-times for filling only the
capillary (red dots) calculated by Washburn’s
equation and the combined transition-times of filling
measuring cell and capillary (blue triangles).

The mean CV of all liquids was 8.4% corresponding
to an average error of £ 121 ms, mainly increased by
the liquid with the highest viscosity and lowest surface
tension. A linear fit to the measured data (black line in
figure 5) shows an offset of 394 ms from the origin,
which could be caused by a systematical delay in the
data acquisition. Still, the slope of the line fit is in
reasonable agreement with the slope of the calculated
filling time t; and t, (blue line in figure 5). The
deviation is about 12% and it could be readily
explained by a higher effective resistance in the
experimental setup than in the simplified model used
for the calculation. The transition zone before the
liquid/gas front enters and after it leaves the
measuring capillary could for example take additional
time or the fluidic resistance contribution of the
measuring cells might not be fully negligible.
However, as the offset as well as the proportional
deviation can be described by constant correction
factors quite well, the sensor should be applicable for
viscosity measurements, if such empiric correction is
considered for example by calibration.

SUMMARY AND OUTLOOK

The presented method showed for the first time a
viscosity measurement technique by determining the
transition-time of a liquid/gas interface through a
metallic capillary in a non-contact capacitive way. All
measurement points for liquids with viscosities
between 1.00 and 19.10 mPas were clearly separated
from each other and showed reproducible values of
significantly different transition-times, which enables
to draw conclusions on their viscosity.

Furthermore, the method requires nearly no additional
effort, except for a constant pressure source, if the
presented flow sensor according to the differential
principle is used. Filling the sensor with liquid is in
any case required and a necessary procedure before
usage of the flow sensor. The method is therefore not
considered mainly as alternative for viscometer
measurement, but enables with low effort a fast in-line
pre-calibration of the flow sensor for different liquids.
The systematic offset between measured data, model
and literature values might be reduced by either
implementing a more precise model of the filling
dynamics and/or by explicit calibration of the sensor.
Further investigations are planned in order to decrease
the uncertainty of the method and to investigate
density effects with isoviscous liquids.
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ABSTRACT

Wobbe Index meter is widely used to reflect
the energy content and gas quality of a fuel gas
It is highly in demand to downscale
from the conventionally large Wobbe Index facility
to a miniaturized Wobbe Index meter. Therefore
spontaneously combustion of the fuel gas/air mixtures
on a MEMS-based combustor can provide in-line
temperature monitoring of the combustion produced
heat. flame can be quenched by the
channel walls when the walls are closely spaced.

mixture.

However,

Therefore, it is crucial to design a micro-combustor
with good thermal management and strong mechanical
stability. =~ MEMS-based Trench-Assisted Surface
Channel Technology is designed and developed
to realize these large-volume suspended combustor
structures.

KEYWORDS

Micro-Combustion;
Micro-flame Quenching;
Channel Technology.

Exothermic Microreactor;
Trench-Assisted Surface

INTRODUCTION

Gas exchangeability

The composition of natural gas originating from
In the
Netherlands, real-time information of the natural gas
composition is getting more important since the Dutch
gas grid will change with the introduction of biogas,
hydrogen and foreign natural gas.What’s more, the

different countries differs substantially.

transition of natural gas payment from per cubic meter to
per amount of heat generated also requires precise in-line
gas quality monitoring. Gas blends need to be tuned

to deliver a constant energy content to the end-users.

Wobbe Index is widely used in many countries to reflect
the energy content of fuel gases.[1] For any given
orifice, all the gas mixtures that have the same Wobbe
Index will deliver the same amount of heat and are
interchangeable.[2]

Wobbe Index

Wobbe Index is calculated by the Higher Heating
Value and the square root of the Specific Gravity of the
fuel gas, as shown in equation (1).

Higher Heating Value

Wobbe Index = . -
v/ Specific Gravity

()

Heating values [MJ kg_l] of a fuel are used to
quantify the maximum amount of heat that can be
generated by the fuel combustion with air at the standard
conditions (25 °C and 101.3 kPa). The amount of heat
release from the fuel combustion will depend on the
phase of water in the products. If the product water is
in the gas phase, the total heat release value is denoted
as the Lower Heating Value (LHV). When the water
vapor is condensed to liquid, additional energy equals
to the latent heat of water vaporization can be extracted.
The value of the total energy release is called the Higher
Heating Value (HHV). The value of the LHV and HHV
is related by the amount of energy released during the
phase change of water between the vapor and liquid, as
shown in equation (2):[3]

Nu,0,p X Mu,0 X hyg
Nfuel X Mfuel

LHV = HHV — )

where Ny, 0, p is the number of moles of water in
the products and My,o,p is the molecular weight of
water. Latent heat for water at standard conditions is
hpy = 2.44 MJ kg1, Npel is the number of moles of
fuel burned and M, is the molecular mass of the fuel.

Specific Gravity, also called relative density, is
defined as the density of the fuel gas divided by the
density of dry air of standard composition at the same
specified conditions of pressure and temperature.[3]

Higher Heating Value from a constant-volume
reactor

For a closed system of the constant-volume reactor,
at the standard conditions, the Higher Heating Value of
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a fuel is calculated as shown in equation (3):[3]

HHV = _ an’v — (Z’L Ni,P - Zz Ni,R) X liu X TO
Nfuel X Mfuel

(3)

where N;p and N;r are the number of moles of
spieces 7 in the product and reactant, respectively. R,
is the universal gas constant and Ty is the standard
temperature. Ny, is the number of moles of fuel burned

and My is the molecular mass of the fuel. The amount
0

rTN,v
system to the environment can be estimated depends

on the specific heat exchange mechanism of the reactor,
namely convective heat transfer, conductive heat transfer
and radiative heat transfer.

of heat transfer — flows from the combustion

DESIGN PRINCIPLES FOR A
SMALL-SCALE WOBBE INDEX METER

Miniaturization of Wobbe Index meter

For the central heating systems and fuel gas
supplies industries, conventionally available Wobbe
Index facilities have large volume of around 1m?.
Moreover, they cost more than 50, 000€ and consumes
large quantities of gas sample to measure the Wobbe
Index of the fuel gas. For in-line gas quality monitoring
and easy operations in the remote areas, an on-chip
Wobbe Index meter[4] shows promising benefits of
downscaling both the device size and the energy
consumption when comparing to the currently available
systems.

Our envisioned integrated Wobbe Index meter
consists of a gas density sensor and a small-scaled
combustor fabricated by the same MEMS technology.
Proof-of-concept for a density sensor has been
demonstrated from the micro-Coriolis flow sensor.[5]
Here we will discuss the design principles and propose
a fabrication technology to realize the small combustor.
Future work is planned to design and fabricate a gas
density sensor by the same technology.

Our approach to experimentally obtain the HHV
value of the fuel gases is by performing complete
combustion of the fuel gases on-chip with precise
temperature monitoring and in a controlled volume
combustion chamber. The combustor chip design
consists of mainly three functional parts, namely the
mixer, preheater and combustor. Stoichiometric fuel gas
and air are first sufficiently mixed in a diffusion-driven
mixing channel. Then the well-mixed combustible gas

mixture can be preheated to just below the auto-ignition
temperature of the fuel gas. Once the complete
combustion takes place in the designated combustion
chamber, the flame temperature and flame burning
velocity can be measured and deduced by the local
temperature sensor. Finally, HHV of fuel gases can be
further calculated by thermodynamic relations depends
on the mechanism of the heat transfer from the hot
combustor to the temperature sensor.

However, down-scaling of the combustor sizes
introduces new problems, namely the micro-flame
quenching phenomena.

Flame propagation

Fuel gas complete with the
stoichiometric or excess air is a highly exothermic
reaction. The reaction has a self-propagating reaction
The burning
velocity and the flame temperature are the two
characteristic properties of flames.
propagate through the stationary unburnt gas mixture at
a characteristic burning velocity. The velocity of this
wave is controlled by both the diffusion of heat and the
diffusion of active radicals. In details, a larminar flame
propagation in premixed gases has two mechanisms:
firstly, the unburnt mixture is conductively heated by
the burnt zone and become sufficiently rapid to start
self-propagating. Secondly, the active radicals diffuse
from the burnt reaction zone to the unburnt mixture and
ignite the exothermic reaction. Therefore, both mass
and heat diffusion of the active radicals contribute to
the propagation of the reaction zone and determines
the burning velocity and flame temperature. However,
down-scaling of the combustor channel dimensions
from macro-sizes to micro-sizes will probably cause
flame quenched by the closely-spaced walls.

combustion

zone which is also known as flames.

Flames will

Down-scaling caused flame quenching

Fuel gas combustion in small-scale channels has
been reported to suffer from flame extinction.[6] In
the microchannels where the surface-to-volume ratio
is so large that the heat loss through the channel wall
surfaces to the environment becomes substrantial. Once
the heat loss to the surroundings is even larger than the
heat generated from the exothermic combustion reaction,
the flame or the reaction zone stops propagating in the
channel and extinguishes,this is known as the thermal
quenching of the micro-flames.[6] Therefore, in order
to maintain continuous flame propagation, there exists a
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threshold where the characteristic channel dimension
must be larger than the critical quenching diameter
of the fuel gas.[7] Good thermal management of the
combustion reactor is crucial to surpress the thermal
quenching of the micro-flames. Promising results from
the Swiss-Roll combustors[8] have shown that the excess
enthalpy or heat recirculation can extend the flame
flammability limit to even under the traditionally known
critical quenching distance for the fuel gas.

Another down-scaling effect taking place in the
small combustion reactors is the radical quenching.
When the characteristic channel diameter is not much
larger than the mean free path of the reactants molecules,
a substantial amount of active radicals would easily
diffuse from the homogeneius combustion zone to the
surface of the inner walls. These heterogeneous radicals
adsorption and recombination at the inner wall surface
would cause the flame quenched even when there is
little heat loss to the environment.[7] A straightforward
solution to minimize the radical quenching is to choose
chemically inert channel inner wall materials. Also,
temperature of the channel walls plays a major role to
control the kinetics of the adsorption, recombination and
desorption of the radicals and molecules.

Summary of the combustor design principles

In order to fabricate a small-sized combustor to
burn the fuel gas on chip and measure the elavated
temperature from the combustion produced heat, it is
necessary to maintain a continuous flame propagation
without flames extinction induced by thermal quenching
or radical quenching. The most important principles for
designing a micro-combustor are as follows: Firstly,
design a combustion channel with sufficiently large
cross-sectional area is the key principle for sustaining
a continuous flame propagation. In addition, excess
enthalpy can be supplied to the system by heating up
the combustor channel walls and preheat the unburnt
gas mixtures. Moreover, chemically inert wall material
and channel wall temperature tuning is key to reduce
radical quenched by the wall. Finally, a reliable and
accurate local temperature sensor is essential for in-line
monitoring the flame location and burning speed.

TRENCH-ASSISTED SURFACE CHANNEL
TECHNOLOGY

We developed a micromachining fabrication process
called Trench-Assisted Surface Channel Technology
(TASCT) to realize such a micro-combustor with a large

internal volume. TASCT is evolved from the concept
of the Surface Channel Technology[9][10] developed
for the micro-Coriolis chips, where the silicon wafer
is isotropically etched through the small-slit pattern to
create channels right underneath the surface of the wafer.

These surface channels have the cross-sectional
shape of a partially circular channel with a flat top, the
channel size and shape are determined by the designed
slits pattern. Channels with diameter around 300 um
can still be made by the Surface Channel Technology.
However, the mechanical stability are likely to decrease
once the channel diameter becomes larger. In order
to make channels with larger cross-sectional area, we
introduce new features of high aspect-ratio trenches into
the Surface Channel Technology concept.

The TASCT process requires a SOI wafer and all
the channels are realized in the device layer. The
fabricated channels and chambers have a rectangular
cross-section, as illustrated in Figure 1 of a SOI wafer
with cross-sectional view. The height of the channel
side walls is 50 pm, which is defined by the device layer
thickness of the SOI wafer. Surface channels of any
desired planar shape and dimension can be achieved
through the combination of the high aspect-ratio refilled
trenches and the Surface Channel technology. SOI wafer
is heavily doped and the silicon heaters are defined by
the 3 um wide trenches to heat up the chamber side walls.
Platinum heaters and temperature sensors are placed on
top of chamber to heat up the chamber roof membrane
and sense the temperature variation. To provide thermal
isolation, large cavities can be made underneath and to
the sides of the combustion chamber. Flexure structures
are made of channels across the side cavities and they
are not depicted here.

refilled trenches  silicon heaters  platinum heaters and T sensors

f pillars  exhaust outlet

T d
50um
device
layer

large SiRN 200nm

combustion chamber BOX 400um
layer handle

layer

400 um wide side cavities

bottom cavity for thermal isolation

gasinlet

Figure 1: Schematical cross-sectional view of a suspended
large-volume combustion chamber using TASCT fabrication
process, key features are indicated in the illustration.

A more detailed description of TASCT can be
found in the MFHS extended abstract submission

98]
O

|




from H.-W. Veltkamp with the title “Fabrication
of Large-Volume Rectangular Channels using
Trench-Sidewall Technology and A SOI Substrate”.

CONCLUSION AND FUTURE WORK

In conclusion, we discussed the motivation

of developing a miniaturized Wobbe Index meter.

Flame quenching phenomena in the small channels
drive us to discover the principles when designing
the micro-combustor suitable to have continuous
combustion of the fuel gas. We also developed an
innovative fabrication method TASCT to realize a
large-volume combustor channel with good thermal
management and strong mechanical strength from a SOI
wafer. Future work will be continuing the fabrication of
a complete Wobbe Index meter with the integration of all
the fluidic connections and heat management electronics
to perform fuel gas combustion on the chip.
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ABSTRACT

We fabricated ultraminiature ISFETs with backside
contacts and a Ta,Os gate. The chips fits in a catheter
tip with an internal diameter of 0.3 mm which will be
inserted into the brain vasculature to monitor patients
suffering from stroke. To fabricate the ISFET we used
through silicon vias based on IceMOS TSV technology,
ion implantation and backgrinding, thermal oxidation
and Tantalum evaporation and oxidation. The behavior
of the vias was as expected. The ISFET were measured
on a wafer which has undergone exactly the same
processing, except for the vias. The Ta,Os ISFETs have
almost Nernstian response and very low drift.

INTRODUCTION

Since the invention of the ISFET (Ion Sensitive Field
Effect Transistor) by Bergveld in 1970 [1] a large
number of technologies for ISFET fabrication and
ISFET applications have been developed. A number of
vendors offer ISFETs on the market (e.g. Sentron,
Mettler Toledo, Honeywell, Fisher Scientific, Endress
+ Hauser). Typically, the commercial ISFETs are
mounted in a probetip either with or without an
integrated reference electrode. ISFETSs, being solid
state devices, offer advantages over their counterparts,
pH glass electrodes, in terms of size, mechanical
robustness, chemical resistance and ease of
maintenance.

Motivated by the fact that continuous pH monitoring is
critical for patients suffering from stroke or severe head
injury, we pursue a solution to mount an ISFET in a
guidewire tip with an ID (inner diameter) of 300 um for
use in the brain vasculature. A chip of such a small size
requires a BSC (back side contact) approach because
the packaging of an ISFET with front side contacts
would be too space consuming, especially the
separation of the part exposed to the sample and the dry,
electronic part composing the bondpads.

A number of approaches to fabricate BSC-ISFETs have
been published through the years. An overview is given
in [2]. Most BSC technologies are based on the
anisotropic wet etching of the silicon substrate from the
backside to achieve an electrical contact with the
bottom of the implanted source and drain regions on the
front side. Issues associated with this approach are the
process compatibility to a CMOS-grade process, the
need to perform lithography on a surface with large
topography and the relative large footprint caused by

the inclined sidewalls of the anisotropically etched
contact holes. These issues also exist in an ‘inverted’
approach based on bonding and etchback in which the
gate is positioned in the etched recess and the electrical
contacts are on the front side of the wafer [4,5].

Our requirements of a smaller footprint and a CMOS
compatible process forced us to explore the
possibilities to realize electrical vias by DRIE (Deep
Reactive Ion Etching). DRIE became a mature process
when the Bosch process was introduced in the mid-
90’s by Larmer and Schlip [6]. With the Bosch process,
it is possible to realize throughholes in a wafer with
almost vertical sidewalls and with a very high aspect
ratio by cycling of an etching process based on SF6 and
a passivation process based on C4Fs. To our knowledge,
the use of DRIE etching for BSC-ISFETSs has been very
limited. One example is by Ingebrandt et al. [7]. They
realized backside contacts by deep reactive ion etching
of circular holes with a diameter of 100-150 pm and
doping the sidewalls of the holes by gas phase boron
doping from planar diffusion sources. They flip-chip
bonded the gold plated back side contacts of the ISFET
array on a standard 22 pin DIL package. The chip was
extremely delicate because in their process the DRIE
stopped on a thin dielectric membrane and the contact
holes were not filled.

FABRICATION

To fabricate our n-channel BSC-ISFETs we made use
of the IceMOS TSV process. IceMOS (Belfast,
Northern Ireland) delivered to us a customized
substrate with through wafer interconnects of 35 x 70
um? and a resistivity of 0.005 Q-cm in a p-doped
substrate of 5 — 10 Q-cm. The interconnects are
performed using through wafer DRIE etching, sidewall
oxidation, and refill of heavily n-doped polysilicon.
The substrate is fully CMOS compatible and stable up
to temperatures of 1200 °C which allows post-via
ISFET fabrication including diffusion of source/drain
implantations and formation of the gate oxide. After
backgrinding to 200 pm and CMP (Optim Wafer
Services, Gréasque, France) we obtained substrates as
shown in Fig. 2a. To obtain an electric isolation on the
backside of the wafer and to form a barrier for the
outdiffusion of Phosphorous from the vias during the
subsequent high temperature steps, we deposited an
SiO; layer by LPCVD using TEOS as a precursor (Fig.
2b). Next, a 100 nm screen oxide is grown and wafers
undergo Boron and Phosphorous implantations (IBS,
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Peynier, France) to define the channel stopper and the
source/drain areas (Fig. 2c). To realize the gate, the
oxide is etched open and a dry CMOS grade gate oxide
is grown (80 nm, 1050 °C) followed by evaporation,
oxidation and annealing of Ta to obtain an ISFET with
TayOs as the top gate dielectric (Fig 2d). Ta,Os is a gate
dielectric known for its superb properties such as
almost Nernstian sensitivity (56-58 mV/pH), wide pH
range (pH 2-12) and low drift. Finally, contact holes to
the vias (front side as well as back side) and
source/drain areas are etched using an RIE process for
the Ta,0s layer and a BHF etch for the SiO,, followed
by sputtering and patterning of an aluminum (1% Si)
layer for interconnects between the source/drain areas
and the vias on the front side and the bondpads on the ;
backside (Fig. 2e). A picture of the ISFET is shown in ESD diode
Fig. 3.

Fig. 2. ISFET chip
The ISFET chip includes an ESD protection electrode
connected to a diode to protect the gate against RESULTS
breakdown as a result of electrostatic charge. Vias

The size of the fabricated chips is 0.23 x 1.00 x 0.20
mm? (w x 1 x t) which results in approx. 20.000 chips
on a single 100 mm wafer. As far as we know this is the
smallest ISFET chip ever made.

We measured via characteristics such as the via
resistance and the isolation of the via from the
substrate. Results are shown in Fig. 3.

B-doped 5 subsirate (100mm, 5-10 €1 om, thickness 200 um) B4435 W1367 R13C13 T1 (via conduction test)
Thiermal Sy (1 pm) 1,56-01
P-doped poly (0.005 £1 cm)

1,0€-01

(a) Wafer cross section after realization of interconnects
and backgrinding

TEOS Si02

il
(b) After SiO2 TEOS deposition (diffusion barrier and

isolation)
BN T T
-1,5€-01
hosphourous implantation v
Boron implantation
Sereen axide B4435 W1367 R13C13 T2 (via isolation test)

1,0€-09

(c) After implantation the source/ drain areas and the
channel stopper

5,0E-10

\ I<<1nA

Gate area
Ta0s layer

(A

0,0£+00

(d) After growing the gate oxide and deposition of Ta20s.

-5,0E-10

-1,06-09
v

“““ Aluminium
L Fig 3. Impedance plots of 2 vias in series (top) and
(e) After etching contact holes and aluminum deposition on betW(f,en 2 vias Wh.lCh are not connected, showing that

front side and back side. the via resistance is 2,25 Ohms, and the leak current
through the liner oxidation < 1 E10 A,

Fig. 2. Fabrication process of the BSC-ISFET with Taz20s
gate.
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ESD Diode

The diode characteristic of the ESD diode was
measured and is shown in fig. 5. The diode closes in the
operating range of the ISFET (I leak < 1 nA) and
conducts to the substrate at voltages < -0.5 V)

B4435 W1367 (ESD Diode test - front side structure)

3,56-02
3,06-02
2,5€-02
2,0E-02

1,56-02

1(A)

_/

08

1,06-02

5,0E-03

04 0.2 0,0 02 04 0,6 1,0

5,06-03
\Z

Fig 5. Diode I-V curve of the ESD diode. The leak
current in reverse ljea < I nA.

MOSFET

The FETs on the wafer were not working as we
expected. After investigating the process and
equipment carefully, we found that a cross
contamination had occurred in one of the furnaces,
resulting in a slight n-doping on the surface of the
wafer, including the channel area of the FET which is
supposed to be p-doped. In the past we have fabricated
identical Ta;Os ISFET's without vias which not suffered
from this problem, and therefore we will show the
results of those MOSFETS and ISFETs. We expect to
obtain the same results from the wafers with vias once
the cross-contamination issue has been solved.

Fig 6 shows the Vg-Ids curves of a number of
MOSFETs at Vds = 0.5 V. The curves show a very
steep response in the threshold region, opening at Vg =
0V and (Ids < 0,1 pA) and having their working point
(1ds=100 pA)atVg=0.5V.

MOSFET IV curves of wafer P7

1002

2803 —

14(8)

ISFET

We measured the most important ISFET
characteristics: sensitivity, drift and dVgs/dT as
follows:

We mounted 7 ISFETs on a dipstick by means of an
epoxy, completely covering the chips and wirebonds,
leaving only open the gate area. We measured the
ISFET against an Ag / AgCl reference electrode in a
temperature controlled bath. The used ISFET Amplifier
(type source follower, manufactured by P. Bergveld)
was used at operating conditions Vds = 0.5V and Ids=
100 pA. The common Ag/AgCl was kept at ground,
and Vgs was used as the readout signal. The Amplifier
is capable of controlling 10 channels simultaneously.

The sensitivity was measured by immersing the ISFETs
in buffers of pH 4, 7 and 10 and allowing sufficient time
for stabilization of the temperature (30 °C). We found
a sensitivity of almost 59 mV/ pH at 30 °C which is
close to the maximum set by the Nernst Equation.

The drift was measured by monitoring the gate - source
voltage during 72 hours at constant temperature in the
dark. We observed a drift of some mV in the first 6
hours, which reduced to less than 1 mV between 6 and

72 hours (fig. 7.

72 h drift
0,01

0,005
HO25V33
—HO035V34
HO40V34
—H041V33
A
HO38V33
HO36V34
HO30V34

Vs (V)
o

-0,005

-0,01

0 6 12 18 24 30 36 42 48 54 60 66 72

Time (hours)

Fig 7. Measured drift rate of 7 ISFETs

At the used setting of Id = 100 pA, the response Vgs
depends on temperature. An operating point for which
Vgs /dT = 0 results in an ISFET with zero temperature
effect on the read-out value, which obviously has many
advantages. To find the isothermal operating point we
varied Ids from 10 to 100 pA in 5 steps and Vds from
0.1 to 1.0 V (4 steps). For each combination of Id and
Vds we measured the response to pH7 at 30 and at 40
°C. We found the isothermal operating point at Id = 20
M A being independent of Vds (Fig 8.).

l(

TN
W)




201

n

dV/dT

dVgs /dT (mV/K)

2
- §
0 20 40 60 80 100

-1

120

1o (A)

Fig 8. Temperature dependence of the read-out signal
Vgs at various values of Id and Vds (- Vds=0.1V; --
Vds=0.2V; -- Vds=0.5V;-- Vds=1.0V).

The measured ISFET characteristics are summarized in
Table 1.

Table 1. ISFET characteristics

Parameter

Value

Sensitivity (pH 4-10, T=30°C) 58.8 +£0.2 mV/pH

Offset (pH 7, T=30°C) 33250 mV
Drift (0 to 6h) 0.2 £0.2 mV
Drift rate (6 to 72h) <0.02mV/h
Isothermal current (dVg/dT =0) | Id =20 pA

CONCLUSIONS

We fabricated miniature ISFETs with backside contacts
to be used in a guidewire tip which will be inserted into
the brain vasculature of patients suffering from stroke.

The first process run of these ISFETs was only partially
successful because a cross contamination issue in one
of the furnaces occurred and caused a shallow doping
of the n-type in the p-channel, preventing the ISFETs
to work.

Measurements on ISFETSs from a similar wafer with an
identical ISFET process, but without the vias show very
good characteristics: Sensitivity 59 mV /pH at 30 °C,
drift < 0.02 mV/h after stabilization of 6h and an
isothermal operating point at Ids = 20 pA.
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ABSTRACT

We have realized a micro Coriolis mass flow meter
driven with an external piezo ceramic. The piezoelec-
tric ceramic is glued on top of sensor chip with a ine-
trial weight on top of the piezo ceramic. Its ability to
measure mass flow is characterized by a laser Doppler
vibrometer. Our measurement with water from O to 10
ml/h confirms that the sensor response is linear .

KEYWORDS
Micro Coriolis mass flow meter, piezoelectric actu-
ation, Microfluidics, Resonator

INTRODUCTION

Micro fluidic systems have gained interest in lots
of fields e.g. medical instrumentations [1], micro reac-
tors [2] and chemical analysis systems [3]. Flow control
and flow measurement are critical components for mi-
cro fluidic systems.

A Coriolis mass flow meter is a preferred option
for flow measurements because of its ability to mea-
sure flow rate regardless of fluidic property. Conven-
tional Coriolis flow meters are taking an ever increas-
ing share of the flow meter market. However, there is
currently no commercially available Coriolis flow sen-
sor that occupy small space and measure very low flow.
Micro Coriolis flow meters in research are driven by
either electrostatic force [4] or Lorentz force [5]. How-
ever, electrostatic actuation requires high voltage while
Lorentz actuation results in Joule heating. Using piezo-
electric actuation evades these drawbacks.

THEORY AND DESIGN

A Coriolis mass flow sensor consist of a vibrating
flow channel, as shown in Figure 1. In this work, the
piezo ceramic actuate the flow channel to vibrate in
swing mode as shown by the red arrows in Figure 1.
When a mass flow through the channel as indicated by
the blue arrow, the induced Coriolis force Fi can be
written as:

F.= —2L(w X ¢m) (1)

where L represent the height of the triangle as indicated
in Figure 1. w is the angular velocity of the swing mo-

tion. According to the equation, the direction of the
Coriolis force at the left side of the channel is antipar-
allel to the direction of the swing motion, while direc-
tion of Coriolis force at the right side of the channel is
parallel to the the direction of the swing motion. The
Coriolis force will generate a twist motion that has the
same frequency as the swing motion.

L

Figure 1: Schematic operating principle of a Coriolis flow
meter. The fluidic channel is actuated in the swing mode
indicated by the red arrows. The twist mode caused by
Coriolis force is indicated by the yellow arrows. The
rotation axis of swing and twist motion is showen in rad and
yellow line respectively. The blue arrows indicate the liquid
flow. The channel is fixed on its two ends.

Figure 2: Schematic of the chip with sensor and inetrial
weight. The inetrial weight is shown in yellow. The piezo
ceramic is shown in green. The microfluidic channel is
shown in blue. The red lines indicate the laser from laser
Doppler vibrometer when measure the flow versus twist
relation
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Figure 2 shows the setup of the sensor chip and
piezo actuator with inertial (counter) weight on top.
Piezo actuator, shown in green, drive the chip. This
configuration can excite different resonant modes of the
microfluidic channel depending on the frequency of the
signal applied to the piezo actuator. This configuration
also generate a lot of noise when working. Figure 3
shows a photo of the device.

1 Piezo ceramic
inertial weigl&

(
|
|
|
|
|
|
|
|
|
|
|
\

Figure 3: Photograph of chip with piezo actuator and
inetrial weight

FABRICATION

The device fabrication process has been reported in
[6]. The schematic of the fabrication process is shown
in Figure 4. The first process step consist of deposit-
ing a 500 nm thick layer of silicon rich silicon nitride
(SiRN) on the wafer. Then a layer of chromium is sput-
tered on top of the SiRN layer. The chromium and
SiRN layers are patterned with a slit pattern that de-
fines the channel outline. Then we use isotropic plasma
etching to remove silicon through the slits to form mi-
crofluidic channel. Then both the the chromium and
photo resist are removed. This results in a cross section
shown in Figure 4(a). Then a silicon-dioxide layer is
deposited using LPCVD. The wafer is then etched from
the back side with deep reactive ion etching. These two
processes are shown in Figure 4(b) and (c) respectively.
After this, silicon dioxide layer is removed and a 1.8 pym
SiRN layer is deposited. Then a 10/200nm Cr/Au layer
is deposited and patterned. The cross section after this
step is shown in Figure 4 (d). The last step is to re-
lease the channel. This is done by etching openings in
the SiRN and then isotropically etching the exposed sil-
icon. The cross section of the chip after fabrication is
shown in Figure 4 (e).

M silicon dioxide (TEOS)
B M silicon rich nitride

M silicon wafer
™ 10/200nm Cr/Au

Figure 4: Schematic cross section of the fabrication process.
The left side shows a cross-section along the length of a
channel while the right side shows a cross-section
perpenticular the the channel

After mounting the chip and a fluidic connector on a
printed circuit board, a piece of Noliac NAC2001 piezo
ceramic was glued on the top of the chip, close to the
microfluidic channel, as shown in Figure 2. The piezo
ceramic is a piezo stack. Electric connection is made
using silver paste. A piece of 5x4x19 mm copper in-
ertial weight was glued on the top of piezo ceramic.

MEASUREMENT SETUP

A Polytec MSA-400 laser Doppler vibrometer was
used to characterize the device. All measurements was
down when the micro channel is filled with water. A
sinusoidal or chirp signal with 4V bias and 2V ampli-
tude was used to drive the piezo ceramic. The bias is
applied to avoid shifting of the pooling direction of the
piezo ceramic. The referenece beam is placed at a fixed
reference point druing normal measurement in order to
measure the vibration of micro fluidic channel. In the
flow measurement, we use 1390Hz sinusoidal signal to
actuate the mode shown in Figure 6. When measuring
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the twist mode induced by Coriolis force, the measure-
ment and reference beam of the laser Doppler vibrom-
eter is placed as shown in Figure 2. In this setup, only
the relative displacement between the two measurement
points are detected.

RESULT AND DISCUSSION

Figure 5 and 6 shows two modes we measured us-
ing a laser Doppler vibrometer when device was driven
with sinusoidal signal. The frequency of signals were
8716Hz and 1390Hz respectively. The piezo ceramic
can actuate different modes depending on the frequency
of the signal.

Figure 5: Measured resonance at 8716Hz, the microfluidic
channel bend from the middle. there are two static points in
resonence process

Figure 6: Measured resonance at 1390Hz, there is no static
point on channel

Figure 7 show an averaged resonance amplitude be-
tween 1000 and 10000 Hz when the chip is driven using
chirp signal. First and second highest peak in this figure
shows the resonance modes in figure 5 and 6. The mode
at 8716Hz has a higher resonance amplitude. This can
be explained by the fact that we use an inertial weight
to fix the top surface of the piezo ceramic. Thus the
frequency of signal influences the force that the piezo
ceramic applies on the silicon chip.
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Figure 7: Average spectrum of all the measurement point
when the chip is driven using chirp signal

Figure 8 shows a measured twist amplitude as a
function of water flow for a range of 0 to 10 mL/h. The
resonence amplitude of micro fluidic channel is 2.6 um.
The flow is generated with a syringe pump. A linear re-
lationship between the flow rate and the twist resonence
amplitude can be observed.
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Figure 8: Measured twist amplitude as a function of water

Sflow

CONCLUSIONS AND OUTLOOK

A micro Coriolis flow sensor driven with an exter-
nal piezo ceramic was presented. The sensor showed
a linear response to flow between 0 and 10mL/h. Cur-
rent device generates a lot of noise when working. Fur-
thermore, the external piezo ceramic and inertial weight
will possibly cause difficulties in chip packaging. The
next development will focus on integrated piezo actua-
tion and capacitive readout.
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EXTENDING THE ACCREDITED LOW FLOW LIQUID CALIBRATION RANGE
T.H. Platenkamp J.C. Létters?
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ABSTRACT By differentiating the measured masan{) to

There is an increasing demand for ISO/IE@neasured timeAf) the resulting output is mass flow
17025:2005 accredited liquid flow calibrations et (rh), as shown in equation 1 below:
range of 1 g/h to 30 kg/h. The accredited Low Flow
liquid Calibration Setup [1] (LFCS) at Bronkhorst® . . Am m, 1)

. m= lim —=—

covers a flow range of 1 to 200 g/h, leaving a At>0 At t,
traceability gap in the flow range of 0.2 to 30tkgBy
extending the calibration setup with two new batgenc ~ Wherem, andt, are respectively the reference
it can perform calibrations from 1 g/h to 30 kgtys mass and reference time. With a RS232 balance
covering the traceability gap. Crosschecks betwe#ierface between balance and data acquisition each
references show good consistency and the sete@jlected mass sample on the balance is continyousl
extension was successfully accredited for ISO/IEmeasured and combined with the correct time sample,
17025:2005 calibrations. By participating in arfesulting in a reference mass flow. The continuous
intercomparison with National Metrology Institutescollection of mass samples during a flow

(NMI's) the uncertainty of the LFCS extension igneasurement is called “dynamic weighing” method
traceable to European NMI's. [2] and enables the direct comparison between

reference- and DUT (Device Under Test) mass flow.

KEYWORDS
Calibration, gravimetric, micro flow, uncertainty SETUP ) )

The extension of the LFCS consists of a pump,
INTRODUCTION filter, degasser and pressure controller for gdimera

The importance of ISO/EC 17025:2005°f @ pure liquid flow (Figure 2). Upstream from the

accredited calibrations cannot be overstated. TRET® liquid flow generation, the DUT controls abiéa.
ISO/IEC 17025:2005 standard ensures the calibmtiofi?W: Downstream from the DUT the flow rate is
and reference equipment is traceable to its primafympared with one of two reference balances,
standardwhich represents the fundamental unit. LoiePending on the flow rate (see Figure 1). Referdnc

flow instruments depend on a traceable uncertdinty 'S & balance used to measure flow rates between 0.1
perform well in critical applications were knowlelg k9/h and 2 kg/h. Reference 2 is used to measwe flo
of the exact flow rate is crucial, e.g. criticalates between 1 kg/h and 30 kg/h. The flow range is

applications like drug delivery systems andﬂivided over two balances because of the limitation

pharmaceutical processes in which the stable dglive®" réadability versus weight capacity of the batanc

and exact amount of drugs plays a key role in
successful treatment.

By extending our LFCS to flow rates up to 30
kg/h, we can calibrate flowmeters in a wider flow
range that are used in applications were accredited
traceability of the flow rate is required. For floates
above 200 g/h the LFCS is expanded with twure
balances. Some critical parts needed to be addibe to liquid
setup in terms of flow generation and evaporati
prevention. An uncertainty budget is made to previd
the extension with a traceable uncertainty on mass
flow.

PRINCIPLE : . . .
Both the LFCS for flow rates below 200 g/h an(#:lgure 1. Schematic illustration of the extensietug

the extension of the setup for flow rates above @0 or comparison between the DUT with control

are based on the gravimetric principle of mass flowlve(l)’ balance reference 1(2) and -2(3). Balance

measurement, where a balance is used as reference?‘nd DUT are placed on a granite table(4).
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Both the balances and DUT are placed on flow rates above 200 g/h. By using a sealed cower o
granite table with shock absorbing blocks to redudee measurement beaker (Figure 3) in the setup
vibration interference from the environment. Thextension, instead of an oil layer on the watefasay,
balances are placed in a box to prevent influewnfesthese irregularities are not present. The tube that
draft and fast temperature changes on the mass fldispenses the liquid in the measurement beaker runs
measurement. freely through a small hole in the cover. The usa o

Although the LFCS and its extension are similasealed cover results in a nearly saturated air deriw
in terms of mass collection and data processirggeth cover and water surface in the measurement beaker,
is a difference in stable flow generation andhus reducing and stabilizing the evaporation rate.
evaporation prevention.

Micro pump flow generation .

First, in the LFCS (for flow rates <200 g/h) flow'
is generated by a pressurized liquid tank in amop
loop system. In the extension of the setup (fowflo
rates >200 g/h) pumps are used to generate floav i
closed loop system, making it easier- and faster |
handle the amount of water displaced. Figure 2 shoy
a schematic of the pump driven flow generation. T
pump builds up pressure at a constant pu
frequency. Downstream from the pump the liquid i
filtered and the flow path splits in a flow pathr flow
measurement and a bypass. The bypass leads bac
the water storage tank and acts as a flow stahile
actively controlling the bypass valve to the denwhd
pressure. Downstream from the pressure sensor f
water is pushed through a degasser for flow rgies u
2 kg/h, removing dissolved gas from the liquid.

"“')' s o : :
Igure 3. Sealed cover on the measurement beaker to
prevent evaporation of the collected water on the
balance.

Because the evaporation rate is reduced to a
minimum it is considered an uncertainty on the
reference flow rate and needs no correction.

UNCERTAINTIES
By extending the LFCS to higher flow rates new
parts are added. Some of these new parts add new
uncertainties to the uncertainty budget. Components
like contact angle force fluctuations and standard
Buoyancy corrections change, becoming more

Figure 2. Schematic of pump driven flow generatioﬂomi”a”t i'n the calculation of the total uncertaiof
with pump(l), filter(2), pressure sensor(3)he extension setup.

degasser(4), bypass control valve(5) and liquid
storage tank(6).

Contact angleforces
When water is delivered through the submerged
Evaporation prevention tube in the beaker, the balance measures the mass

Second, in the LFCS a layer of oil is used on toilgcrease. While the water level in the beaker rikes
of the water surface to prevent evaporation of tH8€ Wwater front moves along the tube. While moving
collected water in the measurement beaker on tAPNd the tube, the contact angle between water and
balance. Though prevention by a layer of oil on tH&/P€ depends on the tube properties and otherpp@ssi

water surface is suitable for flow rates below 206 environmental effects. Irregularity in the contangle
it causes irregularities in the reference mass fiow ~ '€Sults in irregular vertical forces [3], thus iréhcing
the measured mass flow on the balance.
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Figure 5. Nonlinear relation between density of the
Water object and the amount of water collected in the

beaker. Density of the borosilicate glass is 2230

kg/m3. Water density at 2L and 1 bar(g) is
R8.2kg/m3.

Density of object [kg/m~3]

Figure 4. This schematic shows the meniscus betweg
a steel tube and waterinterface. The contact af@jle

results in a vertical forcefy). RESULTS

Crosschecks
Figure 4 with equation 2 show that the vertical Crossch_ecks between the LFCS and the extension
force (F,), between water and tube, is dependent Stup confirm good consistency. The crosschecks
the contact angle &), surface tension y,) and were performed with a Bronkhorst® ML120- and
circumferenced) of the tube. M13 mini-Cori flowmeter as transfer st_an_dards The
ML120 was used to measure the deviation on 100,
@) 150 and 200 g/h points between the LFCS and
reference 1 of the extension setup (Figure 1). The
M13 was used to measure the deviation on 1000, 1500

Nonlinear Buoyancy massflow correction .and 2000 g/h between reference 1 and -2 in the
The standard Buoyancy correction due to den3|§%

FE, =y, ccos @

differences between calibration and measurement tension setup of the LFCS.
. . : Table 1 and Figure 6 show that the measured
on the balancen{.,) is shown in equation 3 below.

deviation is within the combined uncertainty. To
Besides the initial mag®n,), The correction depends Y.

hether the resul n n I
on the difference in weighted mass- and air densﬂ%dgde V¥h§5 e:/;ISe e;I:J otjlc?rﬁ ; obesllg\t/\? f‘? nea:)lrfe'rs to
during calibration (mass car @nd pair cat )  and

: al /- confirm consistency between the references.
measuremenp(pjecc andp,ir). During calibration the

weighted mass is a calibrated weight. During flowaple 1. Crosscheck results between references.
measurement the weighted mass is a beaker with

liquid; the object. Bronkhorst results
(1 Lol ) @  REF - .
Mooy = "\ Pmass cal —m, flow Deviation Combined
(1_%) rate  measured by TSuncertainty E,value
o (g9/h) (%) (%) ()
Because the extension of the LFCS uses larger 100 -0.04 0.14 0.28
beakers of borosilicate glass the density of theatb 150 -0.05 0.14 0.35
varies, thus changing the Buoyancy correction as th 200 -0.02 0.14 0.14
beaker collects more water. An example of this 1000 0.01 0.14 0.07
nonlinear relation between object density and arhoun 1500 0.02 0.14 0.14
l(zf coIIe5cted water in a 1000 ml beaker is shown in 2000 0.01 0.14 0.07
igure 5.
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0.20% == Combined uncertainty CONCL USI ON

—4—Deviation measured by TS

0I5% = = = = = = - - - = - = - The LFCS extension closes the traceability gap for

f.10% micro flows above 200 g/h. Parts are added to the
0.05%

LFCS extension to provide pure and stable water
222; J/’/’—”‘\’ flows up to 30 kg/h. A new uncertainty budget was
_0:10%‘: made, including the new- and changed uncertainty
T component contributions to the total uncertaintyhef
-0.20% extension setup. By performing crosschecks the
0 500 1000 1500 2000 extension setup was validated. The results show goo

- 6. Graphical di F'i""”atef[fr/]h] " . consistency. When published, the results of the
igure 6. Graphical display of the results preserite intercomparison show the traceability towards

Table 1. :

European NMI's. The LFCS extension setup was
| nter comparison ISO/IEC 17025:2005 accredited at the end of July
Bronkhorst® participated in an intercompariso2017.

on liquid flow rates of 0.5 to 10 kg/h between

European NMI's. The intercomparison was REFERENCES

coordinated by VSL under EURAMET project 1379, 1] T H. Platenkamp, W. Sparreboom, G.H.J.M.
in which liquid micro flow rates from 0.5 kg/h td1 Ratering, M.R. Katerberg and J.C. Létters, “Low
kg/h are compared between the primary standardsggy, Liquid Calibration Setup”, Micromachines
the participants. The participating NMI's are VSL2015’ 6, 473-486, published 22 April 2015.
(Netherlands), DTI (Denmark), CMI (Czechia), |21 . shinder, M.R. Moldover, “Feasibility of an
CETIAT (France), METAS (Switzerland) and LElaccurate Dynamic Standard for Water FlowFlow
(Italy). A M14 mini-Cori from Bronkhorst® was used\jeasurement and Instrumentatjool 21, pp 128-
as the transfer standard in the comparison. Thtwgh 133 (2010), published 2010.

results are not yet published at the time of wgitin - [3] p. de Gennes, F. Brochard-Wyart, D. Quéré,
preliminary results show good consistendg, € 1) «capillarity and Wetting Phenomena”, Springer
between Bronkhorst® and the average of th€gience+Business Media, inc., 2004.

participating ~ NMI's. ~ When  published on (4] s Davidson, M. Perkin, M. Buckley, “The
traceability of the calibration setup towards thespod Practice GuideNo. 71, Crown Copyright 2004,

primary standards of European NMI's. June 2004 National Physical Laboratory.
Previous intercomparisons, in which Bronkhorst® (5] p. Lycas, “Comparison of primary standards

participated with the LFCS for liquid flow ratesltve o, liquid micro flow rates” EURAMET project 1291
200 g/h, already showed good consistency [5][6]. April 2015, https://www.euramet.org/
[6] P. Lucas, “MeDD — Task 1.1. Comparison —
supplement report”, MeDD - Task 1.1.
Intercomparison supplement repoyt’"May 2014,
http://www.drugmetrology.com/

Deviation [%]

2017=

E” The 3™ Conference on MicroFluidic Handling Systems, 4-6 October 2017, Enschede, The Netherlands

|

A
o

|




\f

2. Actuators

Oral

PRECISE FLOW-CONTROL USING PHOTO-ACTUATED HYDROGEL VALVES
AND PID-CONTROLLED LED ACTUATION

Colm Delaneyl, Peter McCluskeyj, Simon Coleman’, Jeff Whytez, Nigel Kent'?

and

Dermot Diamond*'
" Insight Centre for Data Analytics, National Centre for Sensor Research, Dublin City
University, Dublin 9, Ireland
*School of Mechanical and Design Engineering, Dublin Institute of Technology, Bolton
Street, Dublin, Ireland

ABSTRACT

Herein we demonstrate remarkable control of
flow within fluidic channels using photo-actuated
hydrogel valves. By polymerizing the valves in
situ it has been possible to create highly-
reproducible valves. Through the use of an LED
platform and a PID algorithm we have generated
extremely accurate flow control and created
prototype devices to document their potential
application within the microfluidics field.

KEYWORDS

Stimuli-responsive, photo-actuators, hydrogel,
valve, flow-control, PID

Accurately controlling flow using actuators fully
embedded within microfluidic devices has long
been a hurdle within our research community.
While inroads have been made, through the use
of pneumatic valves based on soft-polymers[1],
there still exists a paucity of low-cost and precise
actuators. In recent years, several groups have
turned to photo-responsive polymers as a means
for fluid handling. Sumaru ef al. first showed that
hydrogels functionalized with a photoactive
spiropyran molecule could be used to act as a
photo-controlled valve within a microfluidic
channel.[2] Conversion between the hydrophobic
spiropyran  and  hydrophilic ~ protonated-
merocyanine forms causes the actuation of the
polymer gel between swollen and contracted
states.

Our group has made significant progress over
recent years in the field of photo-actuated
spiropyran materials,[3] firstly through the
copolymerization of a proton source and more
recently through the use of a photo-actuation
platform. This achieved simple open/closed
control of fluid flow within a microfluidic device
which was subsequently improved by pulsing the
light source.[4, 5] The work presented herein is a
further advance on control of intermediate states

between fully open and closed valves. In
particular, through the use of proportional
integral derivative (PID) control of power to the
illuminating LEDs, we have achieved
unprecedented accuracy in controlling flow rate
and avoided over/under-shoots upon actuation.[6]

EXPERIMENTAL

The hydrogel valves were photo-polymerised in-
situ from a monomeric cocktail which consisted
of 200 mg NIPAAm, 8.35 mg MBIS (3 mol%
relative to NIPAAm), 7.91 mg SPA-8 (1 mol%
relative to NIPAAm), 7.42 mg PBPO (1 mol%
relative to NIPAAm) and 6.05 uL. AA (5 mol%
relative to NIPAAm) dissolved in 500 pL of the
polymerisation solvent (2:1 v/v, THF:DI water).

The microfluidic chips were designed using
AutoCAD 2014 and were fabricated using clear 2
mm PMMA by rastering with a CO, laser
ablation system (Epilog Zing Laser Series) at
dimensions of 1 mm wide and 250 pm deep. The
valve chamber comprised a 1 mm diameter pillar
centred within a circle of diameter 2.6 mm which
extended from the wall of the channel, as seen in
Figure 1. The channels were sealed with a 1 mm
PMMA capping layer using previously described
solvent bonding processes.[5] Polymerisation and
actuation was achieved using blue surface-
mounted LEDs (Kingbright HB Blue 450nm, 600
mW/4.5 Im/1.3 cd, 3.5V) at 450 nm wavelength.
The valves were polymerised around cylindrical
pillars that provided a physical anchor to prevent
movement of the valve. The elliptical valve
profile was adopted as more symmetrical
circular/cylindrical profiles were found to expand
into the channels and become lodged in position,
permanently blocking the liquid flow. Once the
unreacted monomer solution had been removed,
the channels were filled with deionised water and
left overnight to ensure full hydration of the
hydrogel valves. As outlined previously,[5] a
constant head of pressure was maintained
throughout all the experiments using two

il
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reservoirs of different volumes.

Figure 1: Hydrogel valves within microfluidic fluidic
channels under light irradiation (open) and in the
fully swollen (closed) states.

By introducing a monomeric cocktail mixture
into a 200 pm x 1 mm microfluidic channel,
hydrogel valves were photo-polymerised in-situ
using 450 nm LEDs from the actuation platform.
Once any unreacted monomer was removed, the
valves were left to fully hydrate overnight and
swell to fill the width of the channel (Figure 1)
thereby blocking liquid flow from the attached
reservoir. This polymerization technique yielded
valves with excellent reproducibility which were
fully embedded within the microfluidic chip
(Figure 2). The homogeneity of valve production
is particularly evident in Figure 2 (b) which
shows sequential actuation of four separate
valves within a single microfluidic chip. Fast
actuation times, with excellent stability (flow rate
= 10 pL/min) and highly reproducible behaviour
is evident for all four valves. This highlights the
capacity of this methodology to incorporate
valves within microfluidic manifolds in a
controlled and reproducible manner. Even more
fascinating, is the highly precise flow control that
can be achieved using these photo-actuators.

®

Figure 2: (4) Representation of photo-actuated valves
within a microfluidic chip; (B) Actuation profiles (10
uL/min) for 4 valves on a single microfluidic chip.

B

Flowrate (uL) Flowrate (uL) Flowrate (kL) piourme (14)

—m

RESULTS AND DISCUSSION

Precise regulation of the relationship between
flowrate and LED power has been achieved by
using a flow meter to provide feedback to a PID
controller. Through optimization of proportional
(Kp) and integral (K;) variables it has been
possible to create a system which accurately
detects disparity between the measured and set
flowrates and which compensates by varying the
light irradiation. An in-house developed user
interface (Figure 3) enables the user to input
control parameters, such as desired flowrate and
maximum LED irradiation. The system then
operates autonomously to deliver these flow
profiles. An example of such a sequence can be
seen in Figure 4. Over a period of 2 hours, the
system actuates between three flowrates, with
excellent accuracy. Moreover, the stability of the
set flow rate over this extended period is
particularly remarkable, as outlined in Table 1.

PID Valve Flow Control Software v.3.3

Sow iLmin
0

Figure 3. (A) Actuation platform with irradiation
LEDs beneath the valve chambers in a microfluidic
chip; (B) Graphic User Interface for valve-actuation
platform.
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Figure 4. Cycles of (5.0, 10.0, 15.0, 10.0, 5.0 uL/min)
shown in black (Kp = 10.0; K; = 0.1), overlaid with
power supplied to the LED to achieve actuation in

red.

Our results also suggest there is a high
correlation between flow rate and LED power.
These values, shown in red in Figure 4, point to
the possibility of predicting the flowrate of such a
characterized system through the LED power,
without the need for an external flow-sensor.
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Additionally, simultaneous tracking of flowrate
and LED power can serve as a diagnostic of
valve performance, thereby opening the
possibility for developing complex fluidics
incorporating multiple valves.

Table 1. Summary of statistics for data presented in
Figure 4. Flow rate units are uL/min; Power units are
mW. Averages and standard deviations are for n=100
consecutive points selected randomly from each
steady-state flow-rate region.

Set Flow Average SD %RSD %RE MOD error Power
Rate Flow Rate
5.0 5.039 0.018 0.351 0.772 0.039 20.598
10.0 10.050 0.048 0.476 0.502 0.050 82.280
15.0 15.048 0.047 0.315 0.317 0.048 185.260
10.0 10.064 0.039 0.391 0.638 0.064 £2.197
5.0 5.032 0.018 0.366 0.636 0.032 20.650
10.0 10.045 0.029 0.290 0.449 0.045 82316
15.0 15.030 0.037 0.246 0.200 0.030 185.506
10.0 10.043 0.034 0.343 0.428 0.043 82474
5.0 5.021 0.020 0.390 0.425 0.021 20.598
10.0 10.023 0.029 0.287 0.226 0.023 £2.602
15.0 14.996 0.034 0.226 -0.027 0.004 184.974
10.0 10.033 0.026 0.259 0.327 0.033 82.226
5.0 5.019 0.016 0.321 0.388 0.019 20.573

Average = 0.0292 0.3068 0.0316

To develop on these findings and demonstrate the
applicability of our system, a detection platform,
based  on a  Paired  Emitter-Detector
Diode (PEDD) system was fabricated with a
photodiode and two 750 nm LEDs placed at 90 °.
The LEDs and photodiode were incorporated into
a 3D printed holder which was specifically
designed to minimise stray light and ensure the
reproducibility of measurements. As before, the
LED control platform operated via a 12-bit 16
channel PWM controller (PCA9685) connected
to an Arduino Uno microcontroller using the i2c
protocol. An output value of 4096, equivalent to
an output current of 150 mA, set the LED at
100% intensity. Figure 5 shows a schematic of
the four constant current drivers which controlled
the LEDs used to actuate four polymer actuators,
where each driver was connected to a different
output of the PWM controller, thereby allowing
individual control of each photo-actuated valve.
A UART (serial) connection between the
Arduino and the laptop enabled the control
software to send the PWM value used to maintain
or vary the flow rate.

. Photodiode
. 750 nm LED connected in series to 5V through a 10 kQ resistor
. 10 k0 pull-down resistors

. Power supply to constant current drivers, 6V-36V.

. USB connection to FRP hub IC

. Power supply, 5V2A

omswNE

Figure 5: Detection and actuation platform showing
the wiring diagram used and the final design
including a touchscreen interface.

Full integration of both valve and detection
modules then allowed for 1) control of flowrate
of reagent, 2) mixing of reagent and sample and
3) detection of absorbance at 750 nm. The final
prototype, shown in Figure 6 shows the modular
nature of the design which allows for off-chip
flowrate determination and complete mixing of
reagent and sample. Four photo-actuated valves,
shown in yellow, allow for selection between
calibration samples of high, low and medium
concentrations. The sample continues through the
flow-cell where it is then analysed in real time
using the PEDD system. These values are then
relayed, through the Arduino microprocessor, to
a computer where they are saved and processed,
as seen in Figure 7.

Figure 6: Modular nature of the analytical-detector
chip; (A) photo-actuated microvalves polymerized in
situ; (B) combined device, showing off-chip flow-rate
measurements for both sample and reagent flows.

y =-0.2564x + 1.869
R?= 0.98176

PhotodiodeVatage V)

0 005 01 015 02 02s
Fe(¥) Concentration (uM)

Figure 7: Calibration curve showing on-chip

determination of Fe(Il) concentration.
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CONCLUSION

We have demonstrated flow control through the
incorporation of stimuli-responsive materials
within microfluidic channels. We subsequently
elaborated on this discovery to yield highly-
precise flow control through the use of a PID
controller. Using an adapted platform, it has also
been possible to document potential application
of this technology. These results raise new
challenges for researchers interested in
fabricating  and  characterising  complex
microfluidic systems with multiple integrated
valves. It is possible that a sub-set of flow
sensors could be used to characterise a larger
population of valves by switching individual or
groups of valves and observing the impact on the
output flow-patterns obtained from the valves,
and applying machine learning approaches to
identify the optimum channel/valve/flow sensor
arrangement.
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ABSTRACT

We present an in-plane reciprocating displacement
micropump for liquids and gases which is actuated by
a new class of electrostatic bending actuators capable
of deflecting beyond the electrode gap distance. The
so called “Nano Electrostatic Drive” (NED) actuator
was introduced by us in 2015 for out-of-plane
actuation. The device presented utilizes an in-plane
actuation solution. Depending on the requirements of
the targeted system, the micropump can be modularly
designed to meet the specified differential pressures
and flow rates by a serial arrangement of the actuators
and parallel arranging pump-base units respectively.

KEYWORDS
MEMS; Micropump; Electrostatic Actuation;
Nano e-Drive; In-plane reciprocating displacement

micropump

INTRODUCTION

Electrostatic actuation has many advantages in
microelectromechanical systems (MEMS), in terms of
scalability, fast response time (<us), simplicity in
fabrication and low power consumption. However, the
majority of integrated electrostatic drives in
microfluidic handling systems such as micropumps [1]
and microvalves [2] devices are limited in either
deflection or driving voltage, which results in higher
power consumption or low stroke volumes. With the
novel concept of the “Nano Electrostatic Drive”
(NED) driving principle, introduced in 2015 [3], we
are able to deflect beyond the limiting gap distance.

In addition, the majority of mechanical
reciprocating micropumps [1] work with an out of
plane mechanism of a membrane clamped at its
perimeter, that needs to be extended to large chip
areas in order to increase the stroke volume.
Furthermore, a hybrid assembly mechanism of
actuator and pump is necessary in many cases. We
propose a monolithic fabricated device by CMOS-
compatible bulk micromachining processes that can be
modularly designed to meet flow rate and differential
pressure specifications for pumping liquids and gases.

ACTUATION

The NED-actuators commonly consist of a series
of defined shaped electrodes separated by an
electrostatic gap and insulating spacers [3]. Upon
applying a control voltage V, the electrostatic force
cause to curve the actuator. As a simple approach, the

NED can be considered as a Bernoulli beam with a
constant bending moment M, i.e. constant radius of
curvature R along the beam, defined positive as in Fig.

1.
a) M

2

+V

aOV

Figure 1: Working principle of clamped-free NED-
actuator with length L. (a) Actuated state - circular
bending line, with constant bending moment M i.e.
const. radius of curvature R. (b) Non-actuated state.

By adding four of these NED-Actuators and
rearranging them to a clamped-clamped (c-c)
configuration with a length 4L = L’ and use of
alternating radius scheme +R, -R, -R, +R, the effective
bending Moment M, is 2M.

b)

My M.,

Figure 2: Bending line of four rearranged NED-
actuators to c-c configuration, when actuated.

The maximum deflection 6,,,, can be derived for
the case of pure bending to:

12
5 _ MeffL
max 32El

where El is the bending stiffness of the actuator. Thus,
the stroke volume AV of the NED-actuator is the area
passed over by the actuator multiplied by its height h,

AV = (L'/2 5max) h.

WORKING PRINCIPLE

The maximum pressure P, that a single NED-
actuator in c-c configuration is able to generate can be
estimated by its force at middle point at zero
displacement Fg, (8§ = 0). The so called “blocking
force” given by:

=1l
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The blocking force divided by the major area Ay.; —p;.
facing the fluid, cf. Fig. 6, yields in a corresponding
“blocking” pressure:

FBL

AAct.—Fl.

Brax =

The total differential pressure AP is generated by
the actuator on the two cavities present on its sides.
This creates an over-pressure +P in the first cavity and
an associated under pressure -P in the second one.

At each position of the active displacement, the
actuator delivers a specific pressure following the
upper part of the pressure/displacement graph
presented in Fig. 3. In the same manner, canceling the
applied moment will allow the deformed actuator to
release the bending energy, moving back to its
original position. This actuation phase is represented
in the lowest part of the graph.

A P

max

W

Pressure

Actuation Zone

oV

Figure 3: Pressure/displacement graph and concept of
NED-actuation scheme in the micropump.

By considering the linear flow/pressure relation
given by Poiseuille law [4], which is in agreement
with Fig. 3, for a large displacement, the generated
pressure tends to zero, resulting in a flow rate also
converging to zero. It will consequently take a longer
time to move the actuator over its entire amplitude to
Omax -85 Well as, during the passive intake phase.

To ensure that active supply and passive intake
stroke will take nearly the same time it’s intended to
actuate in an interval around an operation point that is
at the actuators half displacement, i.e. half of the
stroke volume.

A simple arrangement of one NED-actuator with
two valves permits already to create a rectified flow
and represents a micropump.

VALIDATION WITH SIMULATION

In order to validate the concept and the behavior of
the NED in-plane micropump we carried out 2-way
Fluid-Structure Interaction (FSI) simulations by using

ANSYS, Academic Research, R18. Here, the
toolboxes transient mechanical and fluent were
combined via the system coupling box. Two NED-
actuator design points were validated for pumping air
and ethyl-alcohol. We simulated closed cavity model
of one NED-actuator beam of length L’ and one
passive flap, cf. Fig. 4.

Flow

Flow

= Valve =— Actuator External Wall

Figure 4: Sketch of 2-way FSI setup used for
simulation of micropump behavior.

The actuator itself was modelled as a solid beam
with equivalent bending stiffness El of the physical
NED-actuator and effective moments M., applied at
Y L and ¥ L’. The corresponding values are given
table 1.

Design A B
Medium Air Ethyl-Alcohol

El 8,44 e-09 Nm? 1,05 e-08 Nm?
Moy 3,65e-07Nm | 220e-07 Nm

Table 1. NED-actuator design point data used for FSI
simulation.

Figure 5 shows the generated differential pressure
vs. stroke volume graph obtained from the simulation
results, as well as, analytical model. Compared to the
simplified analytical approach the FSI simulation
reflects the expected behavior of the system.

25
AP Air Simulation
\ ©  Operation Point Air
200NN |- Analytical Air
AP Ethyl-Alcohol Simulation
O Operation Point Ethyl-Alcohol
] I N E Analytical Ethyl-Alcohol 1
X
0.
T 4ot
5 -
0 Il . 1 e
0 0.5 1 1.5 2

Stroke Volume AV nL

Figure 5: Simulation rand analytical mode results
generated differential pressure vs. stroke volume.
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Deviations at the lower end of the curves may arise
from nonlinear mechanical effects considered in the
structural simulation, as well as, change in the fluidic
resistance of the channels due to the actuators
deflection, cf. Fig. 4.

The frequency dependent pump rate of the one
actuator cavity model is shown, in Fig. 6, for the case
of the design of air for 3 different starting positions of
the actuation zone, cf. Fig. 3. Here, the maximum flow
rate peaks at 0.0125 sccm for 360 Hz actuation
frequency. For this point the intake and supply stroke
need the same time and the actuation interval is
symmetric around the operation point.

The consequence of unequal pump phases for
selected interval start position of 0.55 §,,,, and 0.65
Omax 15 a reduced flow rate. The effect is similar when
the outtake stroke begins before the operation point.

0.012 ¢ 04365 __ startAir| ]
max

——-0.554  start Air
max -+

0.01r .
77777 0.65 4 start Air
max

e g
o =
=} =}
(o] (e}

0.004 | |/

Flow-Rate sccm

0.002 [

600 800 1000 1200
Frequency Hz

400

Figure 6: Frequency dependent flow rate generated
by closed cavity of one NED-actuator and passive
flap-valve.

MICROPUMP AND

FABRICATION

Two clamped-clamped NED-actuators can be
arranged in so called base units shown in. Fig 7, where
the actuators face each other and a shift of %2 L’ length
is introduced. The two major actuator sides facing the
fluid are separated by a passive flap valve.

One base unit could act already a standalone
pump. However, such base entities can further be
arranged in parallel configuration. This opens the
possibility to easily increase the total stroke volume
and therefore to meet application specific flow rate
(FR) needs. In order to address certain differential
pressures the NED-actuators can be stacked laterally
N-times. This increases linearly the generated pressure
linearly in the pump.

Due to this combination of base pumping entities,
the micropump intakes and supplies liquid with each
actuation stroke, thus reducing the flow pulsation.

The micropump is composed of a standard wafer
bonded on SOI Wafer with orientation (110), cf. Fig.
9. The active device layer has a thickness of 75 um
and contains the driving NED-actuators, as well as,

DESIGN

rectification  valves and  fluidic  channels.
It is processed by standard bulk-micromachining steps
such as deep reactive ion etching (DRIE). The fluidic
in- and outlet are located on the top cover while the
electrical connections are on the bottom cover (SOI-
handle), making a total chip thickness of 900 um. The
entire fabrication process is compatible with CMOS-
technologies using only crystalline Silicon, Silicon-
dioxide and Aluminumoxid.

sucking from inlet
Frame

Base Unit Actuators

Stroke Volumes

pumping to outlet

Stack of N Actuators

Figure 7: Shown are two parallel base units in
actuated state generating a total stoke volume. Supply
and intake phase occur simultaneously (above).
Possible linear stack of actuators to increase
generated pressure difference. (below).

Figure 8 shows an early test design of the in-plane
micropump. Shown are inlet feed channels and
parallel pumping base units. Visible is only device
layer of the SOIl-wafer. The inset shows magnified
passive valves of 2 base units and beginning of
defined shaped electrodes of the electrostatic bending
actuators.

Figure 8: Micrograph of early in-plane micropump
test design.

The device layer and, thus, the NED-actuators are
fully immersed inside the fluidic medium. Depending
on the permittivity of fluid this further enhances the
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actuation forces [5]. In order to avoid electrical short
circuiting the electrodes are additionally encapsulated
by a layer of 60 nm Al,QOs, deposited by atomic layer
deposition (ALD).

Electrodes -—“—*

ES-Gap

This novel approach, permits to laterally stack the
driving NED-actuators as well as the pumping units to
address applications needs in fields such as lubrication
dosage or cooling.

\
!
!
!
i
|
!
!
|
i
|
!
!
]

(Inset) Encapsulation of NED-electrodes by 60 nm
ALD-AI,Os. BOX layer is not released.

A slit of currently 1 um to the top cover wafer
(grown thermal oxide) as well as to the handle wafer
(SOI = 1 pum buried oxide BOX, cf. Fig. 8) avoids
mechanical contact. However, these slits presents a
fluidic leak, cf. Fig. 9, that manifest itself as a dead-
volume during operation.

® sucking from inlet

umping to outlet
Top Cover ®r p .
+« fluidic leak

» actuator motion

periodic

1/

Figure 9: Sketch of 3 layer silicon wafer bonded on
SOl wafer. Fluidic transfer is in direction out of image
plane (indicated as pointing arrow head circles).

OUTLOOK

We designed two medium specific micropumps
dedicated to ethyl-alcohol and air with a modular
configuration of 5 parallel base units and 10 actuators
per stack.
The maximum flowrate with internal leakage
considered is 1400 pL/min at an operating differential
pressure AF,,, of 38 kPa for air and 90 pL/min at AF,,,
of 120 kPa for the ethyl-alcohol design. General
specifications and simulation results are presented in
table 2.

ne

Design A B
Medium Air Ethyl-Alcohol
Size | 4x5x0,9mm? | 3x5x0,9mm3
Actuation 300 V 100 vV
voltage
No. of base 5 5
units
Operation. 38 kPa 120 kPa
diff. pressure
Expected 1400 pL/min 90 pL/min
FR.
Table 2. Specification and simulation results of

current designs.
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STANDARDS AND GUIDELINES FOR MICROFLUIDIC INTERCONNECTIONS,
BUILDING BLOCKS AND VERIFICATION TESTING

Henne van Heeren

1

! enablingMNT, Dordrecht, the Netherlands

Introduction

Integrating microfluidic components from
different suppliers into systems often needs
ad hoc solutions leading to reliability
problems. Cleary industry agreements about
interconnections and component formats
would simplify matters for designers and
producers of microfluidic devices. That goes
even more for industry wide supported quality
standards. Such agreements will make
working with microfluidic devices easier and
more reliable; i.e. will lead to plug & play
microfluidics. A particular problem in the
microfluidic industry is the wide variation in
technologies and materials used. Therefore,
to make the standards widely applicable, they
should be formulated in such a way that they
are independent of technology and
application. A multinational group of
microfluidic companies and institutes agreed
on such specifications.

Microfluidic interconnections

The first problem discussed was the issues of
microfluidic interconnections. These are often
made manually. Especially when many
connections are needed, this is a costly
activity and risking reliability issues. To
promote the introduction of easy to use
multiport connectors, the positions, sizes and
nomenclature of microfluidic ports were
defined. (see figure 1) The second important
step the group took was defining dimensions
of standard microfluidic building blocks to
enable easy assembly of the components. It
also enables interchanging parts; for instance
to use components from different suppliers or
to create reconfigurable system. In discussion
are now also guidelines about side
connectors and microfluidic circuit boards. It
is good to mention that all guidelines were
only approved after intensive discussions with
dozens of companies outside the core group

Towards generic validation testing for
microfluidics.

The third step taken was defining a
classification off microfluidic devices; seen as
an essential step towards industry supported
guality specifications. Although at first this

ne

classification only addresses pressure and
temperature operation ranges (see table 1),
they are to be complemented by flow ranges.

The rationales for this part of the discussion
are: 1) There are no published generic test
protocols based on proven fault modes to
assist the development of more reliable
microfluidic products. 2) Most of the tools and
techniques currently used for failure analysis
are leveraged from the IC industry, and are
not designed to be used with fluids [1],
especially not with liquids. Therefor the
microfluidic industry faces the challenge that
it needs to define its own testing strategies,
methods and reliability models. These testing
strategies should be based on the most
challenging  microfluidic  fault  modes.
Therefore identifying and understanding
these fault modes is seen as number one
priority for the microfluidic community.

White papers and guidelines

The proposed standards and guidelines are
published or will be published as White
Papers to ensure wide dissemination. Several
of the standards developed so far are
currently being transferred to the International
Standard Organization (ISO) to become
official standards. The guidelines proved to
be very easy applicable for designers and
within two years after publication of the first
guideline, about 15 new products based on
these standards are in development. As one
of these products already needed further
miniaturization, we discussed future (smaller)
formats too.

This article will show details of the introduced
standards and explain the rationales behind
them, illustrated by some examples from
products based on these standards.

.Word Count: 582
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Figure 1: Microfluidic port positions and port
nomenclature

Table 1: operational classes for microfluidic devices

Class Type Maximum Maximum Minimum
Pressure Temperature Temperature
(bar) Q) C)

PT 2/50 2 50 4

PT 2/75 2 75 4

PT 2/100 2 100 4

PT7/50 7 50 4

PT 7/100 7 100 4

PT 30/50 30 50 4
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EXPERIMENTAL CHARACTERIZATION OF A GENERATOR OF NON-NEWTONIAN
DROPLETS BASED ON A MICRO CROSS-JUNCTION
B. Rostami and G.L. Morini
DIN — Alma Mater Studiorum Universita di Bologna, Laboratorio di Microfluidica, Via del
Lazzaretto 15/5, Bologna 40131, Italy

ABSTRACT

This paper deals with the experimental
characterization of a micro cross-junction for the
generation of mono-dispersed micro-droplets of non-
Newtonian fluids obtained as solution of water,
Tween 20 and Xanthan gum in silicone oil flow.
Tween 20 is a surfactant added to the dispersed phase
in order to avoid the coalescence of the droplets and to
enhance the performance of the device. By means of a
series of experimental tests the typical dimensions of
the non-Newtonian micro-droplets and their frequency
have been correlated to the imposed flow rates of the
continuous and dispersed phase at the inlets of the
micro cross-junction. The effect of the concentration
of xanthan gum in non-Newtonian solution as well as
the role played by the presence of the surfactant
within the aqueous solution on the mono-dispersed
droplets has been studied in detail.

KEYWORDS
Two-Phase Flow, Xanthan Gum, Non-Newtonian
flows, Micro Cross-Junction

INTRODUCTION

Nowadays micro-devices are largely used to
generate mono-dispersed droplets. Mono-dispersed
droplets with low size variation are highly desirable in
many technical applications such as DNA and blood
analysis, chemical reactions and drug discovery. It has
been demonstrated that the main governing and
controlling parameters which enable the control of the
droplet size generated in a micro cross-junction are
the properties of the liquids introduced in the
junctions, their inlet flow rates and the geometry of
the micro-junction. Despite the importance of non-
Newtonian fluids in industrial and pharmaceutical
fields, the investigation of their behavior in micro
cross-junction during droplet generation can be
nowadays considered disregarded. In order to start
filling this gap in this work an aqueous solution
obtained by using three different concentrations (0.2,
0.3 and 0.5 wt%) of Xanthan gum have been
considered as dispersed phase. Tween 20 (2 wt%) has
been added to the non-Newtonian solutions to avoid
the coalescence of the droplets and to enhance their
formation. A wide range of volumetric flow rates at
the inlets of the junction, both for the continuous and
the dispersed phase, has been imposed in order to be

able to detect the different mechanisms linked to the
droplet formation as squeezing, dripping and jetting
regimes. The non-dimensional droplet diameter has
been measured and plotted as a function of flow rate
ratio and the Capillary number with the aim to study
the effect of the main physical governing parameters
on the droplet characteristics.

EXPERIMENTAL SETUP

The experimental apparatus used in this work is
shown in figure 1. An inverted microscope (1, Nikon
Eclipse TE2000-U) with a double system of
illumination by means of a Mercury lamp (2a, Nikon
C-SHG1I) from the bottom and a COB LED lamp (2b,
100W, 9000 Lumens) from the top is the main part of
the test rig. An air immersion lens with a numerical
aperture NA = 0.25 with magnification M = 10x (3,
Nikon, CFI DS 10X) is selected to visualize the
droplets. A high-speed camera (4, Olympus I-speed II)
connected to the inverted microscope is used to
acquire the droplet images; a LCD monitor (5) and
Olympus I-speed II software (6) makes possible a run-
time visualization of the flow within the microdevice.

Figure 1. Experimental Setup

The volumetric flow rates of silicone oil
(continuous phase) and of Xanthan gum solution
(dispersed phase) are controlled by two independent
syringe pumps (7, Cole-Parmer Version Hills and 8§,
Harvard Apparatus PHD4400 Programmable) and
introduced at the three inlets of the junction (11) using
two gastight Hamilton syringes (9 and 10). The
relative uncertainty of the imposed volumetric flow
rate for continuous and dispersed phase is equal to +
0.5% FS and £+ 0.35% FS, respectively.

A glass micro cross-junction has been used as
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droplet generator (figure 2). The cross-junction is
characterized by a cross-section restriction at the
junction in which the width of the channel varies from
W, =390 um far from the junction to W¥; = 195 um at
the junction. The height of the channel (H) is uniform
and equal to 190 um. The continuous phase (Silicone
oil by Sigma Aldrich, viscosity 20 cSt, density 0.95
g/ml @ 25 °C) is introduced from the two lateral
ports; the dispersed phase is introduced from the
remaining port. The main dimensionless parameters
involved in the droplet generation with the micro
cross-junction are: (i) the flow rate ratio o = Q,/Q,. and
(i1) the Capillary number (Ca = uu/c), where u (=
Q/A) is the fluid velocity.

0.50. / 0.5 0.
to,
Figure 2. Micro cross-junction and the distribution of the
fluids

Tween 20 (Sigma Aldrich, density 1.095 g/ml @
25 °C) is used as surfactant added to the dispersed
phase in small concentration (2 wt%). The density of
continuous and dispersed phases has been measured
by using a density determination kit (RADWAG AS
220.R2). The viscosity of silicone oil is measured
using a Cannon-Fenske Viscometer while a
Brookfield DV-II+ viscometer has been used for the
non-Newtonian solutions. The aqueous solutions of
Xanthan gum exhibit a shear thinning behavior and
the power-law model is used for its characterization.
Surface tension is measured by means of a force
tensiometer (KSV Sigma 700).

The geometrical characteristics of the droplets
(diameter, length, position of the edge with respect to
the centre of the junction) are calculated based upon
the acquired images by using a Matlab code [1].

During the tests, the continuous phase (silicone
oil) flow rate (Q.) varies from 0.3 to 20 ml/h; the
range of dispersed phase (Xanthan gum solution) flow
rate (Q,) has been varied from 0.01 to 2.1 ml/h.

RESULTS

Three typical droplet mechanisms have been
identified at low continuous flow rates (0.5 < 0, <2
ml/h = 0.005 < Ca,. < 0.026) while O, changes from
0.01 to 2.1 ml/h, as shown in figure 3. By changing
the flow rates at the inlets of the micro-junction it
becomes possible to obtain droplets generated at the
cross-junction (DCJ, figure 3a), droplets formed
downstream with respect the junction (DDC, figure

3b) and a stratified flow in which the continuous and
the dispersed phases flow in parallel (PF, figure 3c).
(b)

La)l bl LO | M@u |
B AL I S :

Figure 3. Typical mechanisms of the droplet formation for
an aqueous 0.5 wt% Xanthan gum solution when Q. = 1.5
ml/h and Q, = 0.015, 0.2 and 1.65 ml/h, respectively.

Three mechanisms for the droplet generation can
be obtained by changing the values of a and Ca,, as
shown in figure 4.
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0.005 += \ T
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Figure 4. . Flow pattern map as a function of flow rate
ratio o and Capillary number linked to the continuous
phase (Ca,) for a 0.3wt% Xanthan gum solution

In presence of non-Newtonian fluids, like the
aqueous Xanthan gum solution, a thin micro-thread
may be seen before the droplet breakup due to the
large viscosity of the dispersed phase. This thread
follows the droplet after the breakup as a satellite. The
thread is stretched if Q. increases. Figure 5 shows the
non-dimensional droplet diameter D" as a function of
flow rate ratio a. The non-dimensional droplet
diameter D" is defined as:

D =\D,D, [H M

where D, and D, are the droplet horizontal and
vertical maximum dimensions, respectively and H is
the channel height.

Figure 5 highlights that when the droplet
formation is linked to the dripping and jetting
mechanisms (a < 0.1, i.e. large Q. and/or low Q,) the
droplet dimension depends weakly on a and the
mono-disperse emulsion at the outlet of the micro-
junction is characterized by droplets having a
diameter close to the height of the channel (D" = 1).
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On the contrary, when o > 0.1, the droplet generation
is due to the squeezing mechanism and larger droplet
dimensions can be obtained by increasing a (D" > 1).

o " o 03wt O]
A 05w%| o
3.0+ — = A
o
25 N
5 Dripping 2
Q2.0 & Jetting @ 1
1.5 4‘—>
A 2 Squeezing
Loy o 8 2 i, B 1
AS
051 2% x -
0.01 0.1 1

(24
Figure 5. Droplet dimensionless diameter D" as a
function of o for two aqueous solutions having different
Xanthan gum concentrations

In squeezing regime the droplet diameter depends
weakly on Ca,; on the contrary, the channel size and
0, play important roles [2]. Due to the larger values of
0. and, consequently, to the larger values of shear
forces, the impact of Ca. on D* is more evident in
dripping regime [3, 4].

| v
P w+T
I 0.3 wt%

Figure 6. Polydispersity of the droplet diameter for pure
water (W), water with Tween 20 (W+T) and the aqueous
0.3 wt% Xanthan gum solution (0.3 wt% Xanthan gum)

The value of the droplet polydispersity (Dpoy),
defined as the standard deviation of the droplet size
distribution at the outlet of the junction divided by the
mean droplet size, has been calculated by varying the
flow rate of the continuous phase for a fixed flow rate
of the dispersed phase @, (=0.1 ml/h). Lower
polydispersity values are desirable because, in this
case, at the outlet of the droplet generator a mono-
dispersed emulsion of droplets having small
differences in terms of dimensions can be obtained.

Figure 6 presents the polydispersity of the droplet
diameter as a function of Q,, obtained by using as

dispersed phase pure water (W), water with surfactant
(W+T) and an aqueous solution of Xanthan gum (0.3
wt%). By observing figure 6 it is evident that in many
cases it is possible to obtain a value of Dp,, less than
0.1 (10%) even if no surfactant is added to the
dispersed flow (i.e. pure water). This result confirms
that the micro cross-junction is an efficient droplet
generator able to guarantee a production of
homogeneous micro-droplets in terms of diameter.

Finally, the effect of Q. and Q, on the droplet
frequency f, defined as the inverse of the time interval
between two consecutive droplets, has been
investigated. In figure 7 the droplet frequency
obtained by using an aqueous Xanthan gum 0.3 wt%
solution as dispersed phase is plotted as a function of
0, for fixed values of Q.. When Q, is increased, the
droplet formation time decreases and the frequency
increases. The same occurs when Q. is increased for a
fixed O, because an increase in Q. increases the shear
force which determines a faster droplet breakup.

In addition, when Q, increases in correspondence
of large values of Q. the droplet frequency becomes
more variable, as highlighted by the error bars of
figure 7. A maximum droplet frequency around 100
Hz can be obtained by increasing both Q, and Q..
However, in this case the frequency is not stable, as
underlined by the large error bars represented in figure
7. In order to obtain a stable behavior of the droplets
at the outlet of the junction in terms of frequency, the
experimental data suggest to limit the use of this
device for Q. < 2 ml/h; in this case the maximum
droplet frequency is about 10 Hz for O, around 1
ml/h.

100 3= T ]
@ O =1mlh
® Q =2mlh
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o Q. =8mlh B
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= 10+ _--B
S
S~
“
e -
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0.01 1

0.1
Q‘ ; (ml/h)
Figure 7. Effect of Q4 and Q. on the droplet frequency for
an aqueous Xanthan gum 0.3 wt% solution

In order to check the effect of the properties of the
non-Newtonian fluid on the droplet frequency, two
different concentrations of Xanthan gum have been
used. Higher concentrations of Xanthan gum mean
higher fluid viscosity and this generally leads to lower
droplet frequency because the number of droplets
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generated per second tends to decrease if the viscosity
of the dispersed phase is larger. In figure 8 the droplet
frequency obtained for two aqueous Xanthan gum
solutions and for water with surfactant (2 wt% of
Tween 20) is plotted as a function Q, for a fixed value
of O, (=0.1 ml/h). A lower viscosity of the dispersed
phase contributes to decrease the droplet formation
time. The data shown in figure 8 underline that there
is not a significant difference between the frequencies
of the droplets obtained for the two Xanthan gum
solutions even if the viscosity tends to increase with
the adopted Xanthan gum concentration.
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0.3 wt% B ]
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Figure 8. Droplet frequency for water with surfactant
(W+T), and aqueous 0.3 wt% and 0.5 wt% Xanthan gum
solution as a function of Q. and a fixed value of Qy = 0.1

mi/h

The observation of the dynamics of the droplet
generation is useful in order to understand the reason
of the increase of the instability of the droplet
frequency for large values of Q. (or low values of Q,).

Droplet formation time can be divided in two
periods: the growing period and the breakup period.
At low values of O, (or very high values of Q.) the
duration of the growing period is increased because
the dispersed fluid crosses an instable phase in which
it is not able to start the droplet growing (hesitancy
stage). The duration of this stage can vary test by test
and this fact explains the large error bars shown in
figure 7 in correspondence of large values of Q..

In order to obtain a stable behavior of the micro
droplet generator it becomes mandatory to avoid to
operate in presence of a hesitancy stage during the
droplet growing. The experimental results underline
that the droplet generator is able to produce stable
mono-disperse homogeneous droplets with a fixed
frequency only by operating at Q. < 2 ml/h and O, >
0.1 ml/h. Xanthan gum reduces the frequency
variation under 10% if compared with water and
surfactant.

CONCLUSIONS

In this work the generation of a mono-dispersed
emulsion of non-Newtonian droplets of aqueous
Xanthan gum solutions in a continuous flow of
silicone oil is studied experimentally by using
transparent micro cross-junction. Different droplet
breakup mechanisms (squeezing, dripping and jetting)
can be activated by varying the imposed flow rate at
the inlets and/or the Capillary number. The effect of
Q. and Q, on the non-dimensional diameter of the
droplets has been investigated by comparing two non—
Newtonian solutions having a different Xanthan gum
concentration (0.3 wt% and 0.5 wt%) with water in
which a surfactant (2 wt% of Tween 20) has been
added. The results show that the cross-junction is
generally able to generate homogeneous mono-
dispersed droplets with a polydispersity lower than
5%. Non-Newtonian solutions are characterized by a
larger polydispersity. In terms of droplet frequency,
the larger values of viscosity, characteristic of the
Xanthan gum solutions with respect to water with
surfactant, tend to reduce significantly the droplet
frequency. For the micro cross-junction tested in this
work the optimal operational conditions when
Xanthan gum solutions are used as dispersed phase
are defined as follow: 0. <2 ml/h and Q> 0.1 ml/h.

Under these conditions, the microdroplet
generator is able to produce droplets having a non-
dimensional diameter between 1 and 1.5 with a
polydispersity lower than 5% and a stable droplet
frequency of around 10 Hz.
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ABSTRACT

An actuator based on water electrolysis with a fast
change of voltage polarity is presented. It allows a
significant increase of the operation frequency due to
fast termination of the gas generated by the
electrochemical process. The actuator consists of a
working chamber with metallic electrodes and
supplying channels. The chamber is formed in a layer
of SU-8 and covered by a flexible
polydimethylsiloxane membrane, which deforms as
the pressure in the chamber increases. Cyclic
operation of the device is demonstrated at a frequency
of 200 Hz that is four orders of magnitude faster than
for existing electrochemical microactuators.

KEYWORDS
Actuator, electrolysis, bubbles, microsystems

INTRODUCTION

Membrane actuator is a wide spread component of
microfluidic systems. It is a key part of pumps [1],
valves [2], lenses, mirrors [3] and other devices.
Different mechanisms driving the membrane are in
use such as pneumatic, piezoelectric, and
electromagnetic to mention a few [4]. Since the
actuator is usually integrated with other microfluidic
components, its structure should be as simple as
possible. Electrochemical actuation is very attractive
because it allows a simple design and provides a
strong response. It is based on the electrochemical gas
production with the following termination of the gas.
The main disadvantage is a long response time due to
slow recombination of the gas inside of the working
chamber [1]. Recently a short-time electrolysis using
alternating polarity voltage pulses was demonstrated,
which allows fast generation and termination of the
gas [5]. Here we describe design and performance of
the electrochemical membrane actuator working on
the new actuation principle.

MATERIALS AND METHODS

Design of the actuator is schematically shown in
Fig. 1. The device has a working chamber with
metallic electrodes inside it, channels for filling the
system with the electrolyte, and holes for connection
with microfluidic tubes. The diameter of the chamber
is 500 um and the height is 8 um. An oxidized silicon
substrate is used as the bottom wall, the side walls are

)

[V

made of cured SU-8 resist, and the upper wall is the
flexible polydimethylsiloxane (PDMS) membrane
with a thickness of 30 um. The material of electrodes
is 500 nm thick Al layer covered by a 500 nm thick Ti
layer. The electrolyte is a molar solution of Na,SO, in
distilled water. A photo of the actuator with close-up
view of the chamber is shown in Fig. 2. In this work
we use circular electrodes. They provide more
homogeneous current density distribution in
comparison with the interdigitated fingers used
previously [6].

Chamber Hole

Channel Electrodes

(2)

Membrane

n
(b) /

- Si -sio, M - TiAl
- SU-8 - PDMS
Figure 1: Design of the actuator: top view (a) and the

cross-section (b).

10 mm

Figure 2: Ready to use actuator. The inset shows a zoomed
view of the working chamber.
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The actuator operates in the following way. A
series of short (~1 us) voltage pulses of alternating
polarity is applied to the working electrode while the
other one is grounded. These pulses produce hydrogen
and oxygen due to water electrolysis but all the gas is
collected in nanobubbles [5]. The pressure increases
in the chamber and pushes the membrane up. When
the pulses are switched off, the gas in nanobubbles
recombines into water in 1 ms or so releasing the
pressure and the membrane returns to its initial state.
Unlike the conventional operation mode when a single
polarity voltage pulse is applied to the electrodes, in
the alternating polarity mode hydrogen and oxygen
molecules are not spatially separated and form not
only H, and O, bubbles, but also bubbles containing
mixtures of H, and O, [5]. The latter disappear in the
reaction, which is ignited in nanobubbles
spontaneously. The mechanism of the reaction is still
not completely clear but the reaction happens with the
assistance of the gas-liquid interface [5]. Short
recombination time allows a significant reduction of
the actuation cycle.

The main steps of the fabrication process are
shown in Fig. 3. The process includes three stages. At
the first stage a silicon substrate containing the
electrodes, the chamber and channels is prepared. The
wafer is thermally oxidized in wet oxygen so that a
dielectric layer of a thickness of 0.9 um is formed
(Fig. 3a). Next, the electrodes are fabricated (Fig. 3b).
A 10 nm thick adhesive Ti layer, 500 nm thick Al
layer, and 500 nm thick Ti layer are deposited by
magnetron  sputtering followed by the UV
photolithography and the wet etching of Ti/Al/Ti
layers. Further, the walls of the chamber and channels
are formed in 8 um thick layer of the photoresist SU-8
3005 (Fig. 3c). The post-exposure baking of SU-8 is
done at a temperature no higher than 95 °C in order to
preserve the residual epoxy groups on the SU-8
surface [7].

At the second stage a PDMS structure holding the
membrane is fabricated. The silicon wafer is treated in
hydrofluoric acid solution for 10 s to make its surface
hydrophobic. Then a PDMS layer with a thickness of
30 um is applied to the wafer by spin-coating of liquid
compound (Sylgard 184, 10:1 mixture) and curing at
the temperature of 100 °C during 35 min (Fig. 3d).
Next, 4 mm thick PDMS structure with a through hole
of 8 mm in diameter is formed separately and bonded
to the thin PDMS layer using oxygen plasma
treatment (Fig. 3e). Further, the structure is detached
from the wafer with the through hole being closed by
a membrane. After that the inlet and outlet holes with
a diameter of 0.5 mm are made in the structure by a
biopsy puncher (Fig. 3f).

At the final stage the PDMS structure and the

silicon substrate are assembled together using
irreversible bonding of PDMS to SU-8 (Fig. 3g). The
bonding is based on the chemical reaction between
PDMS and SU-8 by generating amino groups on
PDMS surface with nitrogen plasma treatment and
allowing the amino groups to react with the residual
epoxy groups on SU-8 surface at -elevated
temperatures [7]. The PDMS structure is exposed to
N, plasma with the pressure of 0.5 mbar and 700 W
power during 1s. Exposed surface is brought into
contact with the SU-8 surface. The assembled parts
are treated at 100 °C for 30 min to drive the chemical
reaction. After cooling the samples are ready for
filling with the electrolyte and testing.

(@) (@
(b) = ©
© 7 ®
T m
(2) .
- - SU-8
- PDMS

Figure 3: Fabrication procedure.

Performance of the actuator is measured using a
homemade interferometer with orthogonal signals.
Laser beam (wavelength 4= 0.63 um) is focused on
the center of the membrane by 10x objective lens. To
increase the reflectivity of the membrane 20 nm thick
Al layer is deposited onto its surface. The driving
voltage is provided by a waveform generator
Tektronix AFG1022 and amplified ten times using a
homemade amplifier. The voltage, current flowing
through the electrodes, and the output signals of the
interferometer are recorded by a PicoScope 5000.

RESULTS AND DISCUSSION

To drive the actuator a series of N =40000
rectangular voltage pulses of alternating polarity with
a duration of #=1pus (frequency of pulses
/=500 kHz) is applied to the electrodes. Duration of
the series is ¢, = Nftp=40ms. Deflection of the
membrane with time at a different amplitude of pulses
U is shown in Fig. 4. During the first 5-10 ms the
membrane moves upward at a constant speed but then
the process slows down. Increase in the voltage
amplitude U leads to a higher deflection. The
deflection of 7 um is achieved at U =12 V. When the
amplitude increases up to 13V an explosion of a
microbubble happens inside of the chamber that
sharply pushes the membrane (red line in Fig. 4). The
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bubble can not be observed directly during the test
because the membrane is optically opaque.
Nevertheless, the explosion is accompanied by a
typical drop of the current in the system [6, 8]. The
observed part of the membrane has the speed of about
4 mm/s. The deflection of the membrane exceeds
20 um that is nearly 3 times higher than the deflection
without formation of the microbubble.

Exploding  microbubbles = were  observed
previously in an open system [8] and in the closed
chamber [6]. A series of the voltage pulses provides a
high concentration of the H, and O, nanobubbles
inside of the chamber. When the concentration is high
enough, nanobubbles merge into a microscopic
bubble. This bubble contains a stoichiometric mixture
of gases and the combustion reaction is ignited in the
bubble spontaneously producing a significant pressure
jump that pushes the membrane. The explosions can
significantly increase the force and stroke of the
actuator. However, here we are concentrated on the
actuation regime without explosions.

Dependence of the maximum membrane
deflection per cycle on the pulse amplitude is shown
in Fig. 5. The data for different number of pulses N in
a series are also presented. For each N the value of U
is limited by the explosion of the bubble. The longer
the series, the lower the amplitude of pulses needed to
obtain a given deflection. The highest deflection of
8.3 um is reached at U = 13.4 V and N = 20000.

The longest series of pulses used in the
experiment has a duration of # =40 ms. When the
pulses are switched off, the membrane returns to its
initial state in about ¢ =40ms (see Fig. 3,
U=11-13 V). Thus, the duration of the operating
cycle 7. does not exceed 100 ms, and the actuator can
work at a frequency f. of about 10 Hz. The cycle
duration for existing electrochemical actuators is
several minutes [1,9], which corresponds to a
frequency of 0.01 Hz. Thus, a short-time electrolysis
produced by the alternating polarity voltage pulses
demonstrates the increase of the operating frequency
by three orders of magnitude.

Periodical operation at f.=10 Hz is shown in
Fig. 6a. The membrane oscillates with the amplitude
d=4.7 ym. The volume of liquid pumped per cycle
by a micropump (for example, peristaltic) based on
this actuator can be estimated as
Vo= 0.572R’d = 0.5 nl, where R =250 um is the radius
of the working chamber. The flow rate of such a pump
would be O = 60f.V, = 0.3 ul/min.

Nevertheless, the actuator can work even faster.
The complete return of the membrane to the initial
state is not necessary. It can stay deformed during
operation and oscillate around a certain equilibrium
position. Fig. 6b demonstrates cyclic work at the

frequency f. =200 Hz. In this case short series of
pulses (V= 1000) is applied to the device. Relatively
high amplitude U=22V is needed to maintain
sufficient deflection of the membrane. Low oscillation
amplitude d=1.3 um is compensated by high
operation frequency. Flow rate of the pump would be
O=17 W/min. It is comparable with the value
provided by modern microactuators, although they
have much larger chamber volume (> 10 ul [1, 9])
than the presented device (1.6 nl). Small chamber
volume is beneficial for drug delivery systems where
the precise dosing is necessary [10].
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Figure 4: Deflection of the membrane with time for the
series of N = 40000 pulses. At U= 13 V the membrane is
sharply pushed up by the explosion of the microbubble in
the chamber.
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Figure 5: Dependence of the maximal membrane deflection
per cycle on the amplitude of pulses.

A problem revealed by the tests is a gradual
degradation of the electrodes. A layer of titanium
oxide grows on their surface with operation time and
reduces the Faraday current. As a result higher voltage
is required to keep the current sufficiently large. Due
to titanium oxidation the consumed power cannot be
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reduced below 0.25 W. Additional work has to be
done to find an appropriate material for the electrodes
and reduce the power consumption.
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Figure 6: Cyclic operation of the actuator. (a) Series of
pulses are applied at the frequency f. =10 Hz. N = 10000,
U=14V. (b)f. =200 Hz, N=1000, U=22V.

CONCLUSIONS

An electrochemical membrane actuator was
presented. It was designed to demonstrate a new
actuation principle based on water electrolysis with a
fast change of voltage polarity. The device consisted
of the oxidized silicon substrate with metallic
electrodes, working chamber covered by PDMS
membrane, and channels for liquid. Performance of
the actuator was investigated, deflection of the
membrane was measured using a homemade
interferometer. Recently proposed alternating polarity
mode allowed to achieve sufficiently short actuation
cycle due to very short time for the gas termination in
comparison with conventional electrochemical
actuators. Cyclic operation at frequency as high as
200 Hz was demonstrated. Micropump based on the

actuator could give a flow rate of the order of 1 pul/min
and provide pumping of liquid by portions of less than
1 nl.
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ABSTRACT

MEMS based rotary valve

This work describes the fabrication of a MEMS
based rotary valve and its integration with a micro
sensor. The sensor was used for the monitoring of the
refractive index of the valve outlet stream in order to
test valve functionality. The MEMS based valve
approach shows advantageous properties such as
compactness, a high configurability by design, and
small internal volumes. Results are shown of a
favorable injection of sample from a sample loop with
a marked reduction of plug dispersion.

KEYWORDS
MEMS, valve, rotary valve, injection valve, liquid
handling, sample loop, refractive index, sensor.

INTRODUCTION

Valving is a very important functionality in
(microfluidic) biosensor systems especially when the
sensor has to be regenerated and multiple liquids,
including the sample, have to be used in a timely and
ordered fashion. Several different types of microvalves
have been described in the literature [ 1] from which the
pneumatic- and the pinch-type microvalves are well-
known. The rotary valve, on the other hand, is a type of
valve that is very commonly used in analytical
laboratory equipment due to attributes such as
robustness of operation, fastness of fluid switching and
a limited internal volume. Disadvantages of these
valves are the high costs and the bulky size of the
set-up (including motors and connections). The current
work describes a hybrid fabrication approach [2] for
delivering a MEMS based rotary valve, which in
principle can replace a whole set of standard multiport
rotary valves. Furthermore, a further system integration
step was carried out by combining the MEMS based
rotary valve with an optofluidic micro sensor chip. This
way, an assembly was realized that is compact,
configurable by design and has a low internal volume.
This approach was developed within one of our
previous EU projects (BIOFOS) that aimed to realize a
demonstrator for early detection of food contamination.
Goal of the liquid handling development work within
BIOFOS was to automate all liquid handling steps that
belonged to the BIOFOS bioassay protocol (injection
and/or dilution of sample, incubation, washing,

regeneration and preconditioning). The current paper
describes the valve design, its way of operation and
some basic functional testing.

MATERIALS AND METHODS

Rotary valve

The MEMS based rotary valve consists of a liquid
handling chip (‘stator’) and a Teflon rotor part
(‘rotator’). The liquid handling chip was made from
borosilicate glass and fabricated by application of
several photolithography steps in combination with
processing steps such as wet etching, powder blasting,
gold layer deposition, and fusion bonding. The basic
layout of the liquid handling chip (Figure 1) comprises
several microfluidic channels (320 um x 60 um (width
x depth)) that have outlets at the bottom side (Figures 1
and 2: holes in blue) for connection to the outer world
(Figure 2) and outlets at the top side (Figure 1: holes in
orange) that are opened/closed by the proper

positioning of the Teflon rotor. In the center, a through
hole (in grey) was made in order to accommodate the
rotary axis. Additionally, gold leads and electrodes
(Figure 1: in orange/yellow) were microfabricated in
order to implement five separate conductivity sensors
that in principle can be used for checking the filling
state of individual channels.
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Figure 1: Top: Photomicrograph of the liquid handling chip
(dimensions: 19x45 mm, thickness: 1.4 mm). Bottom:
Drawing of the chip design.
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Flow was supported by two peristaltic pumps (P1
and P2), which could be done in an automated way by
using a liquid handling script. P1 and P2 support flow
through the available flow path as the pump tubings are
connected to specific outlets at the bottom of the liquid
handling chip (P1/P2, IN/OUT in Figure 2). In the
original BIOFOS bioassay protocol, delivery of buffer
fluids is mainly supported by P1; delivery of the sample
loop content is done by the action of P2. Loading of the
sample loop was done manually by using a disposable
syringe.

out IN IN OUuT IN  OuT

° ° Valve
outlet
{ out

. & f
Flow cell/
micro sensor

D:%:F N1, . P’ . . chip

Sample
IN (4x)

i

Buffers

ouT (2%)

Waste

Figure 2: Schematic representation of the configuration of
the bottom outlets of the liquid handling chip regarding their
connection to the outer world. Flow was supported by two
peristaltic pumps (Pl and P2) while the loading of the
sample loop (SL) was done by means of a syringe.

The microfabricated Teflon rotor part (Figure 3) is
designed to be mounted on top of the liquid handling
chip (at an applied torque of about 0.5 Nm). The
surface of the Teflon part is in intimate contact with the
glass chip and contains slots that, depending on the
position of the rotor, enable establishment of a flow
path between specific fluidic outlets on the top side of
the liquid handling chip. The rotational position of the
rotor is controlled by a stepper motor (Figure 4) and
can be adjusted in 8 steps.

Figure 3: Left: Photograph of the Teflon rotor. Right:
Design of the slots on the surface (slot dimensions: 0.6 mm
x 0.3 mm (width x depth)).

Assembly with micro sensor

As part of the final assembly, the outlet of the rotary
valve was closely connected to a flow cell on a separate
sensor chip (schematically indicated as ‘Flow

cell/micro sensor chip’ in Figure 2) for the monitoring
of the refractive index of the valve outlet stream [3].
This way, the functionality of the valve could be tested.
The assembly of the MEMS based rotary valve together
with the sensor chip holder is shown in Figure 4.

Figure 4: Leﬁ CAD drawing of the rotary valve/ sensor chlp
assembly. Right: Cross-sectional view, 1: liquid handling
chip, 2: Teflon rotor, 3: space in holder for sensor chip,
4: flow cell, and 5: inlet/outlet channel for the fluidic
connection between the rotary cell and the sensor chip.

RESULTS

Operating pressure

In order to measure the operating pressure in the
fluidic system, the rotary valve assembly was filled
with water and a pressure sensor was attached to an
inlet by means of a T junction. System pressure
appeared to be directly dependent on the flow rate,
reaching a value of =2.5 Bar at a flow rate of 1 ml/min
(Figure 5). In a preliminary check, leak tightness of the
rotary valve was proven at system pressures of 2500
mBar and higher. Maximal flow rate applied during our
experiments was 180 pl/min (corresponding with a
system pressure of about 500 mBar), which makes this
a safe flow regime with regard to leakage.
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Figure 5: System pressure measured on the rotary valve
assembly at different volumetric flow rates.

Switching valve performance

Functional testing was done with water and
different sucrose solutions in order to enable distinction
of the different liquid streams by refractive index
sensing. The refractive index of the valve outlet stream
was monitored by the closely attached micro sensor.
Selection of the one or the other liquid requires the
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rotation of the Teflon rotor part toward a certain
position as schematically shown in Figure 6. The
switching valve performance was tested by stepping
between three different model liquids (0, 2.9 and 8.5 %
(w/w) sucrose in water) from different vial sources and
their connections to the respective outlets (Bind.Buf,
Wash.Buf and Reg.Buf).
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Figure 6: Schematic drawing for explaining the principle of
the switching valve operation. Channels in dark blue
indicate the flow path that is active while the outlet names in
red are the relevant active connects. The rotational position
of the rotor valve is indicated by means of an arrow ( < ).

The results revealed a distinct stepping behavior and
the reaching of stable plateau levels as shown in Figure
7. Furthermore, very similar and reproducible results
were found when testing three separate rotary
valve/sensor chip assemblies that were fabricated
according to the same procedure.
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Figure 7: Refractive index monitoring on the valve outlet
stream during liquid switching.
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Injection valve performance

An injection valve is a specific type of switching
valve, which is extended with a sample loop. The
purpose of an injection valve is to introduce a specified
volume of sample into a carrier stream toward a
separation or detection system while maintaining a
continuous flow. The principle of the injection valve
operation is schematically shown in Figure 8.
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Figure 8: Schematic drawing for explaining the principle of
the injection valve operation. Channels in blue (buffer) and
green (sample) indicate the active flow paths while the outlet
names in red are the relevant active connects. Rotational
position of the rotor is indicated by ( <+ ).

Introduction of sample in the sensor chip was very
rapid as indicated by the very steep and nearly stepwise
change in signal level when switching from water to a
solution of sucrose in water (solid line in Figure 9).
This stepwise introduction of sample is related to the
small internal volume of the rotary valve/sensor chip
assembly (a total of about 4 pl between the sample loop
outlet and the refractive index micro sensor). Sample
injection was also done by using a conventional
injection valve directly connected to P1 OUT using
narrow-bore feed tubing (internal volume: 5.3 pl).
Injection with the conventional injection valve resulted
in a sample plug that was less confined at the front end
(Figure 9: dashed line). The time that was needed for
reaching the higher plateau in signal level was
<10 seconds for the micromachined rotary valve and
about 80 seconds for the conventional valve (Figure 9).
In order to have an internal check for the actually
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delivered injection volume, differential flow was
applied during sample injection namely a doubling of
flow rate (from 30 to 60 pl/min) after the first 200 pl
injection volume. This change in flow rate can be
recognized in the graph as a kink (indicated by an arrow
in Figure 9) occurring at the rear end of the sample
plug. It is obvious that, also with the MEMS based
rotary valve, significantly more elution volume (>200
ul) was needed compared to the 100 pl internal volume
of the sample loop, which is related to the high extent
of plug dispersion at the rear end. Cause of this
enhanced dispersion at the rear end is the radial
diffusion of the highly diffusive sucrose (diffusion
coefficient =5.2x10" m?s), which becomes
increasingly dominant at a longer plug passage time.
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Figure 9: Refractive index measured on the valve outlet
stream during sample injection of sucrose (0.3 % (w/w) in
water). Sample loop volume was 100 ul. At the point
indicated by the arrow, the flow rate was changed from
30 pl/min to 60 pl/min.

Duration of the plateau phase in the case of the MEMS
based and conventional rotary valve systems was about
170 s and 130 s, respectively. The shorter duration of
the plateau phase for the conventional system can be
explained by the higher extent of dispersion at the plug
front end. Dispersion at the plug rear end was nearly
similar for the both systems.

Partial loop injection

One way to limit the extent of plug dispersion at the
rear end is to apply partial loop injection, i.e., to inject
a volume that is smaller than the internal volume of the
sample loop. This keeps contact time between the rear
end of the injected sample plug and the carrier stream
limited and involves injection of mainly the front end
part of the sample plug. Figure 10 shows an example of
the well-defined plug that was found when executing
partial loop injection. As a result, original sample
concentration was preserved over more than 95% of the
sample passage time.
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Figure 10: Refractive index measured on the valve outlet
stream during partial (=50%) loop injection of sucrose
(5.8 % (w/w)).

CONCLUSIONS

An advanced system integration has been described
for fabrication of a MEMS based rotary valve and its
combination with a sensor chip. This assembly is
compact, configurable by design and has a low internal
volume. Results are shown of a reliable fluid switching
and a favorable sample loop injection with a marked
reduction of plug dispersion.
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ABSTRACT

This abstract presents research data on a new
technology to regulate the pressure of fluid reservoirs
for microfluidic setups such as lab-on-a-chip platforms
or droplet generators. This technology relies on a
unique combination of valves that are controlled by a
dedicated algorithm which is much more advanced
than simple PID routines. Indeed, the smart control of
the different sorts of valves allows at the same time to
reduce the reaching time, keeping a very high flow
stability, reducing drastically the air consumption and
the electrical consumption. This technology was
integrated in the new Flow EZ™ product from the
Fluigent new product series LineUP™,

KEYWORDS
Microfluidics, flow control, pressure actuation

INTRODUCTION

Conventional flow control systems, such as syringe
and peristaltic pumps, are poorly adapted to the control
of flows in microchannels. Our approach is based on a
pressurization of reservoirs filled with fluids to be
injected in the microsystem. The regulated pressure
generates pulse-free and very stable flows through the
microchannels, with short settling time. Coping with
any external disturbance to deliver the best flow
response, this technology is perfectly suited for droplet
manipulation and  microfluidic  cell  biology
experiments.

Although pressure-driven flow proposes high
performances in term of flow-rate settling time and
stability, a pressure pump is used in microfluidic lab
and needs to be designed on purpose. LineUP™ series
fits in this term microfluidic lab bench needs. Setups
evolve every day and the ability of adding injection
lines directly by the customer requires expandable
system. A microfluidic set-up is also very different
from a lab to another with different number of pumps,
need of valving systems, flow-rate ranges and so on.
Modularity seems to be a good way of answering to all
requirements and this is how we designed the
LineUP™ series. Scientists involved in microfluidic
researches have been changing from physicists and
engineers to biologists and chemists. Nowadays,
microfluidic is becoming more a tool with incredible

advantages than a subject of study as it were in the 90°s.
In order to let these scientists focus on their science, the
microfluidic handling systems must be very easy to
use. Software development has been a priority for
Fluigent since our customers control our devices
through it. We present here brand new software with all
required functionalities: data logging, up to 16 injection
line overview and control, modular graphic interface
adapting its window disposition to the connected
hardware.

For a long time, researchers have been limited
by their microfluidic pumps’ performance.
Historically, syringe pumps and peristaltic pumps have
been adapted to microfluidic format but their
technology leads to unsteady flows and long settling
times at this scale. Short settling times lead to fast
setting-up of an experiment and can be very useful
when controlling single objects such as cells or
droplets. Stability of flows is generally one of the most
critical parameter for a microfluidic pump. Indeed,
smooth flow leads to high droplet monodispersity or to
good biological repeatability results.

We present here LineUP™ Flow EZ™ system,
the next generation liquid handling device for
microfluidic experiment with a smart modular design
and the best specification on the market, along with
Fluigent A-i-O Software providing a new user
experience suited for microfluidic labs and scientists.

Flow EZ™ module

The working principle of a pressure controller is to
pressurize the sample reservoirs in order to control the
pressure drop between the inlets and the outlets of the
microfluidic system (see Figure 1). It takes a constant
pressure as an inlet and delivers a required pressure at
its outlet. This regulated (outlet) pressure pressurizes
the reservoir, driving the liquid up through the tubing
and into the microfluidic setup. Controlling the outlet
pressure allows the user to control the rate at which
fluid is injected into the microfluidic setup.

=1l

‘“ ‘U‘ HE The 3™ Conference on MicroFluidic Handling Systems, 4—6 October 2017, Enschede, The Netherlands

(9]



Supplied (inlet) Regulated (outlet)
pressure pressure

!

O
C

Q

Microfluidic
setup
a microfiuidic chip is shown
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Figure 1:Working principle of microfluidic pressure
pump

Generally speaking, pressure is not the value the
experimenter wants to control and monitor. Indeed,
depending on the hydrodynamic resistance of the
fluidic system (basically the microfluidic chip and the
tubing around it) a given pressure in the reservoir will
lead to different flow-rates. The Flow EZ™ can
connect a flow sensor (Flow Unit, Fluigent) for flow-
rate control (see figure 2).

7N
3

B \«

Flow Unit
Figure 2: Connection of the flow sensor to the Flow
EZ™,

Embedded functionalities

The local control of pressure and flow-rate has been
a request from customers. The Flow EZ™ has an
OLED display (see Figure 3) and few buttons for basic
local features. All has been designed for an easy and
intuitive start even for users not used to pressure
regulators.

1 click: Set pressureto O

Click again: go back to previous
pressure

Longclick: put it stand by

The functionality is written on the
display

Turn dial: adjust the pressure/menu
navigation

1 Click: Control off, select pressure
value

Click again: Apply pressure

Click while in Menu: enter/OK

Figure 3: Close-up on the OLED screen and few
features easily accessed.

The user can directly dial a pressure order in a very
intuitive way, keeping his eyes on the microscope lens
for example. An acceleration function induces big
pressure increments when the dial is turned fast and
very small increments when dialing slowly.

The embedded user interface has two main screens:
the control window and a menu (See figure 4).

Flow Rate Calibration H20/IPA

Custom scale factor

Measured Flow-rate
Flow Unit type

Pmeas

Measured pressure

Inlet=242
Pcmd

Inlet pressure

Setpressure
___mbar

Local Menu

Figure 4: Control window of the Flow EZ™,

Among the features, the user can change flow rate
and pressure units, apply a custom scale factor to the
flow-rate monitoring when using particular fluids and
calibrate the system.

Disposition in a lab bench

Generally speaking, a lab bench is not a spacious
and clean surface; this sentence does not need any
reference. A microfluidic pump can be invasive when
several injection lines are involved. The philosophy of
Line UP™ series is to feet to any lab bench. The system
has been designed for operating in different positions
(See figure 5)

vertical

horizontal

angled

Figure 5: The Flow EZ can be used in different
positions.

Wires and tubing are sometimes a mess and we decided
to include a channel for managing inlet pressure tubing
and power supply wire. We also raised the modules in
order to give the possibility to pass outlet pressure
tubing and the Flow Unit wires under the module (See
figure 6).
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Figure 6: Wire and tubing management under the Flow
EZ module.

Technology and performance

The resolution of the generated flow-rate depends
on the resolution of pressure sensor in the pressure
pump. For instance, the first technology Fluigent has
developed, called FASTAB™, offers a resolution of
0.03% of the full scale (pressure sensor resolution) as
well as a stability of 0.1% of the measured value. In
term of responsiveness, the typical response and
settling times of this technology is relatively fast and is
a function of the technology of the pressure controller
and the configuration of the microfluidic setup. For
instance, based on the FASTAB™ technology, the
MFCS™ series has a response time down to 40ms and
a settling time down to 100ms for small reservoirs (<
15 mL).

The expansion of microfluidics in a large diversity
of fie