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Abstract

The ability to measure the amount of fluid that flows from one location to another

is of use in a wide variety of applications and applications that require very small

fluid flows become more and more important. Examples of this are drug delivery to a

patient during intravenous therapy or monitoring (bio)chemical processes. In these

cases it is often not only the flow of a fluid that needs to be monitored, but also the

composition of the fluid, to be able to keep track of what the actual drug mixture is

that is being applied or how a chemical reaction of taking place. For this, multiple

parameters of the fluid need to be measured, preferably using a very small sensing

system with a very low volume. In the past, many different microfluidic devices

have been introduced that can measure these parameters. However, to integrate

these different devices, it is often necessary to use external fluidic interconnects

which have a relatively large volume, resulting in slow response times and requiring

large sample sizes. The research described in this thesis can roughly be divided

into two parts: (i) realize and characterise a microfluidic platform that allows for

on-chip integration of many different microfluidic devices and (ii) design, realize and

characterise microfluidic devices that can be used to measure fluidic parameters.

The microfluidic platform that is presented in this thesis allows design of microfluidic

channels, right underneath the surface of the device, of many different sizes and

shapes integrated on the same chip, with functional structures in close proximity of

the fluid. As a result, many different sensing principles can be applied to the fluid to

measure its parameters.

The second part of the research has been focussed on realizing different sensor and

actuator systems in this platform. Here the emphasis has been on research on a

micromachined Coriolis mass flow sensor. During the course of two earlier projects,

a first generation of micromachined Coriolis mass flow sensors had been realized

and the work presented here focussed on improving the understanding of how this

sensor works and on achieving improvements on the fields of sensitivity, actuation

and read-out techniques and packaging. For this, a numerical model has been made

that models the mechanical behaviour of a freely suspended channel. This behaviour

changes when a fluid is flowing through the channel and the sensors response to a

fluid flow can be calculated. By modelling different sizes and shapes of the channels in

the model, designs have been made that are optimized of high sensitivity. The results

are five different sensors with significant improvements to the sensitivity, compared
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ii ABSTRACT

to the first generation of sensors. Besides sensors for high sensitivity, several Coriolis

sensor designs have been made to for instance be able to measure a differential flow

or a high flow.

The sensors were further improved by characterizing the previously used Lorentz

force actuation and capacitive read-out. Different methods of actuation, based on

Lorentz force and on electrostatically induced parametric effects have been investi-

gated in order to improve the stability of the actuation and to reduce the heating of

the channel due to Joule heating by the actuation current. The location and design of

the capacitive read-out structures has been characterised in order to find the optimal

structure to measure the Coriolis force induced movements.

Besides Coriolis mass flow sensors, other sensors have been designed, realized and

characterised to be able to measure different fluid parameters. Capacitive pressure

sensors have been realized to measure the pressure inside the channel, which also

allows measurement of the viscosity of the fluid. Thermal flow sensors have been

used together with the Coriolis flow sensors to increase the total dynamic flow range

of the sensor or to find thermal properties of the fluid like the specific heat capacity

or the thermal conductance. Resonating channels have been used to measure the

density of the fluid inside them and in the case of proteins that adhere to the channel

wall, their mass. A sensor to measure the relative permittivity of the fluid has been

realized and a design for improvements have been proposed.

While it is useful to measure on the fluid flow, it is even more useful to be able to

manipulate the flow. For this purpose, two different integrated proportional control

valves have been realized. An out-of-plane design has a very small footprint and can

control the flow from a back-side inlet to the microchannels at the surface of the

device. An in-plane design has a larger footprint, but is able to control the flow in-line

between different microchannels which allows control of the flow between different

devices on the same chip. This last design has been integrated with a Coriolis mass

flow sensor and can control the mass flow by use of a proportional control system.
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Introduction

1.1 Background and motivation

The ability to measure the amount of fluid that moves from one location to another is

of use in a wide variety of application from the amount of oil flowing through

a pipeline in the tonne per second range to the amount of drug delivered to a

patient during intravenous therapy in the mgh−1 range. These applications can

be divided in two main categories: (i) flow measurement, where the fluid flow is only

measured, e.g. to keep track of the gas consumption of a household and (ii) flow

control, where the fluid flow is influenced to reach a certain setpoint, e.g. to generate

a certain composition for chemical reactions. For large flows, mass flow sensors using

the Coriolis measurement method are dominant due to their insensitivity to fluid

parameters [1]. However, for the very low flows Coriolis forces become very small

and flow sensors based on thermal measuring principles are still dominant [2].

In the last few decades, microfluidic systems have gained in popularity and with

that, the need for an accurate microfluidic flow sensor which does not depend on

fluid parameters [2–4]. These microfluidic systems also allow integration of many

functionalities within one device, resulting in complex microfluidic handling systems

in which small flows of many different fluids need to be monitored. For this it is not

only important to measure the flow rate, but also the composition, to be able to gain

insight in what happens in the process.

1
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2 CHAPTER 1 Introduction

1.2 Aim of the research

During the course of two earlier projects, a proof-of-principle for a micromachined

mass flow sensor of the Coriolis type has been investigated [5]. This sensor had a

nominal flow rate (where the pressure drop over the sensor is 1 bar when measuring

with water) of 1 g h−1 with an accuracy in the order of 1% of its full scale. The

aim of the research presented in this thesis is to improve the understanding of the

micromachined Coriolis mass flow sensor and achieve improvements on the fields

of sensitivity, actuation and read-out techniques and packaging. Furthermore, the

aim is to extend the previously used fabrication techniques [6] to form a microfluidic

platform that can be used to integrate many different microfluidic devices on one

chip. For this, these fabrication techniques will be investigated and improved where

necessary. Measurement techniques to measure different fluid parameters will be

investigated in order to realise proof-of-principles of integrated multiparameter

sensing systems.

1.3 Thesis outline

In chapter 2, a short overview of the most used flow measurement techniques in

microfluidics is given. An introduction will be given to micromachined mass flow

sensors of the Coriolis type and a short history of progress in this field is given. An

overview of what has been achieved in the first generation of micro Coriolis mass flow

sensors at our group, prior to the research project presented in this thesis is also given.

In the past, a lot of experience has been accumulated in the group related to

fabrication techniques for microfluidic applications which has been collected and

combined into the microfluidic platform presented in chapter 3. This platform has

been used to realise all the devices presented in this thesis.

Chapter 4 describes two models for the mechanical behaviour of a micromachined

Coriolis mass flow sensor. An analytical model, by Haneveld et al. [5], can be used

to get an understanding of what parameters influence the behaviour of the sensor.

However, it does not include a method to determine these parameters. Therefore,

a numerical model is also presented. The MathWorks MATLAB® package SPACAR

[7, 8] has been used to model conventional Coriolis mass flow sensors and find their

mechanical properties [9]. This model has been adapted to include the geometrical

and mechanical parameters of a micromachined Coriolis mass flow sensor. The

complex channel shape has been analysed using finite element modelling (FEM)

in SolidWorks® and the resulting mechanical parameters have been applied to the

model.

Chapter 5 describes different actuation and read-out methods that can be used for
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the micro Coriolis mass flow sensor. In chapter 6, the design and characterisation of

the second and third generation of micro Coriolis mass flow sensors is presented.

The second generation contains sensors, based on the first generation, that are used

to validate the numerical model presented in chapter 4. Furthermore, it contains

a variety of Coriolis mass flow sensors for specific purposes e.g. to increase the

(dynamic) flow range or perform differential flow measurements. Some of these

sensors are combined with thermal flow sensors to further increase their dynamic

range. A third generation of micro Coriolis mass flow sensors is presented that is

based on optimizations done using the numerical model presented in chapter 4. These

optimizations are intended to increase the sensitivity (in °/(g/h)) of the sensors. The

designs are shown and the fabricated sensors are characterized and compared to the

model.

Chapter 7 describes the design and characterization of a pressure sensor and a

relative permittivity sensor. Possible improvements for these sensors are given. By

combining the sensing techniques of the Coriolis and thermal flow sensors with that

of the pressure and relative permittivity sensors, several more fluid properties can be

measured including the fluids density, specific heat capacity, thermal conductivity and

viscosity. A proof-of-principle is presented to use these measurements to determine

the composition of a gas mixture. Finally, an angular acceleration sensor inspired by

the semicircular channels in the vestibular system and made using the microfluidic

platform described in chapter 3 is presented.

References

[1] T. Wang and R. Baker, “Coriolis flowmeters: a review of developments over

the past 20 years, and an assessment of the state of the art and likely future

directions,” Flow Measurement and Instrumentation, vol. 40, pp. 99–123, Dec

2014.

[2] J. T. W. Kuo, L. Yu, and E. Meng, “Micromachined thermal flow sensors-A review,”

Micromachines, pp. 550–573, 2012.

[3] S. Silvestri and E. Schena, “Micromachined Flow Sensors in Biomedical

Applications,” Micromachines, pp. 225–243, 2012.

[4] G. M. Whitesides, “The origins and the future of microfluidics,” Nature, vol. 442,
no. 7101, pp. 368–373, 2006.

[5] J. Haneveld, T. S. J. Lammerink, M. J. De Boer, R. G. P. Sanders, A. Mehendale,

J. C. Lötters, M. Dijkstra, and R. J. Wiegerink, “Modeling, design, fabrication and

characterization of a micro Coriolis mass flow sensor,” Journal of Micromechanics
and Microengineering, vol. 20, 2010.



1

4 REFERENCES

[6] M. Dijkstra, M. J. De Boer, J. W. Berenschot, T. S. J. Lammerink, R. J. Wiegerink,

and M. Elwenspoek, “A versatile surface channel concept for microfluidic

applications,” Journal of Micromechanics and Microengineering, vol. 17, no. 10, pp.
1971–1977, 2007.

[7] SPACAR 2015. [Online]. Available: http://www.utwente.nl/ctw/wa/software/

spacar/

[8] J. B. Jonker, “A finite element dynamic analysis of spatial mechanisms with

flexible links,” Computer Methods in Applied Mechanics and Engineering, pp.
17–40, Nov 1989.

[9] L. van de Ridder, W. B. J. Hakvoort, J. van Dijk, J. C. Lötters, and A. de Boer,

“Quantification of the influence of external vibrations on the measurement error

of a Coriolis mass-flow meter,” Flow Measurement and Instrumentation, vol. 40,
pp. 39–49, Dec 2014.

http://www.utwente.nl/ctw/wa/software/spacar/
http://www.utwente.nl/ctw/wa/software/spacar/


22
Micromachined flow sensors

2.1 Introduction

Microfluidics is rapidly becoming an important part in many research fields and is

increasingly finding its way to the commercial market for many different applications.

While all these applications use many different approaches to achieve vastly different

results, they all have one thing in common: it is crucial to know, and in many cases

control, the flow of the various fluids in the microfluidic system. The mass or volume

flow determines what is happening in the system and how. Research into microfluidic

flow sensors started in 1974 by Van Putten and Middelhoek [1] with a thermal

anemometer made in silicon. Since then, the field has grown rapidly, branching

into many different kinds of flow sensing principles [2–9]. In section 2.2 a short

description of the most commonly used flow sensing principles in microfluidics is

given. Section 2.3 deals with flow sensors using the Coriolis mass flow measuring

principle. This type of sensors is one of the most used types for high flows, but is

not very well represented in microfluidics [10, 11]. Chapters 4 and 5 give a detailed

description of the micro Coriolis mass flow sensor that is presented in this thesis.

This chapter is based on “Micromachined Flow Sensors - A Comprehensive Review” by J.C. Lötters,
D. Reyes, C. Hepp, J. Groenesteijn, D. Alveringh, R.J. Wiegerink, G.A. Urban, M.C. Elwenspoek, to be
published

5
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2.2 Common microfluidic flow sensing principles

2.2.1 Thermal flowsensors

Thermal flow sensors are the most widely used flow sensors in microfluidics and can

be divided into three groups:

• Anemometric

• Calorimetric

• Time-of-flight

A schematic overview of these sensors is given in Figure 2.1 with temperature

distributions simulated using Comsol Multiphysics®. Three electrodes are shown,

the centre one is used as a heater the other two can be used as temperature sensor.

Figure 2.1a shows the simulated temperature distribution when there is no flow

around the heaters/sensors, in this case, the temperature difference between the heater

and each of the temperature sensors is equal. Figure 2.1b shows an example of the

simulated temperature distribution when there is a flow around the heaters/sensors,

in this case, the temperature sensors will sense a different temperature.

Heater

Optional temperature sensors

(a)

Heater

Optional temperature sensors

(b)

Figure 2.1: Schematic overview of thermal flow sensors with simulated thermal profiles. a)
Temperature distribution without flow. b) Temperature distribution with a fluid flow towards
the right.

Anemometric flow sensors An anemometric flow sensor consists of at least one

resistor which serves both as a heater and as a temperature sensor and is represented

by Figure 2.1 with only the centre heater/sensor. A fluid with a lower temperature

flowing past the resistor will cause heat to be transferred by convection from the

heater to the fluid. A higher flow will result in more heat transfer, which means that

the heat loss is a measure for the flowrate. In the case of a hot-wire anemometric flow

sensor, this can be calculated using King’s law [12]:

Qh =Qh,0 +α
√
v (2.1)
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where Qh is the dissipated heat, v the flow velocity and Qh,0 and α are constants

depending on the sensor and channel geometry, temperatures involved and the

thermal parameters of the fluid. Several operation modes can be used, based on the

heat dissipation of a resistive heater:

P = I2 ∗R ∝Qh (2.2)

where P is the dissipated power, I is the actuation current and R is the temperature

dependant resistance of the heater.

This leads to three modes of operation [13]: constant powermode and constant current

mode, where the power or current respectively is kept constant and the resulting

temperature is measured as a function of the flow and the constant temperature mode,

where the dissipated power, required to keep the heater at a constant temperature

(resistance) is a function of the flow. In all modes, the output signal depends on the

flow speed and the thermal properties of the fluid and sensor, which means that the

sensor will have to be adjusted for each fluid.

Calorimetric flow sensors A calorimetric flow sensor consists of at least one heating

element and one temperature sensor as shown by Figure 2.1. The temperature sensor

is generally placed downstream from the heater. An upstream temperature sensor can

be used to increase sensitivity and for bi-directional sensing. Convection takes heat

from the heater through the fluid to the temperature sensor as shown in Figure 2.1b.

A higher fluid flow will result in more heat transferred and thus a higher temperature

at the sensor, which means that the measured temperature by the temperature sensor

is a measure for the flow.

A calorimetric flow sensor is generally operated in one of two excitation modes:

constant power (CP) or constant temperature (CT). In constant power mode [14], the

heating power delivered by the heater is kept constant, resulting in a temperature

difference (∆T ) between the sensors as a function of the fluid flow. A typical response

curve in CP mode shows a linearly increasing ∆T for low velocity. At higher velocity,

the heater will start to cool down as well, resulting in a maximum ∆T determined

by the flow sensors geometry and the thermal diffusivity of the fluid [15]. When

the flow is increased more, ∆T will be reduced further. CP mode does not require

very complex control electronics and when a heater material is used with a low

temperature coefficient of resistivity (TCR), a constant voltage will suffice. Downside

of the CP mode is that there is no limit on the temperature of the heater which can

result in burned heaters in situation with low convection.

In CT mode, the temperature of the heater is kept constant and the temperature

difference between the sensors is a measure for the mass flow. This prevents burning

of the heater, but can result in very high power dissipation at high flow rates. A typical

response curve in CT mode shows a monotonically increasing ∆T which saturates

for very high velocities. CT mode requires more complex control electronics, but
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usually has a larger flow range. Both operation modes depend heavily on the thermal

properties of the fluid, requiring adjustments for each fluid.

Time-of-flight flow sensors Thermal time-of-flight flow sensors consist of a heating

element and a downstream temperature sensor as shown in Figure 2.1a. By applying

a (short) heat pulse, the fluid is heated locally. The temperature pulse in the fluid

is carried away by forced convection at the fluid velocity v, to be measured by the

temperature sensor located at ∆x from the heater at a later time. While the pulse

travels through the channel, the temperature diffuses, resulting in a spread and

flattened pulse. Both convection and diffusion are described by the energy equation

for fluids [16]:
∂T

∂t
+ v∇T =

λ

ρcp
∇2T +

Qh

ρcp
(2.3)

where λ and ρcp are the thermal conductivity and volumetric heat capacity of the

fluid respectively, Qh is the dissipated heat and T is the temperature of the fluid. For

short heat pules of amplitude Qh,t0, travelling one-dimensional temperature pulses

are given by [17]:

T (x, t) =
Qh,t0

4πλt
e
−
(

ρcp (x−vt)2
4λt

)

(2.4)

At high velocity, the peak of the thermal pulse is still travelling at speed v, meaning

that it can be used as a measure for the fluid velocity:

∆tpeak =
∆x

v
(2.5)

At low v, the thermal diffusivity (α = λ/ρcp) has a large influence on the measured

time-of-flight:

∆tpeak =
−2α +

√

4α2 + v2(∆x)2

v2
(2.6)

2.2.2 Differential pressure flow sensors

A differential pressure flow sensor is generally based on either the Venturi effect (dom-

inated by the kinetic energy of the medium) or the Hagen-Poiseuille law (dominated

by the viscosity of the medium). The working principles of these sensors are shown in

Figure 2.2. ∆P1 shows the pressure difference measured by a differential pressure flow

sensor based on the Venturi effect, while ∆P2 shows the pressure difference measured

by a sensor based on the Hagen-Poiseuille law.

When the dominant effect is due to the kinetic energy of the medium, Bernoulli’s

theorem can be applied. It states that along a streamline in steady flow, the sum of all
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Φ
V

∆P
1

∆P
2

A
1

A
2

d
h

L

Figure 2.2:Working principle of differential pressure flow sensors. ∆P1: sensor based on the
Venturi effect. ∆P2: sensor based on the Hagen-Poiseuille law.

energy in the fluid must be the same for all points along the streamline [18]:

p

ρ
+
1

2
v2 +φ = constant, (2.7)

where 1
2v

2 and φ are the kinetic and potential energy per unit mass of the fluid.

The Venturi effect then states that the fluid pressure decreases due to an increase

in velocity when an incompressible fluid flows through a constriction. This can be

calculated according to:

∆P1 =
ρ

2

(

v22 − v21
)

=
ρ

2













(

ΦV

A2

)2

−
(

ΦV

A1

)2










(2.8)

Where ∆P1 is the decrease in pressure as shown in Figure 2.2, ρ is the density of the

fluid and ΦV is the volumetric flow rate. v1 and A1 are the velocity of the fluid and

the area at the wide part of the channel and v2 and A2 are the velocity of the fluid

and the cross-sectional area at the constricted part of the channel. This principle is

usually applied for high Reynolds number and is rarely used in micro fluidics. The

increase in velocity and thus decrease in pressure can also be achieved by an orifice

plate or nozzle.

When viscous effects are dominating, the Hagen-Poiseuille law can be applied,

which states that when a laminar, incompressible Newtonian fluid flows through

a circular channel, there will be a pressure drop along the channel according to

equation (2.9):

∆P2 =
128µLΦV

πd4
(2.9)

Where ∆P2 is the decrease in pressure along a channel with length L and a constant
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diameter d. The dynamic viscosity of the fluid is given by µ and ΦV is the volumetric

flow rate. For channels with non-circular cross section, equation (2.9) can be adapted

to any cross section shape [19]. This principle can be used, using a differential pressure

sensors at both ends of the channel as been shown by Cho et al. [20] or by two separate

absolute pressure sensors as been shown by Boillat et al. [21] and Oosterbroek et al.

[22].

Both types of sensor are usually made using at least two separate pressure sensors

located at the right place along the channel. Most pressure sensors are not thermal-

based, which means that they are usually more power efficient and since nothing has

to be heated, have lower requirements on the thermal stability of the sensor. However,

the dependence on viscosity and density still means that the sensor has to be adjusted

for each fluid.

2.2.3 Drag-force based flow sensors

Drag-force based flow sensors consist of one or more deformable objects, usually a

cantilever or hair-like structure, which are placed in the flow as shown in Figure 2.3.

A flow will apply a drag force on the beams which will then deform or tilt. The

deformation or tilt can be measured using e.g. optical, piezo-electrical or capacitive

methods. When the beam deforms due to the drag force, this will also result in

a higher stiffness of the beam, which means it can be read out by measuring its

resonance frequency. In the case of turbulent flows, the beam can start to vibrate by

itself, but in the laminar flow regime, it needs to be actuated to measure its resonance

frequency. Drag-force based flow sensors can be divided into two regimes [23]: Stokes

flow (Re«1), where the drag force is linearly dependent on the flow. For a small

spherical object, the drag force Fd is given by:

Fd = 6πµRv, (2.10)

where µ the dynamic viscosity, R the radius of the sphere and v the velocity of the

flow.

The second regime is at high flow with relatively high Reynolds number (Re > 1000)

where the drag force is quadratically dependent on the flow velocity:

Fd =
1

2
ρv2ACd, (2.11)

with ρ the density of the fluid, A the cross sectional area of the object in the flow and

Cd the dimensionless drag coefficient which depends on many parameters like fluid,

geometry and flow properties.

In most cases, the beam is placed perpendicular to the flow. To achieve this, the beam

either needs to be on top of the surface of the chip, like the artificial hair flow sensors

by Ozaki et al. [24], Krijnen et al. [25] or by introducing stress in a beam in the chip
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flow

obstacle

Fdrag

Figure 2.3: Working principle of drag flow sensors. The drag force can be measured by
measuring the deformation or tilt of the obstacle.

surface which will cause it to curl upwards [26, 27], or a wafer-through hole needs

to be etched in the chip after the beam is fabricated parallel to the surface [28]. A

special kind of drag force sensor is one where the beam in placed parallel to the flow.

When the beam is attached to a stator and pointing in the opposite direction as the

flow, a flow over the beam will cause a lift force, bending the beam upwards [29, 30].

When the beam is suspended with in-plane springs, the beam will be dragged along

with the flow due to shear stress [31].

2.3 Micromachined Coriolis flow sensors

In 1835, Gustave-Gaspard Coriolis published a paper called "Mémoire sur les équa-

tions du mouvement relatif des systèmes de corps" [32] in which he described the

"compound centrifugal force", which we now know as the Coriolis force. He shows

that, on a rotating surface, there are inertial forces acting on the body perpendicular

to its direction of motion, in addition to the ordinary effects of motion of a body. As

a result to this force, the body will move along a curved path, instead of going in a

straight line.

While the Coriolis force was used in many applications, it took until the second half

of the 20th century before publications appeared which used the Coriolis force for

flow measuring [33–36]. Here the flow is measured through a rotating pipe. The

first mention of using oscillations in stead of rotation was by Pearson [35]. The term

"Coriolis mass flowmeter" was first used in the title by White [36]. Since then, the

Coriolis flow meter has grown rapidly in popularity and is one of the largest growing

markets in flow meters with flow ranges up to several tonnes per second [11].
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A Coriolis mass flow sensor consist of a vibrating channel through which a

fluid flows as shown in Figure 2.4. Due to the mass flow ~Φm, a Coriolis force ~FC
perpendicular to the rotational axis ~ωact develops according to:

~FC = −2Lx(~ωact × ~Φm), (2.12)

where Lx is the length of the channel perpendicular to the rotational axis. This Coriolis

force will introduce a second motion which can be detected and is linearly dependent

on the mass flow. Unlike other types of sensors, the Coriolis measurement principle is

independent to fluid properties, allowing for measurement of both liquids and gases

without any need for recalibration or conversions. Since the sensor is usually operated

at its resonance frequency, the density of the fluid can be calculated from resonance

frequency due to its dependence on mass of the vibrating structure. A detailed model

on the Coriolis flow sensors will be given in Chapter 4.

x

y

z

F
c

Φ
m

Φ
m

Φ
m

ω
act

L
x

Channel

Figure 2.4: Principle of operation of a Coriolis mass flow sensor, showing the channel vibrating

around rotational axis ~ωact. When a mass flow ~Φm flows through the channel, a Coriolis force
~FC will cause a secondary motion related to the mass flow.

The first micromachined Coriolis mass flow sensor was introduced in 1997

by Enoksson et al. [37] and [38]. This sensor consists of two rectangular-shaped

measuring loops or tube windows. A short overview of their fabrication process is

shown in Figure 2.5. They started by growing thermal silicon-dioxide on two 500µm

thick <100> silicon wafers (Figure 2.5a). The interior layout of the channels was

patterned into the oxide. Using an aqueous KOH solution, the tube grooves were

etched to a depth of 400µm (Figure 2.5b). To prevent the convex corners from etching,

they were protected by corner-mask compensation structures. The oxide was removed

and a silicon fusion bonding procedure with heat treatment was used to bond the two

wafers together. This formed the interior of the tubes (Figure 2.5c). A second thermal
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(a)

(b)

(c)

(d)

(e)

Figure 2.5: Overview of the fabrication process used by Enoksson et al. [37]

silicon-dioxide layer was grown and patterned (Figure 2.5d). Another KOH-etch up

to the depth of the wafer thickness was done to release the fabricated tubes. The

result were hexagonal tubes with a diameter of 1000µm and a wall thickness of

approximately 100µm (Figure 2.5e). The wafer was diced to release the individual

chips and to open the inlet and outlet holes.

An SEM image of the cross-section of these channels can be seen in Figure 2.6.

The channel can be operated in different modes, as shown in Figure 2.7 where the

Figure 2.6: SEM image of a cross-section of the channels used by Enoksson et al. [37] ©1997
IEEE.
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modes are simulated using SolidWorks®[39] according to the specifications given by

Enoksson et al. [37]. The highest sensitivity for density sensing was reached using the

anti-phase torsion mode [38]. For Coriolis mass flow sensing the modes coupled by

the Coriolis force are indicated with an arrow. The highest sensitivity was found when

the sensor was operated in the in-phase torsional mode at its resonance frequency of

approximately 4.5 kHz when filled with water. The overall structure has dimensions

of about 9x18x1mm. Using electrostatic actuation and optical read-out, they reached

a measurement range up to 1.8 kg h−1 with a resolution of about 29 gh−1.

Figure 2.7: Resonance modes simulated by SolidWorks® of the Coriolis sensor made by Enoks-
son et al. [37].

In 2001, Smith et al. [40] and Sparks et al. [41] introduced another micromachined

Coriolis mass flow sensor featuring a U-shaped measurement loop in a vacuum

package. The sensor was fabricated using plasma etching and wafer bonding. A glass

substrate is prepared by etching a cavity for the resonating channels and by patterning

metal electrodes on the substrate. The silicon channels are then bonded on the glass

substrate. The fluidic access holes are drilled into the glass substrate. The sensor was

also actuated using electrostatic forces using the electrodes on the glass substrate at

about 8.5 kHz when filled with water. Capacitive read-out was also integrated using

metal electrodes on the glass substrate. The sensor was tested using nitrogen and

argon gas, methanol and water. Measurements of 0.5 up to 110mLh−1 were reported

using liquids. In [40], the same group presented a micromachined Coriolis mass

flow sensor using a rectangular measurement loop in a vacuum package. Figure 2.8

shows the sensor chip without the vacuum package which is shown schematically in

Figure 2.9. They measured a flow range of 1 to 500 gh−1 with an accuracy better than

0.5%.
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Figure 2.8: Micro Coriolis sensor by Smith et al. [40] before applying the vacuum package
©2009 IEEE.

Figure 2.9: Schematic view of the vacuum package used by Smith et al. [40].

Research on a micromachined Coriolis mass flow sensor at the University of

Twente started in 2006 byHaneveld et al. [42]. Using a fabrication process as described

by Dijkstra et al. [43], the first working device was presented by Haneveld et al.

[44] in 2008. The sensor was fabricated by plasma etching semi-circular channels

with a diameter of 40µm through small slits in a silicon-nitride mask. A 1.4 µm

thick layer of silicon-nitride was then deposited to form the channel walls. A metal

layer is deposited on top of the channels for Lorentz force actuation. The channels

are etched free by a KOH etch from the backside. At the frontside, fluidic access

holes are etched by an RIE process. Figure 2.10a shows the backside of the released

silicon-nitride channels, Figure 2.10b shows an SEM image of the topside of the

sensor. The resonance modes of the sensor, as simulated by SolidWorks®, are shown

in Figure 2.11. The sensor is generally actuated in the torsion mode, resulting in

Coriolis forces that actuate the swing mode. Mass flow and density measurements

of both fluids (water, ethanol) and gases (nitrogen, argon) were demonstrated with

a resolution of 12mgh−1. For water, a nominal flow of 1 g h−1 at 1 bar. This thesis is



2

16 CHAPTER 2 Micromachined flow sensors

focussed on further research on this sensor as mentioned in chapter 1.

(a) (b)

Figure 2.10: SEM images of (a) the backside of the silicon-nitride channels used by Haneveld
et al. [44] and (b) an overview of the rectangular tube window.

Figure 2.11: Resonance modes simulated by SolidWorks® of the sensor by Haneveld et al. [44]

2.4 Conclusion

Each of the above mentioned flow sensors has their advantages and disadvantages.

Thermal flow sensors are generally very sensitive however, they are also highly

sensitive to fluid parameters like density and thermal capacitance and conductivity,

which means that they need to be adjusted for different fluids and are incapable of

giving accurate measurements for unknown fluids. Thermal flow sensors also have

a maximum limit to their flow range, depending on geometric parameters, making

them unsuitable to high flow applications.

Differential pressure sensors based on the Venturi effect require a high Reynolds

number to operate, making them unsuitable for very low flows. On the other hand,

differential pressure sensors based on viscous effects require a low Reynolds number,

making them unsuitable for very high flows.

Drag-force based flow sensors only work at high or very low Reynolds numbers. The

drag force depends heavily on the size and shape of the object in the flow, which

means that the fabrication of the object needs to be well controlled. In the high

Reynolds number regime, the drag coefficient depends of many different parameters,

making it very hard to characterise, especially when a large flow range is required.
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Coriolis mass flow sensors are insensitive to fluid parameters like viscosity and

thermal capacity, but are considered to be less sensitive then for instance thermal

flow sensor and much harder to miniaturize due to the very small Coriolis forces.

Since the channel on a Coriolis flow sensor needs to be long enough to be able to

vibrate, the pressure drop over the sensor is generally larger than over e.g. a thermal

flow sensor.

Since each of the flow sensors have their limitations, there is no one flow sensor

that can be used in every situation. This means that for each situation a comparison

between the advantages and disadvantages will have to be made and a different flow

sensor should be chosen for optimal performance.

The fact that each flow sensor depends on different fluid parameters also means that,

when they are integrated together, these parameters can be extracted by combining

their measurement results. Chapter 6 shows various microfluidic sensors that can be

combined for this purpose.
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3
Technology platform for microfluidic

handling systems

3.1 Introduction

A major advantage of microfluidics systems, compared to large-scale fluidics, is the

potential for small, accurate, reliable and cost effective liquid and gas handling

systems. While many microfluidic devices have been introduced in the past, many

require their own specialised fabrication process, limiting the available options to

form different kind of devices. To integrate multiple different devices into one micro

fluidic handling system, the separate chips have to be connected using (external)

fluidic interconnects as shown schematically in Figure 3.1a. This way, the fluidic

interconnects will have a relatively large volume, resulting in slow response times

and requiring large sample sizes.

To make the ideal integrated microfluidic handling system, one fabrication process

should allow many different microfluidic devices for all kinds of applications to be

integrated on the same chip as shown in Figure 3.1b. The functional channels of

the devices, the interconnect channels connecting them and the required electronics

for actuation, read-out and interfacing should be integrated on the same substrate

without restricting the design options for each device.

Different applications pose different demands on the fabricated system. To avoid

leakage and wear, the channel walls should be mechanically strong, chemically inert

and leak tight for both liquids and gasses in a large temperature range. It should be

possible to locally free the channel (completely or partially) from the substrate e.g.
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for thermal isolation or freedom of movement. It is required to integrate transducer

structures for actuation and measurement of the devices. This can be anything from

metal tracks to piezoelectric or magnetic materials or optical waveguides. It should be

possible to integrate extra functionality by functionalizing the inside of the channel

e.g. with a catalyst or for (bio)chemical reactions or adhesion. Multiple channels

should be able to cross each other or run inside each other. Interface electronics

should be integrated right on the chip or package to reduce noise and other parasitic

effects.

To be able to transfer proof-of-concepts to commercial devices, it should not only be

possible to fabricate low-volume research devices, but it should also be possible to

scale the fabrication and packaging up to industrial low-cost, high-volume processing

in foundries. A generic packaging method should be able to protect the chip during

use while allowing for easy interfacing to the chip. Last, and certainly not least, it

should be easy and straightforward to design the optimal fluidic element with respect

to shape and size, for any application.

The microfluidic platform proposed in this chapter is based on several fabrication

processes for silicon-based microfluidics [1–5] and with it, we try to approach the

ideal platform as much as possible. The previously described fabrication processes

were designed for specific applications and were not characterised for use outside

those applications. This chapter presents a platform that has been adapted from

these processes such that it can be applied in a wide range of applications and it

has been characterised to be able to use it as a standard tool for easy development

of microfluidic devices. The platform is shown schematically in Figure 3.1c and

features durable, strong, chemically inert and thermally stable channels with Silicon-

Rich-Nitride (SiRN) channel walls directly below the substrate surface which can be

used for functional channels in the devices as well as the fluidic connection between

devices.

Channels with a hydraulic diameter from less than 10µm to well over 100µm can be

made within the same device while the shape of the cross-sectional area can be tuned

to the specific application, both without limiting the options for other integrated

devices. The channels can be freely suspended and top side, bottom side and in-

plane fluidic interfacing is possible. Transducer structures can be integrated in close

proximity to the fluid using suitable materials. Commonly used actuation and read-

out methods that can be combined in this platform are thermal, Lorentz force and

electrostatic actuation [6–9] and optical, resistive and capacitive read-out [10–12].

The fabrication only uses process steps that can be found in any MEMS foundry,

enabling easy upscaling. Three different packaging methods have been developed for

electrical, optical and fluidic interfacing to the outside world, as well as protecting

the devices during use.

An overview of the fabrication process is given in section 3.2 and the main steps in

the fabrication process are addressed individually to describe the important design
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(a) Platform using separate chips and external electric and fluidic connects.

(b) Platform where devices, electronics and connects are fully integrated.

(c) Platform presented here where all fluidic devices can be integrated.

Figure 3.1: Artist impressions of the three different platforms.
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options. An emphasis is placed on designing and etching of the microchannels

themselves and a comprehensive study has been done to characterise the design

parameters and their influence on the shape and size of the channels (section 3.3.1).

Methods to integrate functions into the device, e.g. metal tracks for actuation or

releasing the channels from the bulk, are described in section 3.3.2. Several different

options for fluidic access and packaging of the microfluidic handling system are

discussed in sections 3.3.3 and 3.3.4. The platform has been used to fabricate a wide

range of microfluidic devices which are described in chapters 6 and 7.

3.2 Fabrication overview

The fabrication of the devices can be roughly divided into threemain steps: fabrication

of the micro channels, fabrication of the functional structures and fabrication of the

fluidic access to the channels. Two different kinds of wafers can be used: silicon wafers

and silicon-on-insulator (SOI) wafers. The advantages and disadvantages of using

a SOI wafer are described in section 3.3.2). The processing steps depend on which

type of wafer is used. In this section, an overview of the process for each type of

wafer is given using most of the options described in section 3.3. The colours used in

the figures in this section and what they represent are shown in Figure 3.2. The full

fabrication processes are shown in Appendix A.

Photoresist

Silicon

SiRN layer 1

SiRN layer 2

Chromium

Cr/Au

SiO
2

TEOS

Figure 3.2: Legend for the colours and materials used in the overview of the fabrication process
in this section.

3.2.1 Fabrication overview when using silicon wafers

Below, the fabrication is outlined when a silicon wafer is used. The two columns each

depict one of the following situations:

1. The left column shows a cross-section along the length of a channel that is

partially released from the bulk of the wafer on the right side and connected to

a backside fluidic access hole at the left side.

2. The right column shows a cross-section perpendicular to a channel that will be

released from the bulk of the wafer.

The process starts with depositing a 500nm thick layer of silicon-rich-nitride (SiRN)

using low pressure chemical vapour deposition (LPCVD) as shown in Figure 3.3a.



3

SECTION 3.2 Fabrication overview 27

Situation 1 Situation 2

(a) Deposition of 500nm SiRN using LPCVD.

(b) Deposition and patterning of a chromium and a photoresist layer.

(c) Etching of the channels through the etch slits using an isotropic plasma etch using SF6.

(d) Deposition of a thick layer of SiO2 using LPCVD of TEOS.

Figure 3.3: Fabrication steps for the micro channels. The columns represent the effect of these
steps on the two situations described at the beginning of this section.

A 50nm thick layer of chromium is sputtered at the front side of the wafer. This

layer will be used as a hard mask during the channel etch to protect the SiRN (see

section 3.3.1). A photoresist layer is deposited and patterned. The pattern contains

the etch slits that outline the channel and determine the size and shape of the

channels. The in-plane fluidic access holes/channels are also included in this pattern.

This pattern is transferred to the chromium layer using reactive ion-beam etching

(RIBE) and then to the SiRN layer using a directional plasma etch as shown in

Figure 3.3b. Using an isotropic SF6 plasma etch, the silicon is etched through the

etch slits (Figure 3.3c). The resist and chromium are removed and a thick layer of

silicon dioxide (SiO2) is depositing using LPCVD of tetraethyl orthosilicate (TEOS,

Si(OC2H5)4, Figure 3.3d). This layer has two functions. The main function is to

prevent etching the channels during the etch of the backside fluidic access holes when

the holes reach the channels. The other function is to protect the channel and the

SiRN membrane on top while the channel is handled upside-down during the etch

from the backside.
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Situation 1 Situation 2

(a) Patterning of a photoresist layer (using lithography) and the SiO2 and SiRN layers using a
directional plasma etch.

(b) Etching of the backside access holes through the wafer using DRIE.

(c) Removal of the resist layer and etching of the SiO2 by use of HF.

(d) Deposition of a thick layer of SiRN using LPCVD to form the channel wall and close the
etch slits.

Figure 3.4: Fabrication steps for the backside fluidic access holes. The columns represent the
effect of these steps on the two situations described at the beginning of this section.

A resist layer is deposited on the backside of the wafer and patterned using

lithography. The pattern, containing the backside access holes, is transferred to the

SiO2 and SiRN layers using a directional plasma etch (Figure 3.4a). The backside

access holes are then etched through the silicon wafer using deep reactive-ion etching

(DRIE). The SiO2 layer in the channels is used as an etch stop as shown in Figure 3.4b.

The SiO2 is removed using a hydrofluoric acid (HF) etch (Figure 3.4c) and a layer

of SiRN is deposited using LPCVD to close the etch slits and form the channel wall

(Figure 3.4d).

Next are the functionalization steps. The process in this overview contains only

two functionalization steps: metalization to form electrodes for actuation and read-

out and release of the channels from the bulk of the wafer. Figure 3.5a shows a

10/200nm thick layer of chromium and gold that is sputtered at the top side of

the wafer, followed by deposition of photoresist. The chromium is used as adhesion

layer for the gold. The photoresist is patterned using lithography. The pattern is then
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Situation 1 Situation 2

(a) Sputtering of a 10/200nm thick layer of chromium and gold and deposition of a photoresist
layer.

(b) Patterning of the resist (using photo lithography) and the chromium and gold layers (using
RIBE).

Figure 3.5: Fabrication steps for the metal electrodes. The columns represent the effect of these
steps on the two situations described at the beginning of this section.

transferred to the metal using RIBE (Figure 3.5b).

The last functionalization step is to release the channels from the bulk of the

channel. This is done by first depositing a new layer of photoresist and patterning

it. This pattern contains the etch windows through which the silicon will be etched.

It also contains the top-side fluidic access holes. The pattern is transferred to the

SiRN layer by use of a directional plasma etch (Figure 3.6a). The silicon is then

etched using an isotropic SF6 plasma etch (Figure 3.6b). To prevent the channels from

overheating, the process is done is steps with decreasing power. Since an isotropic

etch is used, there will be a ridge underneath the channels. The size of the etch

window determines how much silicon will be etched and thus how deep the etch

will be. The last fabrication step is removal of the photoresist layer using an oxygen

plasma to prevent stiction and capillary forces that might damage the free-hanging

structures. The result is shown in Figure 3.6c.

3.2.2 Fabrication overviewwhen using silicon-on-insulator wafers

When a silicon wafer is used, several steps have to be performed to make sure that the

fabrication of the channels and the backside access holes do not interfere with each

other. When a SOI wafer is used, the channel and backside access holes are separated

from each other by the buried oxide (BOX) layer, which means that they can not

interfere with each other until the BOX layer is etched. However, several extra steps

have to be performed to etch the BOX layer at the appropriate times. In the overview

below (Figures 3.7 to 3.10), cross-sections of three different situations are shown.

1. The left cross-section is one along a channel that will be partially released at the
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Situation 1 Situation 2

(a) Deposition of a new photoresist layer. The resist and SiRN layer are patterned using
lithography and a directional plasma etch respectively.

(b) An isotropic SF6 plasma etch is used to etch the silicon through the etch windows. The
channels will be released from the bulk when a sufficient overetch is used.

(c) The resist is removed using oxygen plasma.

Figure 3.6: Fabrication steps for the channel release. The columns represent the effect of these
steps on the two situations described at the beginning of this section.

end of the process, which is for instance used for the Coriolis sensors described

in chapter 6.

2. The middle cross-section shows a view perpendicular to two large channels that

are connected through the BOX layer while a third, smaller channel is located

between the two large channels. The smaller channel will be released at the

end of the process, such that is can move freely. A structure like this is used for

outflow channels of the in-line proportional valve described in section 7.4. A

backside access hole to a channel through the BOX layer is shown as well.

3. The right column shows a cross-section of a large channel that is connected to a

backside access hole. This method is used for most fluidic inlets of the designs

presented in chapters 6 and 7.

Since the BOX layer is going to be used for fluidic channels, it needs to be thick

enough that there is still space left after the channel wall is deposited. When a thick

BOX layer is used, the backside of the wafer usually has a thick silicon dioxide layer

too, to cancel the extrinsic stress in the wafer between the silicon dioxide and the

silicon. The process starts with depositing a layer (500nm) of silicon-rich-nitride

(SiRN) on the wafer using low pressure chemical vapour deposition (LPCVD) as
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Situation 1 Situation 2 Situation 3

(a) Deposition a 500nm thick layer of silicon-rich-nitride by LPCVD.

(b) Patterning of the resist on the backside of the wafer for the backside fluidic access holes.
The SiRN and oxide underneath are patterned using a directional plasma etch.

(c) DRIE is used to etch the backside access holes through the handle layer, using the BOX
layer as etch stop.

Figure 3.7: Fabrication steps for the backside fluidic access holes. The three columns represent
the effect of these steps on the three different situations described at the beginning of this
section.

shown in Figure 3.7a, followed by processing on the backside of the wafer (steps

for backside fluid access holes, see section 3.3.3). A thick photoresist layer will be

deposited and patterned for etching the backside access holes. The pattern in the

resist will be transferred to the SiRN and oxide layers using a directional plasma

etch (Figure 3.7b). Using deep reactive-ion etching (DRIE), the holes are then etched

through the handle layer (Figure 3.7c). The BOX layer is used as an etch stop.

After the photoresist is removed, the microchannels are fabricated. It starts by

sputtering a 50nm thick layer of chromium at the front side of the wafer. This layer

will function as a hard mask during the channel etch as described in section 3.3.1.

A photoresist layer is deposited on the chromium and patterned using lithography.

This pattern contains the etch slits that outline the channels and the in-plane fluidic

access holes/channels. The location and density of the slits determine the shape and

size of the channels that are etched through them. Note that in the left column, the

slits are spaced far apart, while in the middle and right column, sets of slits are

placed close together. This will result in channels of different size. The pattern is
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Situation 1 Situation 2 Situation 3

(a) Sputtering of a 50nm thick layer of chromium and deposition of a photoresist layer. The
resist is patterned using lithography. The pattern is transferred to the chromium using RIBE
and to the SiRN layer using a directional plasma etch.

(b) The channels are etched through the etch slits using an isotropic plasma etch using SF6.

(c) The resist is removed and the BOX layer is etched using HF. For free hanging structures
like in the centre column, the last part could be etched using vapour HF to avoid stiction.

(d) After the chromium is removed, a thick layer of SiRN is deposited using LPCVD to form
the channel wall and close the etch slits.

Figure 3.8: Fabrication steps for the micro channels. The three columns represent the effect of
these steps on the three different situations described at the beginning of this section.

transferred to the chromium using reactive ion beam etching (RIBE). The pattern is

then transferred to the SiRN using a directional plasma etch (Figure 3.8a). Next the

channels are etched using an isotropic plasma etch (Figure 3.8b). The etch process

that is used for this is described in section 3.3.1. After the photoresist is removed,

the BOX is etched using HF. This opens up the connection between large channels

in the device layer and backside access holes in the handle layer. This also opens

the connection through the BOX layer between large channels in the device layer

that are close together. To prevent free-hanging structures in the device layer from

sticking to the handle layer when the BOX is removed between them, the last part of
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Situation 1 Situation 2 Situation 3

(a) Sputtering of a 10/200nm thick layer of chromium and gold and deposition of a photoresist
layer.

(b) The resist is patterned using lithography. The pattern is transferred to the metal layer using
RIBE.

Figure 3.9: Fabrication steps for metal functional structures. This structures can be used for
actuation and read-out tracks on the devices. The three columns represent the effect of these
steps on the three different situations described at the beginning of this section.

the oxide can be removed using vapour HF. The result can be seen in Figure 3.8c. The

last step to fabricate the channels is to remove the chromium and deposit the channel

wall. A thick layer of SiRN is deposited using LPCVD. The thickness of the layer is

determined by the width of the slits and should be thick enough that the slits are

fully closed (Figure 3.8d. After this step, the channels are closed and as a result, very

hard to clean. Furthermore, there might now be free-hanging structures inside the

channel with only a very small gap between the top and the bottom of the channel

inside the BOX layer. To prevent contamination and stiction, the rest of the process

should be done without using fluids or care should be taken that the fluids can not

enter the channels, e.g. by applying a protective layer over the backside to close the

fluidic access holes.

Next are the functionalization steps. In this overview, one metal functionalization

step is used and the channels are released from the bulk of the wafer. A 10nm thick

chromium adhesion layer is sputtered on top of the closed channels followed by a

200nm thick gold layer. Afterwards, a photoresist layer is deposited on the metal

(Figure 3.9a). The resist is patterned using lithography. The pattern contains the

electrodes that are used for actuation and read-out of the devices. The metals are

etched using RIBE to transfer the electrode pattern (Figure 3.9b).

The last step is the release of the channels as described in section 3.3.2. This

starts with a photoresist layer which is patterned using lithography. The pattern

contains both the etch windows for the release and the top-side fluidic access holes.

This pattern is transferred to the SiRN using a directional plasma etch (figure 3.10a).
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Situation 1 Situation 2 Situation 3

(a) A photoresist layer is deposited on the wafer and patterned using lithography. The pattern
of etch windows is transferred to the SiRN layer by DRIE.

(b) The device layer is etched through the etch windows using an isotropic plasma etch using
SF6.

(c) The BOX layer is etched using vapour HF to avoid stiction and capillary forces on the
free-hanging structures.

(d)Where the BOX layer is removed, the silicon of the handle wafer is etched using an isotropic
plasma etch using SF6.

Figure 3.10: Fabrication steps for the release of the channels from the bulk of the wafer. The
three columns represent the effect of these steps on the three different situations described at
the beginning of this section.

The size of the etch windows in this pattern determines the etchrate of the release

etch. The etch window in the left column is much larger than those in the middle

column, meaning that during the isotropic silicon etch using an SF6 plasma, much

more silicon is etched through the large window than through the small windows. As

a result, the BOX layer is reached through the large etch window, but not through

the small etch window (Figure 3.10b). Since an isotropic etch is used, there will be

a ridge underneath the channels until the etch fully reaches the BOX layer. Using

vapour HF, the BOX layer is etched at the places where the silicon etch is deep enough



3

SECTION 3.3 Microfluidic platform 35

(Figure 3.10c). Vapour HF is used instead of liquid-phase HF to prevent stiction and

capillary forces from damaging the free-hanging structures. After the BOX is etched,

another SF6 plasma etch is used to etch the silicon where the BOX layer is etched

and where it is still present in the device layer. This step removes the last amount of

silicon around the small channel in the middle column and allows it to move freely

between the two large channels. The last step in the process is to remove the resist

layer as shown in Figure 3.10d.

3.3 Microfluidic platform

3.3.1 Micro channel technology

Every microfluidic system requires fluid paths, or channels, to achieve the functional-

ity of the different devices and to connect the devices to each other. This means that

the ability to easily design their size, shape and layout has a large influence on how

well they can work for certain applications. The material used to make the channels

should be robust enough to prevent leaks or corrosion.

The fabrication of the used channels is presented in this section and can be divided

into three parts. First a slit-pattern is made to define the layout of the channels. By

locally changing the pattern, the cross-sectional size and shape of the channel can be

modified to fit a specific purpose. The channels are then etched through the etch-slits

using a semi-isotropic etch method. Finally, a silicon-rich-nitride (SiRN) layer is

deposited to close the etch slits and to form the channel material. Design-guidelines

are given for each of the steps. These steps are shown in Figures 3.3 and 3.8 for a

silicon wafer and a silicon-on-insulator wafer respectively.

Etch-slit pattern

The channels are etched through a slit pattern in a low-stress silicon-rich-nitride

(SiRN) layer on top of the silicon wafer as shown in Figures 3.3b and 3.8a. By using

slits, the wafer-scale loading during etching is kept low. Even though this reduces

the etch-rate of the channels, it increases the uniformity of the microchannels over

the wafer and defines the etch rate [13]. The size of the slits depend on several

factors. The slits cannot be made too small to avoid micro-loading effects [14]. During

the processing, we used optical contact lithography to pattern the slits, which also

limits the minimum size of the slits. At small sizes, tolerances on the masks and the

photolithography, each in the order of ±0.1 µm, will cause relatively large variations

in slit-size and slit-shape, resulting in a variable etch-rate through each slit.

The slit pattern is etched by a directional plasma etch. Figure 3.11 shows step-by-

step how this process takes place. The photoresist has well defined slits, but there will
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Photoresist

Chromium

Silicon

SiRN layer 1

SiRN layer 2

(a) Slit pattern defined in the photoresist

(b) Slit pattern partly defined in the SiRN layer by directional plasma etching

(c) Slit pattern fully defined in the SiRN layer by directional plasma etching

(d) Channel etched through the slit pattern by (semi-)isotropic etching

Figure 3.11: Step-by-step fabrication process to etch the slit pattern in the SiRN layer and to
etch the channel underneath.

always be some taper or smoothing (Figure 3.11a). During the plasma etch, the resist

will be etched too and the surface will be heated. This will cause the resist to taper

more and retract from the sides of the slit (Figure 3.11b). A chromium hard mask

will reduce retraction and tapering and if it occurs, the chromium layer will protect

the SiRN underneath and the slit pattern in the SiRN layer will remain well-defined.

When the pattern is fully transferred to the SiRN layer without the use of a hard-mask,

the slits will be wider than designed and side-walls will have a relatively large taper.

With the hard-mask, the slits will be as wide as designed and will only have a slight

taper (Figure 3.11c)

Finally, the channels underneath the slits will be etched by a (semi-)isotropic etching

step (see Figures 3.3c and 3.8b). This will etch the SiRN as well, causing the slit-width

to increase slightly during etching with or without the hard mask. However, the SiRN

will be etched from every available direction. During the etch, the resist will retract

further from the slits. While the area inside the channel is open to the etchant for

both cases, the top of the SiRN layer is protected by the chromium hard-mask, while

it will be etched without hard-mask (Figure 3.11d).
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The result can be seen in the SEM image in Figure 3.12 where a cross-section of

an etch slit is shown after the channel etch. The slit is defined in the chromium

layer (bright white) and the photoresist layer on top has retracted from the edge

during the further processing steps. The SiRN layer beneath the chromium shows

a tapered profile which has been etched isotropically during the channel etch and

is slightly larger than the hole in the chromium. After the channel etch, the resist

and chromium can be removed. The SiRN will later on form a part of the top of the

channel and allows the fabrication of the channels without the use of a sacrificial etch

or wafer-bonding. It is important that there is minimal stress between this layer and

the material that is used for the channel wall described in section 3.3.1.

Figure 3.12: SEM image of a etch-slit with taper. From top to bottom, the layers are photoresist,
chromium and SiRN. The silicon underneath the etch-slit has been etched away.

On the other hand, the maximum size of the slits is limited by the SiRN layer

which is deposited to form the channel wall and close the slits again. This means that

the thickness of the layer is at least half the size of the smallest dimension of the slits.

The maximum size of the slits are determined by the maximum desirable thickness

of the SiRN layer. Here it should be kept in mind that certain steps in the process, e.g.

etching of the buried oxide layer with HF (see section 3.3.2), might enlarge the slits

when it is also etching the SiRN layer. At the top of the channel, the total thickness of

the SiRN stack will consist of the initial thin layer and twice the thickness of the layer

used to close the slits. When this layer becomes thicker than a few micrometer, the

intrinsic stress will cause it to crack. Here too, a taper in the sides of the slits might

cause problems. The slit is closed by the conformal LPCVD of SiRN, but will close

from the bottom up in the case of a taper. This mean that the channel might appear

closed when testing, but is in fact only closed by a very fragile thin layer, as shown

schematically in Figure 3.13.

When an isotropic etching process is used to etch the channels through the slits,

the channels will consist of many connected spheres. Where the spheres connect, the

diameter will be less than at the widest part of the spheres, creating scallops which

look similar to those seen in the backside access holes etched using DRIE. The length

of the slit in the direction of the channel and the spacing between two consecutive
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Figure 3.13: Image of a closed slit with and without taper as they would be fabricated as shown
in Figure 3.11.

(a) (b)

(c) (d)

Figure 3.14: (a) Artist impression of the channels before sealing of the slits. The top of the
channel is shown semi-transparent. (b) SEM image of the bottom of a channel, showing the
scallops caused by etching through slits. (c) Artist impression of the top view of the channel
before sealing of the slits. The top of the channel is shown semi-transparent. (d) Schematic top
view of the channel.

slits determines the pitch and size of the scallops of the channel. In most cases, the

scallops should be as small and few as possible. The size of the scallops is proportional

to the spacing between slits and the spacing determines the minimum size of the

etched holes before they form a channel. The pitch of the scallops is proportional of

the length of the slits and the spacing. However, very small spacing in relation to the

length of the slit will reduce the mechanical strength of the SiRN membrane during

etching and it can be ripped due to stress in the layer. The scallops can be seen in

Figure 3.14, where an artist impression and an SEM image of a channel is shown.

To stay within these limits, throughout this thesis the used slits were 5µm long,

2 µm wide and with a spacing in the length of the channel of 3 µm as indicated in

Figure 3.14d, unless otherwise stated. The initial SiRN layer is 500nm thick.
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Channel material

The channel material used to form the channel wall, close the etch slits and form the

membrane on top of the etched structures is what determines the channel strength

and durability. To support as many applications as possible, there should only be one

wetted material in our platform and that material should be chemically inert to many

types of fluid. Silicon-nitride (Si3N4) and silicon-rich-nitride (SiRN, SixNy) are known

for their high strength, chemical inertness, stability and good thermal properties

[15–20] and can be grown with a conformal step coverage using LPCVD. In addition,

it is biocompatible [21], with the right treatment, its surface can be functionalized

[22, 23] and the stress in SiRN can be tuned by the deposition parameters[16, 24].

The low-stress SiRN we used has a extrinsic stress of 50–100MPa compared to silicon.

Experience shows that the low intrinsic stress in the SiRN ensures that a relatively

thick layer of up to 5µm can be used and large membranes can be made on top of the

channels. The thickness of the initial layer for the slit mask is 500nm, this leaves a

maximum deposition of 2.25µm since in the channels, it will deposited both on the

top and bottom side of the mask layer. Deposition of the thick SiRN layer is shown in

Figures 3.4d and 3.8d for fabrication using silicon and silicon-on-insulator wafers

respectively. An overview of the relevant properties of SiRN are given in Table 3.1.

Property Unit Value

Extrinsic stress MPa 50-100

Density kgm−3 2935.5

Young’s Modulus GPa 210

Poisson’s ratio - 0.24

Table 3.1: Properties of the silicon-rich-nitride films.

It has been shown that the growth rate of SiRN decreases exponentially inside

long channels [25]. In our case, this means that after the etch slits are closed, the

deposition will be mainly at the fluidic inlets and barely any SiRN will be deposited

inside the channels anymore limiting the maximum thickness of the channel wall

to half the width of the slits. Since the layer that is then deposited on top of the

closed slits is conformal, a small pit remains where the slit used to be as can be seen

in Figure 3.15, which should be taken into account when other (functional) layers

are placed on top of the channels. Due to the non-symmetric cross-section of the

channel, any residual stress inside the SiRN layers, will result in a curved channel if

it is released from the bulk.
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Figure 3.15:Microscope image of the cross-section of a channel with three parallel slits. LPCVD
Poly-silicon has been used to close the slits to show the difference between the initial SiRN
layer (dark grey) and the layer to close the slits (light gray). Instead of a flat membrane at the
top, there are pits above (and below) each slit. (Photograph courtesy to K. Ma and E. Sarajlic)
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Figure 3.16: Cross-section of channels etch by different etching methods

Silicon etching methods

There are various ways to etch silicon to form the channels through the etch-slits

(Figures 3.3c and 3.8b), release the channels from the bulk (Figures 3.6c and 3.10b) or

make fluidic access holes to reach the channels from the outside (Figures 3.4b and 3.7c).

Wet chemical etching can be done either isotropic [26] or anisotropic [27–29], result-

ing in channel cross-sections as shown in Figure 3.16.1 and 3.16.2. Dry isotropic

etching can be done isotropic using gas-phase etching [30] or plasma etching [31,

32], resulting in channel cross-sections as shown in Figure 3.16.3 and 3.16.4. Dry

anisotropic (plasma) etching will result in a cross-section as shown in Figure 3.16.5

[31, 32].

A comparison of these methods with respect to their suitability for use in this

platform is shown in table 3.2. Here, the volumetric etchrate gives a measure for

the amount of available etchant for this type of structure and how well it can be

controlled. The volumetric etchrate of for instance, wet chemical isotropic etching

with HF/HNO3 can be very fast. However, the etchrate, and thus the size and shape

of the etched channels, is hard to control since it is an auto-catalytic process. The

reaction is exothermic and the speed will increase at higher temperatures, some of the

reaction products are also etchants by themselves and will thus increase the etchrate

too [26, 33].

The shape refers to the shape of the cross-section of the channel when etched through

a slit, as shown in Figure 3.16.
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Dual Source Barrel GasPhase Wet chemical Wet chemical

(D)RIE Isotropic Anisotropic

Typical etchant SF6 CF4 XeF2 HF/HNO3 KOH/TMAH

Volumetric etchrate + ++ +++ - +

Shape (fig 3.16) 4,5 3 3 1 2

Micro Loading ++ ++ ++ - - ++

Macro Loading + - ++ - ++

Uniformity (waferscale) +- - - ++ - - ++

Selectivity to SiRN + - - - - ++

Surface Roughness + ++ - - ++ ++

Reaction products ++ ++ - + - -

Application to:

Device channel etch ++ ++ ++ +- - -

Connection channel etch ++ ++ ++ +- -

Release etch ++ - - - - - -

Fluidic acces holes +++ - - - - - - - -

Table 3.2: Comparison of etching methods. ’-’-signs indicate negative properties, ’+’-signs
indicate positive properties. In the upper part of the table, properties of the etch methods are
compared. In the bottom part, the applicability to the different etch steps in the process are
compared.

Micro loading is how much influence size and shape of etch slits/holes have on the

etching process and is related to how well the etchant can reach the silicon (and the

reaction products can move away). Macro loading is related on how much influence

etched structures have to those around and is related to the change in concentration

of etchants as a result of etching those structures.The wafer scale uniformity gives

a measure for how uniform the etchrate is over the whole wafer. This is mainly

dependant on uniformity in concentration of the etchant at the surface of the wafer

and other factors like fluid flow due to temperature gradients or stirring.

SiRN is used as channel material and also has to be used as the top of the channels

during etching (see section 3.3.1). The given selectivity to SiRN gives a measure for

how much it is attacked during etching. A chromium hard mask protects the top side

of the layer, but the sides of the slits and the bottom of the layer where the channels

are being etched are still exposed to the etchant.

The surface roughness is a result of disturbed etching of the silicon, for instance due

to local oxidation of the silicon during high-pressure XeF2 etching. In general, a faster

etchrate will result in less roughness in absence of disturbing factors. Usually, mi-

crofluidic channels benefit from smooth channel walls to reduce hydraulic resistance

and avoid stiction of particles to the wall.

The reaction products are the results of the chemical reactions taking place during

etching and can form a problem for further processing, e.g. KOH etching leaves residu

at the etched surface which need to be cleaned before further processing can be done.

Finally, the applicability of the methods for the different silicon etching steps in the

whole fabrication process is given.
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Design and etching of the micro channels

Of the different methods described in the previous section, the dry etching methods

are most suited to etch the channels through etch slits. The wet etching methods are

unsuited, mainly as a result of the loading effects in wet isotropic etching and the

sensitivity to the crystal orientation of wet anisotropic etching. Of the dry etching

methods, using dual source (D)RIE machines (Adixen AMS100 and SPTS Pegasus) has

given us the best results. The barrel etcher available to us, the Tepla 360M, suffered

from non-uniformities and a low selectivity to SiRN. The available vapour-phase

etcher, the Xactix XeF2 etcher, operates at a relatively high pressure and suffers from

oxidation of the silicon during processing which results in a very rough etch surface.

The semi-isotropic dry etching, using SF6, is sensitive to microloading effects where

etching of small features lags behind that of large features, this however, also gives

us several design options with relation to the etch slits to reach the preferred channel

shape and size.

Figure 3.17 gives a schematic overview of the used parameters in the cross-section of
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Figure 3.17: Schematic overview of a channel made using (a) a single row of slits and (b) two
parallel rows of slits.

a channel made by a single row of slits (nslit = 1, Figure 3.17a) and by two parallel

rows of slits (nslit = 2, Figure 3.17b). Here, the width of the etch slits is denoted by

wslit, the width of the channel (wchan) is defined as the widest part of the channel and

the height of the channel (hchan) is the highest/deepest part of the channel. The flap
width (wflap) is the width of the flap on top of the channel after it has been etched

free and gives the amount of room available on the channel for transducer structures.

The membrane width (wmem) is the width of the membrane that forms the top of

the channel. The thickness of the wall (twall) is the thickness of the final SiRN layer.

The slit-pitch (pslit) is the distance between two parallel rows of slits. The designs

presented in chapters 6 and 7 all used the same length of the slits (lslit = 5µm) and
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Figure 3.18: Cross-sectional area of the etched channels as a function of slit-width, slit pitch
and etch-time. The dashed lines are linear regressions of the results with the same etch time.
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Figure 3.19:Width (wchan) vs height + pattern width (hchan + (nslit − 1)pslit) as a function of
etch-time. The dashed line is a linear regression of al lthe measurement points.

periodicity along the channel (plength = 8µm). If the etch process is diffusion limited,

the volumetric etch-rate will be linearly dependent on the area-density of etch-slits in

the Cr/SiRN hard mask. To verify this, 8mm long channels were etched with varying

width and pitch at different etch times. This can be seen in Figure 3.18 where a

measure for the the cross-sectional area is given by the area of a rectangular bounding

box around the channel (Area = hchanwchan). It can be seen that the etched area is

independent on the slit-pitch, but only of the slit-width and etch time. The isotropic

process can also be seen when there is a linear relation between the width of the
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(a) wslit =1.2µm, pslit =10µm, from left to right, T=15, 20 and 30min

(b) wslit =1.2µm, pslit =5µm, from left to right, T=15, 20 and 30min

(c) wslit =2µm, pslit =5µm, from left to right, T=15, 20 and 30min

Figure 3.20: Various etch results showing the channel shape for five parallel rows of slits. The
scale of each image is shown at the bottom right. The magnification of all the SEM images is
1500x.

channel (wchan) compared to the width of the slit pattern (wpat = nslit(wslit+pslit)−pslit)
plus the height of the channel (hchan) as seen in Figure 3.19 for the same set of channels

as used for Figure 3.18. These results mean that the height, width and shape of the

channel can be tuned by tuning the the parameters wslit, pslit and nslit for a certain

etch time. Figure 3.20 shows SEM images of different channels which are etched

using different values of wslit and pslit. nslit = 5 and the etched time is, from left to

right, 15, 20 and 30min. It can be clearly seen that for pslit =10µm and wslit =1.2µm

(Figure 3.20a), the channel is far wider that its height, while the separate parallel

channels only just reached each other after 15 minutes of etching. When the etching

time increases, the ridges grow smaller and the channel becomes more rounded. For

pslit =5µm and wslit =1.2µm (Figure 3.20b), the ridges are barely visible after 15

minutes of etching and the channel becomes larger and rounder when the etch time

increases. When the width of the slits are increased to 2µm (Figure 3.20c), the ridges
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are completely gone after 15 minutes of etching and the channel is significantly larger

than with the smaller slit width. The influence of the slit pitch can be seen clearly in

Figure 3.21, where round structures were etched with varying slit pitch.

Sparse slit 
pattern

Dense slit 
pattern

Deep etch
Shallow etch

300µm

Figure 3.21: Circular channels etched with a varying slit pitch, resulting on a varying depth of
the channel.

3.3.2 Functional structures

For a broad range of applications, it is required to bring functionalization, actuation

or read-out methods close to or into the fluid channel. After the channels walls have

been deposited and the etch slits are closed, the top of the channels is formed by a

thick SiRN layer. When a wide channel is made, this can result in large membranes

which can also be used for these functions. The strength of the SiRN allows for

further processing of the wafers on top of these membranes, for instance to integrate

transducer structures. Below, several options are given that can be integrated in the

microfluidic platform proposed in this chapter.

Metalization

Metalization on top of the channels allows for integration of actuation and read-out

methods close to the fluids. Sputtered layers of Cr/Au and Pt have been shown to

provide enough step coverage to cover the small pits in the SiRN when the metal

is crossing the closed etch slits as long as there is not too much taper in the slit

(Figure 3.22). The metal layers have been used in this platform for thermal read-

out [34, 35] and actuation [11], capacitive read-out [12, 36] and actuation [8, 9]

and magnetic/Lorentz force actuation [10, 37, 38]. Fabrication of metal functional
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(a) (b)

Figure 3.22: (a) SEM image of metal (10/200nm Cr/Au) tracks over closed etch slits. (b) SEM
image of metal heaters on top of released channels.

structures are shown in Figures 3.5 and 3.9 for fabrication using silicon and SOI

wafers respectively.

Silicon-on-Insulator wafer

Optionally, a Silicon-on-Insulator (SOI) wafer can be used for the platform to use

the buried oxide layer (BOX-layer) for various purposes. By designing channels of

various depth, localized access to the BOX layer allows for integration of specific

features. Using a SOI wafer, usually adds two subprocesses to the total fabrication

process. One to etch the BOX layer for functionality inside the channels (before the

channel walls are deposited) and one to etch the BOX layer during the final release of

the channels. When a long under-etch is required for the functionality of the BOX

layer, it should be taken into account that etching using HF also etches SiRN [15]

and the thickness of the initial SiRN layer and the maximum allowable slit width

should be changed if etched for a long time. In the case of vapour HF, a compound

((NH4)2SiF6) is formed that might impede proper functioning of the device and

should be removed by heating up the wafer [39, 40]. A downside of using a SOI wafer

is that the maximum depth of the channels is limited by the thickness of the device

layer, which can be a problem when large channels are needed. Figure 3.23 shows

several possible structures which can only be made using a SOI wafer.

Buried oxide layer as channel: Since the silicon-oxide can be etched using vapour

HF etching it is possible to release structures from the bulk, inside the channels

without sticking. An example of this are given in section 7.4 where the valve plate

of proportional valves is fabricated in the device layer, the valve seat is fabricated

in the handle layer and the BOX layer functions as a fluid-path that can be changed

to control the fluid flow [41] (Figure 3.23d). The BOX layer can also be used to
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Figure 3.23: Cross-sections of several possible structures that can only be made using a SOI
wafer.

make crossing channels, when one channel is fabricated completely in the device

layer, while the other channel is fabricated partly through the BOX layer by ways of

sacrificial etching (Figure 3.23b).

Buried oxide layer as isolation: The BOX layer has as added advantage that it

separates front-side and back-side processing on the wafer. This allows for instance

for easier integration of back-side fluidic inlets since the inlets can be etched before

the channels. When silicon wafers are used, the channels have to be etched before

the inlets to protect the slits during etching. When this is the case, the wafer is being

processed upside down when the channels are already in place which risks damaging

the membranes on top of the channels. The BOX layer also allows selective access

of the fluid channel to the handle wafer (Figure 3.23a). In combination with the

metalization and release etch, the BOX layer can be used to electrically isolate a part

of the device layer (Figure 3.23c).



3

48 CHAPTER 3 Technology platform for microfluidic handling systems

Channel

BOX underetch

(a)

Electrically isolated area

Smooth bottom

(b)

Figure 3.24: (a) SEM image of a deep channel of varying width that reached the BOX layer
during the channel etch. (b) SEM image of channels that reached the BOX layer and electrically
isolated a part of the device layer.

Figure 3.24a shows a deep channel of varying width that was etched to the BOX

layer during the channel etch. The following HF etch removed the BOX layer, resulting

in a smooth, flat bottom of the channel. Figure 3.24b shows wide channels that reach

to the BOX layer during the channel etch. Since they are encircling parts of the device

layer, they electrically isolate those parts.

Release etch

Freely suspended channels can be used for many applications. When the channels are

free of the silicon bulk, they can be used in fluid-mechanical resonant applications

and it enables isolation of the channel and fluid from the silicon bulk reducing the

influence of e.g. thermal conductivity or electrical capacitances, enabling sensing

of thermal or electrical properties of the fluid. To make freely suspended channels,

they need to be released from the silicon bulk. This can be done by creating etch-

windows and using one of the etching methods discussed in section 3.3.1. The main

requirement of these methods is that the process is able to etch underneath the

channel and the process should not damage the transducer structures or channels.

Wet-chemical etching, e.g. using KOH or TMAH, can easily etch underneath wide

channels when the right crystal orientation has to be etched, but can be aggressive

towards the transducer materials, can damage large free hanging structures due to

capillary effects during drying and can leave silicon in certain structures due to the

crystal-oriented etching. A non-directional plasma etch similar to the one used to etch

the channels can also be used. Since the etch is (semi-)isotropic, very wide structures

can not be fully released without also etching a large part of the bulk. However, since
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Figure 3.25: (a) SEM image of a released channel. A ridge underneath the channel is formed
due to the isotropic etch. (b) photograph of four partially released channels.

the etchrate depends on the size of the etch-window, the depth (and thus also the

width) of the release cavity can be tuned to the required dimensions, e.g. when a

channel needs to be partially released [42]. Figure 3.25a shows a SEM image of a

released channel. Underneath the channel, there is a ridge caused by the isotropic etch.

The capacitive read-out structures at the top significantly reduce the (local) area of

the etch-window, resulting in a much higher ridge. Figure 3.25b shows a microscope

photograph of four partially released channels. Large etch windows at the side

resulted in deep etch cavities, smaller etch windows between the channels resulted in

etched cavities only slightly larger than the channels themselves. The relevant steps

to release the channels from the bulk of the wafer are shown in Figures 3.6 and 3.10

for fabrication using silicon and SOI wafers respectively.

When a SOI wafer is used, the release of the channels might need additional etching

steps. The etch windows can be used to etch the silicon of the handle wafer, however,

if the release cavity needs to be deeper than the thickness of the device layer, the BOX

layer needs to be removed as well before a part of the handle layer can be etched.

This can be done using vapour HF etching to prevent damaging of the transducer

structures. By using small etch windows, release cavities can be made that do not

yet reach the BOX layer at this stage, resulting in electrically isolated islands in the

device layer with a high mechanical strength due to their connection, through the

BOX layer, to the handle layer (Figure 3.23c).

3.3.3 Fluidic access channels

The channels need to be accessible from the outside to apply fluids or perform certain

actions on them. For this, fluidic access holes are required that can vary from small

pores, for instance for evaporation, to large holes to apply a fluid flow. Fluidic access
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(a) (b)

Figure 3.26: Schematic view of how the top access (yellow), in-line access (blue) and bottom
access channels (green) are connected to the channel (red). The silicon chip is shown semi-
transparent in grey.

holes to the channels can be made using three different methods: from the top, the

side or the bottom as shown in Figure 3.26.

Top-side fluidic access: Access holes from the top can be etched in the same step

as when the etch windows for the release etch are etched (Figures 3.6a and 3.10a)

and offer direct access to the channels as shown by Dijkstra et al. [4] (Figure 3.27a).

However, connecting external fluidic connectors to top-side access holes can increase

the complexity of packaging methods since the relatively large size of external

connectors can interfere with mechanical protection of the chip and with the elec-

trical connections. If anything is connected to the top-side fluidic access holes, that

connector is in direct contact with the membranes on top of the fluidic channels.

Stresses induced by this connection can easily break these membranes, resulting in

leaky channels or connections. Top-side access can also be achieved by perforating the

membranes on top of the channel with for instance pores as shown in Figure 3.27b.

In-plane fluidic access: In-plane fluidic access holes to the side of the chip are

in effect microchannels that are opened during singulation of the chips, allowing

for in-plane fluidic connection to the channels. This works well to connect different

devices on the same chip, however, making a leak-tight fluidic connection to the side

of the device requires careful engineering of the package. If an external connector

is placed on these access holes it will, just like with the top-side access holes, be in

direct contact with the membrane on top of the channels.

Bottom-side fluidic access: Bottom-side access holes require extra fabrication steps

in the form of a wafer-through etch, but has the advantage that the access holes are

now separated from electrical or mechanical interfacing with the microchannels and
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(a) Surface microchannel fluidic entrance
holes, etched through the microchannel
membrane. [4]

(b) Pores in a membrane, e.g. for a pre-
concentrator (section 6.2.4)

Figure 3.27: SEM image of (a) a fluidic inlet at the topside of the device and (b) a evaporation
pores in a SiRN membrane.

thus allows for easier packaging. If external connectors are used to connect to the

access holes, they will be connected to the flat underside of the chip and will not be

able to damage the channels.

Fabrication of the bottom-side access holes depends on whether a SOI wafer is used

or not. When a silicon wafer is used, a method has to be used to separate the channel-

etch-process and the back-side DRIE process during etching. Ie. if the channels are

etched first, the DRIE process will also etch inside the channels once the access hole

reaches them, resulting in unwanted large cavities at the inlets. This can be prevented

by depositing a thick layer of protective material, e.g. tetraethyl orthosilicate (TEOS,

Si(OC2H5)4), which closes off the channels and prevents them from etching. The

TEOS can be removed afterwards using e.g. HF. When etch-slits are made on top of

the TEOS layer, the slit will be damaged during etching due to notching, resulting in

a wide slit which requires a thicker SiRN layer to close. This means that the channels

have to be etched such that they connect to the side of the access hole, or the channels

must be etched before the access holes. In the latter case, the backside processing will

be done with the membranes on top of the channels in place, which risks damaging

them. Using access trenches instead of round holes, wafer-scale non-uniformity in

the DRIE process can be reduced to avoid the need for over-etching [43]. The relevant

steps are shown in Figure 3.4.

When a SOI-wafer is used, the back-side inlet can be etched after the initial SiRN

layer has been deposited and before the channels are etched, using a DRIE process

that reaches through the handle layer to the BOX layer as shown in Figure 3.7. After

the DRIE process, the channels in the device layer can be patterned and etched.

By making deep channels above the access holes, the access holes are connected to
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the channels when the BOX layer is removed. Figure 3.28 shows two bottom-side

access holes. One in a silicon wafer, one in an SOI wafer. Since any processing on the

backside is done before the channels are made, there is no chance of damaging the

thin membranes on the topside when the wafer is processed upside-down.

Channel

Access hole

TEOS layer

50μm

(a)

Channel

BOX (etched)

Inlet

300μm

(b)

Figure 3.28: SEM image of (a) an access hole in a wafer without buried oxide layer and (b) an
access hole in a SOI wafer.

3.3.4 Packaging

To be able to use the fabricated microfluidic chip, electrical and fluidic connections

will have to be made to the rest of the system (application, measurement equipment,

pumps, etc). For this, three different packaging methods have been developed.

• A prototyping package for research and laboratory measurements

• A robust steel housing using o-rings

• A robust glass package using glass micromachining and bonding techniques

These packages are mainly developed for systems with back-side fluidic access holes.

Typical characteristics for the three different packages are shown in Table 3.3. Except

for the packaging using a steel housing, the top-side of the chips remain visible,

allowing for optical access to the devices. Since the fabricated devices can contain

free-hanging (mechanically resonating) structures, the stability of the mechanical

fixation of the chip is important. For this, the thermal and temporal stability are

most important since they may cause varying device properties as a function of

environmental conditions and time.

Prototyping package

The requirements for the prototyping package are mainly based on the ability to

quickly exchange different device chips (prototypes) to do the next experiment. In a
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Wetted materials Pressure Leak tightness Size

resistance Helium w x h x d

(bar) (mbar l s−1) (mm3)

Prototyping PTFE 8 not measured 52 x 15 x 29

package Kalrez®

Steel Stainless steel 316L 20 1×10−8 60 x 10 x 30

housing Kalrez®

Glass Borofloat 33 (Schott) 40 1×10−9 40 x 10 x 30

package Glass solder (Ferro FX 11-036)

Fused silica

Epoxy (application dependant)

Table 3.3: Typical characteristics of the three packages

laboratory, the environmental conditions are usually controlled, which means that the

package does not have to be able to work in a wide range of temperatures, humidities

and other external influences. For this, a package was developed that consists of a

polytetrafluorethyleen (PTFE) fluid connector on which a printed circuit board (PCB)

can be screwed. The microfluidic chip is glued to the PCB which might also contain

some electronics and is fluidically connected to the fluid connector by Kalrez® o-rings.

For this, a yoke is placed on top of the bottom-side fluidic access holes on the chip to

compress the o-rings. An exploded view and a photograph of the complete package as

used for the micro Coriolis mass flow sensors can be seen in Figure 3.29. Bar magnets

Yoke

Chip

Magnets

PCB

Fluid

connector

(a) (b)

Figure 3.29: (a) Exploded view of the prototyping package. (b) Photograph of the prototyping
package.

can be mounted to the sides of the chip to provide a magnetic field for e.g. Lorentz

force actuation. The advantage of this packaging method is that a wide range of chips

can be easily mounted on the fluid connector with custom electronics close to the

chip to reduce electrical interference. Since the PCB and yoke are connected to the

fluid connector with only a few screws, the system can be easily disassembled and the
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chip can be exchanged by a different one. Besides the devices on the chip, the wetted

materials are PTFE and Kalrez® which means that a wide variety of chemicals can be

used.

The yoke needs to press down on top of the fluidic access holes to compress the

o-rings. Since mounting the yoke is a relatively rough process, a protective cap can

be (waferscale) bonded on top of the chip to protect the fluidic channels from being

damaged during handling. If unimpeded optical access to the chip is required, the

cap can be replaced by a bar or small blocks on the areas that need protecting. This

does limit the design freedom, since enough room for the blocks has to be left open.

Since the device chip is not necessarily protected by e.g. a glass cap or metal housing,

this method of packaging is not suitable for general use. Due to its simplicity, it is easy

and quick to assemble and disassemble, making it suitable for prototyping different

device chips. The PCB is used as a spacer for the o-rings, which limits the pressure

and temperature stability of the package.

Steel housing

The package using a steel housing is developed for applications where the device

chip does not have to be changed. As a result, the package can be more robust and a

steel housing makes the package safe and easy to handle. The package should be able

to function under a wide range of fluid-pressure and environmental temperatures. A

glass capping-wafer is bonded on top of the device wafer before dicing the separate

chips. The chip is then glued with epoxy on a PCB with some electronics, depending

on the application. To compensate for the thermal mismatch between the PCB

material and the chip, an epoxy is chosen with low Youngs modulus. This PCB

will be electrically connected to the master electronics for actuation and read-out.

Figure 3.30a shows a photograph of a device chip (in this case a micro Coriolis

mass flow sensor) mounted on the PCB with magnets to the sides for Lorentz force

actuation. The PCB also contains some front end amplifiers to transform the high

impedance sensor signals to robust low impedance signals that are fed into the

master electronics [44]. Moreover, it has an analog-to-digital converter (ADC) and an

amplifier to measure the temperature of a resistor on the sensor chip. The temperature

data is send to the master electronics using I2C. The PCB has holes in the bottom to

make a fluidic connection between the metal housing and the chip. The seal between

the metal housing and the chip is done using Kalrez® o-rings. Fluidic connections

to the outside world are done using a fluid connector block as can be seen in the

exploded view shown in Figure 3.30b. As a result, the only wetted materials (besides

the chip) are stainless steel 316L and Kalrez®. The top and bottom metal plate are

used to clamp the chip and press it onto the o-rings. Special care was taken with

regard to the flatness of the clamping part to prevent or minimize asymmetric stresses

on the chip. Figure 3.30c shows a photograph of the fully assembled package.

The chip is protected by a glass cap at the top side and a steel housing on both top
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(a) (b)

(c)

Figure 3.30: (a) Photograph of a device chip mounted on the PCB. (b) Exploded view of the
steel housing with the PCB in the middle. (c) Photograph of the steel housing with the PCB in
the middle.

and bottom side, providing protection from external influences. The compression

of the o-rings is determined by the top and bottom steel plates and the thickness of

the chip which gives a strong and stable connection, resulting in higher pressure and

temperature stability than the prototyping package.

Glass package

The method using a glass package is designed for industrial use and of the three

packages meets the highest requirements for thermal and temporal stability. Like the

previous method, a glass capping-wafer is bonded on top of the device wafer before

dicing. Two glass wafers are bonded together to provide a robust fluidic connection to

the sides of the chip. Fused silica capillaries with an outer diameter of 360µm and an

inner diameter of 180µm are connected to these fluidic connections using either glass

solder or epoxy, depending on the application (the bonding material might be wetted).

The design of the microfluidic glass interface is based on the work of Tiggelaar et al.

[45]. The glass parts are Borofloat 33 (Schott glass). This glass has a coefficient of

thermal expansion (CTE) comparable to that of silicon, so thermally induced stresses

due to the bond between glass and the chip are minimized. Where microfluidic

channels are typically fabricated using etching techniques and/or powder basting,

here the channels and holes are made using a pulsed laser (Lasertec). This has the
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possibility of arbitrary shapes (within the resolution of the laser) opposed to isotropic

etching and of high aspect ratio holes as opposed to powder blasting, both allowing for

minimization of the dead volume inside the glass parts. After lasering, the parts are

bonded at waferscale using fusion bonding. Individual microfluidic glass interfaces

were separated by dicing approximately half way through the whole stack from both

sides and subsequent breaking. The reason the wafer was not diced completely is

to prevent clogging of the channels by the dicing fluid. An artist impression of the

resulting glass interface chip is shown in Figure 3.31a.

(a) (b)

Figure 3.31: (a) Artist impression of the chip stack of the glass package. (b) Photograph of the
chip with the glass package on a PCB.

Then individual chips (with glass cap) are bonded to these glass interfaces using

glass solder to have an hermetic bond [46]. Although typically anodic bonding is

chosen, here glass soldering (using Ferro FX 11-036) was selected to have a hermetic

bond between the glass interface and the chip. There are two reasons for this. First, the

MEMS chip can contain elements that do not withstand heat very well, e.g. gold tracks

which tend to degrade severely at elevated temperatures while a typical temperature

for anodic bonding is 400 ◦C. Second, a 2µm thick SiRN layer is present at the bottom

of the chip whichmakes anodic bonding less reliable. The glass solder is locally heated

using a laser to minimize the temperature increase in the functional metal parts of

the chip. In Figure 3.31b it can be seen that the gold above the fluidic connections on

the left and right side of the chip went trough a color change indicated temperature in

excess of 400 ◦C and the gold in the centre part (functional parts) did not. Figure 3.32

shows a microscope image of the cross section of the entire stack without PCB and

two SEM images of the bond using glass solder. Besides the chip, the wetted materials

are Borofloat 33 (Schott), Ferro FX 11-036 glass solder, fused silica and the bonding

material with which the capillaries are bonded to the glass interfaces (<0.06mm2

contact area) which can be chosen depending on the application.
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Glass cover

Chip Chip inlet

Glass interface

Through hole

micro�uidic channel

Insert for capillary
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300µm

(b)

40µm
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Figure 3.32: (a) Microscope image of the cross section of the complete stack without PCB. (b)
SEM image of the cross section of the bond between device chip and glass interface. (c) SEM
close-up image of the bond between device chip and glass interface showing the glass solder.

3.4 Discussion and future work

While an attempt has been made to allow as much design freedom as possible in

the process, there are some limits that might mean this platform is not suitable for

a certain application. Some of the limitations might be circumvented by adding

additional fabrication steps. The channels will for instance, always be rounded due to

the semi-isotropic etch process used to etch them. However, usage of a buried oxide

layer already showed that the bottom of the channel can be made very flat. Straight

sidewalls could by created by filling trenches with SiRN and together they can be

used to make rectangular channels.

So far, the exact shape of the channel is not fully characterised. The size and shape

of the channels can be designed such that they have certain features with relation to

each other. E.g. that channels can be designed shallower, rounder, smaller or larger

than other channels on the same wafer. However, there is no straight-forward method

to predict the exact size and shape of the microchannel based on a given etch-slit

pattern, or preferably, to determine a certain etch-slit pattern when a microchannel

of a certain size and shape is required. Several attempts have been made in literature

to present empirical models for this [14, 47, 48], but these are generally valid for only
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a few cases. Design-options for the microfluidic platform would increase significantly

if such an (empirical) model or simulation method would be made for the patterns

used here.

In this chapter, several main steps have been determined for fabrication of mi-

crofluidic devices. However, the platform allows for integration of many more

functionalities. While some functionalizations are very hard to integrate, some others

are require relatively little work to integrate. Some examples are:

3.4.1 Piezo electronic actuation and read-out

Lead zirconate titanate (PZT, Pb[ZrxTi1−x]O3,with(0 ≤ x ≤ 1)) is a piezo electric

material that can be deposited on a wafer using pulsed layer deposition (PLD, [49]),

atomic layer deposition (ALD, [50]) or applying a sol-gel [51], while research is being

done to find lead-free alternatives [52]. Using a piezo electric material might replace

the Lorentz force actuation and capacitive read-out used in the micro Coriolis mass

flow sensors and enables development of a new range of sensors and actuators, e.g.

on-chip actuated valves, peristaltic pumps or ultrasonic flow sensors.

All three deposition methods require heating the wafer to temperatures over 600 ◦C
in order to create crystalline PZT. In the processes described in chapter 3, this would

mean that the PZT layer will have to be deposited before the Cr/Au layer is deposited

or the metal layer has to be exchanged with a metal that can withstand such high

temperatures (e.g. platinum).

3.4.2 Electrical contacts to the device layer of the chip

In the current platform, the bulk of the chip is grounded by applying silver paint to

the side of the chip after it is packaged. This not only results in extra steps during

packaging, but also does not allow for connections to an electrically isolated part of

the device layer if a silicon-on-insulator wafer is used, e.g. in case of the capacitive

read-out structures on the inside of the tube window of the third generation of micro

Coriolis mass flow sensors. When the device layer can be directly reached electrically,

it can also be used for new applications, e.g. applying in-plane electrical field for

electro-osmotic pumping.

The device layer can be reached by etching the SiRN layer on top of the wafer. Since

this effectively creates a hole of approximately 2µm deep, care should be taken that

it does not impede further processing. Electrical contact can be improved by covering

the holes with a metal layer.

3.4.3 Very large channels

The pressure drop over microchannels increases linearly with the viscosity and

velocity of the fluid as long as it is a laminar flow and the Hagen-Poiseuille equation
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is valid. When the flow becomes turbulent, the pressure drop increases even more

rapidly. Currently, the hydraulic diameter of the used channels is in the range of

20 up to 75µm, which does not create any problems for the flowrates discussed in

this thesis. However, many applications require higher flow rates of more viscous

fluids. Larger channels can be easily made, however, the thin channel wall might

cause problems when these channels are released. The surface area of the channel

wall and thus the force applied by the fluid pressure, will increase rapidly for very

large channels and will result in very pressure-dependent behaviour. To prevent this,

two methods can be used: (i) thicker channel walls and (ii) mechanical support.

Thicker channel walls can be easily made up to a thickness of approximately 2–3µm

by increasing the width of the etch slits and depositing a thicker layer of SiRN. A

layer up to 5–6µm might be deposited when the deposition process can be adjusted

to deposit SiRN with a lower intrinsic stress. An even thicker layer of SiRN will

increase the chance of cracking and reduces the mechanical robustness of the devices.

When the channel wall needs to be thicker, a different material needs to be used, but

this will most likely reduce the chemical inertness and mechanical robustness of the

channels. Alternatively, a stack of thin film materials can be used, e.g. two thin SiRN

layers with a thick LPCVD poly-silicon layer in between could result in a strong and

chemically inert channel. The processing steps for this are schematically shown in

Figure 3.33. For the second option, mechanical support in the channels, can be used

SiRN layer 1

Silicon

Poly-Si

SiRN layer 2

SiRN layer 3

(a) A slitpattern is etched in the SiRN layer
and an isotropic SF6 plasma etch can be used
to etch the silicon through the slits.

(b) A thin layer of SiRN is deposited to form
a robust outer channel wall.

(c) A thick layer of polysilicon is deposited to
provide stiffness to the channel wall.

(d) A final SiRN layer is deposited to close
the channels.

Figure 3.33: Fabrication steps for making very large channels with strong channel walls.
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SiRN layer 1

Silicon

SiRN layer 2

(a) Holes are etched through the wafer where
the support pillars are going to be located.

(b) A thin layer of SiRN is deposited.

(c) Using an SF6 plasma etch, the channels
are etched untill they reach the other side of
the wafer.

(d)A final SiRN layer is deposited to close the
channels and provide a chemically inert inner
channel wall. This also fills up the pillars.

Figure 3.34: Fabrication steps for making very large channels with support pillars to prevent
too much deformation when a pressure is applied.

in several different ways. By increasing the pitch of the scallops in the channel, they

can be made larger, increasing their strength in radial direction, but the structure

will be more compliant in the length direction. Alternatively, support pillars could

be made inside the channel. This option consists of etching wafer-through holes and

coating those with a layer of SiRN, forming wafer-through pillars. By etching the

silicon through etch slits in this SiRN layer, channels can be created with rounded

sides and a flat top and bottom. By closing the etch slits with another SiRN layer, or a

stack of layers like mentioned in above, the channel walls can be formed.

3.4.4 Integration of buried channels

In 2000, de Boer et al. [1] introduced the buried channel technology, consisting of

channels etched in the bulk of the wafer. Combining these with the channels at

the surface as presented in this chapter would allow complex networks of crossing

channels. Connecting both types of channels can be done by varying the size of the

surface channels to reach deep enough to touch the buried channels.

In the buried channel technology (BCT), first a trench is etched that outlines the

channel (Fig 3.35a). The walls of these channels are coated with a suitable protection

layer, e.g. SiO2 and the bottom of the trench is etched free (Fig 3.35b). Using an

isotropic silicon etch, channels can then be etched around the bottom of the trench

(Fig 3.35c). After removing the protection layer, the channels can be sealed using

a suitable material (Fig 3.35d). After the buried channels are closed, the surface
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TEOS layer 1

TEOS layer 2

Chromium

Cr/Au

Photoresist

Silicon

SiRN layer 1

SiRN layer 2

(a) A trench in a silicon wafer with a thin SiRN layer is etched using DRIE.

(b) A protective TEOS layer is deposited and removed at the bottom of the trench.

(c) An isotropic SF6 plasma etch is used to etch the silicon through the trench.

(d) A new layer of TEOS is deposited to seal the buried channels.

(e) The surface channels are fabricated as described in this chapter. A sparse slit pattern (left)
and a dense slit pattern (right) result is channels of different size

(f) The wafer is cleaned, removing the resist, chromium and TEOS. A thick SiRN layer is then
deposited sealing both the buried and surface channels. The large surface channels (right) are
connected to the buried channels.

Figure 3.35: Fabrication steps for combining buried channels with surface channels. Using a
sparse slit patters (left) results in separate channels while a dense slit pattern (right) results in
connected channels.
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channels can be made. When the material that is used to close the buried channels

can be removed without damaging the surface channels, e.g. when it is SiO2, a

connection can easily be made by using a dense etch slit pattern for the surface

channel at the place where the two channels should be connected while a sparse slit

pattern can be used when the channels should not connect as shown in Figure 3.35e.

Both channels will afterwards be sealed by the LPCVD SiRN deposition (Fig 3.35f).

Using this method does bring several problems that will have to be overcome. When

the two channel cross, but should not connect, there will be a SiO2 wall inside

the surface channel during etching. Since this locally reduces the loading during

etching, the channel very close to the oxide will be slightly larger than expected. The

deposition of SiRN to close both the buried and surface channels should close the

buried channels before the surface channels are closed. When the surface channels are

closed, the deposition rate inside those channels decreases significantly. If the trench

on top of the buried channels are not closed when this happens, there will be a leak

to the surface channels at the places where they cross each other. It should also be

taken into account that the trench that is used to etch the buried channels will most

likely be filled with a poorly conducting material, both electrically or thermally. If the

bulk of the chip is also used for electrical or thermal conductance, e.g. to ground the

chip or to cool a fluid, the efficiency will be greatly reduced and might be completely

negated when silicon-on-insulator wafers are used. In case of electrical conductivity,

contact to the isolated parts could be made using the technique discussed above, but

there is no readily available method for thermal conductivity.

3.5 Conclusions

A first step has been made towards an universally applicable microfluidic fabrication

platform. The platform features microchannels directly below the substrate surface

with diameters from less than 10µm to well over 100µm with a thin channel wall

made of silicon-rich-nitride. These different channel size and shapes can be integrated

on the same device by varying the etch-slit pattern. Using silicon-rich-nitride for the

channel walls ensures that they are durable, strong, chemically inert and thermally

stable. Functional structures can be easily integrated in close proximity to the fluid.

The channels can be freely suspended and top side, bottom side and in-plane fluidic

interfacing is possible. The separate fabrication steps that have previously been used

have been characterised and the process flow was improved where necessary. New

options have been investigated and added to the process when they proved useful.

Using a SOI wafer as base for the platform allows for many new functionalities

that were previously not possible. The three packaging methods that are discussed

enable usage in many different applications from prototyping in carefully controlled

laboratory environments to industrial applications in a wide range of different

environments.
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All the sensors and actuators that are discussed in the remainder of this thesis have

all been designed, fabricated and characterised using the platform described in this

chapter, showing how versatile the applications of this platform are. Yet, there are

still many options that can be explored to extend the possibilities with this platform

for future work. Some examples of this have been presented.
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4
Theory and modelling of micro Coriolis

mass flow sensors

4.1 Introduction

The research on a micro Coriolis mass flow sensor at the University of Twente

was started in 2006 by Haneveld et al. [1]. The fabrication process presented in

[2] was adapted to fit their requirements: a channel diameter of approximately

40µm, a wall thickness of 2µm and metal electrodes to be used for Lorentz force

actuation. A rectangular tube window of 4mm wide and 2.5mm high was used for

best performance using the Lorentz force actuation and to reach a pressure drop of

less than 1 bar at a water flow of 1 g h−1. The resulting chip and packaged sensor are

shown in Figure 4.1. Flow measurements were done on several gasses and liquids

and a resolution in the order of 0.01 g h−1 was reached [3]. In [4, 5] the laser Doppler

(a) (b)

Figure 4.1: (a) Photograph of the sensor chip presented in [3] (b) Photograph of the packaged
chip presented in [3]
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vibrometer (LDV) read-out measurements were replaced by capacitive read-out. The

fixed actuation frequency previously supplied by a function generator was replaced by

an automatic frequency adjusting system based on the electronics used for actuation

and read-out of the Bronkhorst Cori-Tech Mini Coriolis mass flow sensors. These

electronics generate an actuation current by means of digital signal processing of the

capacitive read-out signals. Photographs of the chip and the actuation electronics can

be seen in Figure 4.2.

(a) (b)

Figure 4.2: (a) Photograph of the sensor chip presented in [5] (b) Photograph of the actuation
electronics used in [5]

In this thesis, these results will be referred to as the first generation of micro

Coriolis mass flow sensors. In this chapter a multi-axis flexible body model made in

the MathWorks MATLAB® package SPACAR is presented with which the mechanical

behaviour of the micro Coriolis mass flow sensors can be simulated. Chapter 6

presents the second generation of micro Coriolis mass flow sensors, which has been

used to verify the model. The third generation, also discussed in chapter 6, has been

designed based on optimizations found using the numerical model.

4.2 Basic principle of operation

When a fluid is flowing through a vibrating or rotating channel, there will be a

Coriolis force perpendicular to the rotational axis. By measuring this force or the

disturbance on the movement caused by the Coriolis force, the mass flow can be

determined. Figure 4.3 shows the operation principle of a Coriolis mass flow sensor

with a rectangular channel window. The channel vibrates around the rotational axis

denoted by ~ωact. The Coriolis force due to a mass flow can then be calculated using:

~FC = −2Lx(~ωact × ~Φm) (4.1)

Where ~FC is the Coriolis force, Lx is the length of the channel perpendicular to

the rotational axis, ~ωact the angular velocity of the vibration and ~Φm the mass flow

through the channel. This Coriolis force will introduce a second motion which can be

detected and is linearly dependent on the mass flow. This principle can be used as a

true mass flow measurement, in which the measured parameter is directly related to a
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mass flow and independent of the fluid properties. Unlike other types of sensors, this

allows for measurements of both liquids and gases without any need for adjustments

or pre-determined conversion factors.
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m

Φ
m
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m

ω
act
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x
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y

Figure 4.3: Principle of operation of a Coriolis mass flow sensor with a rectangular tube
window showing the rotational axis ωact, mass flow Φm and Coriolis force FC.

4.3 Analytical model of a micro Coriolis mass flow sen-

sor

The Coriolis mass flow sensor is actuated in a resonance mode, the motion induced

by the Coriolis force is then the mode-shape of a different resonance mode at the

actuated frequency. For a rectangular channel window as shown in Figure 4.3, these

modes are the torsional or twist mode around the y-axis and the swing mode around

the x-axis. Figure 4.4 shows these mode shapes according to finite element modelling

(FEM) in SolidWorks®. When the torsional mode is actuated (as in Figure 4.3), the

detection mode will be the swing mode and the other way around. An analytical

model was presented by Haneveld et al. [5] which described the angular rotations of

x

y

z

Figure 4.4: Simulated resonance modes of a Coriolis mass flow sensor with a rectangular
channel window.
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the two modes in the first approximation using two coupled differential equations for

the modal angles:

Jm
d2Θm(t)

dt2
+Rm

dΘm(t)

dt
+ SmΘm(t) = Tm(t), (4.2)

whereΘm is the modal angle, Jm the modal moment of inertia, Rm the modal damping

coefficient, Sm the modal torsional spring constant and Tm the applied torque (either

by actuation or by the Coriolis force). The subscript m indicates the actuation (m = a)
and detection (m = d) modes. By actuating the channel using Lorentz force, a magnetic

field ~B along the x-axis and an actuation current iact(t) = îact cos(ωat) through a metal

track on top of the channel, will result in an actuation torque Ta along the y-axis

proportional to the channel windows height (Ly) and width (Lx), the local field

strength B and the actuation current iact:

Ta(t) = LxLyBîact cos(ωat), (4.3)

For actuation frequencies well below the actuation-mode resonance (ωact,r), the

rotation angle can be derived by solving (4.2) for a quasi-static situation. When

the sensor is actuated at resonance, the actuation-mode quality factor Qa also has to

be taken into account, as well as a −90° phase shift compared to the actuation current:

Θa,r (t) =
QaTa(t −π/2)

Sa
=
LxLyBQa

Sa
îact cos(ωa,r t −π/2), (4.4)

where Sa is the actuation-mode modal spring constant. The mechanical angular

velocity is then:

ωact(t) =
dΘa,r (t)

dt
=
LxLyBQaωa,r

Sa

(

−îact cos(ωa,r t
)

. (4.5)

The Coriolis force, as given by (4.1) is proportional to the cross-product of ωact

and the mass flow Φm. The only parts of the channel where there will be a Coriolis

force will thus be on the segments parallel to the x-axis. The part in Figure 4.3 denoted

with FC will be dominant and a torque along the y-axis is generated according to:

Td (t) = −2LxLyΦmωact(t) =
2L2xL

2
yBQaωa,r

Sa
Φm îact cos(ωa,r t). (4.6)

This torque will excite the detection mode with its own differential equation (4.2)

and its own resonance frequency ωd,r . To solve this, we need to distinguish two

different cases: ωa,r >> ωd,r and ωa,r << ωd,r . In the first case, when the actuation-

mode resonance frequency is higher than the detection-mode resonance frequency,

the detection-mode will be actuated above its resonance frequency, resulting in a
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180° phase shift compared to the torque and a reduction in amplitude by a factor of

(ωd,r /ωa,r )
2 in the transfer function of the Coriolis-induced detection torque to the

resulting detection angle Θd (t). Θd (t) is then given by:

Θd (t) =

(

ωd,r

ωa,r

)2
Td (t)

Sd
=
ω2
d,r

ω2
a,r

2L2xL
2
yBQaωa,r

SaSd
Φm îact cos(ωa,r t −π) (4.7)

Comparing equations (4.4) and (4.7) shows that they are π/2 radians out of phase

with respect to each other and the ratio of the two amplitudes is given by:

Θd

Θa
=
2LxLy
Sd

ω2
d,r

ω2
a,r

ωa,rΦm. (4.8)

In the other case, when the detection-mode resonance frequency is higher than the

actuation-mode resonance frequency, the detection-mode is excited quasi-statically

by the Coriolis force. In this case, the detection angle Θd(t) is proportional to the

torque Td (t):

Θd (t) =
Td (t)

Sd
=
2L2xL

2
yBQaωa,r

SaSd
Φm îact cos(ωa,r t), (4.9)

resulting in a ratio given by:

Θd

Θa
=
2LxLy
Sd

ωa,rΦm. (4.10)

From this, it would seem that the most sensitive case is when the detection-mode

resonance frequency is higher than the actuation-mode frequency. However, this

advantage is negated by e.g. the increased detection-mode modal spring constant Sd ,
resulting in a comparable sensitivity for both modes of operation. Therefore, while

this analytical model gives an impression on what parameters influence the sensitivity

of the sensor, it does not provide a method to determine these parameters or how

these parameters influence each other.

4.4 Numericalmodel for amicroCoriolismass flow sen-

sor

To still be able to analyse the characteristics of a sensor and find the parameters that

determine these characteristics before actually making the sensor, a numerical model

can also be used. However, the complex shape and high aspect ratio of the micro

channels that also hinder the analytical approach also do not allow conventional

finite element modelling (FEM). The MathWorks MATLAB® package SPACAR [6, 7]

is a package for the dynamic modelling and control of flexible multi-body systems
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and has been used to model conventional Coriolis mass flow sensors and find their

mechanical properties and optimize the shape of their channel window.

Previously, a model of a Coriolis mass flow sensor has been derived using SPACAR

by Jonker et al. [8]. In the model, tube elements [9] were used to model the inertial

interaction between flow and the tube dynamics. A graphical representation of the

model of a commercially available Coriolis mass flow sensor by van de Ridder et al.

[10] is shown in Figure 4.5a. This model consists of a rectangular tube- or channel-

window actuated by two Lorentz force actuators act1 and act2. Two out-of-plane

displacement sensors (s1 and s2) measure the displacements of the flexible tube-

window. The tube is anchored to an external rigid casing. For the micro Coriolis

mass flow sensor, the geometry had to be changed and the casing is replaced by

fixed anchors and the sensors and actuators are placed at their respective location.

Section 4.4.1 describes how the physical and mechanical properties of the channels

were found. Below, an overview is given on how the model presented by van de Ridder

et al. [10] was adapted for the micro Coriolis mass flow sensor. The linearised system

equations of the FEM model, with n degrees of freedom of tube deformations q can

be written as:

Mq̈+ [C (Φm) +D] q̇+
[

K+N
(

Φ
2
m

)]

q = f, (4.11)

act
2

act
1

s
2

s
1

ω
swing

ω
twist

z

x

y

(a) Model of a conventional Coriolis
mass flow sensor by van de Ridder
et al. [10] ©(2014), with permission
from Elsevier
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ω
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(b) Model of the micro Coriolis mass flow
sensor of the first generation.

Figure 4.5: Graphical representation of the Coriolis mass flow sensor multi-body models. The
casing is shown in blue, the channel in orange, the actuators in red and the sensors in green.
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where M,K,D,C and N are the mass, stiffness, damping, velocity sensitive and

dynamic stiffness matrices respectively and f is the actuation input vector. The

matrices C and N are linearly and quadratically dependent on the mass-flow Φm and

represent the forces induced by respectively the Coriolis and centrifugal acceleration

of the flow. The system matrices with respect to the element deformations can be

derived using SPACAR. The equations of motion are then derived from equation

(4.11):

Mq̈ = f−Cq̇−Dq̇−Kq−Nq, (4.12)

By solving the eigenvalue problem

(

K−ω2
i M

)

vi = 0, (4.13)

the degrees of freedom are reduced, resulting in the natural frequency ωi and the

corresponding eigenvector vi, the mode shape. To be able to get a better understanding

of the dynamic behaviour or the Coriolis mass flow sensor, the equations of motion

have to be rewritten in the modal coordinates, defined as: q = Vz, where V =

[v1,v2, ...,vn] is a matrix, normalised such that VTMV = I, of the first n mode shapes

and z is the vector of modal amplitudes. Equation (4.12) now reads:

z̈+VTC(Φm)Vż+VTDVż+VTKVz+VTN(Φ2
m)Vz =VT f (4.14)

Here, the actuator input is given by f, which is a result of a moment that is applied

by two forces between the channel and the casing and equal to:

f =
1

rM

(

Γact,1 −Γact,2
)

Mact, (4.15)

where Γact,1 and Γact,2 are vectors with the elongation of the actuator element with

respect to the coordinates q of the model, rM is the distance between the two actuator

elements and Mact the actuator moment input.

Similarly, the movement of the channel is measured by two sensors s1 and s2, which

are equal to:

si = Γs,iq = Γs,iVz, (4.16)

where Γs,i is a vector with the elongation of the ith sensor element with respect to the

coordinates q of the model.

Figure 4.6 shows the first six mode shapes of the micro Coriolis mass flow sensor

of the first generation. The first mode rotates around ωswing and is the first Coriolis

mode equal to the mode shape simulated using FEM on the left side in Figure 4.4.

The second mode rotates around ωtwist and is the first actuation mode equal to the

mode shape simulated using FEM on the right side in Figure 4.4. The second Coriolis

and actuation modes are the fourth and sixth modes respectively. The third and fifth

modes are in-plane modes that can not be detected by the displacement sensors.
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(a) Mode 1, First Coriolis
mode at 1562Hz
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(f) Mode 6, Second actuation
mode at 9993Hz

Figure 4.6: First six mode shapes of the micro Coriolis mass flow sensor of the first generation
and their natural frequencies when the channel is filled with air.

To predict the effect of the Coriolis force on the tube displacement the following

quadratic eigenvalue problem is solved:

(

K+N+ jωiC−ω2
i M

)

vi = 0, (4.17)

where the velocity sensitive matrix C is the only part depending on the Coriolis

force. This means that in the absence of mass flow, equation (4.17) is equal to

equation (4.13). From this, it can be determined that the real part of the eigenvectors

are the conventional modes for Φm = 0, while the imaginary part of the eigenvectors

are the Coriolis distortion modes. Measurement of the mass-flow in the actual mass-

flow sensors, is done using two displacement sensors. This is simulated in the model

by the sensors s1 and s2, which represent the complex displacement amplitudes,

calculated solving equation (4.17). These sensors are located on opposite side and at

equal distance to the rotational axis of the actuation mode. This means that in the

case of only the actuated mode, the amplitude of both sensors is equal and there is a

180° phase difference. In the case of a mass-flow, a flow induced vibration mode due
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to the Coriolis effect is added. This signal is equal in amplitude and phase to both

sensors, but 90° out of phase with the actuation mode, since it is the imaginary part

of the mode. In that case, the phase-difference between the two sensor signals equals:

∆θ = arg(s1)− arg(s2) +π = arctan
(ℑ(s1)
ℜ(s1)

)

− arctan
(ℑ(s2)
ℜ(s2)

)

≈ ℑ(s1)
ℜ(s1)

−ℑ(s2)
ℜ(s2)

≈ 2
ℑ(s1+s2)
ℜ(s1−s2)

(4.18)

where the approximation arctan(x) ≈ x is only valid for small angles. The differential-

mode s1 − s2 can be defined as the actuation displacement zact and the common-mode

s1 + s2 as the Coriolis displacement zcor:

zact =
1

2
(s1 − s2) (4.19)

zcor =
1

2
(s1 + s2) (4.20)

Equation (4.18) can then be rewritten as:

∆θ ≈ 2
ℑ(s1 + s2)

ℜ(s1 − s2)
= 2
ℑ(zcor)

ℜ(zact)
(4.21)

Divided by themass-flow selected in the model, this gives a sensitivity of the modelled

sensor:

Sensitivity =
∆θ

Φm
(rad s/kg) (4.22)

It should be noted that this does not take the actual read-out method into account,

but assumes infinitesimal small displacement sensors at the location of s1 and s2. This
means that the calculated sensitivity is a measure for how well the channel geometry

can perform and might be different from that of a fabricated sensor which uses a

read-out method with sensors of finite size.

4.4.1 Physical and mechanical properties of the channels

To be able to apply this model to the micro Coriolis mass flow sensor, the mechanical

properties of the used material (SiRN) and the channels have to be found. The

properties of SiRN are well known and can be taken from literature [11–16] (see

Table 3.1). However, the shape of the channel is complex and its influence on the

required mechanical properties cannot be determined as easily as in the case of the

circular stainless steel tubes the original model was based on. To still be able to

determine these properties, a small part of the channel was modelled in SolidWorks®.

In SolidWorks®, the second moment of inertia and the cross-sectional area (both of

the channel material and the fluid inside) can be determined in a straightforward way

after entering the appropriate material properties using only the cross-section of the

channel, as shown in Figure 4.7. The torsional stiffness can be determined by FEM
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(a) (b)

Figure 4.7: (a) SEM image of the cross-section of a channel (b) Cross-section of a channel as
modelled in SolidWorks®

(a) (b) (c)

Figure 4.8: (a) SEM image of the bottom side of the channel (b) Representation of the scallops
in the channel in SolidWorks®. (c) FEM simulation result of the deformation as the result of an
applied torque. The colours indicate the displacement.

simulation of a short channel which is fixed on one side and has a torque applied

to the other side using a rigid disk (Figure 4.8c). The torsional stiffness can then be

calculated using:

Ip =
T lchan
Gθ

, (4.23)

where Ip is the polar moment of inertia of the channel, T the applied torque, lchan
the length of the simulated channel, G the shear modulus of SiRN and θ the angle

the disk has rotated as a result of the applied torque. Figure 4.8a shows a SEM image

of the bottom side of the channel. The visible scallops are created during fabrication

and have a large influence on the torsional stiffness. Figure 4.8b shows the scallops

as modelled in SolidWorks®. Figure 4.8c shows the FEM simulation results for an

applied torque. The influence of the capacitive read-out structures and the metal

tracks for actuation and read-out are included in the model by means of extra mass. A

total of eight different channel cross-sections were defined for comparison, the results

are shown in Table 4.1. The first cross-section is based on the channels used for the
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# 1 2 3 4 5 6 7 8

Wall thickness (µm) 1.2 0.8 0.8 0.8 0.8 0.8 0.8 0.8

Channel width (µm) 40 40 40 40 27.6 57.5 41.3 47.2

Channel height (µm) 31 31 31 31 23.2 31 34.3 39

Flap width (µm) 72 72 40 60 72 72 72 72

2nd moment of area (out-of-plane, 1×10−20m4) 3.460 2.516 2.190 2.414 1.157 3.459 3.270 4.634

2nd moment of area (in-plane, 1×10−20m4) 7.280 6.483 2.488 4.452 5.505 9.455 7.050 8.140

Centroid of the channel (out-of-plane, µm) 28.00 29.28 27.00 28.57 28.87 27.57 28.28 26.68

Area of the channel (1×10−10m2) 2.434 2.021 1.525 1.835 1.793 2.247 2.2121 2.269

Polar moment of inertia (1×10−20m4) 5.454 3.769 3.870 3.805 1.596 8.026 5.242 7.739

Centroid of the fluid (out-of-plane, µm) 20.58 20.58 20.58 20.58 24.20 20.58 19.16 16.99

Area of the fluid (1×10−10m2) 9.609 9.609 9.609 9.609 5.271 15.79 11.71 15.24

Table 4.1: Overview of the mechanical parameters of the eight defined channel cross-sections. The first cross-section is based on the channels
used for the first generation of micro Coriolis mass flow sensors. The second has thinner channel walls, but the same geometry. Cross-sections
3 and 4 are the same as the second, except that the flap for electrodes on top of the channel is smaller. Cross-sections 5 through 8 have the
same flap on top as cross-section 2, but the channel has a different size: 25% smaller, twice as wide, 10% larger and 25% larger respectively.
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first generation of micro Coriolis mass flow sensors. The second has thinner channel

walls, but the same geometry. Cross-sections 3 and 4 are the same as the second,

except that the flap for electrodes on top of the channel is smaller. Cross-sections 5

through 8 have the same flap on top as cross-section 2, but the channel has a different

size: 25% smaller, twice as wide, 10% larger and 25% larger respectively.

In the table, the wall thickness, channel height and width and the flap with are as

defined in the cross-section shown in Figure 3.17a. The second moment of area of

this cross-section has a vertical (out-of-plane) and a horizontal (in-plane) component.

Since the channels are symmetrical around the slits, the centroid of the channel

in horizontal direction is always at the centre of the channel. In vertical direction,

the location of the centroid is different for each channel. The area of the channel is

defined as the area of the SiRN channel wall and the flap op top. The polar moment of

inertia gives the channels stiffness for torsion along the length of the channel, around

its centroid. The centroid and area of the fluid are of the area inside the channel.

4.5 Conclusion

An analytical and a numerical model in the MATLAB® package SPACAR are pre-

sented. The analytical model gives an impression on how the different design param-

eters influence the sensor. However, since the influence of the design parameters on

the mechanical parameters, like modal spring constant, is hard to define due to the

complex channel shape, the model does not give a straightforward way to design a

micro Coriolis mass flow sensor for a specific purpose. The numerical model gives

less insight in the actual mechanics of the sensor, but it does show the resulting mode

shapes and sensitivities for any geometry, based on only a few input parameters, like

channel material and shape cross-section. For basic shapes, the relevant parameters

can be calculated, but for the complex channel shape of the micro Coriolis mass

flow sensor, they can also be determined using FEM. Chapter 6 shows measurements

of five different designs to verify the numerical model as well as designs for a next

generation of micro Coriolis mass flow sensors. This next generation is designed using

the numerical model to optimize for improved sensitivity.
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5
Sensing and Actuation for a micro

Coriolis mass flow sensor

5.1 Introduction

The designs presented in chapter 4 consist of a vibrating tube filled with a fluid.

When this fluid is flowing, a Coriolis force develops perpendicular to the vibrational

axis. This means that an actuation method has to be used that is capable of bringing

the tube into resonance and a read-out method needs to be used that is capable of

measuring the movement induced by the Coriolis force. Several different methods of

actuation and read-out are examined in this chapter.

5.1.1 Actuation methods

The actuation has to comply to several requirements. Most importantly, it should

be able to resonate the channel in an appropriate vibrational resonant mode. The

amplitude of the vibration should be well controlled and in the same order of

magnitude as the diameter of the channel. Vibrational amplitudes higher than the

diameter of the channel will increase mechanical wear and will generally introduce

non-linear behaviour. However, the Coriolis force is proportional to the amplitude of

the vibration as well, so it should not be too small to prevent reduced signal-to-noise

levels. During operation, the system will act as a second order mass spring system,

so the resonance frequency will change when the physical parameters of the system,

e.g. density of the fluid, changes. This means that the actuation method should be

83
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able to keep track of the resonance frequency so that it will change when needed.

For this, it can use the signals of the read-out, or it can use an integrated feedback.

Furthermore, the actuation method should have no influence on the channel, fluid or

read-out, besides bringing the channel in motion. This means that for instance Joule

heating should be avoided.

Two methods have been used to actuate the tube of the micro Coriolis mass flow
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Figure 5.1: Schematic overview of the micro Coriolis mass flow sensor showing the relevant
structures for (a) Lorentz force actuation and (b) electrostatic actuation.

sensor. Figure 5.1 shows the methods described here. Using permanent magnets and

an alternating current through a metal track on top of the microchannel, Lorentz

force can be used to actuate the channel as shown in Figure 5.1a. This method is

straight forward and only needs an ac current and a constant magnetic field. The

electromotive force (emf) generated in a secondary metal track on the tube moving

through the magnetic field can be amplified and used as actuation signal. However,

permanent magnets with sufficient field strength are hard to integrate in MEMS.

This means that external permanent magnets have to be mounted close to, or onto,

the sensor after fabrication. The actuation current required to actuate the tube with

enough amplitude to be of practical use also dissipates power on the microfluidic

channel, heating the channel and fluid. Further details on this method is given in

section 5.2.

The second method uses electrostatic forces to bring the tube in motion. Electrostatic

actuation requires opposing electrodes on the tube and on the static part on the

chip and can thus be easily integrated as shown in Figure 5.1b. However, it can

only generate an attractive force, resulting in the case of the micro Coriolis mass

flow sensor in a maximum actuation amplitude of only a few micrometer [1]. Under

specific conditions, the torsional stiffness of the mechanical system can be modified

electro-statically. In absence of another actuation force and under the right conditions,

this is called parametric excitation and can be used to electro-statically actuate
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the tube. Under slightly different conditions, these parametric effects can also be

used to amplify the effects of the Lorentz force actuation. This is called parametric

amplification and can be used to decrease the power dissipated on the tube by the

Lorentz force actuation current. While the electrodes for this method are easy to

integrate, the electronics required to create the proper conditions is complex. Further

details on parametric excitation and actuation are given in sections 5.3 and 5.4

respectively.

5.1.2 Read-out methods

For the read-out, the main demand is that it can detect the Coriolis movement in

relation to the actuated movement. The Coriolis amplitude is approximately 3 orders

of magnitudes smaller than the actuation amplitude at the sensors full scale of 1 g h−1.

At it’s sensitivity of approximately 1mgh−1, the Coriolis induced movement will

have an amplitude which is another 3 orders of magnitude smaller.

There have also been two different read-out methods been used with the micro
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Figure 5.2: Schematic overview of the micro Coriolis mass flow sensor showing the relevant
structures for (a) the optical and (b) electrostatic read-out.

Coriolis mass flow sensor. Figure 5.2 shows the methods described here. The first

method uses laser Doppler vibrometry (LDV) to read the movement of the channel.

This method does not require any read-out structures or electrical connects on the

chip, but can not be integrated. By focussing a laser on the channel and measuring

the reflection, the movement of the channel can be measured as shown in Figure 5.2a.

Since the vibrometer used during these measurements, the Polytec MSA-400[2], can

only measure at one spot at the same time, it is not possible to measure the amplitude

of the actuated movement and the Coriolis-induced movement at the same time.

However, the ease of use and the direct relation to the physical movement of the

channel make this an excellent method to characterise the mechanical response of
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the sensor. Further details on this method is given in section 5.5.

The second method requires capacitive read-out structures both on the moving

channel as on the static bulk of the chip as shown in Figure 5.2b. By using comb-

structures, the capacitance will depend on the distance between fingers on the channel

and fingers on the stator. When two sets of comb-structures are used at each side of

the rotational axis of the channels vibration, the phase-shift between these signals

are an accurate measure for the mass flow through the channel. Section 5.6 describes

this method in detail and shows an analyses of the used comb-structures.

Eventually, the actuation and read-out will have to work together to be able to

measure a mass flow through the channel. This means that the actuation and read-out

should not have a negative influence on each other. Using LDV for read-out does

not influence any of the used actuation methods and is not influenced by any of the

actuation methods. However, it does not readily provide a signal that can be used to

track the resonance frequency for the actuation, which means that a different method

is needed to generate an actuation signal, like the emf signal with the Lorentz force

actuation. Capacitive read-out gives an output signal proportional to the movement

of the channel, which can be used to generate an actuation signal that continually

maximizes the vibration amplitude for a give actuation amplitude, thus tracking the

resonance frequency. However, since the capacitance of the comb-structures is very

small, the read-out is easily disturbed by external electrical fields, including those

that might be used for electrostatic actuation.

5.2 Actuation using Lorentz force

5.2.1 Introduction

When an electrically charged particle is moving though an external electric or mag-

netic field, it will experience a force: the Lorentz force. This force can be calculated

using equation (5.1)[3]:
~FL = q

(

~E + ~v × ~B
)

(5.1)

Where ~FL is the total Lorentz force on the particle, q the charge on the particle, ~E
the electric field, ~v the velocity of the particle and ~B the magnetic field. When this

equation is applied to an electrical current through a wire in a magnetic field, the

Section 5.2 is based on “Optimization of a micro Coriolis mass flow sensor using Lorentz force
actuation” by J. Groenesteijn, T.S.J. Lammerink, R.J. Wiegerink, J. Haneveld and J.C. Lötters, published
in Sensors and Actuators A: Physical, 186:48–53, (2012) and on “A compact micro Coriolis mass flow
sensor with flow bypass for a monopropellant micro propulsion system” by J. Groenesteijn, M. Dijkstra,
T.S.J. Lammerink, J.C. Lötters and R.J. Wiegerink, published in Proceedings of Microfluidic Handling Systems
2014, 21:24, (2014)
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equation simplifies to the Laplace force:

~F = I ∗
(

ℓ × ~B
)

(5.2)

Where ~F is the force, I is the current along the wire and ℓ the length of the wire.

The other way around, when a loop of wire moves through a constant magnetic

field, the magnetic flux through the loop changes due to a change in surface of the

loop, resulting in a electromotive force:

ε = −dΦB

dt
(5.3)

Where ε is the electromotive force (EMF) and ΦB the magnetic flux through the loop,

which is given by:

ΦB =
x

S(t)

~B · ~ndA (5.4)

Where S(t) is the changing surface bounded by the loop and ~n the orthogonal vector

on each infinitesimal area element dA.

5.2.2 Theory and Modelling

Figure 5.3 schematically shows the Lorentz force actuation for a micro Coriolis mass

flow sensor. Here, the current carrying wire is one of the metal tracks on top of the

tubes and the current is an alternating current along this track denoted with iact. The
magnetic field ~B is caused by external permanent magnets. Due to the cross-product

in equation (5.2), there will mainly be a force when the current and the magnetic

field are perpendicular, resulting in a torque around the rotation axis denoted with
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Figure 5.3: Schematic view of a micro Coriolis mass flow sensor showing the relevant
parameters.
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no. Description

1 Two large magnets next to the chip as previously used in the sensor

2 Two miniature magnets on the chip; one on each side of the tube

3 Four miniature magnets on the chip; two on each side of the tube

4 Three miniature magnets on the chip inside the tube area

5 Configuration 3 and Configuration 4 combined

6 11 miniature magnets aligned both around and inside the tube area

Table 5.1: Description of the various magnet configurations used in the models, as shown in
figure 5.4

ωact on the parts of the tube parallel to this axis. In the ideal case, the magnetic field

is homogeneous over the whole tube area and along the x-axis as shown in Figure 5.3.

In that case, there will only be a Lorentz force on the two tube segments of length Ly
along the y-axis and the strength can be calculated using equation (5.2), symplified

to:
~Fact = Ly ∗

(

~iact × ~B
)

(5.5)

However, in most cases, the magnetic field will not be homogeneous and the field

strongly depends on the placement of the external magnets. For this reason, finite

element models were made in Comsol Multiphysics® of several different configura-

tions of both large and miniature magnets to investigate the different influences on

the Lorentz force actuation. The six different configurations are shown in Figure 5.4.

The first configuration has the large permanent magnets used for the first generation

of micro Coriolis mass flow sensors [4]. The second configuration with two small

magnets has been constructed and measured to compare with the model. Photo’s

of these two configurations are shown in Figure 5.5. A short description of each

configuration is given in Table 5.1. Except for the first configuration, all configurations

are based on the use of cube magnets with sides of 1mm. Further improvements

to the magnetic field might be achieved by adding a yoke of high permeability

material. However this option has not yet been investigated due to the complexity of

implementing such configurations.

From these models, a measure can be found for the actuation of the twist and

swing modes. The best configuration will have a high component for the twist mode

while it actuates the swing mode as little as possible to minimize crosstalk to the

Coriolis sensing. Since the Coriolis force will be 90 degrees out of phase with the

Lorentz force, the swing mode that is actuated by Lorentz force can be compensated

for in the read-out electronics of the sensor. In practice the actuated swing motion

cannot be fully compensated due to e.g. temperature effects, resulting in a zero-flow

offset. The current analysis focusses mainly on the actuation of the twist mode with

a side note that the twist actuation should be as large as possible compared to the

actuated swing mode. The actuation of both vibrational modes will result from a
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(a) Configuration 1 (b) Configuration 2 (c) Configuration 3

(d) Configuration 4 (e) Configuration 5 (f) Configuration 6

Figure 5.4: Schematic view of the six different magnet configurations used in the simulations

(a) (b)

Figure 5.5: Photo’s of (a) configuration 1 and (b) configuration 2 after fabrication and assembly
of the sensors.

torque around a rotational axis. Figure 5.6 illustrate this for the twist and swing mode

respectively.

The Lorentz force on each part of the tube has to be multiplied by the distance r
to the rotational axis to calculate the torque. Since the actuation current in equation

(5.5) will always follow the tube, a measure for the strength of the Lorentz actuation

can be found by multiplying the component of the magnetic field perpendicular to

the tube by the distance to the rotational axis and integrating that over the length

of the tube. The resulting torque T for each mode can be calculated using equation

(5.6), where r is the distance to the relevant rotational axis an Bp is the component of
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(a) (b)

Figure 5.6: Schematic view of Configuration 2 showing the arm of the rotation axis of the twist
(left) and swing (right) modes. The numbers along the tube represent the distances from the
starting point in mm.

the magnetic field perpendicular to the tube.

T =

∫

Tube

(

r ∗Bp ∗
∣

∣

∣

∣

~iact

∣

∣

∣

∣

)

dx (5.6)

To make the analysis of the different configurations independent of the actuation

current, ~iact is set to unity to remove it from the equation. What is left is a measure

for the strength of actuation for the twist and swing modes which can be used to

compare the different models.

The residual magnetism ~Br of the magnets in the models was set according to the

specifications of the supplier [5].

5.2.3 Simulation results

Figure 5.7 show the simulated magnetic field strength along the length of the tube

multiplied by the distance to the rotational axis for the six different configurations

for the twist and swing modes respectively. The horizontal axis is the distance along

the tube from the point where it is connected to the bulk of the chip. The values on

the x-axis correspond to the values shown in Figure 5.6.

These graphs show significant differences for the six different configurations. They

also show that, when integrated over the length of the tube, the torque on both sides

of the rotational axis for the twist mode will add up, while these torques will partly

cancel each other for the swing mode. A notable difference between the different

configurations is that the configurations without a magnet inside the area of the tube

create a torque on the long side of the tube with opposite sign to that on the short side

on the tube. This means that the Lorentz force on the long and short sides of the tube

counteract each other for configurations 1, 2 and 3. Table 5.2 shows the simulation

results when the localized torque is integrated over the length of the tube. To compare

the various configurations, the torque for both the twist and the swing actuation is

normalized to that of configuration 1. The right column in the table shows the ratio
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Figure 5.7: Simulation results of localized torque for a) the twist mode and b) the swing mode.
These values integrated over the complete length of the tube give the torque T as calculated in
equation (5.6).

between the twist and swing actuation. The results show that the twist actuation

can be increased by a factor of 1.39 using only three miniature magnets. Adding

more magnets at the optimum location further increases the twist actuation while the

actuation of the swing mode is further reduced.

Misalignment

The simulations results reported in the previous section are made using the ideal

situation when all the magnets are aligned symmetrically. However, in reality there

is a chance that the magnetic field due to the magnets is not perfectly symmetrical.

Possible causes for this include misalignment of the magnets or the magnetization of

the magnets, inaccuracies in the fabrication process or an external field that influences

the local field of the permanent magnets.

Additional simulations have been done to find the sensitivity to misalignment for

each configuration. The misalignments were modelled as a rotation of the tube in

relation to the magnets (ϕ =0. . . 5 degrees in steps of 1 degree) and a displacement in

the x- and y-directions (∆x/∆y=0. . . 0.3mm in steps of 0.1mm). The various types
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no. Normalized Normalized Ratio

twist actuation swing actuation

1 1 1 437

2 0.52 0.35 650

3 0.98 1.21 353

4 1.39 -0.89 -685

5 2.37 0.74 1405

6 2.66 0.24 4829

Table 5.2: Comparison of the simulation results showing the amplitude of the twist and swing
actuation normalized to the results of configuration 1 for the six different magnet configurations
and the ratio between the (not normalized) amplitudes.

of misalignment are shown in Figure 5.8 in a schematic view of Configuration 2.

Table 5.3 shows the simulation results compared to the simulations in Table 5.2. The

normalized twist actuation without misalignment is shown in the second column. The

simulations showed that the effect on the twist actuation increased with increasing

misalignment, except for the rotation of configuration 4. The three columns on the

right show the relative change of twist actuation found during the simulation of

maximum misalignment, compared to the case without misalignment. The table

shows that a misalignment does not have a large influence on the strength of the

actuation. Except for a displacement in the x-direction, in most cases the actuation

of the twist mode increases slightly. During a displacement in the x-direction, the

actuation decreases up to 7.1%.

Magnet Magnet

Δy

Δx

φ

Tube

x

y

z

Figure 5.8: Schematic view of the three different misalignments that are simulated: rotation
(ϕ) and displacement in x- and y-directions (∆x and ∆y respectively)

5.2.4 Self-induction

Actuation using Lorentz force requires a alternating actuation current with appro-

priate amplitude and frequency. Haneveld et al. [4] actuated the first generation of

Coriolis mass flow sensors using a DSP for generating a Lorentz actuation signal

using the capacitive read-out signals as a reference. This method resulted in poor

frequency stability and was sensitive to distortion and noise on the read-out signals.

The electronics presented in this section use the mechanical structure of the Coriolis
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no. Normalized Relative change with misalignment

twist actuation ϕ = 5◦ ∆x=0.3mm ∆y=0.3mm

1 1 +0.4% -0.6% +0.3%

2 0.52 -0.1% -6.7% +2.5%

3 0.98 +0.4% -7.1% +2.8%

4 1.39 +0.1%@ ϕ = 3◦ -2.1% -1.8%

5 2.37 +0.3% -4.1% +0.1%

6 2.66 0.04% -3.2% -0.8%

Table 5.3: Simulation results of misalignment in the six different configuration

channel as a two-port resonator and are thus independent on the read-out method

that is used. On top of the Coriolis channel, there are two parallel metal tracks.

Actuation current iact runs through one of the tracks. When the channel is vibrating,

there will be a changing magnetic flux through the second track on the channel,

generating an electromotive force proportional to the speed of the channel resulting

in an induction voltage. Figure 5.9 shows the transfer between the two tracks on

top of the Coriolis channel, measured using a gain-phase analyser under ambient

pressure and while the channels are filled with air. The phase shift at resonance is 0

degrees, so that an amplifier is sufficient to realise an oscillator. An automatic gain

control has been added to control the amplitude of the vibrating tube. A schematic

overview of the actuation circuit is shown in Figure 5.10, detailed schematics can be

found in Appendix B.1. First the signal from the feedback track is amplified 5000

times. That signal is used to control the gain of the second stage.
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Figure 5.9: Gain-phase measurement for the Coriolis sensor operated as two-port resonator.
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Figure 5.10: Schematic view of the actuation circuit using the mechanical structure of the
Coriolis channel as two-port resonator.

5.2.5 Measurements and Discussion

Lorentz force actuation

To verify the model, measurements were carried out using sensors fitted with magnets,

as in configurations 1 and 2. Two methods were used to compare the magnetic fields.

First, using a LakeShore 455 DSP Gauss meter, the magnetic fields of several of both

the large and the miniature magnets were measured. The magnetic field on the chip

is caused by two magnets. Therefor, to find the total field at each side of the tube,

the field had to be measured at various distances from the magnets and summed.

For the large magnets, these distances are 8mm and 12mm (8mm+Lx in Figure 5.3).

For the miniature magnets, these distances are 1mm and 5mm. Due to the spread

in the magnets, there is some deviation in the magnetic fields for different magnets.

For the large magnets the measured total field is 38.5±2.5mT and 20.75±2.25mT for

the small magnets. Together, this gives a ratio between the fields of 0.54±0.1. The

second method for verifying the model was to compare the amplitude of the vibration

while applying an alternating current with the same peak-to-peak amplitude. The

amplitude of the vibration is proportional to the Lorentz force, which in turn is

proportional to the magnetic field. Using this method, a ratio between the field of

the miniature magnets and large magnets was found to be 0.59±0.05. The measured

values are in accordance with the factor of 0.52 that was predicted by the models.

The measured magnetic field at the edge of the PCB (Figure 5.5a and 5.5b) was

400mT when using the large magnets and more than 6 orders of magnitude smaller

when using the small magnets. Even directly outside the sensor chip the magnetic

field of the two small magnets was only 1mT. Mass flow measurements presented

in [6], which were made using a sensor fitted with the miniature magnets, were

compared to mass flow measurements performed using a sensor fitted with the

large magnets. This comparison shows that the performance of the sensor did not
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deteriorate due to the smaller magnets. Figure 5.11 show the mass flowmeasurements

done in a range from 10µLh−1 up to 1mLh−1. The fluid measured is DI water. The

Lorentz actuation current was adjusted in such a way that the amplitude of the twist

vibration was equal for both sensors.
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Figure 5.11: Mass flow measurements done with micro Coriolis sensors with the magnets
configured as in Configurations 1 and 2.

Frequency Stability

To measure the frequency stability of the oscillator circuit, the actuation frequency

has been measured while the sensor channels were filled with either helium or

argon. The measurement has been repeated with both the actuation method used

in the first generation of micro Coriolis mass flow sensors and the oscillator circuit

described in section 5.2.4. The measurementresults are shown in Figure 5.12. When
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Figure 5.12:Measured frequency using the old and new actuation method. The channels are
filled with either Argon or Helium.
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the DSP is used for generation of the actuation signals, the standard deviation of

these measurements is 0.33Hz for both gasses. Using the new electronics, this was

reduced to 0.10Hz and 0.08Hz for Argon and Helium respectively indicating a three

times better frequency stability using the self-oscillation circuit, resulting in a more

accurate density measurement.

5.3 Actuation using Parametric excitation

5.3.1 Introduction

With the second actuation method, we aim for exciting the Coriolis flow sensor in

its torsional vibration mode without the application of an external torque, using

parametric effects only. Under specific conditions, the system will exhibit properties

associated with the damped Mathieu equation, allowing for motion at resonance

in absence of an external driving torque [7]. An advantage of exciting the torsional

vibration mode parametrically is the significantly reduced damping, resulting in

lower power consumption and less thermal mechanical noise [8].

5.3.2 Theory and Modelling

A Coriolis-type flow sensor consists of a vibrating tube with a moving fluid inside.

The flow sensor is based on a rectangular tube shape, shown in Figure 5.13, which

exhibits a torsional vibration with angular velocity ω. The rotational movement of

CapLeft

CapRight

x

y

z

ω
act

Figure 5.13: Basic structure needed for parametric excitation of a micro Coriolis mass flow
sensor, showing the channel and capacitive structures for excitation.

Section 5.3 is based on “Parametric excitation of a micro Coriolis mass flow sensor” by H. Droogendijk,
J. Groenesteijn, J. Haneveld, R.G.P. Sanders, R.J. Wiegerink, T.S.J. Lammerink, J.C. Lötters, and G.J.M. Krij-
nen, published in Applied Physics Letters, 101:223511, (2012)
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Figure 5.14: SEM picture of the interdigitated comb-fingers.

z0

SiRNMetal

Figure 5.15: Cross-sectional view of the capacitive interdigitated fingers in the Coriolis flow
sensor. The upper fingers are attached to the movable tube, the lower fingers are anchored to
the substrate.

the tube is governed by the equation of motion:

Jtθ̈ +Rtθ̇ + S(t)θ = T (t) (5.7)

where Jt is the moment of inertia, Rt is the torsional resistance, S(t) is the torsional
stiffness and T (t) is the driving torque.

To obtain an electromechanical systemwhich allows for parametric excitation (PE),

we consider the capacitive structures of the flow sensor (Figure 5.13 and 5.14). Based

on the flow sensor’s design, all comb fingers are positioned in the horizontal plane

(Figure 5.15). Using finite element simulations by COMSOL, the capacitance of a set

of capacitive fingers is simulated for different height differences z. The simulation

results indicate a capacitance with non-zero second derivative with respect to angular

displacement, which can be used to modify the system’s torsional stiffness [9]. To this

end, transduction principles are used to find the electrostatically affected torsional

stiffness S for an angle-dependent and voltage-controlled capacitor. On applying

an AC-bias voltage with amplitude Up and angular frequency ωp the total torsional

stiffness S becomes:

S(t) = S0 −
1

4
U2
p
∂2C

∂θ2
− 1

4
U2
p cos(2ωpt)

∂2C

∂θ2
(5.8)

where S0 is the intrinsic material-based stiffness. This expression states that the total
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torsional stiffness contains the intrinsic stiffness S0 and both a time-independent

term and a time-dependent term, related to the applied AC-bias voltage.

To find the conditions for parametric excitation of the Coriolis flow sensor, we

recall the torsional oscillator from (5.7) and take the time-dependent torsional

stiffness S(t) from (5.8) into account. For vanishing external driving torque, T (t)=0,
the damped Mathieu equation results:

θ̈ +2λθ̇ +ω2
nθ −Ω2

0 sin(2ωpt)θ = 0 (5.9)

Here, the time derivatives are denoted by dots, and the parameters λ, ω0 and Ω0

are defined as:

2λ =
Rt

Jt
ω2
n = ω2

0 −Ω2
0 ω2

0 =
St
Jt

Ω
2
0 =

U2
p

4Jt

∂2C

∂θ2
(5.10)

For specific pump conditions, the response of (5.9) will grow infinitely with time.

In practice, the system’s response will be limited by e.g. a non-linear stiffness S . We

take this effect into account by including a cubic nonlinearity [10] γ , to obtain a

steady state solution for the torsional movement. The system’s governing equation

h(t) is then extended to:

h(t) = θ̈ +2λθ̇ +ω2
nθ −Ω2

0 sin(2ωpt)θ +γθ3 (5.11)

To solve this differential equation, we try a solution in the form of (5.12) [11].

Since we are interested in the steady state solution θ(t), we consider the amplitudes

Θ1 and Θ2 to be independent of time:

θ(t) =Θ1 cos(ωpt) +Θ2 sin(ωpt) (5.12)

We will use the method of averaging [12] to find the steady state solution by

considering the quadrature components of θ(t):

1

T

∫ T

0
h(t)cos(ωpt)dt =

1

T

∫ T

0
h(t)sin(ωpt)dt = 0 (5.13)

Solving for the quadrature amplitudes Θ1 and Θ2 and recalling that the total

amplitude a is given by a2 =Θ
2
1 +Θ

2
2 gives the condition for the steady state solution:

a2 =
8ωp

3γ
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(5.14)

The latter expression states that a solution for the amplitude a only exists when the

pump strengthΩ
2
0 is sufficient with respect to the damping parameter λ. Furthermore,

the tuning of the pump frequency ωp with respect to the system’s best frequency ωn

also affects the existence of a solution for a.
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Parameters Value Unit

γ −1.1 · 1010 rad−2 s−2

λ 61 s−1

J 5.7 · 10−14 kgm2

∂2C
∂θ2

−3.18 · 10−10 Nmrad−1 V−2

f0 1878.7 Hz

Table 5.4: Fitted parameters of the parametrically excitated micro Coriolis mass flow sensor.

5.3.3 Measurements and discussion

Experiments were performed using the laser Doppler vibrometer read-out described

in section 5.5 in the setup described in appendix C.2. The volume flow was provided

by a syringe pump using syringes of 10µl. DI-water has been used as a medium for

the flow and all measurements have been performed with a water-filled tube.

Effect of amplitude

To investigate whether the tube of the micro Coriolis flow sensor can be parametrically

excited, initially no flow is applied to the sensor and the frequency of the AC-voltage

is set to a value close to the expected best frequency ωn. Then, the amplitude Up is

swept from 40 V to 80 V and vice versa. The resulting edge displacement of the tube

is measured and shown in Figure 5.16, together with the expression from (5.14). The

fitted parameters that are used are shown in Table 5.4.

The results for the amplitude sweep indicate a threshold level of about 47 V.

For amplitudes slightly higher than this value the measured displacement increases
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Figure 5.16:Measured edge displacement of the tube versus the pump amplitude Uac with the
pump frequency ωp fixed at 1900 Hz.
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rapidly up to more than 20µm edge displacement. In case of a forward sweep,

the measured edge displacement grew to an amplitude of more than 40µm. When

applying a reversed voltage sweep, the measured edge displacement is zero until the

pump amplitude is reduced to about 60 V. At this voltage, the jump phenomenon is

observed. As a result, the response for amplitudes below this value is similar to the

forward amplitude sweep response.

Frequency sweep

In order to check whether our system really obeys the parametric resonance phe-

nomenon, we additionally checked the system response by a forward and reversed

frequency sweep with the voltage amplitude Up set to 50 V. This sweep is carried out

for amplitudes within the sensor’s excitable range (see Figure 5.16). The measured

tube displacement for both sweeps is shown in Figure 5.17, together again with the

response as predicted by the theoretical model.
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Figure 5.17: Spectral displacement measurements when performing a frequency sweep for a
pump amplitude Up of 50 V.

We observe that the reversed frequency sweep shows a similar response compared

to the forward sweep, both considering the maximum tube displacement and the

frequency at which this maximum is observed. Also here, the jump phenomenon is

observed around a pump frequency of 1895 Hz.

Flow measurement

Although it is shown that the measured tube displacement indicates the applicability

of parametric excitation, an experiment is required to confirm its usage for flow

measurements. Therefore, the tube is parametrically excited for a given pump

amplitude and frequency, and a steady mass flow of water is applied to the flow



5

SECTION 5.4 Actuation using Parametric amplification 101

sensor for various flow rates. The displacements at the midpoint of the tube are

measured using the read-out described in section 5.5 to obtain the induced vertical

displacements by the Coriolis effect, suppressing the much larger torsional movement

of the tube. The experimental results (Figure 5.18) indicate that purely parametric

effects can be used to measure flow rates within a range of at least ±500µLh−1. The

calculated full scale error is about 1%, giving an estimate of the accuracy of the flow

measurement method.
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Figure 5.18: Flow measurements for a parametrically excited tube.

5.4 Actuation using Parametric amplification

5.4.1 Introduction

Parametric effects can also be exploited in combination with the actuation by Lorentz

forces to achieve parametric amplification (PA) of the torsional vibration mode.

The mechanism of parametric amplification exploits complex interactions between

excitatory signals in which amplitude, frequency and phase play important roles in

the entanglement of the signals determining the overall response. Rugar and Grütter

[13] presented the concept of parametric amplification in electromechanical systems,

in which they discuss a system operating at resonance and, with proper choices of

parameters, exhibiting amplification of the input of the system. The mechanism

of parametric amplification has been exploited by several research groups with

applications in torsional resonators [14, 15], resonant micro-mirrors [16], thermal

resonant sensors [17], MEMS gyroscopes [18] and Lorentz force based magnetometers

[19].

Section 5.4 is based on “Parametric amplification in a micro Coriolis mass flow sensor” by
J. Groenesteijn, H. Droogendijk, R.J. Wiegerink, T.S.J. Lammerink, J.C. Lötters, R.G.P. Sanders, and
G.J.M. Krijnen, published in Journal of Applied Physics, 115:194503, (2014)
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In this section, it is shown that by applying an ac-bias voltage to the system’s

capacitive structures electromechanical (parametric) amplification can be achieved in

a micro Coriolis mass flow sensor. The resulting gain factor G in actuation amplitude

can be used to improve the sensor’s performance. At equal sensitivity, the required

Lorentz actuation current can be reduced by a factor G, reducing the sensor’s power

dissipation by the square of G. Or, at equal power dissipation, the sensor’s sensitivity

can be increased by a factor G. Another advantage of exploiting parametric effects in

our Coriolis flow sensor is the improvement of the signal-to-noise ratio [13, 20, 21].

Parametric amplification has several advantages over parametric excitation in certain

circumstances. The tube operates at the resonance frequency of the torsional mode,

for which the frequency depends on the medium inside[4]. The eigenfrequency

separation as shown by Haneveld et al. [4] and the mode of Lorentz actuation ensure

the selection of the proper resonance mode. Measurement of the tube’s resonance

frequency invokes a simple measurement in case of PA, since this mechanism is used

in the sensor’s linear region. However, it is more complicated in case of PE, since for

PE, the torsional amplitude is bounded by non-linearity. A discussion on the impact

of non-linear effects in PA is given. Further, lower amplitudes for the ac-voltage can

be used in case of PA compared to PE, reducing the risk of instability due to snap-in

of the capacitive structures. Also, small torsional movements (<10µm) of the tube

are hard to establish exploiting PE, but are better controllable using PA for a given

Lorentz actuation current [4].

5.4.2 Theory and modelling

Operation principle

The operating principle of the flow sensor is shown again in Figure 5.19. The tube

containing the fluid is actuated by Lorentz forces by applying an ac drive-current

id through the metal tracks on the tube in the presence of an externally applied

magnetic field ~B as shown in section 5.2. This current generates a Lorentz force that

actuates the tube in a torsional mode around the rotational axis noted by ~ω. The
rotational movement of the rectangular-shaped tube is governed by the equation of

motion:

J
d2θ

dt2
+
Jω0

Q

dθ

dt
+ Sθ = T0 cos(ωt +ϑ), (5.15)

where J is the moment of inertia, θ is the angle of rotation, Q is the system’s quality

factor, ω0 is the resonance frequency of the system and S is the torsional stiffness.

The right-hand side of the equation is the driving torque with a phase-dependency ϑ
with respect to the system.
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Figure 5.19: Schematic overview of the principle of operation of parametric amplification of a
Coriolis mass flow sensor. The relevant parameters and structures for Lorentz force actuation
and parametric amplification are shown.

Parametric amplification

To obtain an electromechanical system which allows for parametric amplification,

we consider the system’s capacitive structures, which are normally intended for

capacitive read-out of the tube displacement only. However, when a so-called pump

voltage of the form

u(t) =Udc +Uac sin(2ωt), (5.16)

is applied to the capacitive structures, the torsional stiffness becomes time-dependent.

Here,Udc is the dc-bias voltage andUac is the ac-bias voltage amplitude. The torsional

stiffness can then be expressed as:

S(t) = S0 −
1

2
u2∂

2C

∂θ2
= S0 − ηU2

dc − 2ηUdcUac sin(2ωt)− ηU2
ac sin

2(2ωt). (5.17)

In this expression, η is a parameter depending on the capacitance geometry (described

in section 5.3) and ω the driving frequency. In case the dc-bias voltage is large

compared to the ac-bias voltage amplitude (Udc ≫ Uac), the stiffness S(t) can be

expressed as

S(t) ≈ S0 − ηU2
dc − 2ηUdcUac sin(2ωt). (5.18)

The driving frequency ω coincides with the electrostatically affected resonance

frequency ωr:
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ωr =

√

√

√

S0 − η
(

U2
dc +

U2
ac
2

)

J
. (5.19)

Following the analysis by Rugar and Grütter [13], the gain G by parametric amplifi-

cation in case that Udc≫Uac can be expressed as

G(ϑ) =

√

cos2(ϑ)

(1 +κ)2
+
sin2(ϑ)

(1−κ)2
, (5.20)

where ϑ is the phase of the driving torque with respect to the applied voltage u(t).
The dimensionless parameter κ is defined as:

κ =
UacUdcηQ

S0
. (5.21)

The resulting torsional amplitude Xt of the tube, related to the edge displacement,

can then be written as:

Xt = X0G(ϑ), (5.22)

where X0 is the edge displacement in the absence of a bias voltage.

Harmonic balancing method

In this paper, we use the harmonic balancing method (HBM) [8, 22] to find an

analytical approximation for the amplitude of the torsional mode. By balancing terms

containing ω and its higher harmonics, and truncating the series for higher order

terms, the rotational angle amplitudes for the retained frequencies can be found.

Consider the second order differential equation from (5.15) describing the sensor’s

mechanics. For convenience, the ac-voltage is given a phase-dependency ϕ instead of

the driving Lorentz torque (ϑ = 0), so the governing equation of motion changes to

J
d2θ

dt2
+
Jω0

Q

dθ

dt
+ S(t)θ = T0 cos(ωt), (5.23)

and the voltage u(t) to

u(t) =Udc +Uac cos(2ωt +2ϕ). (5.24)

Using Euler’s formula for analysis, the Lorentz induced harmonic torque T (t) with

amplitude T0 and frequency ω and the harmonic ac-bias voltage u(t) with amplitude

Uac, phase ϕ and frequency 2ω can be expressed as

T (t) =
T0
2

[

ejωt + e−jωt
]

, u(t) =Udc +
Uac

2

[

ej(2ωt+2ϕ) + e−j(2ωt+2ϕ)
]

. (5.25)
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Squaring the expression for u(t):

u(t)2 =U2
dc+

U2
ac

2
+UacUdce

j2ϕej2ωt+UacUdce
−j2ϕe−j2ωt+

U2
ac

4
ej4ϕej4ωt+

U2
ac

4
e−j4ϕe−j4ωt .

(5.26)

Inserting this in (5.17) gives

S(t) = S0 − ηU2
dc − η

U2
ac
2 − ηUacUdce

j2ϕej2ωt − ηUacUdce
−j2ϕe−j2ωt−

η U2
ac
4 ej4ϕej4ωt − η U2

ac
4 e−j4ϕe−j4ωt ,

(5.27)

in which η represents the geometrical constant. This result shows that the net torsional

stiffness S(t) contains seven terms: three that are frequency-independent, one at

frequency 2ω, one at frequency −2ω, one at frequency 4ω and one at frequency −4ω.

Due to the product of S(t) and θ(t), given by (5.23), the rotational angle amplitude

θ(t) will also contain frequency components at 3ω and 5ω:

θ(t) = θ1e
jωt +θ2e

−jωt +θ3e
j3ωt +θ4e

−j3ωt +θ5e
j5ωt +θ6e

−j5ωt , (5.28)

where higher frequencies are neglected. This system of equations can be cast into

a linear system of coupled differential equations, one for each of the frequencies in

(5.28). The series of frequencies is infinite in principle and therefore needs to be

truncated, leaving out higher frequencies, though with smaller amplitudes especially

for those frequencies that are far beyond the mechanical resonance frequency. Note

however, that one can increase the accuracy arbitrarily by including more terms. The

differential equations are given by

−ω2
i Jθi + jωi

Jω0

Q
θi + [S(t)θ(t)]ωi

=















T0
2

[

ejωt + e−jωt
]

if ωi = ±ω
0 otherwise

, (5.29)

where [S(t)θ(t)]ωi
implies the terms at frequency ωi . For convenience, we introduce

the shorthand notations:

a1 = ηUacUdce
j2ϕ , a3 = η U2

ac
4 ej4ϕ , c = T0

2 ,

a2 = ηUacUdce
−j2ϕ , a4 = η U2

ac
4 e−j4ϕ .

(5.30)

Furthermore, we define the frequencies:

ω1 = ω, ω3 = 3ω, ω5 = 5ω,

ω2 = −ω1, ω4 = −ω3 ω6 = −ω5.
(5.31)
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Additionally, we define for the system-related terms involving the system parameters

J , Q and S0:

h(ω) = −ω2J + jω
Jω0

Q
+ S0 − η

(

U2
dc +

U2
ac

2

)

, hi = h(ωi ). (5.32)

The torsional amplitude at frequency ω is given by θ1 and is found by solving the

following system of linear equations, written in matrix form as:
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. (5.33)

Similar to (5.20), the parametric gain G(ϕ) is defined as

G(ϕ) =
θ1|u,0
θ1|u=0

. (5.34)

Stability

The regime of parametric amplification is bounded by the pump parameters, espe-

cially the applied pump voltage Uac. Namely, for (very) high pump amplitudes there

are conditions under which the system will enter the region of parametric excitation

(section 5.3), which is not intended here. To find the conditions for parametric

excitation of the Coriolis flow sensor, we recall the torsional oscillator from (5.15) and

take the time-dependent torsional stiffness S(t) into account. Now, let us consider the

case of the vanishing external driving torque, T (t)=0, which resembles the damped

Mathieu equation. The governing equation of motion can then be presented as

d2θ

dt2
+2λ

dθ

dt
+ω2

nθ −Ω2
1 sin(2ωt)θ = 0. (5.35)

Here, the parameters λ, ω0, Ω0 and Ω1 are defined as:

2λ =
ω0

Q
, ω2

0 =
S0
J
, ω2

n = ω2
0 −Ω2

0, (5.36)

and

Ω
2
0 =

(

2U2
dc +U2

ac

)

4J

∂2C

∂θ2
, Ω

2
1 =

UdcUac

J

∂2C

∂θ2
. (5.37)

Still there is the internal effective spring-modulation due to the ac-bias voltage. This

can lead to excitation of the oscillator under certain conditions. One can look for a
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solution of (5.35) in the form

θ(t) = α(t)cos(ωt) + β(t)sin(ωt). (5.38)

Suppose that the damping is small (λ≪ ωn) and ω is close to the best frequency ωn

of the oscillator. In this case, the coefficients α(t) and β(t) in (5.38) are functions of

time that are varying slowly in comparison with the fast oscillating factors cos(ωt)
and sin(ωt). When Ω1→ 0 and ω→ ωn these coefficients become constant.

We can substitute (5.38) into (5.35) and take into account that the derivatives of

α(t) and β(t) are small. The second derivatives can be neglected completely since they

are of the second order in the small parameter. Additionally, the parametric term

cos(ωt)θ will contain the harmonic functions of frequencies ω and 3ω. The terms

containing 3ω can be neglected as these are of higher order in the small parameter.

As a result, we find the following equations for α(t) and β(t):

α̇(t) +
(

λ+
Ω

2
1

4ω

)

α(t)− ω2
n−ω2

2ω β(t) = 0,

β̇(t) + ω2
n−ω2

2ω α(t) +
(

λ− Ω
2
1

4ω

)

β(t) = 0.
(5.39)

One can look for solutions of this system in the form α(t) = Aest and β(t) = Best .
Substituting these into (5.39) for the constants A and B, one finds a homogeneous

system of linear equations, which has a non-trivial solution for s:

s1,2 = −λ±

√

(

Ω
2
1

4ω

)2

−
(

ω2
n −ω2

2ω

)2

. (5.40)

The amplitudes A and B will increase exponentially with time if one of the roots in

(5.40) is positive, resulting in parametric excitation. Only one of the roots of (5.40)

can be positive, which happens when the following condition is fulfilled:

√

(

Ω
2
1

4ω

)2

−λ2 >

∣

∣

∣

∣

∣

∣

ω2
n −ω2

2ω

∣

∣

∣

∣

∣

∣

. (5.41)

At finite damping, the self-excitation is possible only for large enough ac-amplitude

when the pump strength Ω
2
1 is larger than the threshold value 4λω. If condition

(5.41) holds, the amplitude of vibration grows infinitely with time, otherwise it stays

zero. The condition for enabling the transition into the unstable region coincides with

κ ≥ 1 when ω→ ωn, which is

Uac ≥
S0

UdcQη
. (5.42)

An illustration of the regions in which the system will be either stable or unstable is

shown in Figure 5.20, wherein the dependency on both the pump frequency (ω = 2πf )
and pump amplitude is given. These calculations are based upon the experimentally
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Figure 5.20: Parametric regions for the micro Coriolis mass flow sensor (Udc = 30V).

Quantity Symbol Value

Electromechanical parameters

Torsional stiffness S0 7.18×10−6Nmrad−1

Moment of inertia J 5.7×10−14 kgm2

Performance

Resonance frequency f0 1.785 kHz

Geometrical parameter η −1.6×10−10Nmrad−1 V−2

Quality factor Q 47

Table 5.5: Experimental values of the parametrically amplified micro Coriolis mass flow sensor.

determined values of the parameters of the micro Coriolis mass flow sensor (table 5.5).

Region I denotes the region over which stable parametric amplification can be used,

region II is the region in which the sensor becomes unstable. Generally, when an

actuation frequency is chosen higher than 3600Hz and a pump amplitude Uac higher

than about 30V, the system gets close or into parametric resonance (in the case Udc =

30V).

The analysis by HBM can also be used for determining the stability boundaries of

the system. To this end, consider the set of linear equations shown in (5.33). Since we

are interested in the behaviour at the frequency ω, we need only the equations for

angular amplitudes θ1 and θ2 in absence of external torque:
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. (5.43)
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This system has a non-trivial solution by considering its eigenvalues r, which are

given by:

r =
1

2

(

h1 + h2 ±
√

h21 + h22 +4a1a2 − 2h1h2
)

. (5.44)

Following this approach, the system can be described as:

r













θ1

θ2













=













0

0













. (5.45)

For r = 0, the angular amplitude θ1,2 can have any value, as required for exhibiting

exponential growth. By substituting the definitions for h1,2 and a1,2, the condition for

entering instability is given by:

√

(ηUdcUac)
2 −

( Jω0ω

Q

)2

=

∣

∣

∣

∣

∣

S0 − η
(

U2
dc +

1

2
U2
ac

)

− Jω2

∣

∣

∣

∣

∣

. (5.46)

Notice that by using the definitions shown in (5.36) and (5.37), this result coincides

with the condition shown in (5.41).

Using only ac-bias voltage

As shown before [23], parametric amplification is also observed in case of applying a

harmonic voltage in absence of a dc-bias voltage. In that case, the applied bias voltage

u(t) is changed to

u(t) =Uac cos(ωt +ϕ). (5.47)

As a consequence, the torsional stiffness S(t) becomes

S(t) = S0 − η
U2
ac

2
− ηU

2
ac

4
ej2ϕej2ωt − ηU

2
ac

4
e−j2ϕe−j2ωt . (5.48)

Following a similar approach as in the previous section, the shorthand notations a1,
a2 and c are changed to

a1 = η
U2
ac

4
ej2ϕ , a2 = η

U2
ac

4
e−j2ϕ , c =

T0
2
. (5.49)

Additionally, the system-related terms hi are changed to

h(ω) = −ω2J + jω
Jω0

Q
+ S0 − η

U2
ac

2
, hi = h(ωi ). (5.50)

Again, the torsional amplitude at frequency ω is given by θ1 and is found by solving

the following system of linear equations, written in matrix form as:
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Figure 5.21: Schematic overview of the setup used during measurements.
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. (5.51)

Similar to the case with a dc-bias offset voltage, the parametric gain G(ϕ) can be

found using (5.34).

5.4.3 Measurements and discussion

Experiments were performed using laser Doppler vibrometer (LDV) read-out as

shown in section 5.5 in the measurement setup described in appendix C.2. The setup

is schematically shown in Figure 5.21. Mass flow measurements were done using a

syringe pump equipped with 10µL syringes to apply a volume flow. Deionized-water

was used as a medium for the flow and all measurements were performed with a

water-filled tube. To measure the amplitude of the swinging mode induced by the

Coriolis force, the LDV was used to measure the mid-point displacement denoted

with "1" in Figure 5.21. To measure the amplitude of the actuated torsional mode, the

edge displacement was measured, denoted by "2".

Resonance frequency

First, the impact of a bias voltage on the capacitive structures of the Coriolis flow

sensor is investigated. Application of a dc- or ac-bias voltage is expected to change

the resonance frequency of the system’s torsional mode. The associated experimental
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Figure 5.22: Change in resonance frequency f0 upon applying a bias voltage. Points represent
measurements, the dashed solid lines exhibit the theoretical model from (5.19).

results are shown in Figure 5.22, wherein also the results of the analytical model

based on (5.19) are shown. The values determined from fitting the model to the

measurements are listed in table 5.5. We observe that there is a good agreement

between model and measurements for both dc-biasing (Uac = 0V) and ac-biasing

(Udc = 0V). Further, we notice that the resonance frequency f0 without biasing is

approximately 1785Hz and increases by applying a bias-voltage (η < 0).

Amplitude and phase response

To demonstrate the effect of PA in the micro Coriolis mass flow sensor, the parametric

gain is experimentally determined using the definition from (5.34). In these exper-

iments, the dc-bias voltage Udc was set to a value of 30V, the frequency f0 for the

Lorentz actuation to 1800Hz and the frequency of the pump voltage to 3600Hz. First,

measurements are performed for the case wherein the pump phase ϕ is fixed and

the pump amplitude Uac is varied. The experimental results for two different pump

phases are shown in Figure 5.23, together with the models described in sections 5.4.2

and 5.4.2.

We observe that for the case with the pump phase ϕ = 0, the torsional amplitude is

amplified and increases with increasing amplitude. For the case ϕ = π/2 the torsional

amplitude initially reduces, implementing so-called parametric attenuation, but for

higher pump amplitudes the torsional amplitude increases again. For small pump

amplitudes, the experimental data matches well with the two models. However, for

higher pump amplitudes both models start to deviate from the measurements, which
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Figure 5.23: Parametric gain versus the applied pump amplitude Uac (while Udc = 30V) for
two values of the pump phase ϕ. The points represent experimental data, the dashed lines
exhibit the theoretical model by HBM from (5.34), and the dotted lines represent the analytical
model by Rugar and Grütter [13] from (5.20).

is especially observed for the model by Rugar and Grütter [13].

To investigate the impact of the pump phase, similar experiments were performed

with a fixed pump amplitude Uac and a varying pump phase ϕ. The experimental

results for two different pump amplitudes (5V and 10V) are shown in Figure 5.24,

together with the models described in sections 5.4.2 and 5.4.2.

We observe that there exists indeed a strong dependency on the pump phase ϕ, for

which there are two clear minima and two maxima for the parametric gain. Further,

there is good agreement between the experimental data and the two models for the

applied values of ac- and dc-voltages.

Using only ac-bias voltage

To verify whether the system also exhibits PA on applying only an ac-bias voltage,

the dc-bias voltage offset was set to 0V and the frequency of both Lorentz actuation

and pump was changed to 1790Hz. First, measurements are performed for the case

wherein the pump phase ϕ is fixed and the pump amplitude Uac is varied. The

experimental results are shown in Figure 5.25, together with the theoretical model

described in section 5.4.2.

We observe that for the case where ϕ = 0 the parametric gain clearly increases by

increasing the pump amplitude, but decreases for high values of the pump amplitude.

As a result, there exists an optimal pump amplitude with respect to the maximum
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Figure 5.24: Parametric gain versus the applied pump phase ϕ (while Udc = 30V) for two
values of the applied pump amplitude Uac. The points represent experimental data, the dashed
lines exhibit the theoretical model by HBM from (5.34), and the dotted lines represent the
analytical model by Rugar and Grütter [13] from (5.20).
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Figure 5.25: Parametric gain versus the applied pump amplitude Uac, in case of absence
of a dc-bias voltage (Udc = 0V) for two values of the pump phase ϕ. The points represent
experimental data, the dashed lines exhibit the theoretical model by HBM using (5.51) and
(5.34).
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Figure 5.26: Parametric gain versus the applied pump phase ϕ, in case of absence of a dc-bias
voltage (Udc = 0V) for two values of the applied pump amplitude Uac. The points represent
experimental data, the dashed lines exhibit the HBM model using (5.51) and (5.34).

parametric gain. For the case where ϕ = π/2, the parametric gain remains close to

unity for small values of the pump amplitude, but clearly starts to decrease for higher

values of Uac. Notice that the gain is mainly determined by parametric effects rather

than tuning to or from resonance, as evidenced by the strong dependence on the

pump phase.

Similar experiments were performed for investigation of the impact of the pump

phase by fixing the pump amplitude Uac and varying the pump phase ϕ. The
experimental results for two different pump amplitudes (20V and 40V) are shown

in Figure 5.26, together with the results of the HBM model. We observe that there

exists again a strong dependence on the pump phase ϕ, for which there are two clear

minima and two maxima for the parametric gain. Further, there is good agreement

between the experimental data and the HBM model for the applied values of the

pump amplitude.

Flow measurements

Flow measurements have been conducted for various values for Uac, while Udc was

fixed to 30V. The midpoint displacement of the tube was determined as a measure

for the applied water flow, which was between 0 and 1 gh−1, while keeping the

amplitude of the Lorentz actuation constant. The experimental results are shown in

Figure 5.27. We observe that in case of PA the midpoint displacement increases faster

with increasing flow rate, indicating a higher sensitivity due to the higher torsional
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Figure 5.27: Flow measurements for a parametrically amplified tube (Udc = 30V) for varying
pump amplitudeUac. Points represent experimental data, the dashed lines are linear regression
lines related to the mass flow Φm.

amplitude. Alternatively, for maintaining sensitivity, the torsional amplitude can be

kept constant while the Lorentz force actuation is decreased, which results in reduced

power dissipation.

To verify whether the increased flow sensitivity is due to the parametric gain

G, the ratio of the edge displacement Θd (drive) and the midpoint displacement Θs

(sense) was calculated. Following the analysis of Haneveld et al. [4], the expressions

for the edge displacement Θd at resonance and the midpoint displacement Θs are:

Θd =
TdQdG

Sd
, Θs =

ω2
sr

ω2
dr

2LxLyTdQdGωdr

SdSs
Φm, (5.52)

where Td is the amplitude of the driving torque, Sd is the stiffness of the drive mode,

Ss is the stiffness of the sense mode, ωdr is the resonance frequency of the drive

mode and ωsr is the resonance frequency of the sense mode. As a result, the midpoint

displacement can be expressed as a function of the edge displacement. Since the edge

displacement is parametrically amplified, also the midpoint displacement will be

amplified:

Θs =
ω2
sr

ω2
dr

2LxLyωdrΦm

Ss
Θd. (5.53)

The ratio between midpoint and edge displacement turns out to be independent of G
and is given by:



5

116 CHAPTER 5 Sensing and Actuation for a micro Coriolis mass flow sensor

0

0.002

0.004

0.006

0.008

0 0.2 0.4 0.6 0.8 1

R
at
io

se
n
se
/d

ri
v
e
m
o
d
e
am

p
li
tu
d
e

Flow rate (g h−1)

Uac = 0V

Uac = 10V

Uac = 20V

Uac = 30V

Figure 5.28:Mode ratio in flowmeasurements for parametrically amplified tube motion (Udc =
30V) for varying pump amplitude Uac. Points represent experimental data, the dashed line
represents a ratio proportional to the mass flow Φm.

Ratio =
Θs

Θd
∝Φm. (5.54)

The ratios determined from the measurements (shown in Figure 5.28) are in good

agreement with this prediction, since all measurement points for various values for

Uac are found on, or close to, the same line.

Power reduction

The driving torque T (t) of the Coriolis tube is given by electromagnetic actuation

using Lorentz forces. Due to the nature of Lorentz forces, this torque is directly

proportional to the applied drive current id(t). However, since this current runs

through metal tracks on the tube, power is dissipated in the resistance R of the tracks.

This dissipation can lead to undesired heating of the fluid inside the tube and needs

to be minimized. Therefore, measurements have been carried out to measure the edge

displacement Θd with respect to the dissipated power in the metal tracks (P = I2rmsR)
for various values of Uac.

Figure 5.29 shows the track power dissipation versus the amplitude of the tor-

sional mode when varying the current (id) and thus the Lorentz force. We observe

that by increasing the ac-bias voltage Uac the dissipated track power for given edge

displacement can be greatly reduced, especially for small vibrational amplitudes of

the tube.
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metrically amplified tube (Udc = 30V) for varying pump amplitude Uac. Points represent
experimental data. The solid lines serve as a guide to the eye.

0

1

2

3

4

0 5 10 15 20 25 30 35

C
h
an

g
e
in

ch
an

n
el

te
m
p
er
at
u
re

(◦
C
)

Dissipated power (mW)

Φm = 0 gh−1

Φm = 0.25 g h−1

Φm = 0.50 g h−1

Φm = 0.75 g h−1

Φm = 1.00 g h−1

Figure 5.30: Heat generation as a function of power dissipation during flow measurements
using a surface channel without using PA.

Heat generation

Temperature measurements on the sensor have been done using a thermography

setup [24]. The average temperature was measured on a part of the Coriolis channel

along L (see Figure 5.19) for various Lorentz actuation currents and various mass flow

rates. The measurements were performed without PE or PA and while the channel

was filled with water. Figure 5.30 shows the temperature of the channel for various
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values of the power dissipation in the metal tracks on top of the channels (P = I2rmsR).
We observe that the channel clearly heats up when the power dissipation in the metal

tracks is increased. Additionally, the effect of channel heating reduces when a flow

rate is applied, which implies that also heat is transferred by the fluid itself. These

results imply that the heating of the microfluidic channel can be reduced significantly

by application of PA: a smaller Lorentz actuation current suffices for maintaining the

torsional vibration amplitude.

Detuning

In case of using PA with a non-zero dc-bias voltage, relative large values of Uac lead

to detuning between the frequency of the driving voltage and the system’s resonance,

since the virtual dc-contribution by Uac cannot be neglected anymore, as seen by

consideration of (5.19). In order to keep the detuning of the system (∆S/S0) small

when applying an ac-bias voltage, the following condition needs to be satisfied:

∆S

S0
≪ λ, giving Uac≪ 2UdcQ. (5.55)

This condition clearly indicates the benefit of having a high dc-bias voltage and a

(very) high quality factor. The latter can be achieved by operating the micro Coriolis

flow sensor in a vacuum environment, which in general greatly increases the value of

Q. However, a high dc-bias voltage is undesired, since this leads to a higher torsional

stiffness (η is negative for this sensor) and thus a less responsive sensor, and can

potentially lead to snap-in of the capacitive finger-structures. Although the operation

of the Coriolis flow sensor in a vacuum environment leads to high Q-factors and

thus potentially large parametric gain values, the sensor becomes very sensitive

towards shifts in the sensor’s resonance frequency, which can occur to e.g. changes in

the density of the medium flowing through the tube [4], and will therefore require

dedicated control electronics to keep the frequency and phase of the Lorentz actuation

and pump mutually tuned, when the system’s resonance frequency changes with

different fluids.

The effect of detuning becomes even more clear for the case of having only an

ac-bias voltage (Figure 5.25). In these experiments, the chosen actuation frequency

was 1790Hz, while the resonance frequency without biasing was found to be approx-

imately 1785Hz. Since the value of η is negative, the effective resonance frequency

f0 increases on applying an ac-bias voltage (Figure 5.22). By increasing the pump

amplitude, the difference between the two frequencies (Lorentz and pump) shrinks

and eventually vanishes, resulting in a tuned parametrically amplified system. For

higher pump amplitudes, the value of f0 becomes larger than the pump frequency and

the systems becomes detuned again. As a consequence, there exists an optimum for

the maximum achievable parametric gain, which is when the frequencies of Lorentz

actuation and pump (are close to) match.
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Model evaluation

The described HBM model provides a theoretical approximation for the resulting

torsional vibration amplitude of the Coriolis mass flow sensor. For the case where

there is a large dc-bias voltage with respect to the amplitude of the harmonic ac-

voltage, the model is in good agreement with both measurements and the model

by Rugar and Grütter [13]. Also, by considering Figure 5.23, the HBM-based model

is closer to the experimental data than the analytical model given by (5.20). An

explanation for this fact is that the used dc-bias voltage was set to 30V, and for

pump amplitudes higher than about 10V, the condition Uac ≪ Udc does not hold

anymore. For higher values of Uac, detuning will occur and the model by Rugar and

Grütter [13] is not valid anymore. However, the HBM-based model is also usable for

non-resonance frequencies and cases when pump and actuation frequency are not

matched.

As we observe in Figure 5.29, for large values of Uac and small Lorentz forces

(limited dissipated track power), the tube displacement cannot only be described

by the gain factor defined in (5.20) anymore. This can be explained by the fact that

when the parameter λ defined in (5.21) approaches unity, the Coriolis tube will

start to exhibit movement by parametric excitation, leading to torsional movement

which is excited rather than amplified (see also section 5.3 and 5.4.2). To reduce

power dissipation in the metal tracks, this clearly is an advantage. However, small

edge displacement amplitudes (<10µm) are hard to establish exploiting PE, but

are better controllable by using PA for a given Lorentz actuation current (see e.g.

Figure 5.29). Also, determination of the system’s resonance frequency will invoke a

more complicated measurement due to the non-linear bounded angular amplitude of

the torsional mode.

From all the parametric gain measurements, we observe that especially in Fig-

ures 5.23 and 5.25, the used models are not sufficient to fully match with the

experimental data. An explanation for these deviations is that the models are based

on linear models, although it was shown section 5.3 that the micro Coriolis mass flow

sensor also exhibits non-linear phenomena. Also, Rhoads and Shaw [25] demonstrated

the impact of non-linearity on degenerate (i.e. operation at resonance) parametric

amplifiers in general. Since the method of harmonic balancing is based on a system

of linear equations, a different approach is required to take non-linear effects into

account.

5.5 Read-out using laser Doppler vibrometry

To read-out the exact movement of the channel, laser Doppler vibrometry can be used.

The vibrometer used in this work was the MSA400 by Polytec[2]. A laser Doppler

vibrometer (LDV) shines a laser beam on the moving object, the reflected beam is then

combined with a reference beam, the intensity of this beam can then be calculated
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using[2]:

Itot = I1 + I2 +2

√

I1I2 cos

[

2π (r1 − r2)
λ

]

(5.56)

where Itot is the total intensity, Ix and rx are the intensities and path length of both

separate beams and λ is the wavelength of the used light. For the reference beam

(x = 2) both the intensity as the path length is constant. For the measurement beam,

the intensity depends on how much light is reflect and the path length depends on

the samples displacement. A displacement of the sample (r1 = r(t)), will result in a

change in intensity while a displacement per unit of time will result in a Doppler

frequency shift of the measurement beam which in turn results in a modulation

frequency of the interferometer pattern. In case of the Polytec LDV, to be able to

measure the directionality of the velocity, a Bragg cell is added to the optical path of

the reference beam which shifts the light frequency by 40MHz, which means that

when the sample is at rest, the measured modulation frequency is 40MHz. When the

sample moves towards the interferometer, the frequency is reduced and if it moves

away, the frequency increases.

This method can be used in several different ways. The first method directs the

location of the laser spot and can scan over a surface, combining this with a frequency

sweep of the actuation of the Coriolis sensor results in a mechanical characterisation

of the sensor. Both the resonance frequencies as the mode-shapes at those frequencies

can be detected. Figure 5.31 shows a typical result of the measured twist mode of the

Coriolis mass flow sensor using the Polytec Scanning Vibrometer (PSV) software. A

microscopic photo of the sensor is shown in grey, an interpolated line of the channels

movement is shown in colour. When this method is used, the actuation of the sensor

is done using the internal function generator of the LDV to improve triggering.

Figure 5.32 schematically shows the second method. Point 1, the mid-point, is

exactly at the rotational axis of the sensor. Here, the only vibration that can be

measured is induced by the Coriolis force and there is no component of the actuation.

Amplitude A1 is directly proportional to the Coriolis force. At point 2, the edge-point,

Figure 5.31:Measurement result of the mode-shape of the twist mode.
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Figure 5.32: Operating principle of a micro Coriolis mass flow sensor using a laser Doppler
vibrometer for read-out. A laser beam is focussed on the channel, the reflected light beam is
measured to measure the movement of the channel.

the measured vibration amplitude (A2) is mainly that due to the actuation. The ratio

A1/A2 is then proportional to the mass flow. Being a kind of ratiometric measurement,

it is dependant neither on the actuator amplification, nor the sensor sensitivity, nor

the rotation amplitude. For these measurements, the sensor could be actuated either

using the internal function generator or the methods discussed in the first part of this

chapter.

5.6 Read-out using capacitive structures

5.6.1 Introduction

Electrostatic read-out was first introduced for the micro Coriolis mass flow sensor by

Haneveld et al. [26]. This method gives the advantage that the read-out structures

required can be fully integrated with the sensor and designed for optimal use. Unlike

the read-out described in section 5.5, no external equipment is required, except for

the electronics to turn the changing capacitance to an output voltage and the required

signal processing. In this section, an overview will be given of the improvements that

have been done on the capacitive structures, the electronics and the signal processing.

5.6.2 Theory and Modelling

The most commonly used capacitive structures in MEMS are comb-, or interdigitated

structures and parallel plate structures. In the case of the micro Coriolis mass flow

sensor, the structures need to measure an out-of-plane movement. Using a parallel

plate structure for this either requires straight side walls or the channels for a

changing-area-capacitor or an opposing electrode located either above or below
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Figure 5.33: Operating principle of the capacitive read-out of the micro Coriolis mass flow
sensor. The capacitive structures are used to monitor the movement of the channel.

the channel to form a changing-gap-capacitor. Both options are hard to realise in the

current fabrication process without major changes to the fabrication. It is however,

possible to make flat straight electrodes sticking out of the flap on top of the channel.

By making the same kind of structure at the stator of the chip as well, a interdigitated

finger structure is formed.

In Figure 5.33, the Coriolis channel is shownwith capacitive comb structures attached

to it. The opposite electrodes for these structures are attached to the bulk of the chip.

Figure 5.34 shows an SEM image where there are comb structures on both sides of

the rotational axis, giving a total of two capacitances. Figure 5.35 shows a schematic

cross-section of the capacitive interdigitated fingers.

Figure 5.36 shows a comparison of the capacitance of the comb-structures that are

used in the designs of the first generation of micro Coriolis mass flow sensors and

a parallel plate capacitor of equal size as a function of the vertical gap between the

Figure 5.34: SEM picture of interdigitated comb-fingers on both sides of the rotational axis,
each set with opposing comb-fingers attached to the static part of the chip.
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Figure 5.35: Cross-sectional view of the capacitive interdigitated fingers in the Coriolis flow
sensor. The upper fingers are attached to the movable tube, the lower fingers are anchored
to the substrate. The capacitance is formed between the electrodes on the upper and lower
fingers.
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Figure 5.36: Simulated capacitance of the comb-drive structures and calculated capacitance of
a parallel plate capacitor, both as a function of the vertical displacement.

opposing electrodes. The capacitance of the comb-structures has been simulated

using Comsol Multiphysics®[27]. The capacitance of the parallel plate capacitor has

been calculated using equation (5.57). With ǫx the absolute and relative permittivity,

A the area of the parallel plates and z the distance between the plates. Note that the

comb structures are able to move through each other resulting in a finite capacitance

at z =0µm while the parallel plate would snap together.

Cpp =
ǫ0ǫrA

z
(5.57)

When the channel is moving out-of-plane, the distance between the electrodes,

and thus the capacitance, is changing. The capacitance depends on the distance

between the electrodes, which means that the structures are not able to measure

whether the combs on the channel are underneath or above the combs on the bulk.

However, as explained in chapter 2, there is some residual stress in the SiRN channels

which cause the channel to bend upwards. This results in a static offset z0 of 2µm up

to 15µm, depending on the cross-section of the channel, this offset is schematically

shown in Figure 5.35. This means that for amplitudes smaller than this, the combs on
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Figure 5.37: Capacitance of a comb-drive structure for a vibration with an amplitude of 10µm
for varying z0.

the channels will always be above those on the bulk and will thus be able to measure

the full movement of the channel. Figure 5.37 shows the simulated capacitance of a

single comb structure for a vibration with an amplitude of 10µm for varying z0. The
vibration amplitude of the last line is 3 µm while z0 =5µm. The figure shows a ’dip’

in the capacitance when the fingers are crossing each other, causing the distance to

increase again.

This dip introduces higher harmonic components in the read-out signals which

disturb the measurements. Figure 5.38 shows the measurements for two different

levels of actuation. At the left side, the measured signals of the actuation and the two

capacitive read-out structures are shown, measured at 250 ksample/s. At the right

side, the discrete fast Fourier transform (FFT) of these signals is shown. When the

channel is actuated with a high amplitude, the dip in the read-out signals is clearly

visible in Figure 5.38c. The FFT of these signals is shown in Figure 5.38d and shows

that the amplitude at the second harmonic is almost as high as the amplitude at

the resonance frequency while the third harmonic is not much lower. Figure 5.38a

shows the read-out signals for a low actuation amplitude. While these signals are

clearly more sinusoidal, the FFT in Figure 5.38b still shows that the second and third

harmonic are present, but at a much lower amplitude. The fourth harmonic is no

longer present.

As shown in chapter 4, when the channel is actuated in torsional mode and two

comb-structures are placed at equal distance to the rotational axis ω, their movement

will be exactly opposite, resulting in two signals exactly 180° out of phase. The

movement induced by the Coriolis force is however, in the same direction for both
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Figure 5.38: Measurements of the capacitive read-out signals (left) and their discrete fast
Fourier transforms (right) for two different actuation amplitudes.
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combs, resulting in a combined movement shown by equation (5.58).

Amplitude side 1: z1(t) = +Aact ∗ cos(ωt) +Acorcos(ωt ± 1
2π)

Amplitude side 2: z2(t) = −Aact ∗ cos(ωt) +Acorcos(ωt ± 1
2π)

(5.58)

Where z1 and z2 are the vertical displacements of the moving combs on both sides of

the rotational axis. Aact is the amplitude due to actuation and Acor is the amplitude

due to the Coriolis force. Note that the Coriolis force is proportional with the

rotational velocity and its displacement is 90° out of phase with the displacement of

the actuated mode (see chapter 4). If these displacements could be detected directly,

the actuation and Coriolis amplitudes could be easily found by subtracting and

adding both signals. However, this method is sensitive to any disturbance in the

signals that change its amplitude or shape. E.g. Figure 5.37 shows that higher order

harmonics are present in the signal and the stress in the channels that causes z0 ,0µm
is temperature dependent.

A solution to this comes from phase modulated radio communications systems and

is described for conventional Coriolis mass flow sensors by Mehendale [28]. The

displacements shown in equation (5.58) and measured by displacement sensors in

the z-direction, can be represented by phasors as shown schematically in Figure 5.39.

z1 and z2 are the composite of their respectable actuation phasor and Coriolis

phasor, represented by the solid yellow and blue arrows respectively, the separate

actuation and Coriolis phasors are shown by dashed arrows. Now it can be seen

that the composite phasors have a length of

√

A2
act +A2

cor and an angle equal to

ϕ = arctan(Acor /Aact) relative to the excitation phasor (and the actuation signal when

it is exactly at resonance). To compensate for any possible phase shifts in the system

between actuation and read-out, if for instance the sensor is not actuated exactly

at resonance, the phasor of one sensor and the inverted phasor of the other sensor

Sensor 2 Sensor 1

-A
act

 cos(ωt) A
act

 cos(ωt)

A
cor

 cos(ωt+½π)

2φ

Figure 5.39: Phasor representation of the deflection as seen by the sensors.
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Figure 5.40: Capacitance of rotating comb-drive structures as a function of the distance to the
rotational axis.

can be compared, resulting in a total phasor angle difference of 2ϕ, independent of
any phase shift in the system. For small ϕ, arctan(Acor /Aact) ≈ Acor /Aact , which is

a measure for the ratio of amplitudes (response-per-excitation), which in turn is a

measure for the Coriolis force and thus the mass flow.

Here, it should also be taken into account that Aact is a result of a torsional

movement around the rotational axis ω, while the combs have a non-zero length.

This means that the capacitance change can not be assumed to be the result of two

horizontal comb-structures with a changing gap. The combs closest to the rotational

axis will have a lower vibration amplitude than those furthest from the rotational

axis. Figure 5.40 shows the simulated capacitance of the same comb-structure as

before, but this time the moving comb is moving around a rotational axis at variable

distance d from the centre of the comb and z0 =3µm. The rotation is calculated for a

rectangular tube window of L =4mm wide as a function of the edge displacement.

It can be seen that the change in capacitance increases when the combs are placed

further from the rotational axis, increasing Aact . Since Acor is not related to the

rotational axis ω and constant for each d, the sensitivity Acor /Aact increases for small

d. It should be taken into account that for very small d, the read-out also becomes

more sensitive to fabrication inaccuracies that might change the exact location of the

rotational axis.
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5.6.3 Electronics

To be able to actually measure the change in capacitance, electronics are needed to

amplify the signal and measure the phase shift between the two signals. A schematic

diagram of the used read-out electronics in case of Lorentz force actuation is shown

in Figure 5.41. A carrier frequency of 1–2MHz is applied to the comb structures on

the channel. The opposing electrodes are each connected to a charge amplifier. At

this point, the carrier is amplitude modulated by the changing capacitance. Since the

modulation also includes static capacitances, the strength of the carrier wave is much

larger than that of the sidebands containing the information about the capacitance

change. By subtracting the carrier wave (with an appropriate phase) from the received

signal, the carrier can be effectively suppressed. Allowing for more gain in the charge

amplifier, increasing the signal-to-noise ratio. After the charge amplifier, the signal

is demodulated using a mixer which uses the carrier signal as reference. A low-pass

filter, filters out the higher harmonics introduced in the mixer. The output of the

filters are signals proportional to the changing capacitance and represent z1 and z2
in equation (5.58). A lock-in amplifier (LIA) with the actuation signal as reference is

used to measure the phase-shift θ of each signal compared to the actuation signal.

Adding these phase shifts gives us the phase angle difference shown in Figure 5.39.

The detailed electrical circuit of the read-out electronics, without LIA, is shown in

Appendix B.2. To read out the LIAs, they could be connected to a computer by use of

a GPIB (IEEE-488) interface and read out using software like National Intruments

LabView or KeySight Vee.
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Figure 5.41: Schematic diagram of the read-out electronics

Discussion

These electronics can be improved in several ways. Right now the read-out electronics

are designed to operate with a wide range of sensors, without any adjustments. One

of the results of this, is that the amplitude modulated input signal of the charge

amplifier mostly consists of the carrier waver applied to the comb-structures, while
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the change in capacitance due to the moving channel produces sidebands is small:

S = (1+Asideband cos(2πfchannelt +ϕ))Acarrier sin(2πfcarriert) . (5.59)

Where S is the received signal, A the strength of the sidebands and carrier wave

respectively, fx the frequency of the channel’s movement and the carrier wave

respectively and ϕ the phase shift due to Coriolis-force-induced movement of the

channel. For the sensors presented in this thesis, the modulation index h = Asideband
Acarrier

is approximately 1%. The charge amplifier then amplifies the carrier signal and its

sidebands with a fixed gain for all sensors. By injecting a signal at the frequency of

the carrier wave, but with opposite phase before the charge amplifier, the carrier

component can be significantly reduced:

S =
(

(1 +Asideband cos(2πfchannelt +ϕ))Acarrier −Ainjection

)

sin(2πfcarriert) . (5.60)

Where Ainjection is the strength of the injected signal and Acarrier−Ainjection > Asideband.

The combined signal, with a weak carrier component and relatively strong side-

bands, can then be amplified such that the signal uses the full input range of the

demodulator:

Vin = G
(

(1 +Asideband cos(2πfchannelt +ϕ))Acarrier −Ainjection

)

sin(2πfcarriert) , (5.61)

where Vin is the input voltage to the demodulator and G is the gain of the charge

amplifier. In the demodulator, the signal is mixed with an externally applied signal

at the frequency of the carrier wave. When the two signals are exactly in phase, the

carrier component will be completely eliminated, a signal with the double carrier

frequency is generated and the sidebands are mixed to the baseband. When the

two signals are not exactly in phase, a DC signal will be generated too, while the

amplitude of the baseband signal will be reduced. An instable frequency of the

carrier-wave oscilator will result in instable baseband signals. In this evaluation, the

amplitudes Asideband and Acarrier are depending on the capacitance and capacitance

change of the used sensor. As a result, Ainjection and G should both be optimized for

each sensor for maximum signal. This method is mainly based on increasing the

signal amplitude and reducing unwanted signals, indirectly improving the phase

detection in the lock-in amplifiers and with that the stability of the measurement.

However, it does nothing to prevent unwanted phase shifts, e.g. through temperature

dependence of the components, from occurring. Since these effects act independently

to both read-out signals, their effect is amplified when the phase shift between both

signals is measured.
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5.7 Other actuation and read-out methods

The actuation and read-out methods described here are only a few of those available

for MEMS resonant sensors. Other methods consisting of piezo-electric, thermal,

resistive, inductive or optic principles are possible for both actuation and read-

out. Some methods give clear disadvantages over the methods described here. For

instance, thermal actuation will give problems due to heating of the channel and

the fluid, which will influence the measurement and integrated optical read-out will

require vast changes to the fabrication process to integrate wave-guides and/or light

emitting/sensitive structures. Other methods, like piezo-electric actuation or read-out

only require little changes to the fabrication process and research is currently being

done to integrate a lead zirconate titanate (Pb[ZrxTi1−x]O3, PZT) layer in the process.

5.8 Conclusion

Actuation methods for the micro Coriolis mass flow sensor based on Lorentz force and

electrostatic effects have been investigated. Using only Lorentz force actuation with

emf self-oscillation has successfully been used to actuate many different variations

of the sensor. For the very low flows, when possible heating of the channel becomes

more and more of a problem, it can be assisted by parametric amplification, which

allows for a reduced Lorentz-actuation current for the same vibration amplitude, at

the cost of more complex actuation electronics.

Two different read-out methods have been described. One, using a laser Doppler

vibrometer, is capable of analysing the mechanical behaviour of the sensor with and

without flow, but requires large equipment. A more suitable integrated read-out

method uses capacitive comb-structures to detect the movement of the channel. By

using the phase-information of two sensors on opposite sides of the rotational axis,

the read-out becomes insensitive for changes in gain anywhere in the system and

phase or frequency changes in the mechanical part of the system.
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6
Design and characterisation of Coriolis

mass flow sensors

6.1 Introduction

Following the first generation by Haneveld et al. [1], two more generations of micro

Coriolis mass flow sensors have been realized. The second generation was based on

the first generation and contained designs to verify the numerical model described in

chapter 4 and several other designs for specific purposes. The third generation was

designed using the numerical model and optimized for sensitivity. Both generations

are fabricated using the fabrication process described in chapter 3. In this chapter,

the designs and characterization results of these micro Coriolis mass flow sensors are

discussed.

6.2 Second generation micro Coriolis mass flow sensor

designs

The second generation of micro Coriolis mass flow sensors is based on the geometry

designed in the first generation and was fabricated using the fabrication process

described in chapter 3. Besides designs for verification of the numerical model, the

second generation micro Coriolis mass flow sensors also contains three sensor types

made for specific purposes. The first sensor type features both a Coriolis flow sensor

and a thermal flow sensor and is intended for a very large dynamic range. The second

sensor type is designed with an on-chip bypass system to be able to measure higher

133



6

134 CHAPTER 6 Design and characterisation of Coriolis mass flow sensors

Parameter Value

Channel width (wchan) 40µm

Channel height (hchan) 32µm

Resutling Hydraulic diameter (dh,chan) 26µm

Thickness of the channel wall (twall) 0.8 µm

Thickness of the flat top of the channel 3.1 µm

Width of the flat top of the channel (wflap) 72µm

Thickness of the metal actuation- and read-out tracks 250nm

Slit width (wslit) 1.5 µm

Slit length (lslit) 5 µm

Slit periodicity (plength) 8 µm

Table 6.1: Channel parameters used for the second generation of micro Coriolis mass flow
sensors

mass flows without increase in pressure drop. The third type is designed using two

parallel channels and is intended to measure the difference in mass flow between

the two channels. All these sensors are based on the design shown in Figure 6.1a.

Table 6.1 shows the channel parameters used for the designs in this generation, unless

otherwise noted. These parameters correspond to the first type of channel cross-

section in Table 4.1. All of these sensors were designed with the capacitive read-out

structures described in section 5.6 and are intended to be actuated using Lorentz

force actuation (see section 5.2). Compared to the first generation the fingers of the

comb-structures are closer together (from 8µm to 5µm) and the width of the fingers

is reduced from 6µm to 4µm. Both adjustments are to increase the capacitance of

the structures at the same amount of fingers, while reducing the size of the whole

structure.

6.2.1 Model verification

Sensor design

The SPACAR model described in section 4.4 is verified using five different sensors

as described in Table 6.2. The first design is equal to the geometry used in the first

generation of micro Coriolis mass flow sensors, adapted to the fabrication process

described in chapter 3. The other designs are variations in size and tube window to

prevent optimization towards a certain type. The amount of capacitive comb-fingers

for the read-out were reduced from 63 to 56 for designs 2 and 4 in order to reduce

their size. Photographs of the fabricated devices and their representation in SPACAR

are shown in Figure 6.1.

Section 6.2.1 is based on “Modelling of a micro Coriolis mass flow sensor for sensitivity improvement”
by J. Groenesteijn, L. van de Ridder, J.C. Lötters and R.J. Wiegerink, published in Proceedings of IEEE
Sensors, 2014
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# Tube Width Height Sensor

window (mm) (mm) distance (mm)

1 Rectangular 4 2.5 1.100

2 Rectangular 2.3 1.4 1.036

3 U-shaped 4 2.5 1.075

4 U-shaped 2.3 1.3 1.050

5 Triangular 4.3 2.5 1.075

Table 6.2: Five sensor geometries used to verify the SPACAR model. The first design is equal to
the geometry used in the first generation micro Coriolis mass flow sensors. The other designs
are variations in size and the shape of the tube window.

3

2

1

0

-1

-2

-3

1

1.5

2

2.5

3

0

0.5

-0.5

(a) Design 1

3

2

1

0

-1

-2

-3

1

1.5

2

2.5

3

0

0.5

-0.5

(b) Design 2

3

2

1

0

-1

-2

-3

1

1.5

2

2.5

3

0

0.5

-0.5

(c) Design 3

3

2

1

0

-1

-2

-3

1

1.5

2

2.5

3

0

0.5

-0.5

(d) Design 4

3

2

1

0

-1

-2

-3

1

1.5

2

2.5

3

0

0.5

-0.5

(e) Design 5

Figure 6.1: Photographs (left) and SPACAR representation (right) of the devices used to validate
the model made in SPACAR.

Sensor characterisation and model verification

Using the model, the eigenfrequency and mode shape of all eigenmodes can be

examined. However, due to the limitations of the Lorentz force actuation used in

the sensors, only a few of the out-of-plane modes can be actuated and measured.

The two modes of most interest, the actuated twist mode and the Coriolis force

induced swing mode, are the third and first eigenmodes of the system respectively.

Due to a non-homogeneous magnetic field over the sensor, the swing mode can

also be found using the Lorentz force actuation, without changing the location of
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Figure 6.2:Measured (dots) and modelled (dashed lines) eigenfrequencies of the swing mode
as a function of fluid density.
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Figure 6.3:Measured (dots) and modelled (dahsed lines) eigenfrequencies of the swing mode
as a function of fluid density.

the magnets. The second mode is an in-plane swing mode that cannot be actuated

and a comparison can thus not be made. Using the Polytec MSA400 laser Doppler

vibrometer, the eigenfrequencies have been measured using air (ρ =1.2 kgm−3), iso-

propyl-alcohol (IPA, ρ =786kgm−3) and water (ρ =998kgm−3). Figure 6.2 and 6.3

show the measured and simulated eigenfrequencies of the swing mode and twist

mode respectively. The simulated value is within 10% of the measured value for all

designs and all fluids. The flow setup described in appendix C.3 has been used to

measure the sensitivity to flow for these sensors using water with a flow rate between

0 and 5 gh−1. Table 6.3 shows the measured and modelled sensitivity for the five

designs. As has been described in section 5.6, the capacitive read-out structures show

a ’dip’ in the output signal when the read-out combs cross each other which effectively

reduces the amplitude of the first harmonic of the (large) actuation displacement. The

smaller Coriolis displacement is orthogonal to this signal and does not suffer from
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# Measured Modelled Error

(°/(g/h)) (°/(g/h)) (%)

1 2.97 2.61 12.1

2 1.57 1.33 15.3

3 0.96 0.85 11.8

4 0.36 0.31 16.0

5 3.47 2.58 25.6

Table 6.3:Comparison of the sensitivity to mass flow for water when the twist mode is actuated.

this effect. The measured phase-shift is proportional to the ratio of the amplitudes of

both modes. In effect, the capacitive read-out decreases the amplitude of the actuation

mode, changing the ratio in favour of the Coriolis mode, increasing the measured

phase-shift of the read-out. Since this effect is not included in the numerical model,

the measured sensitivity is higher than expected from the model, as can be seen in

Table 6.3.

6.2.2 Micro Coriolis mass flow sensor with bypass

In the EU project PRECISE, a MEMS-based mono-propellant µCPS for accurate

altitude control of small satellites has being developed. The availability of such a

system forms the basis for defining new mission concepts such as formation flying,

advanced robotic missions and rendezvous manoeuvres[2]. To measure the hydrazine

propellant flow of up to 20 gh−1, a flow sensor is required that is small and energy

efficient and is capable of operating under vacuum conditions. To be able to measure

the required 20 gh−1, bypass channels of 470µm have been integrated on the chip, see

Figure 6.4. The width and height of the rectangular tube window is 4mm and 2.5mm

respectively giving a total length of the Coriolis channel of 13.6mm. Using Bernoulli’s

equation and Poiseuille’s law for tube flow, the ratio between the flow through the

Coriolis channel and the flow through the bypass channel can be calculated. When

channels are used with the same diameter, the ratio will initially only depend on the

difference in channel length. However at higher flows, the entrance length le in the

bypass channel increases significantly. This can be calculated according to [3]:

le
dh

= 0.06Re, (6.1)

with dh the hydraulic diameter of the channel and Re the Reynolds number [3]:

Re =
Φmdh
µAchan

, (6.2)

Section 6.2.2 is based on “A compact micro Coriolis mass flow sensor with flow bypass for a
monopropellant micro propulsion system” by J. Groenesteijn, M. Dijkstra, T.S.J. Lammerink, J.C. Lötters
and R. J. Wiegerink, published in Proceedings of Microfluidic Handling Systems 2014, 21:24, (2014)
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Figure 6.4: Schematic view of the bypass system. At low flow, the length of the Coriolis channel
and of the bypass channel determine the bypass-ratio.

where Φm is the mass flow through the channel, µ the dynamic viscosity of the

fluid and Achan the cross-sectional area of the channel. Using the channel parameters

given in Table 6.1, this indicates that at 20 g h−1 through the bypass channel, the

Reynolds number reaches 200 and the entrance length becomes 485µm, longer

than the bypass channel. This will cause a higher pressure drop than expected

from Poiseuille’s law and as a result, the bypass ratio will decrease. A second order

polynomial can be used as transfer function between the measured flow through the

Coriolis channel and the total flow through the sensor. This gives an initial ratio of

approximately 28. Figure 6.5a shows a photograph of the fabricated sensor indicating

(a) (b)

Figure 6.5: Photographs of the sensor with bypass and the package intended for hydrazine
flow measurements in a simulated space vacuum environment.
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the relevant structures. Figure 6.5b shows the compete package that was prepared

for measurements with hydrazine flow in a simulated space vacuum environment.

Appendix C.4 shows the measurement setup to characterize the bypass system in

vacuum using water as a fluid.

Sensor characterisation

The setup used to characterise the sensor with bypass is described in appendix C.4.

Figure 6.6 shows the measurement results for three separate sensors with bypass

channel and one sensor of the first generation of micro Coriolis mass flow sensors

which does not have a bypass channel. The bypass ratio that is shown is calculated by

dividing the linear fit of the sensor without bypass by the quadratic fit of the bypass

sensors. The spread in ratio and the low starting ratio are most likely caused by a

spread in diameter of the different channels due to inaccuracies in the fabrication

process.
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Figure 6.6: Flow measurement of the bypass sensors using water. The dots are measurement
points. The dashed lines are linear and quadratic fits for the sensors without and with bypass
respectively. The dotted lines are the bypass-ratios of the chips with bypass.

6.2.3 Micro Coriolis and thermal flow sensor

The first generation micro Coriolis mass flow sensors also included a design with

a Coriolis and a calorimetric thermal flow sensor (see section 2.2.1) integrated on

a single chip [4]. The design of the thermal flow sensor is shown schematically in

Figure 6.7. It consists of two channel segments which are suspended over an etched

cavity for thermal isolation. The channel crosses the cavity twice in order to eliminate
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external temperature gradients. On each channel segment, there are two resistors

that function both as heater and sensor. A fluid flow through the channel will transfer

heat from the upstream resistor to the downstream resistor causing a change in

resistance for each resistor. This is indicated by the red and blue lines in Figure 6.7

that represent the heat profile of the up- and downstream resistors respectively.

The Coriolis mass flow sensor of this sensor could measure from 10mgh−1 up to

10 gh−1 while the thermal flow sensor could measure from 0.1mgh−1 water up to

30mgh−1. This resulted in a total dynamic range of 5 decades, however, the overlap

between Coriolis and thermal flow sensors was limited. The first design shown in

R4

R1

R2

R3

Figure 6.7: Schematic view of the thermal flow sensor. The blue lines indicate the thermal
profile of the upstream resistors that are cooled by the incoming (cool) fluid flow. The red lines
indicate the thermal profile of the downstream resistors that are heated by the heated fluid.

Figure 6.8a has been designed to increase the sensitivity of the Coriolis sensor by

placing the capacitive read-out structures closer together (250µm) compared to the

Coriolis sensors in the first generation (1100µm). This creates a larger overlap of

the flow ranges of both flow sensors at the cost of a higher fluidic resistance. In the

overlapping range, both sensors can be used together to e.g. calibrate the thermal

sensor for an uncalibrated fluid. The channel width is 30µm to reduce the internal

volume. The second sensor, shown in Figure 6.8b, has been designed to enlarge the

dynamic range further. By increasing the channel width of the Coriolis sensor to

80µm, the fluidic resistance has been lowered. The capacitive read-out structures are

spaced 450µm apart, resulting in a lower sensitivity then when they would be placed

as with design 1, but allowing both sensor structures to be placed on the outside of the

tube window. The third design, shown in Figure 6.8c, is intended for measurements

of several different fluidic parameters and includes, besides the Coriolis and thermal

flow sensors several other sensors which are described in chapter 7 [5, 6]. As a result,

the pressure drop over the whole sensor is relatively high even though the channel

width is 54µm. The capacitive read-out structures are the same as the second design.

To enlarge the range of the thermal flow sensor, the length of the heaters has been

increased from 0.5mm as used in the first two designs to 1.75mm.
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(a) Design 1 (b) Design 2 (c) Design 3

Figure 6.8: Photographs of the sensor designs with both a Coriolis and a thermal flow sensor.
(a) Design for large overlap at very low flow. (b) Design for a large combined dynamic range
with sufficient overlap. (c) Design intended for sensing multiple parameters of the fluid inside
the channels.

Sensor characterisation

The sensors have been characterised using the setups described in appendix C.3.

For the low flows, the Bronkhorst High-Tech µFlow flowcontroller with a nominal

flow of 100mgh−1 is used. For the second design, the Bronkhorst High-Tech µFlow
flowcontroller with a nominal flow of 1250mgh−1 and the Bronkhorst Cori-Tech

M12P flowcontroller with a nominal flow of 50 gh−1 are used for the middle and

high flow ranges. To measure the thermal flow sensor on the chips, the four resistors,

each of approximately 80Ω, 160Ω and 320Ω for design 1, 2 and 3 respectively, were

placed in a Wheatstone bridge configuration with a supply voltage of 0.5V for design

1 and 2 and 1V for design 3. A flow through the channel results in a corresponding

output voltage of the Wheatstone bridge. Figure 6.9 shows the measurement results

of the sensors. The phase shift of the Coriolis measurement is shown on the left

vertical axis while the right axis shows the output voltage of the Wheatstone bridge.

No reliable pressure measurements could be performed for the sensor with design 2.

Since the design of the tube window is the same for all three designs except for the

channel diameter, the pressure drop over the sensor is expected to be (80/30)4 = 50

times higher than design 1. This however, is a rough estimation since the other

channels on the chips are very different from each other.

The zero stability of the sensors is measured by filling the channels with water and

closing the in- and outlets over a time span of one hour. For the Coriolis sensor, the

zero stability depends heavily on the time-constant (τ) setting of the low-pass filter in

the lock-in amplifiers. A higher time-constant will result in lower noise. Figure 6.10

shows the standard deviation of the phase shift of both Coriolis sensors measured

without flow for a period of one hour for each different values of the lock-in time

constant. An overview of the measured specifications of the three designs with both a

Coriolis and a thermal flow sensor on one chip is given in Table 6.4 and a comparison

is made with the sensor presented by Lammerink et al. [4]. During each measurement,

the temperature stayed within ±0.2 ◦C.
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Figure 6.9: Measurement results for the new designs of Coriolis+thermal flow sensors. The
round dots show the output of the Wheatstone bridge for the thermal flow sensor. The square
dots show the phase shift of the Coriolis flow sensors. The dashed lines are linear regressions
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Figure 6.10: Standard deviation of the phase measurement of the Coriolis part of the chips
without flow versus the time constant setting of the lock-in amplifiers.

Discussion

When the channel diameter is increased, the channel is expected to become more

stiff, but the volume and thus the mass of the fluid increases as well. The resonance

frequency scales with
√

k
m , so it will change according to a balance between stiffness

and mass. Design 1 has a smaller channel than the ones used in the first generation

of micro Coriolis mass flow sensors and has a lower resonance frequency. Design 3

has a larger channel and also has a higher resonance frequency. However, design 2

has an even larger channel, but a lower resonance frequency. The likely cause for

this is that the channel wall becomes very thin compared to the size of channel and

the resonance frequency will decrease again due to the increase in mass of the fluid.

Since a lower resonance frequency will result in a lower Coriolis force, while that
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Parameter Unit 1st generation Design 1 Design 2 Design 3

Coriolis flow sensor

Channel width (wchannel) µm 40 30 80 54

Sensor spacing µm 1100 250 450 450

ftwist Hz 1562 1371 1896 2076

Sensitivity °/(g/h) 2.4 21.7 2.03 5.59

Zero stability (σ at τ = 3s) 1×10−3 ° 24 0.62 0.91 1.31

mgh−1 10 29×10−3 0.45 0.23

Nominal flow at 1 bar g h−1 1 0.18 9a 1.7

Dynamic range - 100 6.3×103 2×104a 7.3×103
Thermal flow sensor

Channel width (wchannel) µm 40 30 107 80

Heater length (L) µm 450 500 500 1750

Sensitivity mV/(g/h) 5.37 66.2 23.5 38.2

Zero stability (σ) µV 0.5 1.74 1.10 0.79

µgh−1 100 26.3 46.8 20.6

Maximal flow mgh−1 30 30 55 90

Dynamic range - 300 1.1×103 1.1×103 4.4×103
Total dynamic range - 1×104 6.8×103 1.9×105a 8.3×104

Table 6.4:Measured specification of the micro Coriolis + thermal flow sensors. a estimated
value, not measured

force has to displace more mass, the sensitivity will also decrease. To counter this, a

thicker channel wall has to be used for large channels to increase the stiffness. Further

investigation is needed to find the exact influence, e.g. by determining the physical

and mechanical properties of channels of a wide range of sizes and analysing those is

the numerical model.

The comb-structures of design 2 and 3 are, except for their location, equal to those

used in the third generation discussed in section 6.3 and also show a comparable zero

stability of approximately 0.001°. The zero stability of design 1 is slightly lower, but

no clear reason for this has been found.

For a thermal flow sensor to operate in the calorimetric regime requires the fluid to

be fully heated and the dimensionless Graetz number to be small. At values below

20, the radial temperature profile is considered to be fully developed [7] and for

thermal flow sensors measuring a flow for which the Graetz number is lower than

2, the flow sensor is considered to be operating in the fully calorimetric regime. The

Graetz number Gz is defined as:

Gz =
vd2hρcp
λx

=
dh
x
RePr =

d2h
A

Φm

x
cp, (6.3)

with v the flow velocity, dh the hydraulic diameter, ρ the density of the fluid, cp the

specific heat of the fluid, λ the thermal conductivity, x the distance travelled by the

fluid, Re the Reynolds number, Pr the Prandtl number, A the cross-sectional area of
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the channel and Φm the mass flow. For a thermal flow sensor as presented here the

cross-sectional area scales proportional to the square of the diameter, so the Graetz

number is proportional to:

Gz ∝ Φm

x
, (6.4)

where x should be shorter than L, the length of the heater. This is shown when the

thermal flow sensors in design 1 and 3 are compared. The length of the heaters are

approximately tripled and the maximum flowrange has increased from 30mgh−1 to

90mgh−1. However, the maximum measurable flow of the thermal sensor in design

2 does not follow this rule. To assume that the fluid is fully heated, the length of the

heaters should be considered large compared to the diameter of the channel. In the

case of design 1 and 3, this is true. However, the thermal flow sensor of design 2 has

a width of 107µm, while the heater is only 500µm long. As a result, not all of the

fluid is heated and thus not measured. As a result, the sensitivity to the mass flow

will decrease, but the maximum measurable flow will increase. While this analysis

gives an estimation of the operation of these sensors, to be able to optimize these

sensors for specific purposes, a more thorough research is required into the thermal

behaviour of such sensors.

6.2.4 Differential micro Coriolis mass flow sensor

To increase the sensitivity of a micro-NMR detection setup and reduce the mea-

surement time, the concentration of analyte in a mass limited sample is often

increased by using a pre-concentrator. However, the established setups required

for precisely validating the efficiency of the pre-concentrator are limited due to

their intrinsic low sensitivity and long response time. Integration of a micro-pre-

concentrator and a microfluidic sensor capable of measuring the performance of

the pre-concentrator would make active control of the pre-concentrator possible

to ensure optimal performance of a micro-NMR detection setup. For this purpose,

a direct differential micro Coriolis mass flow sensor is designed, for fast, accurate

measurement of small differences between large flows. Unlike the other micro Coriolis

mass flow sensors, this sensor design has a tube window with two parallel fluid

channels, instead of one. The channels are mechanically coupled, but have separate

fluidic paths. Figure 6.11 schematically shows the working principle. The channels are

actuated using Lorentz force in torsionmode around axisωact. A mass flowΦm,i inside

the channels will induce Coriolis forces that excite the swing vibration mode, leading

to a vibration amplitude proportional to the mass flow. Here the subscript i is used
to indicate channel 1 or 2. When the mass flow through each channel is in opposite

direction, this will induce Coriolis forces in opposite direction generating a total

Section 6.2.4 is based on “Direct differential micro Coriolis mass flow sensor to detect the efficiency of
a preconcentrator system” by J. Groenesteijn, H. Zhang, R.M. Tiggelaar, T.S.J. Lammerink, J.C. Lötters,
J.G.E. Gardeniers and R.J. Wiegerink, published in Proceedings of MicroTAS 2013, T.042c
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Figure 6.11: Schematic overview of the principle of operation of the direct differential micro

Coriolis mass flow sensor with two parallel channels. The mass flows ~Φm,x through the two

channels will cause Coriolis forces ~FC,x in opposite direction (x = 1,2 indicates the channel).

Coriolis force only depending on the difference in mass flow, thereby independent

of common flow, described by equation (6.5). The sensors movements are read-out

using capacitive read-out described in section 5.6.

~FC,tot = ~FC,1 − ~FC,2
=

(

−2Lx(~ωact × ~Φm,1)
)

−
(

−2Lx(~ωact × ~Φm,2)
)

= −2Lx
(

~ωact ×
[

~Φm,1 − ~Φm,2

])

(6.5)

The fabricated chip is shown in Figure 6.12a. The rectangular tube window is 4mm

by 2.5mm and each channel is made using the parameters in Table 6.1. The distance

between the rows of slits for each channels is 70µm and the total width of the flap

on top of the channels is 140µm. To make sure that all silicon would be etched away

during the release etch, round holes with a diameter of 8µm are etched through

the flap between the channels as can be seen in the SEM image in Figure 6.12b. The

pre-concentrator used for verification of the sensor is based on evaporation of solvent

by means of a porous hollow fiber. The fiber consists of a hydrophobic material

(polypropylene, PP Q3/2), which means that water will not penetrate the porous

walls. An nitrogen gas flow along the fiber will decrease the partial pressure outside

the fiber, resulting in evaporation of the water, increasing the concentration of the

solution. Figure 6.13 shows a photograph of the pre-concentrator [8].
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(a) (b)

Figure 6.12: (a) Photograph of the fabricated differential micro Coriolis mass flow sensor
mounted on a PCB. (b) SEM image of the two channels with four metal tracks on top (darker
grey) and etch holes in the middle.

(a) (b)

Figure 6.13: (a) The polymethylmethacrylate (PMMA) fiber holder parts with a flow chamber
in the bottom part. (b) The holder with a fiber mounted inside.

Sensor characterisation

Appendix C.5 shows the measurement setups to characterize the differential micro

Coriolis mass flow sensor as a stand-alone differential flow sensor and to use it

for monitoring the enrichment of a fluid by a pre-concentrator. Depending on the

measurement, the channels were connected differently. Figure 6.14 shows the different

fluidic connections on the sensor (A through D) which were connected in four different

ways for the measurements shown in Figure 6.15:

• In series (B to D): the flow is in the same direction in both channels resulting in

Φm,Coriolis =Φm,1 +Φm,2 = 2Φin

• Anti-parallel (B to C): the flow is in opposite direction in both channels resulting

in Φm,Coriolis =Φm,1 −Φm,2 = 0
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Figure 6.14: (a) Schematic overview of the flow setup for a differential flow.
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Figure 6.15: Flow measurements on the differential Coriolis mass flow sensor using water
using a Bronkhorst High-Tech µFlow flowsensor as reference. The channels were connected
either separately, in series or anti-parallel to generate defined flows through each channel.

• Only channel 1: the flow is only through channel 1 resulting in Φm,Coriolis =

Φm,1 =Φin

• Only channel 2: the flow is only through channel 2 resulting in Φm,Coriolis =

Φm,2 =Φin

where Φm,Coriolis is the (differential) mass flow as measured by the sensor. The

measurements were done using water, with the PHD Ultra syringe pump to generate

the flow and the Bronkhorst µFlow with a maximal flow of 1.25 g h−1 as reference

sensor (valve fully opened). The results show that the sensitivity (in °/(g/h)) of the

separate channels is almost equal when they are connected separately. When the

channels are placed in series, which means that the flow is measured twice, the

sensitivity is added up. Since the two parallel channels are not exactly the same

length, Lx,1 > Lx,2, the sensitivity is not exactly equal, which mainly shows in the the

anti-parallel configuration when the output should be exactly zero.

Figure 6.16 shows the measurement results when the channels are connected in

anti-parallel, a pressurized container is used to generate the common flow and the

PHD Ultra syringe pump is used to generate a differential flow between the outlet
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of channel 1 and the inlet of channel 2. The Upchurch NanoFlow reference sensor

was used to measure the differential flow. The measurement has been repeated with a

pressure of 4.5 bar and 5.5 bar on the container to show the independence to common

flow. The results show a linear response to the differential flow, almost independent

to the common flow.
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Figure 6.16: Differential flow measurement using water. The fluid is applied by a pressurized
container, a differential flow is applied by a syringe pump and measured by the Upchurch
NanoFlow referencesensor.

The application for the sensor was to measure the efficiency of a pre-concentrator.

This is done using the second setup described in appendix C.5. A porous hollow fiber,

as shown in Figure 6.13, is connected between the two channels. A solution of phenol

red in water with an initial concentration of 5.5 µmol is applied to the inlet of the first

channel by the PHD Ultra syringe pump. A nitrogen flow through the cavity in which

the porous fiber is mounted will cause part of the water to evaporate, resulting in a

lower flow through the second channel of the sensor. The measured differential flow is

then the amount of evaporated water. The increase in concentration, the enrichment

factor R, can be calculated using:

R =
Φpump

Φpump −ΦCoriolis
(6.6)

By measuring at different pump rates and different flowrates of the nitrogen, the

efficiency of the pre-concentrator is varied, which can be measured as shown in

Figure 6.17. It can be seen that at low pumprate (resulting in a long dwelltime inside

the pre-concentrator) and high nitrogen flow (resulting in a low partial pressure

outside the porous fiber), the enrichment factor is highest at 18.7, increasing the

concentration in the solution from 5.5µmol to 103µmol.
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Figure 6.17: Measured enrichment factor of the porous hollow fiber pre-concentrator for
various pumprates and nitrogen flowrates.

6.3 Third generation micro Coriolis mass flow sensor

designs

Using a parameter sweep with the numerical model described in section 4.4, design

optimization can be made to improve the sensitivity of the sensor. By varying the

height of the channel window between 1mm and 3.75mm, the width of the channel

window between 1.5mm and 6mm and the cross-sectional shape of the channels

(Table 4.1), a optimal design could be found for each shape of tube window. A factor

of 1.4 between the swing and twist resonance frequency is maintained to prevent

influence of the swing modes quality factor, as described by Haneveld et al. [1]. The

maximal sensitivity was set to 90 °/(g/h) to make sure equation (4.18) in the SPACAR

model is still valid at a flow of 100mgh−1. Table 6.5 shows the results of the sweep

for five different shapes of the tube window when a selection is made for the highest

sensitivity for low flow. Optimizations for different requirements, e.g. pressure drop

or maximum flow, can also be made. The frequency of the twist and swing modes are

given for channels filled with water. As shown in section 5.6, the sensitivity is also

increased by placing the capacitive read-out structures closer to the rotational axis.

During the simulations, the distance between the centre of the capacitive structures

is reduced from approximately 1mm in the first and most of the second generation

to 25µm to find the highest possible sensitivity. Figure 6.18 shows the new designs.

6.3.1 Sensor characterisation

The designs were fabricated using the fabrication process described in chapter 3

using a silicon-on-insulator wafer with a device layer of 50µm thick and a buried



6

150 CHAPTER 6 Design and characterisation of Coriolis mass flow sensors

# Tube Width Height Cross- fswing ftwist Sensitivity

window (mm) (mm) section (Hz) (Hz) (°/(g/h))

First generation 4 2.5 1562 2889 2.4

1 Rectangular 4 1.75 6 1485 2173 89.1

2 Round sides 4.5 3.25 8 890 1693 89.7

3 Triangular 4 3.25 2 1643 2364 86.0

4 U-shaped 4.5 3.25 5 1139 2213 89.9

5 Rectangular 5 2.5 2 879 1875 89.9

Table 6.5: Results of the optimization of the channel geometry for sensitivity improvements
and a comparison to the sensor of the first generation.

3

2

1

0

-1

-2

-3

2.5

3

3.5

4

4.5

0

0.5

1

-0.5

1.5

2

(a) Design 1

3

2

1

0

-1

-2

-3

2.5

3

3.5

4

4.5

0

0.5

1

-0.5

1.5

2

(b) Design 2

3

2

1

0

-1

-2

-3

2.5

3

3.5

4

4.5

0

0.5

1

-0.5

1.5

2

(c) Design 3

3

2

1

0

-1

-2

-3

2.5

3

3.5

4

4.5

0

0.5

1

-0.5

1.5

2

(d) Design 4

3

2

1

0

-1

-2

-3

2.5

3

3.5

4

4.5

0

0.5

1

-0.5

1.5

2

(e) Design 5

Figure 6.18: Photographs (left) and SPACAR representation (right) of the designs specified in
Table 6.5.

oxide layer of 5µm thick. During the simulations, a distance of 25µm was used

between the centres of the capacitive read-out structures. The simulation assumes

infinitesimal small sensors, however, to provide a large enough capacitance for read-

out, the comb-structures for the actual read-out need to be 400µm wide. Section 5.6

shows that the structures can still be used to measure the phase-shift due to the

Coriolis force, but also that the read-out becomes very sensitive to the exact location

of the rotational axis. To prevent these effects during the measurements, for the initial

designs, a distance of 180µm between the centre of the comb-structures was used.
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As a result, the sensitivity of the designs will be reduced by a factor of approximately

5.5, depending on the exact size of the geometry. Since the fabricated channels are

slightly different than those that were designed for the model, their parameters have

been measured after fabrication. Table 6.6 shows the results of the numerical model

using the measured parameters. Two versions of the capacitive comb structures were

used in the third generation. The first version is the one used for most of the designs:

a distance of 180µm between the centres of the comb structures. Since that would

create overlapping electrodes, the combs had to be placed at opposite sides of the

channel. This is shown in Figure 6.19a. To balance the weight of the combs around

the rotational axis, each side has the same amount of fingers, but not all fingers have

metal electrodes on top of them. That way, only part of the fingers are used during

the read-out. Downside of this version is that one of the read-out structures is on

the inside of the channel window, while the other is outside the channel window. As

a result, the wirebond required to connect the electrodes of the inside-structure to

the PCB on which the chip is mounted is relatively long, allowing for more electrical

noise to be present on the signal. The second version have 460µm between the centres

of both comb structures (Figure 6.19b). This allowed both the combs to be on the

same side of the channel (the outside), this reduces the electrical noise, but reduces

the sensitivity. This is shown by design 1b, which is identical to design 1a, except that

it used the second comb configuration.

For the characterisation, the measurement setup with flowcontrollers, described

in appendix C.3 is used with a Bronkhorst High-Tech µFlow flowcontroller with a

piezo valve. When availabe, two sensors were characterised per design. Unfortunately,

fabrication issues resulted in many leaky devices. Per sensor, two different measure-

ments were done: (i) A mass flow measurements where a flow of water is applied to

the sensor and (ii) a zero-flow stability measurement, where the channel is filled with

water and a measurement without flow is done.

(a) (b)

Figure 6.19:Microscope images of the three different capacitive read-out structures used in
the third generation micro Coriolis mass flow sensors.
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Parameter 1st Design Design Design Design Design Design

Gen. 1a 1b 2 3 4 5

fswing (Hz)

Model 1562 1429 1428 961 1363 1275 882

ftwist (Hz)

Model 2889 2143 2142 1903 2144 2558 1582

Sensor 1 2152 2024 1911 2227 2799 1699

Sensor 2 - 1877 - 2280 2739 1625

Sensitivity (°/(g/h))

Model 2.4 18.6 7.30 12.2 13.4 13.7 19.8

Sensor 1 14.9 6.92 11.5 12.4 14.6 19.3

Sensor 2 - 7.94 - 13.8 15.7 15.1

Table 6.6: Results of the flow measurements with the designs of the third generation, showing
both the measurement results and the expected values from the numerical model. The modelled
values for the first generation of micro Coriolis mass flow sensors is given as a reference.

Mass flow measurements

For the mass flow measurements, a water flow is applied in the range 0–100mgh−1

with increments of 20mgh−1. The results are shown in Figure 6.20 where the different

measurement are shown with markers. The measured sensitivity of each sensor is

shown with a dashed line while the modelled sensitivity of each design is shown

with a solid line. Table 6.6 shows a comparison between the measured values and

the modelled values. The swing frequency (ωswing) has not been measured. The twist

frequency (ωtwist) is measured using a HP 34401a multimeter and the displayed value

is the mean value measured over the whole measurement. The sensitivity S is the

slope of the linear regression over all measurement points. The measurements show

that the twist resonance frequencies are all in good agreement with the modelled

values. Except for design 1a (sensor 1) and 5 (sensor 2), all sensitivities are within

10% of the modelled value.

Stability measurements

The stability measurements were done while the channels of the sensors were

filled with water, right after the flow measurements. Over a period of 1 hour, the

frequency and phase are measured every 2 s. The results shown in Table 6.7 show

the standard deviation over all the measurement points. For all the measurements,

the temperature change during the measurement is less than 0.1 ◦C. Most sensors

show that the zero-flow phase stability is around 0.001° for all sensors, equivalent to

approximately 100µgh−1, depending on the sensitivity of the sensors. Since there

are large differences between the designs, it is unlikely that the level of this phase

stability is caused by the sensors, but more likely by another factor like the actuation

or read-out electronics. Sensor 1 of design 2 and sensor 2 of design 3 have much

more noise on the phase stability, most likely resulting from the noisy, low amplitude
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Figure 6.20: Results for the flow measurement with the fabricated designs of the third
generation. The dashed lines show the linear regression of the measured values given the
measured sensitivity of the different designs. The solid lines show the modelled sensitivity.

Parameter 1st Design Design Design Design Design Design

Gen. 1a 1b 2 3 4 5

Zero stability (σ at τ = 3 s)

Sensor 1 (0.001°) 24 1.28 1.58 3.21 1.01 1.14 0.99

Sensor 1 (µg h−1) 10×103 85.6 228 279 80.8 98.9 64.2

Sensor 2 (0.001°) - 1.06 - 11.9 1.52 0.80

Sensor 2 (µg h−1) - 133 - 865 129 55.7

Frequency stability (σ in mHz)

Sensor 1 5.77 9.05 2.54 5.34 5.12 9.75

Sensor 2 - 2.38 - 7.55 4.85 4.74

Table 6.7: Results of the stability measurements with the designs of the third generation in
comparison with a sensor of the first generation of micro Coriolis mass flow sensors.
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read-out signals of one of the capacitive read-out structures. In both cases, this was

the comb-structure on the inside of the tube window. Comparison with other sensors

of the same designs, showed that this was not a structural problem. Unfortunately,

these other sensors were leaky and could not be used for a full characterisation. The

frequency stability for all sensors was better than 10mHz.

6.4 Conclusion

Several different micro Coriolis mass flow sensors have been designed, fabricated

and characterised. Using the sensors of the second generation, the numerical model

presented in chapter 4 has been validated. Other sensors in this generation show that

the zero-flow stability of the sensors can be well below 1mgh−1, while the nominal

flow at 1 bar can be increased to 58 gh−1 by an increased channel diameter. Using

thermal flow sensors, the zero-flow stability can be further reduced to the µgh−1

range.

The third generation of micro Coriolis mass flow sensors has been designed based

on results from the numerical model. By optimizing the geometrical parameters for

high sensitivity, the sensitivity of the sensors can be improved significantly. The five

different designs have been fabricated and characterized and were in agreement

with the model. The characterised designs can be further improved by placing

the capacitive read-out structures closer together, resulting in a sensitivity close

to 90 °/(g/h).

For most designs in the second and third generation, the zero stability was close to

0.001°. This would indicate that the current noise level is not related to the sensor,

but is caused by a common factor in all measurements. This could for instance result

from noise in the actuation or read-out electronics. Both the twist mode resonance

frequency and the sensitivity of the designs are within 10% of the modelled value.
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7

7
Design and characterisation of other

microfluidic devices

7.1 Introduction

Using the fabrication platform described in chapter 3, many different kind of sensors

can be made with little to no changes in the fabrication, compared to the fabrication

that is needed for the micro Coriolis mass flow sensors. This is already shown in

section 6.2.3 where thermal flow sensors are integrated with a Coriolis mass flow

sensor. This chapter presents several more examples of the possibilities offered by the

microfluidic platform described in chapter 3.

7.2 Pressure sensors

Integrating an in-line pressure sensor in a microfluidic system gives many advantages.

E.g. it can monitor for over-pressure to prevent dangerous situations or, combined

with a flow sensor, it can be used for viscosity measurements [1]. Often, pressure

sensors are not part of the fluid path, but are attached to it. This introduces a dead

volume, which can introduce bubbles or leave residues of previously measured fluids.

To prevent this, an in-line pressure sensor is designed, which can be integrated with

an existing fluid path. The sensor consists of a partially released straight tube with

Section 7.2 is based on “Inline pressure sensing mechanisms enabling scalable range and sensitivity”
by D. Alveringh, J. Groenesteijn, R.J. Wiegerink and J.C. Lötters, published in Proceedings of Transducers,
2015 and on “Readout circuit for capacitance ratio measurement” by T.S.J. Lammerink, J. Groenesteijn,
J.C. Lötters and R. J. Wiegerink, published in Proceedings of Micro and Nano Engineering, 2015
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combs on both sides. The bottom of the channel is still fixed to the bulk of the

chip. At one side, the tube has long fingers (200µm) and the stator has short fingers

(50µm). The long fingers are slightly bend downwards due to material stress. Since

the bottom of the channel is prevented from deforming by the silicon bulk, an increase

in pressure will deform the top of the tube upwards, tilting the fingers downwards

and increasing the distance between the fingers (Figure 7.1a) and thus decreasing

the capacitance between the fingers. The fingers at the other side of the tube are

connected the other way around, resulting in decreasing distance and thus increasing

capacitance. This asymmetry allows differential measurement, which partly cancels

environmental effects without sacrificing chip area for reference structures. An SEM

image of the sensor is shown in Figure 7.1b. The initial capacitance of each comb

structure is, based on finite element simulation in Comsol Multiphysics®, estimated

at approximately 60 fF. The range and sensitivity of the sensor can be changed by

C↑

P = 0 

C↓

P > 0 

(a) (b)

Figure 7.1: (a) Schematic overview of the principle of operation of the in-line pressure sensor.
When a pressure higher than the ambient pressure is applied inside the channel, the combs
on the channel will tilt downwards. As a result the capacitance to the left of the channel will
increase while that on the right side of the channel will decrease. (b) SEM image of the sensor
showing the long fingers connected to the channel at the bottom right of the image and the
short fingers at the top left.

changing the width of the channel. A wider channel will result in a higher sensitivity,

because the deformation (and thus the tilt of the fingers) of the tube will be higher.

However, this also results in more stress in the membrane and therefore limits the

range. Figure 7.2 shows the pressure that can be applied in the channel at which

the stress in the membrane exceeds 100MPa according to finite element simulations

using Comsol Multiphysics®. The sensitivity is is defined as the degrees tilt of the

comb fingers per bar applied pressure.
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Figure 7.2: Prediction of the scalability of the pressure sensor, based on finite element
simulations. Wide channels show a large deformation due to the applied pressure, but also
break at a lower applied pressure.

7.2.1 Read-out electronics

For measurement of the pressure sensor, the two capacitive structures have to

be measured. A common method to do this, is by applying AC voltages to both

capacitances, the differential current is measured using a charge amplifier as shown in

Figure 7.3 in black. If the two voltages are of equal amplitude and opposite phase, the

output voltage of the circuit will then be proportional to the difference in capacitance

C1 −C2. Unfortunately, in this case, the output voltage Vout will also depend on the

value of the feedback capacitor Cf and drift and offset in the demodulator circuit

formed by the multiplier and low-pass filter.

To prevent these problems, the circuit in Figure 7.3 was used with the addition of the

red elements. The output voltage Vout is controlled to zero by adjusting the amplitudes

of V1 and V2. In that case, the ratio V2/V1 will be exactly equal to the capacitance ratio

C1/C2, independent of the gain of the charge amplifier and demodulator. This leaves

the offset of the demodulator, which can be reduced by increasing the amplification of

the charge amplifier (by reducing Cf) or adding another amplifier stage between the

charge amplifier and the demodulator. Furthermore, in order to further reduce the

influence of offset voltage, the fully differential switch-based de-multiplexer shown

in Figure 7.4 in combination with a charge amplifier with differential output is used

instead of a traditional multiplier. The detailed electrical circuit of the capacitance

ratio read-out circuit is given in Appendix B.3.
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Figure 7.4: Schematic diagram of the fully differential switch-based de-multiplexer circuit.

7.2.2 Sensor characterisation

The sensor was measured by applying a pressure at one inlet of the chip while

the other inlet was blocked to prevent pressure differences due to fluid flow. A

Honeywell 24PCFFM6G was used as reference pressure sensor. Figure 7.5 shows the

measurement results for an applied pressure up to 2 bar. The same measurement was

done four times. The graph shows the input value of the digital-to-analog converter

that generates the amplitude of V1 as a function of pressure. The amplitude of V2

changes by exactly the same amount, but in opposite direction. Over the full pressure

range the value changes by 5519, corresponding to a change in voltage ratio of

7.7% and a change in capacitance in the order of 4.6 fF. The obtained resolution is

approximately 2 bar / 5519 = 0.4mbar or 4.6 fF / 5519 = 0.8 aF.
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Figure 7.5: Digital control value as a function of the applied pressure to the capacitive sensor.

7.2.3 Conclusion

An in-line pressure sensor and electronics for capacitive read-out were realized

and characterized. The electronics measure the ratio between two measurement

capacitances and by controlling the sensors output to zero, the dependency on the

gain of the charge amplifier and demodulator are negated. A fully differential switch-

based de-multiplexer is used to reduce the influence of its offset.

Using these electronics, the capacitive read-out structures on the pressure sensor

with an initial capacitance of 60 fF can be read out with a resolution of approximately

0.8 aF or 0.4mbar over a range of 2 bar.

7.3 Relative permittivity sensors

The relative permittivity of a material can be measured by measuring the impedance

between two electrodes which are on either side of the material. In the case of a

fluid, the electrodes can be on either side of the channel through which the fluid

Figure 7.6: SEM image of the relative permittivity sensor showing the measurement channel
(bottom) and the reference channel (top) with electrodes on top.
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flows. Figure 7.6 shows an SEM image of two channels, one reference and one for

measurement, with large metal electrodes on top [2]. The counter electrode is formed

by the grounded silicon bulk of the chip. A cross-section of the same channels is

shown schematically in Figure 7.7 with the relevant parameters for a capacitive

measurement. The measured capacitance of an identical structure can be subtracted

from the measured capacitance to eliminate the influence of the channel material

and the silicon surrounding the sensor. Cfluid represent the capacitance through the

fluid. In the case of the reference channel, the fluid is air and has ǫr = 1, while the

measurement channel has a fluid-dependent relative permittivity. Parallel to Cfluid

is Cchannel which is the capacitance through the SiRN of the channel wall to the

silicon bulk and equal for both channels. The electrode is 700µm long and 120µm

wide and is placed over a wide, shallow channel to maximize the capacitance. The

capacitance of the measurement structure and the reference structure are measured

and subtracted by an Analog Devices AD7747 capacitance-to-digital converter and

read out using I2C. To characterise the sensor, the channels were filled with several
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mixtures of water (ǫr = 80) and isopropyl alcohol (IPA, ǫr = 18.6) resulting in a total

relative permittivity between those values. The measurement has also been repeated

with nitrogen gas (ǫr = 1). Figure 7.8 shows the measurement results for two different

sensors with an almost linear relation between capacitance and the fluids relative

permittivity. The non-linearity is due to the parasitic capacitance of the channel.

There is a small offset between the two sensors due to variations in fabrication and

electrical connections.

7.3.1 Relative permittivity sensor with floating capacitance

The characterised sensors show a linear relation between capacitance and relative

permittivity of the fluid, however, due to the design of the sensor, it is also sensitive

to changes in depth of the channel (d in Figure 7.7). An applied pressure will cause

the top membrane of the channel to bend upwards as shown for the pressure sensors

in section 7.2, resulting in a decrease in capacitance. A larger width of the channel

will cause a larger capacitance for the relative permittivity measurement, resulting in

a more sensitive measurement. However, a wider channel will also result in a more

compliant membrane on top of the channel and will thus bend upwards more due to

pressure. To make the sensor insensitive to applied pressure, either the width of the

channel should be very small, resulting in an insensitive relative permittivity sensor

as well, or the measured capacitance should be made independent on the channels

geometry.

By placing interdigitated electrodes on top of the channel membrane, the electrodes

will bend together with the membrane under influence of an applied pressure, but

the distance between the electrodes will remain the same. Since the capacitance is

measured between two electrodes and not to the ground, the measurement is less

sensitive to parasitic capacitances, e.g. from metal wires on the chip. However, the

measured capacitance between the electrodes will also consist of the capacitance due

the the channel membrane (temperature dependent due to temperature dependence

of its relative permittivity), the capacitance due to the air outside the channel

(dependent on e.g. temperature, humidity) and parasitic capacitances to e.g. the

grounded bulk of the chip, but these effects can mostly be negated by an identical

reference sensor.

Figure 7.9 shows a finite element simulation, using Comsol Multiphysics®, of the

electric field distribution when a channel is filled with a fluid with low (ǫr = 1,

Figure 7.9a) and high relative permittivity (ǫr = 80, Figure 7.9b) and the fingers are

spaced 10µm apart. Figure 7.10 shows the capacitance and capacitance change of

such a structure with 50 fingers per electrode for a distance between the fingers

between 5µm and 14µm. The simulation shows that the sensitivity of the sensor (in
dC
dǫr

) is very dependent on the spacing between the fingers. For a very small spacing,

the field does not penetrate deeply into the fluid, resulting in a capacitance that is not

very dependent on the fluids relative permittivity. On the other hand, for very large



7

164 CHAPTER 7 Design and characterisation of other microfluidic devices

Air

Channel

membrane

Fluid

E
le

c
tr

ic
 p

o
te

n
ti

a
l (

V
)

0

1

0.2

0.4

0.6

0.8

Electrodes Electrodes

(a) (b)
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right axis) as a function of relative permittivity of a channel membrane with interdigitated
electrodes on top and a fluid underneath. Each electrode has 50 fingers. The capacitance is
shown for various distances S between the fingers.

spacing, the field does penetrate deeply into the fluid and the resulting capacitance

is very dependent on the fluids relative permittivity. However, the total capacitance

is smaller due to the large distance between the electrodes. Since the increase in

sensitivity is small, even at low relative permittivity, the increased size of the sensor

will generally not make a large spacing beneficial. At large spacing, the capacitance

to the bottom of the channel, and the bulk of the chip underneath that, will also start

playing a role, limiting the maximum spacing.
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7.3.2 Conclusions

A sensor to measure the relative permittivity of the fluid inside a channel has been

realized and characterised using mixtures of water and iso-propyl alcohol to measure

the relative permittivity between 18.6 and 80. The sensor measures the capacitance

between an electrode on top of the channel and the bulk of the chip underneath the

channel. An approximately linear relation was found between the capacitive read-out

of the sensor and the relative permittivity of the mixture. Since the realized sensor is

also sensitive to an applied pressure, a new sensor principle is presented to measure

the capacitance between electrodes on top of the channel, which should reduce the

influence of geometrical parameters of the channel, the channel wall and the applied

pressure inside the channel. Finite element simulations has been used to show that

the sensitivity of the new sensor principle depends partly on the spacing between the

electrodes on top of the channel.

7.4 Proportional control valve

A common requirement for microfluidic handling systems is variable dosing control,

for which proportional control of fluid flow is essential. Proportional fluid control

principally requires two things: A device capable of monitoring the exact flow through

a system, and a means of influencing the flow if it differs from the desired value.

Many microvalves have been presented in literature in the past, however, the amount

of proportional control valves is significantly smaller [3–5]. The existing valves

mainly focus on the microvalve itself, only a few publications in literature explore the

possibility of integrating a proportional control valve with a flow sensor to achieve

proportional fluid control. A limited level of integration is obtained when separate

valve and sensor chips are joined into a combined fluidic system, such as presented in

[6–8]. The downside of this approach is the unavoidably large internal volumes in the

fluidic interconnects between the separate devices, and the increased complexity of

the assembly. True integration requires the realization of valve and sensor in a single

chip. Some solutions have been reported, applying either thermal mass flow sensors

[9–11] or (differential) pressure sensors [12, 13]. However, despite their advantage of

on-die integration, most realized devices have very limited sensing resolution on the

order of a few percent of full range.

The flow sensors described in sections 6.2 and 6.3 have a flow range around

1 gh−1 and operate at pressures in the order of 1 bar. A proportional control valve

that can be fabricated in the fabrication process described in chapter 3 that operates

around these same ranges can be integrated with these sensors. This allows on-die

Section 7.4 is based on “Proportional control valves integrated in silicon nitride surface channel
technology” by M.S. Groen, J. Groenesteijn, E. Meutstege, R.A. Brookhuis, D.M. Brouwer, J.C. Lötters and
R.J. Wiegerink, published in Journal of Microelectromechanical systems, 2015
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integration of both components, eliminating the need for wafer bonding steps or

fluidic interconnects and enabling realization of a proportional mass flow controller

on a single chip.

7.4.1 Design

Two different designs for a proportional control valve are made, using the buried

oxide layer (BOX) of a silicon-on-insulator (SOI) wafer as controllable flow path.

Figure 7.11 shows an artist impression of the two microvalve designs. Both valves

consist of a translating silicon plate with a radial flow channel between valve plate

and valve seat. The two designs differ in the location of the in- and out-going flow

channels.

The out-of-plane design (Figure 7.11a) has one of the flow channels in the side

of the valve cavity which can be connected to other devices on the chip through

surface channels. The other flow channel is a wafer-through fluidic inlet or outlet

right underneath the valve plate. Moving the plate up and down then controls flow

through the radial channel, between the inlet/outlet and a surface channel.

The in-plane design (Figure 7.11b) has a more complex design to allow flow control

from one surface channel to another surface channel. Like the out-of-plane design,

the valve consists of a large cavity to which a surface channel is connected. By moving

the valve plate in the centre up and down, the flow can be controlled through the

radial channel. Instead of a wafer-through hole underneath the valve plate, the in-

plane design has an inner cavity inside the valve plate. This inner cavity is connected

to three outflow channels that lead through the valve plate, through (but isolated

from) the outer cavity, back to surface channels outside the valve. To obtain a single,

symmetric point of actuation, a central plate is added at the center of the inner cavity

(not shown in Figure 7.11b). It is connected to the ring of the valve plate by three

“spokes”. Figure 7.11c shows a top view of the full valve plate shape. Since flow does

not leave the surface channel network, the in-plane design allows on-chip routing of

flow between several fluidic components. In contrast, the out-of-plane design must be

placed above a chip inlet/outlet and can regulate flow between that inlet/outlet and

other on-chip fluidic components. The out-of-plane design also offers a larger flow

range, low leakage and smaller device footprint.

To estimate the flow through both valves as a function of separation and pressure,

the laminar flow model for purely radial gas flow as described in [14] can be used

to find the radial channel resistance, defined as the ratio between volume flow and

pressure drop. This model is best suited for the out-of-plane design, since the valve

plate and the fluidic inlet form a purely radial geometry. The in-plane design has

a more complex geometry which demands a modification of the model, e.g. to

compensate for compliances in the hollow valve plate and the flow resistance of
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Figure 7.11: Artist impression and operating principle of the two microvalves: (a) Out-of-plane
design, (b) in-plane design. Both valves regulate flow using a vertically translating valve plate,
creating a radial flow channel between the plate and the valve seat. Gas flow is indicated in
blue (in) and yellow (out). (c) Top view of the valve plate structure of the in-plane valve design
(not shown in (b)), showing the central plate connected by three spokes to the outer ring.

the outflow channels as described by Groen et al. [15, 16].

Figure 7.12 shows the designs of both valves with the relevant geometrical

parameters. For the out-of-plane design, the optimal inner and outer radii of the

radial channel (r1 and r2) are determined based on the required flow range of 1 g h−1.

Since the valve plate can move both up and down from its rest position (Srest = 2µm,

defined by the thickness of the BOX layer and nitride layer deposition), it is assumed

that the maximum valve separation equals at least 4 µm. Using this separation, a mass

flow of 1 g h−1 can be achieved when r1 = 175µm and r2 = 360µm (see Table 7.1).

The in-plane valve design contains narrow outflow channels, which have a higher

flow resistance than the other surface channels. This limits themaximumflow through

the valve, so to counteract this the radial channel is shortened to r1 = 205µm and

r2 = 250µm. At these dimensions, the flow at 4µm separation and 1bar is expected

to be 0.5 g h−1.

Finite element analyses in Comsol Multiphysics® was used to derive optimal
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Figure 7.12: Design of the out-of-plane (left) and in-plane (right) valves, illustrating the
dimensions listed in Table 7.1. The inner radius r1 of the out-of-plane valve equals the radius
of the chip’s fluidic in/outlet (175µm). Note that the outflow tubes in the in-plane design
separate the outer cavity in three compartments.

dimensions for both valve designs. First the width of the (outer) cavity membrane

was determined using the axisymmetric model shown in Figure 7.13a. The membrane

thickness t = 3.5µm is a constraint set by the fabrication process. Silicon nitride

is used as material for the membrane, and polysilicon is used to approximate the

single-crystalline silicon bulk material. The valve plate is pushed down with a 2µm

prescribed displacement, while a distributed load acting on the membrane is used

to model the gas pressure. Figure 7.13b plots the maximum von Mises stress in the

structure when closing the valve, as a function of membrane width w. A minimum

is found at w = 200µm. At smaller widths the increasing membrane stiffness is the

dominant cause of stress. At larger widths the influence of the gas pressure under

the membrane becomes dominant, deforming the membrane beyond the prescribed

displacement of the valve plate. At w = 200µm and 1bar pressure the calculated

stress is approximately 300MPa, which is well below the fracture strain of silicon

nitride [17].

For the in-plane microvalve we also analyzed the required length of the flexible

outflow tubes. It is found that a minimum length of 1mm is required for a maximum

stress of 300MPa. Since the outflow tubes need to be suspended in the outer cavity

membrane, this leads to the design shown in Figure 7.12. Note that most of the outer

cavity is formed by the membranes supporting the outflow tubes. This leads to a

large total surface area of the outer cavity in the in-plane valve, compared to the

out-of-plane valve.

At low separations the flow resistance is determined mostly by the radial channel,

whereas at high separations the flow is limited by the static flow resistance of the

surface channels. The small hydraulic radius of the outflow channels increases
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Estimated / Actual /

Parameter Variable Designed value Fit value

General

Membrane width w 200µm 200µma

Membrane thickness t 3.5 µm –

Surface channels:

Hyraulic diameter dh 52µm 59µmb

Out-of-plane valve

Radial channel:

Inner radius r1 175µm 180µma

Outer radius r2 360µm 350µma

Separation at rest Srest 2µm 2.8µma

Minimum separation S0 – 1.1 µmb

In-plane valve

Radial channel:

Inner radius r1 205µm 200µmb

Outer radius r2 250µm 265µmb

Separation at rest Srest 2µm 4.3µma

Minimum separation S0 – 0.9 µmb

Outflow channels:

Hyraulic diameter dh 26µm 25µmb

Length loutflow 1mm 1mma

Valve plate stiffness Kvalve – 120 kNb

a Measured value.
b Best fit value.

Table 7.1: Estimated, actual, and best fit values for the critical valve parameters
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Figure 7.13: (a) Axisymmetric model used for FEM analysis of membrane stress (rotational
symmetry axis on the right). (b) Resultingmaximum vonMises stress as a function of membrane
width w and gas pressure Pgas when the valve is closed (dplate = 2µm).

the static flow resistance of the in-plane valve design, which means the total flow

supported will be lower than in the out-of-plane design.

7.4.2 Valve characterisation

The realized valve structures are shown in Figures 7.14, 7.15 and 7.16. The in-plane

valve (Figure 7.15) consists of a hollow valve plate, suspended by three outflow

channels and the outer cavity membrane. The three outer cavity compartments

are clearly visible. Three cross-sectional drawings are added to illustrate the three-

dimensional shape of the valve. Cross-section A-A’ is cut along an outflow channel (to

the left) and the inflow channel (to the right), also cutting through both cavities and

the valve plate. It is aligned with the microscope image shown above the cross-section.

Cross-section B-B’ is cut perpendicular to the outer cavities and the outflow channel.

Cross-section C-C’ is cut perpendicular to the inflow surface channel. In the close-up

image of Figure 7.15b it is visible that the final silicon etch in the fabrication process

has also etched away part of the valve plate. Specifically, the outer ring has been

partially removed (visible as light grey cavities). This further decreases the stiffness

of the valve plate.
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Figure 7.14: Photograph of the realized microfluidic chips, showing the out-of-plane design on
the left and the in-plane design on the right. Both chips are 7.5mm x 7.5mm in size.
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Figure 7.15: (a) Microscope image of the realized in-plane microvalve. (b) Cross-sectional
drawings, cut along the dashed lines in (a). Note that cross-section A-A’ is aligned with the
close-up of the valve plate structure shown above it.

The out-of-plane design (Figure 7.16) shows a solid valve plate in the centre of a

circular silicon nitride membrane. Fluid enters the cavity through a surface channel

(light grey at the right side of the image) and flows beneath the valve plate (dark grey)

to the outlet at the bottom of the chip (not visible).

Fluidic and mechanical characterization of the realized microvalves is done using

the scheme illustrated in Figure 7.17, based on the setup described by Groen et al.

[15]. An external piezoelectric actuator applies a controlled displacement up and

down, with a loadcell connected to measure the force being exerted. The valve chip

itself is placed in a PMMA fluidic chipholder with Viton micro o-rings (1mm inner

diameter and 0.74mm cord thickness) sealing the fluidic connections.

Backed by a dry nitrogen gas source, a gas pressure controller (Bronkhorst High-
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Figure 7.16: Microscope image of the realized out-of-plane microvalve, showing the silicon
valve plate (dark grey) in the center of a sealed silicon nitride membrane. The inflow surface
channel is visible at the right (light grey). The thin-film metal markings (white) are used for
actuator alignment.
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Figure 7.17: Measurement scheme used for mechanical and fluidic characterization of the
microvalves [15].

Tech P-602CV) is connected to the inlet of the fluidic chipholder, and two gas mass

flow sensors (Bronkhorst High-Tech F-111B) are connected to both the inlet and

the outlet. When fully closing a microvalve in the chipholder, the measured outlet

flow was reduced to zero while the inlet flow remained on the order of 2.5mgh−1

at 200mbar pressure. This means there is a leakage inside the chipholder, probably

caused by non-optimal compression of the o-rings. This problem is probably caused

by the increased influence of fabrication tolerances of the chipholder when smaller

o-rings are used, and might be solved by using adhesive bonding instead of o-rings

between the chip and chipholder. Since the outlet flow becomes zero with full valve

closure, it is clear that the pressure drop across the fluidic system occurs mostly inside

the microfluidic chip. Most of the system leakage therefore occurs at the inlet side of

the chipholder, which is why we chose only to use the outlet flow measurements.

Figure 7.18 shows the measured mass flows as a function of pressure and sep-

aration of the realized out-of-plane microvalve. All measurement points are taken
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Figure 7.18: Dry nitrogen gas flow through the out-of-plane valve, as a function of valve
separation and gas pressure. Measured values (points) are plotted with the fitted analytical
model (dashed lines). Note that the gas pressure pushes the valve open further than the
minimum expected 4µm.

after mechanical and fluidic stabilization (two seconds), and then averaged over three

seconds of flow. The standard deviations of these averages were less than 0.15% of

full scale. Fitting the analytical model to the measurements, a good fit is found using

the values shown in Table 7.1. Measured values were used instead of fit values where

available. The fitted hydraulic radii correspond well with the values estimated in

Table 7.1. The values for the radial channel dimensions were estimated based on the

lithographic mask and are measured on actual, realized devices. Note that the length

of all surface channels is measured directly from the mask design, as they do not

change significantly during fabrication.

As is visible in Figure 7.18, it is found that the valve appears to have a minimum

separation of 1.1 µm. It is likely that some contamination or particles exist between

the valve plate and seat, preventing the plate from closing fully. Since the angle

between the actuator movement and the valve plate could not be precisely controlled,

it is also possible that a tilted plate is causing an apparent offset displacement in the

flow profiles.

The maximum flow supported by the out-of-plane microvalve at 600mbar pres-

sure is approximately 1250mgh−1. Leak flow of the out-of-plane microvalve is below

the detection threshold of 0.15mgh−1 at pressures up to 1 bar.

The characterization results of the in-plane valve are shown in Figure 7.19, again

fitted to the flow model using the fitting parameters listed in Table 7.1. A minimum

separation of 0.9 µm is found and the maximum flow is > 70mgh−1 at 200mbar.

The best fit for the combined plate stiffness is found to be Kplate = 120kNm−1. At
this stiffness a gas pressure of 200mbar would bend the ring of the valve plate

approximately 0.5 µm upwards. This leads to an observed leak flow of 9.0mgh−1
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Figure 7.19:Measured dry nitrogen gas flow through the in-plane valve (points), plotted with
the fitted analytical model (dashed lines), as a function of valve separation and gas pressure.

at a pressure of 200mbar, which is 13% of the measured flow range. It is therefore

important to increase the stiffness of the valve plate in future designs. This can be

done by increasing the width of the three spokes and with better control over the

isotropic silicon etch of the outflow channels to prevent etching of the outer ring (see

Figure 7.15b).

7.4.3 Micro Coriolis mass flow controller

Integrating a micro Coriolis mass flow sensor like described in chapter 6 with a

proportional valve as described in section 7.4 will result in a mass flow controller.

For this, the inline proportional valve is preferred since this would allow flow control

within different channels on the same chip. This valve operates up to 200mbar at a

Micro Coriolis
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control

valve

Fluid

outlet
Fluid

inlet

Pressure

sensors
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Figure 7.20: (a) Photograph of the realized mass flow controller chip with the different parts
indicated by arrows. The channels between the components are indicated by the red dashed
line. (b) Photograph of the valve with the glass needle for actuation on top of the valve.
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flow of approximately 75mgh−1, which means that an accurate Coriolis mass flow

sensor has to be designed with a very low pressure drop. The hydraulic diameter of

the channels is increased to 40.8 µm while the capacitive read-out structures have

been placed at a distance of 460µm. The design of the valve has been changed to

reduce the stress concentration at the points where this was highest and the width

of the ring of the valve plate is increased to increase the stiffness of the plate and

reduce leakage flows. A photographs of the chip is shown in Figure 7.20a with the

rectangular tube window of the Coriolis sensor to the left. The valve is located at the

right side of the Coriolis sensor. The channels between the components are indicated

by the red dashed line. The two pressure sensors on the chip have not yet been used

in a measurement. A glass needle is placed on top of the valve to be able to control

the valve plate separation as shown in Figure 7.20b. A reflection of the needle can

be seen in the gold layer on top of the chip. Figure 7.21 shows the nitrogen gas flow

through the chip measured by both the on-chip micro Coriolis mass flow sensor and

an external Bronkhorst High-Tech El-Flow flow sensor. During the measurement, the

applied pressure and the valve separation were varied. The measure covers the entire

range up to 75mgh−1 at a pressure of 500mbar. This measurement shows that the

stress in the valve membrane has successfully been reduced. However, the stiffness of

the valve plate was not increased due to fabrication issues, which results in a leakage

flow which is slightly higher than the leakage at the same pressure of the in-plane

valve shown before. To test the functionality as a mass flow controller, a proportional

controller has been made that controls the piezo actuator such that the flow measured

by the Coriolis sensor is set to a certain value. Due to the leakage, the valve operates

at different flow ranges for different applied pressures. This is seen in Figure 7.22,

where from bottom to top, the applied pressure is 100mbar, 200mbar, 300mbar and

400mbar. The entire range in which the flow controller could control the flow within

0

0.1

0.2

0.3

0.4

0.5

0 10 20 30 40 50 60 70 80

P
h
as
e
sh
if
t
(°
)

Massflow (mgh−1)

50mbar
100mbar
200mbar
300mbar
400mbar
500mbar

Figure 7.21: Measured dry nitrogen gas flow through the chip measured by the integrated
Coriolis mass flow sensor versus measurement with a Bronkhorst High-Tech El-Flow flow
sensor. During measurement the integrated valve was open.
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Figure 7.22: Measured dry nitrogen gas flow through the mass flow controller measured by
the integrated Coriolis mass flow sensor (blue) and an external flow sensor (green) when the
valve is controlled by a proportional controller. The red line is the setpoint for the controller.
From bottom to top, the applied pressure is 100mbar, 200mbar, 300mbar and 400mbar.

1mgh−1 of the setpoint is shown. For higher setpoints, the flow will not increase

further due to the total pressure drop over the system, while for lower setpoints, the

flow would decrease no further since the valve could not be closed completely.

7.4.4 Conclusions

Two microvalve designs were realized entirely in a silicon nitride surface channel

technology enabling integration with other sensors in this chapter. The fluidic

behaviour of both valve designs has been predicted using analytical laminar flow

models and the mechanical and fluidic properties of the realized devices have been

characterized. The analytical model was in good agreement with the measurements.

The out-of-plane design can control flow between a surface channel and a fluidic

chip inlet or outlet, which allows a geometry with a smaller chip footprint than the

in-plane design. It allows up to 1250mgh−1 of gas flow at 600mbar pressure. Leak

flow through the out-of-plane valves is below the detection threshold of 0.15mgh−1,

making it well suited to applications that require complete closure of fluidic channels.

The in-plane microvalve offers fluidic control between two surface channels,

allowing on-chip flow control between several fluidic components. It allows flows

of approximately 70mgh−1 at 200mbar, which makes it suitable for applications

demanding very low dosing ranges. The in-plane design revealed a considerable leak

flow, up to 13% of the measured flow range. This leakage is caused by the mechanical

compliance of the valve plate, which makes it possible for the valve to be pushed

open by the inlet gas pressure. To solve this problem, future designs will need to

focus on increasing the valve plate stiffness.
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A second version of the in-plane design has been optimized for usage with higher

pressure by avoiding stress concentrations in the membrane and integrated with a

micro Coriolis mass flow sensor. Using a proportional controller with the mass flow

measured by the Coriolis sensor as input, the valve could control the flow through

the chip within a certain pressure-dependent range. The minimum flow is caused by

leakage through the valve, while the maximum flow is limited by the pressure drop

over the whole chip. An applied pressure up to 500mbar has been tested without

breaking the valve membrane. Future work should include reducing the leakage

through the valve and further improve its pressure range.

7.5 Microfluidic multiparameter measurements

Using the sensors described in chapter 6, the mass flow and pressure of a fluid inside

the micro channels can be determined and controlled. However, using these and

other sensors made in the fabrication process as described in Chapter 3, many more

parameters of the fluid itself can be determined. Knowledge of both the flow rate

and its composition is essential for many applications. Relevant applications are

e.g. in neonatology, where medical infusion pumps should deliver both the right

and the right amount of medicine to newborn babies using flow rates in the range

of 1mLh−1 or in biogas production where the composition of flammable and inert

gasses determine its energy content and with that its quality using flow rates over

1 Lh−1. In this section, several sensors will be discussed and how they can be used to

determine certain fluid parameters.

7.5.1 Mass and density sensing

Density measurement

When the resonating channel is filled with a fluid, the resonance frequency depends

on the systems spring constant, the mass of the channel and the mass of the fluid

according to:

ω =

√

k

m
=

√

k

mchannel + ρfluidVchannel
(7.1)

with ω the resonance frequency, k the systems spring constant, mchannel the mass of

the channel, ρfluid the density of the fluid and Vchannel the volume inside the channel.

This means that when k and mchannel are known, the resonance frequency of the

resonator can be used to measure the density of the fluid. Unfortunately, when fluids

of very low density are measured, the pressure dependence of the systems spring

Section 7.5.1 is in part based on “In-line picogram-resolution microchannel resonator for protein
adsorption measurement operating at atmospheric pressure” by J. Groenesteijn, R.J.A. Steenwelle,
J.C. Lötters and R.J. Wiegerink, published in Proceedings of Micro and Nano Engineering, 2015
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Figure 7.23: Frequency of the vibrating channel as a function of pressure for several gasses
(a) without compensation (b) after compensation for the pressure dependent stiffness of the
channel.

constant comes into play. By integrating a pressure sensor as described in section 7.2

with the resonator, this pressure dependence can be compensated for after an initial

calibration. Figure 7.23a shows the resonance frequency of a Coriolis mass flow sensor

as a function of pressure for several gasses. It clearly shows that for the heavier gasses,

the resonance frequency is lowered at higher pressure due to the increase in density

of the gas at higher pressure. However, the resonance frequency when measured with

helium increases at higher pressure, indicating that the increase in stiffness has a

stronger effect than the increase in density. The slope of each of the measurements is a

measure of the pressure dependence of the channel and the increase in density due to

the pressure. When extrapolated for a density of 0 kgm−3, the pressure dependence

of the stiffness alone can be calculated and used to compensate the measurement.

Figure 7.23b shows the frequency when compensated for the channels pressure

dependence. These frequencies can then be used to find the density as shown in

Figure 7.24. All calculated density values are within 5% of the literature value.

Protein adsorption mass measurement

Measurement of mass can be done down to the scale of zeptogram samples using

nanomechanical resonators [18]. These sensors are all based on a resonating mass-

spring system. When the targeted molecule attaches itself to the cantilever, the mass
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Figure 7.24: Calculated density of the gasses after compensation for the pressure dependent
stiffness of the channel versus their density from literature.

of the system increases and equation 7.1 changes into:

ω =

√

k

m
=

√

k

mchannel +mfluid +msample
(7.2)

with ω the resonance frequency, k the systems spring constant and m the mass of

the channel, the fluid inside the channel and the sample that has adhered to the

channel wall respectively. To be able to measure the resonance frequency with the

required accuracy, the cantilever with bio-molecules has to be dried after immersion

and placed in a vacuum setup to decrease the damping and increase the quality

factor. During this handling, the method is sensitive to environmental influences

like humidity and contamination. When the cantilever is placed in the vacuum, an

optical read-out system has to be aligned to the cantilever such that the vibration

of the cantilever can be measured. In [19], a solution to some of these problems was

found by integrating a microchannel in a cantilever resonator. The bio-molecules

are then inside the channel in the cantilever, reducing sensitivity to environmental

influences and does not require drying. However, this solution still requires vacuum

packaging and external optical read-out.

The micro Coriolis sensors described in chapter 6 are also mass-spring systems

operated at resonance frequency and using the Lorentz force actuation with inductive

feedback described in section 5.2, the resonance frequency of the system can easily

be measured without the need of complex handling procedures, vacuum packaging

or external optical read-out. A diameter of the channel of approximately 35µm

allows for high throughput with low pressure drop. Due to the thin channel wall,

the resonance frequency is highly sensitive to the presence of molecules whose mass

density differs from that of the solution. This way, bio-molecular mass sensing by

means of surface adsorption can be measured as a frequency shift.
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Figure 7.25:Measured change in resonance frequency when an alternating flow of Albumin in
PBS and Avidin in PBS is applied. The large steps when the fluid is switched is caused by the
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To measure the sensitivity to mass, solutions of Albumin (5mg/5ml) and Avidin

(2.5mg/50ml) in phosphate buffered saline (PBS) are flushed through the sensor

while the resonance frequency is monitored. The pressure containers with the solu-

tions are connected to the sensor by a three-way valve. Prior to the measurement, the

channel has been rinsed using Helmanex. Figure 7.25 shows the measurement results

of several cycles of applied Albumin and Avidin flows. Due to a difference in density

between the two solutions, the resonance frequency changes each time the solution

is switched. After compensation for the change in density, it can be seen that the

frequency change is approximately 0.25Hz per cycle. Assuming monolayer coverage

(1 pmol cm−2), the sensitivity of the sensor can be calculated to be 4.5 ngHz−1 with a

limit-of-detection of 19pg.

7.5.2 Specific heat capacity and thermal conductivity sensing

The sensors described in section 6.2.3 consist of both a Coriolis mass flow sensor and

a thermal flow sensor. The measurement results show the characteristic behaviour

of a constant-power calorimetric thermal flow sensor. At low flows, the temperature

difference, and thus output voltage, is increasing linearly until at a certain point

the slope starts decreasing and eventually becomes negative. In the low-flow region,

where the sensor is still linear, the slope of the response can be used to measure



7

SECTION 7.5 Microfluidic multiparameter measurements 181

the specific heat capacity. The region where the sensors response is no longer linear,

the measurement can also but used to measure the thermal conductivity. In both

cases, the response of the thermal flow sensor needs to be used together with the flow

measurement of the Coriolis sensor to find the thermal capacity and conductivity.

Specific heat capacity

The relation between the output of the Coriolis sensor and the output of the thermal

sensor can be described by a third order polynomial function [1, 20]:

Uthermal = C1Φ
3
m +C2Φ

2
m +C3Φm +C4, (7.3)

where Uthermal is the output signal of the thermal flow sensor, Ci are constant, fluid

independent sensor parameters and Φm the mass flow measured by the Coriolis flow

sensor. The values of Ci can be calibrated for a specific reference fluid of which the

specific heat capacity in known. When another fluid is measured, equation (7.3) can

be solved for a certain value of Uthermal. Solving this third order polynomial function

will give three roots of which only one is real (ysolved), which can then be used to

calculate the specific heat capacity of the measured fluid using [20]:

cp = cp,reference
Φm,solved

Φm,measured
, (7.4)

where cp is the calculated specific heat capacity, cp,reference the specific heat capacity

0.4

0.6

0.8

1

0 0.2 0.4 0.6 0.8 1

O
u
tp
u
t
th
er
m
al

se
n
so
r
(m

V
)

Coriolis phase shift (°)

(a)

103

104

103 104

H
ea
t
ca
p
ac
it
y
m
ea
su

re
d
(J
/(
k
g
K
))

Heat capacity literature (J/(kgK))

Nitrogen
Hydrogen

Helium
Argon

Air

(b)
Figure 7.26: (a) Relation between the output of the thermal flow sensor and of the Coriolis flow
sensor for several gasses. (b) Calculated specific heat capacity versus the value from literature
with air as reference fluid.
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of the reference fluid and Φm,measured the mass flow measured by the Coriolis sensor.

Figure 7.26a shows the relation between the output of the thermal flow sensor and

the Coriolis mass flow sensor for flow measurements using five different gasses.

Figure 7.26b shows the calculated specific heat capacity of these gasses and of two

liquids versus their specific heat capacity from literature. All calculated values are

within 5% of their theoretical values. Air has been used as a reference fluid.

Thermal conductivity

At higher flows, the slope of the curve is a measure for the thermal conductivity of

the fluid. Here, the curve can be described by [21]:

Uthermal = S0cpΦm

(

1− S1
λ
cpΦm − S2cpΦm

)

, (7.5)

where Uthermal is the output signal of the thermal flow sensor, Si are constant, fluid
independent sensor parameters, cp the specific heat capacity, Φm the mass flow

measured using the Coriolis flow sensor and λ the thermal conductivity. The values of

Si can be calibrated for a specific reference fluid of which the thermal conductance in

known. When measuring a different fluid, the thermal conductance can be derived by

curve fitting of the measurement results around the maximum output of the thermal

sensor using:

λ =
S1cpΦm

1− S2cpΦm − Uthermal
S0cpΦm

(7.6)

Figure 7.27 shows the values of thermal conductivity that have been found versus

their value form literature. Helium is within 20% of the literature value, the other

determined values are within 10% of their literature value.
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Figure 7.27: Values for the thermal conductivity found using curve fitting on equation (7.6).
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A more direct method to measure the thermal conductivity uses the 3ω method

[22]. A resistive heater is heated using an AC current at frequency ω. This causes the

heater power, and thus the heat source, to oscillate at 2ω. The temperature of the

heater, and thus its resistance, will also oscillate at 2ω. The measured voltage over

the heater will then contain components both at frequencies ω and 3ω. The thermal

conductivity is determined by the linear slope of ∆T versus log(ω). For this a 2.5mm

long and 100µm wide heater was placed on a partially released channel as shown in

the SEM image in Figure 7.28. An identical reference structure was placed next to it to

Figure 7.28: SEM image of the thermal conductivity sensor showing both the measurement
channel and reference channel at the left side.

serve as reference to measure the thermal conductance of the materials surrounding

the sensor. The resistance of the heater is approximately 750Ω. A Stanford Research

SR830 lock-in amplifier is used to generate an AC actuation signal between 0.2Hz

and 200Hz and measure the 3ω signal. The sensor was placed in the vacuum chamber

described in appendix C.4 to prevent influence from (moving) air around the sensor.

Measurements were done using nitrogen, water, iso-propyl alcohol and acetone as

fluid inside the channel. The results can be seen in Figure 7.29. The measurements

show a linear relation with log(ω) at a frequency below 0.5Hz, however, to be able to

relate the slope to thermal conductivity values found in literature, further research

has to be done to take parasitic effects, e.g. channel wall shape and properties and

heater geometry, into account [23–27].

7.5.3 Viscosity sensing

The Hagen-Poiseuille equation states that the pressure drop over a channel, due

to a flow through the channel, can be calculated for incompressible laminar flow

according to:

∆P =
128µLΦv

πd4h
=
128µLΦm

πρd4h
, (7.7)

where L is the length of the channel, Φv and Φm the volumetric and mass flow
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through the channel respectively, ρ the density of the fluid, dh the hydraulic diameter

of the channel and µ the dynamic viscosity of the fluid. Using a Coriolis mass flow

sensor, in combination with the pressure sensor described in section 7.2, the dynamic

viscosity of the fluid through the channel can be calculated according to:

µ = ∆P
ρ

ΦmR0
, (7.8)

where R0 is the fluid independent hydraulic resistance of the channels between the

pressure sensors.

Figure 7.30a shows the relation between the output of the Coriolis mass flow

sensor and the pressure drop over the sensor for several gasses. The pressure drop

was measured by two Honeywell 24PCFFM6G reference sensors. Figure 7.30b shows

the calculated viscosity for these gasses and of several fluids. All the viscosities that

have been derived here are within 10% of their value as found in literature. The

biggest deviations occur for hydrogen and helium, as it is difficult to fill the system

with these gases, and a mixture between hydrogen or helium and air is likely to occur.

7.5.4 Detection of mixtures

When enough parameters of an unknown mixture are known, the composition of the

mixture can be determined as long as several requirements are met:

• All individual components that are present in the mixture are known

• The number of known parameters is equal to or higher than the amount of

individual components

• Each component must have an unique combination of parameter values

If for instance the density ρ, the dynamic viscosity µ and the heat capacity cp of the

mixture are known, the volume fraction ϕi of four different components can be found

using a least-squares fitting method on [20, 28, 29]:
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(7.9)

where the subscript indices indicate mixture components. The ones indicate a total

volume fraction of 100%. This method was used by van der Wouden et al. [20] to

determine the composition of mixtures of argon and nitrogen in different fractions,

using only the specific heat capacitance. For the measurements, the third design

described in section 6.2.3 is used. The ratio of mass fraction ϕm,i can be calculated
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using:

cp,measured = cp,argonϕm,argon + cp,nitrogenϕm,nitrogen

= cp,argon
(

1−ϕm,nitrogen

)

cp,nitrogenϕm,nitrogen
(7.10)

which can be rewritten as:

ϕm,nitrogen =
cp,measured − cp,argon
cp,argon + cp,nitrogen

(7.11)

The results are shown in Figure 7.31. As shown at the bottom of the figure, the

composition can be determined within 10%.
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Figure 7.31:Measured volume fraction of a mixture of nitrogen and argon based on specific
heat capacity data [20].

7.5.5 Conclusions

By combining the output of the sensors presented in chapter 6 with new sensing

methods presenting in this chapter, a wide variety of parameters of the fluid inside the

channel can be measured. The Coriolis mass flow sensor is also capable of measuring

the density of the fluid or the mass of biomolecules if they adhere to the channel wall.

The Coriolis sensor, combined with a thermal flow sensor can measure the specific

heat capacity and thermal conductance.

Measuring enough parameters with sufficient accuracy then allows to detect the

composition of mixtures. Section 7.5.4 shows a proof of principle by detecting the

composition of mixtures of nitrogen and argon, but finding the composition of

mixtures with more than two fluids should be possible.
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7.6 Angular acceleration sensor

In biology, the vestibular system is used to detect the head motion in space and results

in stabilization of the visual axis, head and body posture [30]. Part of the vestibular

system are three semicircular canals, which sense angular acceleration in three planes

(pitch, roll, and yaw) [30, 31]. Each semicircular channel is filled with a fluid. As the

head rotates the channel moves, but the fluid within the channel lags behind due to its

inertia. This can be measured and is a measure for the angular acceleration. Inspired

by this vestibular system and the semicircular canals, a MEMS angular accelerometer

has been proposed earlier by Arms [32], in which they have a filled semicircular

channel with a pressure transducer located at the ends of the channel. Other MEMS

angular accelerometers have also been developed based on other operation principles.

Nasiri et al. [33] realized a MEMS angular accelerometer based on a conventional

mass-spring system for measurements in three directions. A different approach is

made by Li et al. [34], in which they propose to use a pendulum-based accelerometer.

7.6.1 Design

The design of the angular accelerometer is described in detail by Droogendijk [35]

and is based on the fabrication process described in chapter 3. It consists of a fully

circular channel. An angular acceleration will cause a fluid flow through the channel,

which can be measured using the thermal flow sensing principle as described in

section 6.2.3. The concept of thermal read-out and a fully circular channel has

been described earlier by Ploechinger [36], but has never been applied using MEMS

technology.

The accelerometer (schematically shown in Figure 7.32) consists of a tube with

(a) (b)

Figure 7.32: Schematic view of the bio-inspired angular accelerometer with the heaters on top
of the circular channel. (a) Overview of the sensor. (b) Close-up of the channel and heaters.

Section 7.6 is based on “An angular acceleration sensor inspired by the vestibular system with a
fully circular fluid-channel and thermal read-out” by J. Groenesteijn, H. Droogendijk, M.J. de Boer,
R.G.P. Sanders, R.J. Wiegerink and G.J.M. Krijnen, published in Technical Digest of the 27th IEEE
International Conference on Micro Electro Mechanical Systems, 2014
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Figure 7.33: SEM image of the fabricated sensor.

a diameter of 40µm, whereas the diameter of the whole sensor is designed to be

5.5mm. Further, two inlets are designed to fill the tube with a fluid, which is in our

case water. A fabricated bio-inspired angular accelerometer is shown by the SEM

image in Figure 7.33.

7.6.2 Experimental

The angular accelerometer was tested using the rotational setup shown in Figure 7.34.

A small wheel is driven and connected by a lever with length L to a large wheel, on

which the accelerometer is mounted. By driving the small wheel with a constant

angular velocity the large wheel will show harmonic angular motion with constant

amplitude and a frequency depending on the angular velocity ω of the small wheel.

The latter is driven by a motor. For angles θ with amplitudes smaller than about 30°,

the motion of the wheel can be considered sinusoidally. Consequently, the angular

acceleration α(t) of the big wheel becomes

α(t) ≈ −ω2η sin(ωt), (7.12)

where η is a geometrical constant that depends on R, H , Gx, Gy and L.

L

Gx

Gy

R

θ
H

A

B

Figure 7.34: Schematical overview of the rotational setup. The small wheel is driven by the
motor. The sensor is located in the centre of the large wheel.
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Lock-In Amplifier Filter Oscilloscope

Multimeter

Figure 7.35: Experimental setup for measurement of the output bridge voltage.

Measurements

To demonstrate the sensing capability of our angular acceleration sensor, the setup

shown in Figure 7.35 was used and experiments were performed for rotational

frequencies within a range of 7–14Hz. The applied voltage Us (see Figure 7.36) was

generated sinusoidally using a Stanford SR 830 lock-in amplifier with its frequency set

to 50 kHz and the amplitude to 0.7V. The output of the bridge (Ua−Ub in Figure 7.36)

was measured differentially using the lock-in amplifier. Its output was demodulated

by setting the amplifier time constant to 3ms and the roll-off to 12 dB. The resulting

envelope was then band-pass filtered using a Stanford SR 650 filter system with its

band-pass set to 1–20Hz, in order to improve the signal-to-noise ratio, and amplified

with a gain of 20 dB. The filtered output was monitored using an oscilloscope (Agilent

DSO1024A) and its RMS-value was measured using a multimeter (Keithley 2001).

Using the geometrical properties of the rotational setup, the acceleration amplitude

was calculated for every frequency. The obtained results for the measured RMS-

voltage are shown in Figure 7.37, together with a linear regression fit. As we observe,

the sensor’s response is in agreement with the expected linear response. The calculated

full-scale error is found to be about 3.9%, with the full-scale set at approximately

2×105 ° s−2. This range is roughly comparable to commercially available angular
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Figure 7.36: Schematic overview of the heaters in two Wheatstone bridge configurations.
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Figure 7.37:Measured response versus angular acceleration amplitudes.

accelerometers [37, 38]. To verify the sensor’s response to angular accelerations,

we changed the medium inside the tube from water to air. As a result, the output

voltage dropped significantly and no clear sinusoidal waveform was observed when

performing measurements identical to those shown in Figure 7.37.

7.7 Conclusion

The sensing principles shown in this chapter show that the microfluidic platform

presented in chapter 3 can be used for a wide variety of sensor and actuator systems

for fluidic, electric and mechanical applications. Chapter 6 already showed that the

mass flow through the channels can be measured using Coriolis or thermal mass

flow sensors. In this chapter, sensors are presented to directly measure the pressure

inside the channel and the relative permittivity of the fluid inside the channel. By

combining the output of these sensors, other parameters like density, specific heat

capacity, thermal conductance and viscosity of the fluid can also be measured.

Two types of proportional control valves are presented that are able to control the

flow through the valve by controlling the spacing between valve plate and valve

seat. One of these valves is located on top of a backside fluidic inlet and is capable

of controlling the flow between the fluidic inlet and a surface channel while it has

a small footprint and can withstand a relatively high pressure of up to 600mbar.

The other valve is an in-plane design that can control the fluid flow between two

surface channels, however, this valve has a larger footprint and can withstand a lower

pressure. The latter has also been integrated with a micro Coriolis mass flow sensor

and has successfully been used as a mass flow controller using the output of the

Coriolis mass flow sensor and a proportional controller to control the flow.

Using a measuring principle similar to the thermal flow sensors presented earlier, an



7

REFERENCES 191

angular acceleration sensor, based on the vestibular system, has been realized. The

sensor can measure up to 2×105 ° s−2 with a calculated full-scale error of about 3.9%.
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8
Conclusions and outlook

8.1 Conclusions

The aim of the research presented in this thesis can be divided into two main parts:

(i) design of a microfluidic platform that allows for integrated microfluidic handling

systems containing (many) different sensors and actuators and (ii) the understanding

of a proof-of-principle micro Coriolis mass flow sensor that had been realized in

earlier projects and to improve this sensor with respect to sensitivity, actuation

and read-out techniques and packaging. The first part is described in chapters 3

and 7 and resulted in a microfluidic platform in which several different sensors and

actuators were realized. The second part is described in chapters 4, 5 and 6 and

resulted in a numerical mechanical model of the micro Coriolis mass flow sensor. The

measurement setups used for the experimental work presented in chapter 6 and 7

are shown in chapter C.

8.1.1 Platform for microfluidic handling systems

Previous work in the group created much experience with fabrication processes

for microfluidic applications. However, these processes were created for a specific

purpose and were application specific. In chapter 3, this experience has been com-

bined and a platform has been created combining the features of the previously used

processes. The process has been divided into separate parts, each of which has been

characterized such that the design options are known. The separate parts are:

195
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• Microchannel technology: Semi-circular channels can be made, integrating

different sizes (from a few µm to over 100µm) and shapes on the same device.

The channel wall is made using silicon-rich-nitride, resulting in robust and

chemically inert channels;

• Functionalization - metalization: Metal patterns can be used to use read-out

and actuation techniques close to, but not in, the fluid;

• Functionalization - buried oxide layer: A buried oxide layer can be used to

use as buried channel or to separate front-side and back-side processing;

• Functionalization - release etch: The silicon around the channels can be re-

moved to create freely suspended channels. This can e.g. be used for moving

channels or thermal isolation;

• Fluidic access channels: Fluidic access to the microchannels can be made from

the top, bottom and side of the device;

• Packaging: Three different packages have been designed for purposes varying

from prototyping to industrial use.

Using this platform, several different microfluidic devices, besides flow sensors, have

been made utilizing the different options available. Chapter 7 shows several different

sensors made using this platform. A pressure sensor has been realized that can

measure the pressure inside the channel with a resolution of 0.4mbar. Combining the

different sensing principles, the density, specific heat capacity, thermal conductivity

and viscosity of fluids have been measured within 5% (10% for thermal conductivity)

of their theoretical value. The resonant structure of a Coriolis flow sensor has also

been used to measure the mass of monolayers of proteins with a limit of detection

of 19pg. Two different kinds of proportional control valves have been realized as

well. An in-line proportional control valve that can control the flow between two

microchannels on the chip has been realized and can control a nitrogen gas flow

in a range up to 75mgh−1 at a pressure of 200mbar. An out-of-plane proportional

control valve that can control the flow between a back-side fluidic inlet and a front-

side microchannel and can control a nitrogen gas flow in a range up to 1250mgh−1

at a pressure of 600mbar.

8.1.2 Micro Coriolis mass flow sensor design and modelling

To improve the understanding of the micromachined Coriolis mass flow sensor, a

numerical model in the MathWorks MATLAB® package SPACAR is presented to

model the mechanical behaviour of the sensor. Using the model, the geometrical

parameters of the sensor can easily be optimised for e.g. maximum sensitivity

or minimal pressure drop. Besides the geometrical parameters of the sensor, the

positioning of the capacitive read-out structures can also be used to increase the
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sensitivity. By placing the read-out structures very close to the rotational axis of

the vibrating channel, the sensitivity towards the actuation mode is reduced, while

the sensitivity towards the Coriolis mode remains the same, increasing the overall

sensitivity towards fluid flow. The drawback is that when the structures are very

close to the rotational axis, the read-out also becomes sensitive to asymmetries in the

vibrating channel that might be caused during fabrication. These effects need to be

further investigated.

By combining these two methods, sensors have been designed, realized and charac-

terised that have an increased sensitivity to flow by a factor of 6-10 compared to the

first generation of micro Coriolis mass flow sensors, depending on the geometry. The

zero stability of these sensors was approximately 0.001°, equivalent to a zero-flow

measurements below 100µgh−1, depending on the sensitivity of the sensor. This zero

stability seems to be independent on the design of the sensor, indicating a limit of

e.g. the electronics and not the sensor. By reducing the distance between the read-out

structures further from 180µm in these designs to 25µm, the sensitivity can be

further increased to almost 90 °/(g/h), an increase by a factor 45. Assuming that the

zero stability depends on the electronics and not the sensor, this would result in a

zero-flow measurement of 11µgh−1.

The sensors designed using the numerical model have been optimized for high

sensitivity. Other micro Coriolis mass flow sensors were designed for specific purposes.

Using an on-chip bypass-system, the nominal flow of the sensor has been increased,

without changing the channels of the original design. This sensor was designed to

be used in a vacuum environment and has been shown to work at an environmental

pressure below 1×10−5mbar. However, due to the bypass system, the sensor has a

non-linear response and is sensitive to fluid parameters.

A differential micro Coriolis mass flow sensor has been designed to measure the

efficiency of a porous hollow fiber pre-concentrator, to be used in NMR spectroscopy.

Twomechanically connected parallel fluid paths allow for simultaneous measurement

of two fluid flows using the same read-out structures. By applying two flows in

opposite direction, very small differences between these flows can be measured, while

the flows themselves can be relatively large.

Combining a Coriolis mass flow sensor with a thermal flow sensor has several

advantages. When the flow range has a large overlap, a combination of both sensing

principles can be used to determine thermal properties of the fluid. For this purpose,

a sensor has been designed and characterised with an overlap in the range of 29µgh−1

up to 30mgh−1 of water. Since thermal flow sensors are generally suitable to measure

very low flows while Coriolis flow sensors are generally more suitable to measure

higher flows, a combination of the two can also be used to increase the dynamic range

of the flow sensor. For this, a sensor has been designed where the thermal flow sensor

works in a range of 47µgh−1 up to 55mgh−1 of water flow while the Coriolis flow

sensor works in a range from 0.5mgh−1 up to 9 g h−1 at 1 bar pressure drop, resulting
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in a total dynamic range of almost 2×105.

8.2 Outlook and recommendations

8.2.1 Micro Coriolis mass flow sensors

The micro Coriolis mass flow sensors presented in this thesis show that a zero

stability below 100µgh−1 can be reached using the current techniques, while it can

potentially be reduced to 11µgh−1 by placing the read-out structures closer together.

However, fluid flows approaching that limit have not actually been measured since

no measurement setup is available to accurately apply flows in this regime. Syringe

pumps are generally used for very low flows, but these have been shown to produce

unreliable flows [1] and can not be used to calibrate flow sensors in this range.

However, work is being done to create reliable setups for very low flow rates [2, 3].

When such a measurement setup can be used, the actual lowest measurable flow can

be detected.

The current generation of micro Coriolis mass flow sensors has been designed using

several limits on the geometrical parameters. This was done to reduce the influence

of untested or unknown parameters like the influence of fabrication errors on the

rotational axis and the influence of varying channel cross-section in the vibrating

channel. By expanding these parameters (e.g. channel shape, width and height of the

channel window and location of the read-out structures), more optimizations can be

done to improve the sensor for specific purposes. Using these constraints, the model

has shown that all five designs can have a sensitivity close to 90 °/(g/h), indicating

that further improvement can be reached when these constraints are lifted.

The optimizations done using the numerical model were directed at improved

sensitivity, without taking other parameters (e.g. pressure drop) into account. This

resulted in relatively long channels with small cross-sectional area. While this did

not pose any problems for the liquids that were used, the pressure drop increases

rapidly when the viscosity of the fluids increases, e.g. when viscous oils or gasses

are measured. Optimizing for low pressure drop while keeping the sensitivity high

will result in sensors that can be applied to a wide range of applications. Decreasing

the pressure drop far enough, for instance by using very large channels, could bring

the measurement range of the micro Coriolis mass flow sensors in the same area as

conventional sensors consisting of a stainless steel tube.

The numerical model presented in chapter 4 is in good agreement with the mea-

surement result of the sensors of both the second and third generation, indicating

that it is a valid tool for describing the mechanical behaviour of the sensor. However,

the model still has several limitations. The mechanical parameters of the channels
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cross-section need to be acquired by drawing the cross-section in SolidWorks® and

extracting the parameters through surface integration and finite element simulations.

Designing new channel geometries, using the numerical model, would be easier

and more accurate if the mechanical parameters could be calculated analytically

or a numerical method for determining these parameters would be included in the

model. Furthermore, advantages of channels with non-uniform cross-section could

be investigated if the numerical model would allow different parameters for each

node in the mesh and could handle the transition between these cross-sections.

The fabrication process presented in chapter 3 allows many different microfluidic

devices to be integrated in the same process, however, it also requires a significant

amount of processing steps. As a result, the fabricated devices will be relatively

expensive. In microfluidics and especially in the (bio)medical field, sensors are

generally required to be cheap, up to the point where they can be considered

disposable. Developing a Coriolis mass flow sensor to a simple fabrication process

using e.g. polymers, could bring the advantages of a Coriolis sensor (insensitive to

fluid parameters, flow profile, etc) at a very low cost.

8.2.2 Actuation and Read-out

The actuation method that was used during most of the measurements with Coriolis

mass flow sensors uses Lorentz force with inductive feedback. Lorentz force actuation

requires (permanent) magnets which are hard to integrate on-chip. Packaging external

magnets with the sensor poses several problems and might cause an unwanted

magnetic field outside the sensor. While electrostatic actuation, either directly or

through parametric effects has been shown to work, there usefulness is limited due to

the small vibration amplitude or instable operation. Alternative actuation methods

that are known in MEMS can also be used. A promising candidate is lead zirconate

titanate (PZT, Pb[ZrxTi1−x]O3,with(0 ≤ x ≤ 1)), which is a piezo electric material that

can be deposited and patterned using micromachining techniques. Using integrated

piezo electric actuation allows localised actuation of structures without being limited

to the direction of the magnetic field and removes the need to package external

(permanent) magnets with the chips.

During the measurements of the different Coriolis mass flow sensor designs, the

stability of the phaseshift when there was no flow through the channel was ap-

proximately 1×10−3–1.5×10−3 degree phaseshift between the two read-out structures.

These designs had differently shapes tube windows (rectangular, rounded, triangular),

channel diameters in the range 27–60µm and resonance frequencies in the range

1500–2500Hz. That these differences still resulted in a comparable noise level would

suggest that the noise is not limited by the sensors performance, but by e.g. the read-
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out electronics. Section 5.6 gives some options to improve the current electronics by

eliminating the carrier in the read-out electronics.

Right now all the electronics are made from standard components. This results

in relatively large printed circuit boards (PCBs) and the use of non-specialized

integrated circuits (ICs). Designing an application-specific integrated circuit (ASIC)

for the specific purpose of detecting the phase shift between the two capacitive read-

out signals would improve the options for shielding the signals from each-other and

external influence and would thus improve the noise performance.

8.2.3 Platform for microfluidic handling systems

The microfluidic platform has been characterised such that most steps have pre-

dictable results and allow for straight-forward design. However, there is no straight-

forward method to predict the exact size and shape of the microchannel based on

a certain etch-slit pattern, or preferably, to determine a certain etch-slit pattern

when a microchannel of a certain size and shape is required. A model, empirical

or simulation, that could help with this during the design phase could improve the

design freedom and would result in more customizations in the designs.

To be able to detect the composition of mixtures, the amount of measurable fluid

parameters needs to be equal or larger than the amount of components in the mixture.

So far only a binary mixture of gasses has been measured, but most applications

consist of mixtures with more components. In chapter 7, several different sensing

principles are discussed in order to measure different fluid parameters. Some of the

sensing principles have also been realized and characterised, but can be improved by

making accurate models of the underlying sensing principles and applying those to

what is possible in the microfluidic platform. There are also still many unmeasured

fluid parameters for which sensors can be researched. Initial designs for a thermal

conductivity sensor and a relative permittivity sensor are presented, but still need to

be characterised. Other sensing principles that could be investigated include chemical

sensing, electrical conductivity and acoustic parameters like the speed of sound.

In chapter 3, the fabrication has been divided into several main steps that have been

used to fabricate the sensors presented in chapters 6 and 7. Several examples have

been described that can be added to the already available options for the fabrication.

Using lead zirconate titanate (PZT), piezo electric actuation and read-out can be

used for e.g. ultrasonic (flow) sensors or peristaltic pumps. By integrating buried

channels [4], complex networks of crossing channels can be made to extend the

possible functions of the designs. The maximum channel diameter can be increased

significantly, e.g. to prevent clogging or reduce pressure drop, when thicker channel

walls can be used to retain the same strength as with smaller channels.
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AA
Fabrication

A.1 Introduction

Chapter 3 shows the fabrication platform that is used to fabricate the microfluidic

devices described in this thesis. In that chapter, an overview of the two different

approached (using a silicon wafer and using a silicon-on-insulator wafer) is given

and the separate steps are characterised and explained. The two different fabrication

processes are given in more detail in sections A.2 and A.3. These processes have been

performed in the MESA+ nanolab and details on the separate steps (e.g. cleaning

steps) can be found in their technology database. During the process, several different

dry-etching steps are used that are different than those described in the technology

database. These steps are described in section A.4.

A.2 Fabrication process using silicon wafers

For the fabrication process using silicon wafers, four masks are used. Three of these

masks are used at the frontside of the wafer, one at the backside:

1. CHNL: Patterning of the etch-slits through which the microchannels are etched.

The density of the slits determines the size and shape of the channels (frontside)

2. BACK: Defining the backside fluidic access holes (backside)

203
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3. MTL: Defining the metal electrodes for actuation and read-out of the microflu-

idic devices (frontside)

4. RLS: Defining the etch windows through which the channels are released

(frontside)

# Description Cross-section after process

Photoresist

Silicon

SiRN layer 1

SiRN layer 2

Chromium

Cr/Au

SiO
2

TEOS

1 . Substrate selection

• <100>, Highly doped p++

• Thickness: 525µm

• Double side polished (DSP)

2 . Deposition of the hard mask

• Wafer cleaning, pre-furnace clean

• Low-pressure chemical vapour deposition (LPCVD) of

low-stress silicon-rich-nitride (SiRN), 500 nm

• Measurement of layer thickness

• SiRN layer is used as etch mask for the channel etch

• Sputtering of chromium, 50nm

• Chromium is used as support mask during etching of

SiRN

3 . Coating and patterning of photo-resist

• Coating, Olin 907-17 photo-resist, 1.7 µm on frontside

• Lithography, mask: CHNL

• Vacuum contact with 2 minutes pre-exposure delay

• No postbake to prevent reflow

• Density of etch slits will determine the size and shape of

the channels

4 . Patterning of the hardmask

• Etching of chromium

• Etching of SiRN, see section A.4.1

5 . Etching of the channels

• Channel etch using SF6, see section A.4.3

• Use dummies to determine the etch time for channels of

a specific size
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6 . Deposition of the channel protection layer

• Wafer cleaning, pre-furnace clean

• Drying of the channels to prevent cracks due to expan-

sion during heating of liquid residues

• From this moment on, the channels need to remain dry as

much as possible to prevent residues inside the channels

• LPCVD of tetraethyl orthosilicate (TEOS, Si(OC2H5)4),

1-2 µm

• This layer is used to protect the channels during etching

of the backside access holes and as an etch stop during

that process

7 . Coating and patterning of photo-resist

• Coating, Olin 908-35 photo-resist, 4.5 µm on backside

• No prebake to prevent bubbles in resist. Leave at least

10 hours for outgassing of solvents.

• Lithography, mask: BACK

• Postbake: 2 hours at 120 ◦C

8 . Etching of backside access holes

• Etching of silicon-dioxide, see section A.4.1

• Etching of SiRN, see section A.4.1

• Etching of silicon, see section A.4.2

• Etch stop: channel protection layer

9 . Cleaning

• Removal of fluorocarbon and resist, O2 plasma at 800W

• Wafer cleaning, pre-furnace clean

• Removal of SiO2 layer using HF during cleaning

10 . Deposition of the channel wall

• Drying of the channels to prevent cracks due to expan-

sion during heating of liquid residues

• LPCVD of low-stress SiRN

• This layer closes the etch slits and forms the channel wall

• The thickness of the layer is determined by the maximum

width of the channel etch slits: t = (width+50%)/2
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11 . Deposition and patterning of metal and photo-resist

• Sputtering of chromium, 10nm, used as adhesion layer

• Sputtering of gold, 200 nm, used for metal electrodes for

actuation and read-out

• Coating, Olin 907-17 photo-resist, 1.7 µm on frontside

• Lithography, mask: MTL

• Use hardcontact

• Use foil on the backside of the wafer to prevent OPD4262

from entering the channels during development of the

photo-resist

• Ion-beam etching (IBE) of metal to pattern electrodes

12 . Coating and patterning of SU-8 photo-resist and etching of release etch windows

• Removal of resist using O2 plasma

• Coating, SU-8 2005 photo-resist, 5 µm on frontside

• Lithography, mask: RLS

• Use foil on the backside of the wafer to prevent RER600

from entering the channels during development of the

photo-resist

• Etching of SiRN, see section A.4.1

13 . Etching of the release cavities and cleaning

• Etching of silicon to release the channels, see sec-

tion A.4.4

• The etching should be done in short steps to prevent

burning of the channels

• The release cavities should be deep enough to allow free

movement of the channels

• Removal of SU-8 2005 photo-resist using O2 plasma

A.3 Fabrication process using silicon-on-insulatorwafers

For the fabrication process using silicon-on-insulator wafers, four masks are used.

Three of these masks are used at the frontside of the wafer, one at the backside:

1. BACK: Defining the backside fluidic access holes (backside)

2. CHNL: Patterning of the etch-slits through which the microchannels are etched.

The density of the slits determines the size and shape of the channels (frontside)

3. MTL: Defining the metal electrodes for actuation and read-out of the microflu-

idic devices (frontside)

4. RLS: Defining the etch windows through which the channels are released

(frontside)
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# Description Cross-section after process

Photoresist

Silicon

SiRN layer 1

SiRN layer 2

Chromium

Cr/Au

SiO
2

TEOS

1 . Substrate selection
Device layer:

• <100>, Highly doped p++

• Thickness: 50µm

Buried oxide layer:

• Thickness: 5 µm

Handle layer:

• <100>, Highly doped p++

• Thickness: 400µm

• 4.5 µm thick SiO2 layer on backside to prevent bending

of wafer

2 . Deposition of the channel hard mask

• Wafer cleaning, pre-furnace clean

• Low-pressure chemical vapour deposition (LPCVD) of

low-stress silicon-rich-nitride (SiRN) (thicker when a

long HF etch of the BOX layer is used)

• Measurement of layer thickness

• SiRN layer is used as etch mask for the channel etch

3 . Deposition and patterning of photo-resist

• Coating, Olin 908-35 photo-resist, 4.5 µm on backside

• No prebake to prevent bubbles in resist. Leave at least

10 hours for outgassing of solvents.

• Lithography, mask: BACK

• Postbake: 2 hours at 120 ◦C

4 . Etching of backside access holes

• Etching of SiRN, see section A.4.1

• Etching of silicon-dioxide, see section A.4.1

• Etching of silicon, see section A.4.2

• Etch stop: buried oxide layer

5 . Deposition of metal hard mask

• Removal of fluorocarbon and resist, O2 plasma at 800W

• Sputtering of chromium, 50nm on frontside

• Chromium is used as support mask during etching of

SiRN
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6 . Deposition and patterning of photo-resist

• Coating, Olin 907-17 photo-resist, 1.7 µm on frontside

• Lithography, mask: CHNL

• Vacuum contact with 2 minutes pre-exposure delay

• No postbake to prevent reflow

• Density of etch slits will determine the size and shape of

the channels

7 . Patterning of the hardmask

• Etching of chromium

• Etching of SiRN, see section A.4.1

8 . Etching of the channels

• Channel etch using SF6, see section A.4.3

• Use dummies to determine the etch time for channels of

a specific size

9 . Etching of the buried oxide layer

• Wafer cleaning, pre-furnace clean

• Etching of the BOX layer using HF

• When free-hanging structures are released during this

etch, the last part of the oxide should be etched using

vapour-phase HF to prevent stiction of the free-hanging

structures to the handle layer.

• Use dummies (or dummy structures) to determine the

right etch time

• No liquids should enter the channels after this step to

prevent stiction

10 . Deposition of the channel wall

• Drying of the channels to prevent cracks due to expan-

sion during heating of liquid residues

• LPCVD of low-stress SiRN

• This layer closes the etch slits and forms the channel wall

• The thickness of the layer is determined by the maximum

width of the channel etch slits: t = (width+50%)/2
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11 . Deposition and patterning of metal and photo-resist

• Sputtering of chromium, 10nm, used as adhesion layer

• Sputtering of gold, 200 nm, used for metal electrodes for

actuation and read-out

• Coating, Olin 907-17 photo-resist, 1.7 µm on frontside

• Lithography, mask: MTL

• Use hardcontact

• Use foil on the backside of the wafer to prevent OPD4262

from entering the channels during development of the

photo-resist

• Ion-beam etching (IBE) of metal to pattern electrodes

12 . Deposition and patterning of SU-8 photo-resist and release etch windows

• Removal of resist using O2 plasma

• Coating, SU-8 2005 photo-resist, 5 µm on frontside

• Lithography, mask: RLS

• Use foil on the backside of the wafer to prevent RER600

from entering the channels during development of the

photo-resist

• Etching of SiRN, see section A.4.1

13 . Etching of the release cavities and cleaning

• Etching of silicon to release the channels, see sec-

tion A.4.4

• Vapour-HF etching of buried oxide layer

• Etching of silicon to etch the cavity for movement of the

channels, see section A.4.4

• The etching should be done in short steps to prevent

burning of the channels

• The release cavities should be deep enough to allow free

movement of the channels

• Removal of SU-8 2005 photo-resist using O2 plasma
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A.4 Specific process notes

The dry-etching recipes used during fabrication are described in this section.

A.4.1 Anisotropic plasma etching of SiRN and SiO2

General information:

• Recipe name: Multilayer etch

• Equipment: Adixen AMS 100 SE

Process parameters

• Ar flow: 100 sccm

• CHF3 flow: 100 sccm

• ICP: 1200W

• CCP: 150W (Vdc ≈650V)

• SH: 200mm

• APC: 100%

• He pressure: 10mbar

• Electrode temp.: −100–20 ◦C

Figure A.1: SEM image of the etch profile when the etch slits are etched using the Multilayer
etch recipe. From top to bottom, the layers are photoresist, chromium and SiRN. The silicon
underneath the etch-slit has been etched away.
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A.4.2 Backside access hole etch

General information:

• Recipe name: Pulsed C4F8

• Equipment: Adixen AMS 100 SE

Process parameters

• SF6 flow: 500 sccm, time 7s

• C4F8 flow: 100 sccm, time 1.5s

• ICP: 2500W

• CCP: 60W, 10/90ms on/off

• SH: 110mm

• APC: 16.5%

• He pressure: 10mbar

• Electrode temp.: −40 ◦C

Figure A.2: SEM image of the etch profile when a hole with a pillar inside is etched using the
Pulsed C4F8 recipe. (SEM image courtesy to R.A. Brookhuis)
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A.4.3 Channel etch

The channels have been etched using recipes on two different dry etching machines.

General information:

• Recipe name: SCT_Channel

• Equipment: Adixen AMS 100 SE

Process parameters

• SF6 flow: 500 sccm

• ICP: 2500W

• CCP: off

• SH: 110mm

• APC: 100%

• He pressure: 10mbar

• Electrode temp.: 20 ◦C

General information:

• Recipe name: SCT_Channel

• Equipment: SPTS Pegasus

Process parameters

• SF6 flow: 600 sccm

• ICP: 3000W

• CCP: off

• Process pressure: 0.1mbar

• He pressure: 1.2mbar

• Electrode temp.: −19 ◦C

Figure A.3: SEM image of the etch profile when a channel is etched using the SCT_Channel
recipe.



A

SECTION A.4 Specific process notes 213

A.4.4 Release etch

The channels have been released using recipes on two different dry etching machines.
To prevent heating, the etching steps were done in steps of 5min with 2min waiting
in between. During the time that the channels are still embedded in silicon, a higher
ICP is used than when they are free from the silicon bulk.

General information:

• Recipe name: SCT_Release

• Equipment: Adixen AMS 100 SE

Process parameters

• SF6 flow: 450 sccm

• ICP: 1800W and 1400W

• CCP: off

• SH: 200mm

• APC: 20%

• He pressure: 10mbar

• Electrode temp.: −100 ◦C

General information:

• Recipe name: SCT_Release

• Equipment: SPTS Pegasus

Process parameters

• SF6 flow: 600 sccm

• ICP: 1000W and 600W

• CCP: off

• Process pressure: 0.1mbar

• He pressure: 1.2mbar

• Electrode temp.: −19 ◦C

Figure A.4: SEM image of channels and a comb-structure that are released from the silicon
bulk using the SCT_Release recipe.
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B
B

Electronics

B.1 Self Oscillation electronics

The self oscillation presented in section 5.2.4 uses the mechanical structure of the

Coriolis sensor as a two-port resonator. More precisely, it uses the electromotive force

generated when one of the metal tracks on top of the channel is moving through the

permanent magnetic field caused by the magnets next to the sensor. This track can be

seen as a coil with one turn, the flux through the coil is then [1]:

BSchannel sin(θ) , (B.1)

where B is the magnetic field, Schannel is the area of the coil and θ the angle magnetic

field and the plane of the coil. When the coil would rotate at the uniform angular

velocity ω, θ varies with time as θ = ωt. In the case of the Coriolis channel, the

coil is not rotating, but vibrating, resulting in θ = θ0 cos(ωt) with θ0 the vibration

amplitude. The electromotive force (emf) E is then equal to the rate of change of the

flux and substituting sin(θ) = θ for small vibration amplitude then gives:

E = − d

dt
(BSchannelθ0 cos(ωt)) = −BSchannelθ0ω sin(ωt) . (B.2)

This is equal to the voltage between the two wires connected to each end of the coil.

Figure 5.9 shows the transfer between the actuation track and the emf track. It can be

seen that at frequencies below the resonance frequency, the phase shift is 90° due to
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the sine in equation (B.2). At the resonance frequency, there is another phase-shift

of −90° resulting in a total phase-shift between the two signals of 0°. Using the

parameters in Table B.1, Equation (B.2) can be filled in, resulting in a theoretical

transfer of −83dB, compared to −84dB measured as shown in the figure.

Figure 5.10 schematically shows the whole oscillator, including the mechanical

Parameter Description Value

wchannel Channel window width 4×10−3m
hchannel Channel window height 2.5×10−3m
Schannel Channel window surface 1×10−5m2

A Amplitude of the vibration 20×10−6m
θ0 1×10−2 rad

ftwist Resonance frequency 1800Hz

ωtwist 1.13×104 rad s−1

B Magnetic field strength 40×10−3 T
Vact Actuation voltage 0.625V

E Electromotive force 4.52×10−5 V
H Transfer −83dB

Table B.1: Geometry parameters and settings for the measurements shown in Figure 5.9 and
used to calculate the electromotive force.

structure of the Coriolis channel with two metal tracks on top and the electronics

needed to amplify the emf enough to generate the required actuation signal for a

stable oscillation. The circuit of these electronics are shown in Figure B.1. The emf is

applied at the left side of the circuit. The resistance of the emf track on the sensor

(Remf) and that of the potentiometer define, together with the feedback resistors of

the first operational amplifier the initial amplification. The potentiometer can be used

to tune the total amplification to work with different sensor designs (with different

Schannel and Remf).

The opamp and rectifier at the bottom decrease the input of the last amplification

stage using the JFET, such that a stable oscillation is reached. The Actuator-output is

then connected to the actuation track on the sensor. The OscOut output can be used

to measure the resonance frequency and the amplitude of the gain-control without

having to measure the actual actuation signal.
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B.2 Capacitive read-out electronics

The capacitive read-out structures, presented in section 5.6 have a capacitance in the

order of 10-30 fF, changing at the resonance frequency of the Coriolis channel. For

accurate read-out of the Coriolis-induced movement, the phase-shift between the two

structures of each side of the rotational axis has then to be detected with an accuracy

in the order of millidegrees (see chapter 6). To achieve this, the circuit shown in

Figure B.2 is used for each of the read-out structures. From left to right, it shows

the JFET buffer and the charge amplifier stage based on a THS4131 fully differential

input/output low noise amplifier. To increase the signal-to-noise ratio of the output,

the 1.5 pF capacitor in the feedback has to be changed to match the capacitance of

the read-out structures on the sensor such that the full range of the input of the

demodulator is used. Next is the demodulator based on an SA602A double-balanced

mixer and oscillator and last an active band-pass filter output stage using an OPA134

operational amplifier. The square wave carrier signal of 1-2MHz that is applied

to the capacitive read-out structures is also applied to the oscillator input of the

SA602A demodulator. The exact gain of the charge amplifier, demodulator or filter

(or any drift of it) does not have a very large influence on the read-out of the Coriolis

sensors since the phase is measured. It is however important that the phase shift in

the electronics remains constant under influence of environmental parameters like

temperature or when the resonance frequency of the sensor changes, e.g. due to a

change in density of the measured fluid.
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B.3 Capacitance ratio read-out electronics

The pressure sensors, described in section 7.2, consist of capacitances that change

with a change in pressure. For the read-out the amplitude of the capacitances is

important, which mean that the circuitry in the previous section is unsuitable since

drift and offsets in the circuit have an influence of the read-out. For this, the circuit

shown in Figure B.3 is used. The parts shown in black are similar to what is shown in

the previous section, but this time, two capacitors are included. A carrier signal of

opposite phase is applied to each of the capacitances. By adding the parts in red and

using the proportional controller to control the amplitude of V1 and V2 such that the

output of the circuit is zero, the charge amplifier, demodulator and filter will always

operate around 0, which means that any drift in the gain of the separate parts does

not have any influence anymore. The ratio V1/V2 is then equal to C2/C1. Using the

circuit shown in Figure B.4 as a demultiplexer reduces the influence of offset in the

multiplier.

References

[1] P. R. Feynman, B. R. Leighton, and M. Sands, The Feynman Lectures on Physics. Vol.
II: Mainly Electromagnetism and Matter. Addison-Wesley, Reading, MA, 1964.



B

222 REFERENCES



C

C
Experimental methods

C.1 Introduction

The designs discussed in chapter 6 are designed for different purposes and thus

the measurement methods needed for the measurements of these designs have

different requirements. This appendix describes the different measurement methods

that were used to characterise these designs and the requirements that each of the

methods fulfils. All of these methods can be used with read-out using laser Doppler

vibrometry (section 5.5) and using capacitive read-out structures (section 5.6). For

each of the methods, the used fluids and the flow range are specified. Figure C.1 shows

a photograph of a printed circuit board (PCB) with the electronics for the Lorentz-

force actuation and the capacitive read-out mounted in a metal box for electrical

shielding of the electronics. The sensor chips can be mounted on this PCB by means

of an intermediate PCB as described in section 3.3.4 and shown in Figure C.1c. The

electronics for Lorentz force actuation and capacitive read-out is integrated on the

PCB, but the measurement package also allows for the other actuation and read-out

methods described in chapter 5. A chip mounted in this measurement package can

be characterised using any of the experimental methods described in this chapter.

C.2 Syringe pump liquid flow setup

A versatile method to apply a liquid flow is by using a syringe pump. Its main

advantage is that the same pump can be used for a wide range of flows by using

syringes of different size. Figure C.2 schematically shows the measurement setup for

223
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(a) (b)

(c)

Figure C.1: Photos of the printed circuit board containing the electronics for Lorentz-force
actuation and capacitive read-out. (a) shows a top-view with the connectors to the microCoriolis
mass flow sensor and with the actuation electronics. (b) shows a bottom-view with the read-
out electronics. (c) shows a micro Coriolis mass flow sensor mounted on a PCB that can be
connected to the connectors at the topside.

flow measurements applied by a syringe pump. The used syringe pump, a Harvard

Apparatus PHD Ultra [1] is capable of generating a continuous flow by using two

syringes and a 6-way automatic valve that connects the syringes to either the liquid

supply to fill the syringe, or to the device under test (DUT) to pump. A 2µm filter

and a degasser were used between the liquid supply and syringes to make sure no

particles or gasses were present in the liquid during measurement. By using very

small syringes (10µL) flows as low as 50nLh−1 were measured, limited by thermal

expansion of the fluid due to temperature fluctuations in the measurement setup.

A list of the used syringes and the minimum and maximum flow according to the

pumps specifications is given in Table C.1. When the automatic valve is not used, all

parts in the fluid path can be picked for a specific purpose and can easily be cleaned.

Due to this, this setup can also be used to measure chemicals that are hard to clean

or not compatible with the flowcontrollers in the other setups (when they are for

instance corrosive to stainless steel). The pump could be set up to measure according

to a set flow speed or it could run a pre-loaded program which can contain a variety

of operations, e.g. continuous flow, pulsated flow, increasing/decreasing flow etc.

Syringe pumps generally suffer from pulsating flows at very low pump speeds due to
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Syringe Material Volume Minimum Maximum

Brand (ml) flow flow

Hamilton Glass 1 3.064nlmin−1 3.182mlmin−1

Hamilton Glass 0.5 1.53 nlmin−1 1.589mlmin−1

Hamilton Glass 0.1 306.3 plmin−1 318.1 µlmin−1

Hamilton Glass 0.01 33.9 plmin−1 35.25µlmin−1

BD Polypropylene 10 30.04 nlmin−1 31.19mlmin−1

Table C.1: Syringes used with the Harvard Apparatus PHD Ultra and the flow range according
to the pumps specifications

Sensor Type Model Minimum Nominal

Brand flow flow

BHT LiquiFlow mini LM02-AAD-00-00-15D 1.5mgh−1 30mgh−1

BHT ElFlow F-200CV-002-AAD-11-V 14µln/min 1000µln/min

BHT Cori-Flow M12PV12I-AGD-11-K-S 1 gh−1 50 gh−1

Upchurch NanoFlow - 1.5 µgh−1 480mgh−1

Table C.2: Specifications of the reference flow sensors used for the setup described in
section C.2

the stepper motor that drives the pump and from oscillating flows due to mechanical

inperfections inside the pump. Due to those problems, a reference sensor needs to be

used to be able to do a reliable measurement. Table C.2 shows the reference sensors

by Bronkhorst High-Tech (BHT) and Upchurch that were used in combination with

the syringe pump to measure the actual flow rate into the DUT.

Degasser

Syringe pump

Filter
Pressurized

container

Device

under

test

Fluid

drain

Six-way

valve

Figure C.2: Schematic overview of the liquid flow setup using a syringe pump. The six-way
valve is controlled by the syringe pump.
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Type Model Valve Fluid Minimum Nominal

flow flow

Sensor Controller

µFlow L01-AAD-11-0-20S piezo H2O 5mgh−1 5mgh−1 100mgh−1

µFlow L01-RAD-99-0-70S EM H2O 63mgh−1 63mgh−1 1250mgh−1

ElFlow F-110C-002-AAD-11V piezo N2 14µln/min 35µln/min 700µln/min

ElFlow F-201CV-020-RAD-33Z EM N2 0.4mln/min 1mln/min 20mln/min

Cori-Flow M12PV14I-AGD-11-K-S EM any 1 gh−1 1 gh−1 50 gh−1

Table C.3: Specifications of the Bronkhorst High-Tech flow controllers used for the setup
described in section C.3

C.3 Flowcontroller liquid and gas flow setup

For low liquid flow (0–1250mgh−1) and all gas flow (0–1mLmin−1), the setup shown

schematically in Figure C.3 was used. A pressurized vessel with the used (degassed)

liquid or the used gas was connected, through a 2µm filter to the flowcontroller. The

flowcontroller consists of a flowsensor and a control valve. The flowsensors used were

either a Bronkhorst µFlow for liquids or a Bronkhorst ElFlow for gasses. These sensors

controlled the proportional valve connected to them. The used valve was a piezo

actuated control valve presented by Katerberg et al. [2]. For high liquid flow (up to

50 gh−1), the flowcontroller consisted of a Bronkhorst M12P Coriolis sensor with an

electromagnetic (EM) control valve. During operation, particles might be generated

due to metal wear inside this type of valve. These particles are large enough to clog

the sensor and will quickly fill up the filter. As a result, the flowcontroller had to be

placed between the DUT and the waste tank, instead of between the filter and the

DUT. A complete list of the used flow sensors and -controllers and their respective

flow ranges is given in Table C.3

Software that could be used to do (automated) measurements e.g. National Instru-

ments LabView, MathWorks Matlab or Keysight VEE could interface with software

from Bronkhorst to control any of their flowcontrollers when they were connected to

a computer.

Filter

Pressurized

container

Device

under

test

Fluid

drain

Flow controller

Figure C.3: Schematic overview of the liquid or gas flow setup using a flowcontroller.
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C.4 Vacuum setup for fluid flows

The second generation of micro Coriolis mass flow sensors contains a mass flow

sensor which is intended to function in a vacuum environment. This means that the

sensor and the actuation and read-out electronics need to be able to operate at these

conditions. For this purpose, the setup described in section C.3 was used with the

Bronkhorst Cori-flow M12p flowcontroller between the DUT and the waste container

as shown schematically in Figure C.4. A vacuum bell was equipped with electrical

connects for the power supply of the electronics and the read-out signals and with

fluidic feed-through connectors. A glass window at the top allows for read-out using

laser Doppler vibrometry to analyse the channels behaviour in vacuum. The chamber

is vacumized by a Pfeiffer Vacuum TMH 071 P turbomolecular drag pump with a

Pfeiffer VacuumMVP 015-2 diaphragm backing pump to a pressure of approximately

1×10−5mbar.

Filter

Pressurized

container

Fluid

drain

Flow controller

Device

under

test

Vacuum

chamber
Turbo

pump

Diaphragm

pump

Figure C.4: Schematic overview of the setup using a flowcontroller and where the DUT is
inside a vacuum chamber.

C.5 Differential fluid flow

For the differential micro Coriolis mass flow sensor, part of the second generation

of micro Coriolis mass flow sensors, a differential flow has to be applied. This was

done in two ways using two different setups. The first setup is shown schematically

in Figure C.5a and uses the syringe pump to apply a flow. By varying how the

fluidic connections (A, B, C and D) to the sensors are connected, different kind of

measurements can be done with the sensor. Alternatively, a differential flow can be

applied by using a pressurized container to generate a constant base flow Φin which

was led through the sensor through inlet A. Using the syringe pump, an extra flow

was injected in the anti-parallel configuration between the outlet of channel 1 (B) and
the inlet of channel 2 (C) (Φm,2 =Φm,1 +Φpump).
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The second setup is shown schematically in Figure C.5b. Here the PHD Ultra syringe

Syringe pump

Fluid

drain

Coriolis sensor

Fluid

drain

A B

CD

(a)

Syringe pump

Fluid

drain

Coriolis sensor

A B

CD

Porous �ber

pre-concentrator

Nitrogen

Flowcontroller

(b)

Figure C.5: (a) Schematic overview of the flow setup for a differential flow. (b) Schematic
overview of the measurement setup for measuring the enrichment in a pre-concentrator.

pump generates a flow which is connected to the inlet of channel 1. The outlet of

channel 1 is connected to a hollow porous fiber and the outlet of the fiber is connected

to the inlet of channel 2. By applying a nitrogen flow outside of the fiber, water will

evaporate, creating a difference in mass flow between both channels on the sensor.

Since the water (the solvent) evaporates and the solved material doesn’t, this results

in a solution with a higher concentration.

References

[1] Harvard Apparatus, “PHD Ultra.” [Online]. Available: http://www.

harvardapparatus.com

[2] M. R. Katerberg, G. H. J. M. Ratering, T. H. Platenkamp, J. W. van de Geest,

S. Klein Hesselink, and J. C. Lötters, “Low flow Coriolis flow controller with

piezo operated control valve,” in Proceedings of the Second International Conference
on Microfluidic Handling Systems. University of Freiburg, 2014, pp. 169–172.

http://www.harvardapparatus.com
http://www.harvardapparatus.com


Samenvatting

Er bestaan veel toepassingen van het meten van de hoeveelheid vloeistof of gas dat

van de ene locatie naar de andere stroomt en de toepassingen waarin een zeer kleine

stroom gemeten moet worden, worden steeds belangrijker. Voorbeelden hiervan zijn

het toedienen van medicijnen aan patiënten door middel van infuussystemen of het in

de gaten houden van (bio)chemische processen. In deze gevallen is het vaak belangrijk

dat niet alleen de vloeistofstroom wordt gemeten, maar ook de samenstelling van de

vloeistof. Daarmee zou gemeten kunnen worden welke mix aan medicijnen er precies

wordt toe gediend of hoe de chemische reactie precies plaats vind. Om dit te kunnen

doen is het nodig dat er meerdere parameters van de vloeistof tegelijk gemeten

kunnen worden, bij voorkeur met een klein meetsysteem met een heel laag intern

volume. In het verleden zijn er allerlei verschillende microfluidische systemen geïntro-

duceerd die de benodigde parameters los van elkaar kunnen bepalen. Echter, om deze

systemen samen te voegen zodat alle parameters in een keer gemeten kunnen worden,

is het vaak nodig om de systemen te verbinden met externe vloeistofverbindingen

met een groot intern volume. Dit resulteert in een lage reactiesnelheid en een groot

benodigd volume van de te meten vloeistoffen. Het onderzoek dat in dit proefschrift

beschreven is, is er op gericht om dit probleem op te lossen. Het werk kan verdeeld

worden in twee delen: (i) realiseren en karakteriseren van een microfluidisch platform

waarmee on-chip integratie van verschillende microfluidische systemen mogelijk is

en (ii) ontwerpen, realiseren en karakteriseren van microfluidische systemen die in

staat zijn verschillende vloeistofparameters te meten.

In het microfluidische platform dat in dit proefschrift wordt gepresenteerd

kunnen microfluidische kanalen gemaakt worden vlak onder het oppervlak van

de chip. Deze kanalen kunnen ontworpen worden met verschillende groottes en

vormen op dezelfde chip en met functionele structuren vlak bij de vloeistof. Hierdoor

kunnen tegelijkertijd allerlei verschillende meetprincipes toegepast worden om de

benodigde vloeistofparameters te meten.

Het tweede deel van het onderzoek is gefocust op het realiseren van verschil-

lende sensor- en actuatorsystemen gebruikmakend van dit platform. Hierbij ligt

de nadruk op onderzoek naar een micromechanische flowsensor gebaseerd op het

Coriolis meetprincipe. Tijdens twee eerdere projecten is de eerste generatie van deze
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sensor gerealiseerd. Het werk gepresenteerd in dit proefschrift is gericht op het

verbeteren van het begrip van de werking van deze sensor. Verder zijn er een aantal

verbeteringen op de gebieden van gevoeligheid, actuatie- en uitleestechnieken en

afmontage gemaakt. Om dit te bereiken is er een numeriek model gemaakt om het

mechanische gedrag van een vrijhangend kanaal te bepalen. Dit gedrag verandert als

er een vloeistof door het kanaal stroomt en de reactie van de sensoren hierop kan

berekend worden. Door het modelleren van verschillende afmetingen en vormen van

het kanaal zijn er ontwerpen gemaakt die geoptimaliseerd zijn voor hoge gevoeligheid.

Het resultaat is vijf verschillende sensoren die, nadat ze gerealiseerd zijn, significante

verbeteringen laten zien in gevoeligheid ten opzichte van de eerste generatie sensoren.

Verder zijn er ook verschillende ontwerpen gemaakt voor andere doelen, zoals het

meten van een verschilstroom of een hoge stroomsnelheid.

De Lorentzkracht-actuatie en capacitieve uitlezing die in het verleden werden ge-

bruikt zijn gekarakteriseerd en verbeterd. Verschillende actuatiemethoden, gebaseerd

op Lorentzkracht-actuatie en op elektrostatisch geïnduceerde parametrische effecten,

zijn onderzocht om de stabiliteit van de actuatie te verbeteren en om de opwarming

van het kanaal door het Joule-effect van de actuatiestroom te verminderen. Het

ontwerp en de locatie van de capacitieve uitleesstructuren zijn gekarakteriseerd om

de optimale structuur te vinden waarmee de door de Coriolis kracht geïnduceerde

beweging gemeten kan worden.

Naast het meten van de vloeistofstroom is het vaak ook belangrijk dat de vloeistof-

stroom gemanipuleerd kan worden, gebaseerd op de metingen. Met dit doel zijn er

twee verschillende proportionele regelventielen ontworpen, gerealiseerd en gekarak-

teriseerd. Een van deze ontwerpen gebruikt een zeer klein chipoppervlak en kan de

stroom van een vloeistofinlet aan de achterkant van de chip naar een microkanaal aan

de voorkant van de chip regelen. Het andere ontwerp gebruikt meer chipoppervlak,

maar kan wel de stroom tussen twee microkanalen aan de voorkant van de chip (en

daarmee de stroom tussen verschillende systemen op dezelfde chip) regelen. Dit

laatste ontwerp is ook geïntegreerd op één chip met een Coriolis-massaflowsensor

en waardoor de massaflow door de chip geregeld kan worden door middel van een

proportioneel regelsysteem.

Verder zijn er ook andere sensoren onderzocht om verschillende vloeistofpara-

meters te kunnen meten. Capacitieve druksensoren zijn gemaakt om de druk in het

kanaal te meten en, in combinatie met de stroomsnelheid, de viscositeit. Thermische

flowmeters zijn gemaakt en zijn gebruikt om, samen met een Coriolis flowmeter,

het totale dynamisch bereik van de sensor te vergroten en de warmtecapaciteit

en -geleiding van de vloeistof te meten. Resonerende kanalen zijn gebruikt om de

dichtheid van de vloeistof in de kanalen te meten. In het geval van eiwitten die aan

de kanaalwand blijven plakken kan op dezelfde manier de massa van die eiwitten
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gemeten worden. Tenslotte is een sensor om de relatieve permittiviteit van de vloeistof

te meten gerealiseerd en verbeteringen hieraan zijn voorgesteld.
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