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Fig. 1.1: Several pictures of the Microflown Technologies history. In Strasbourg with prof. 
Sessler (inventor of the electret microphone); Alex and Hans-Elias in Paris holding the 
Megaflown (it never became a success); Alex happy with the USP poster in Sevilla; ‘There 
is no such thing as a free lunch’; Founders of Microflown Technologies at the first AES 
exhibition in Amsterdam (1998), Doekle and Hans-Elias in Sweden; Prof. Wu with his 
group is visiting us in Detroit; Visit of prof. Weyna in Poland (his lab is the bridge of a 
ship); building the stand in Strasbourg; Microflown in Lille, the fist exhibition in 1998 but 
now with all the employees; Prof Weyna explains in Sweden; John Meyer (Meyer sound, 
first customer in USA), Hans-Elias and Prof. Druyvesteyn at the first exhibition in 
Amsterdam; Alex in Detroit; it is not always busy at our booth. 

1.1 Purpose of this book  

The purpose of this book is to provide an updated overview on the 
Microflown technologies, i.e. the knowledge and skills that one should have 
to work with Microflowns. The last book was from 2001 and the Microflown 
and its applications have evolved since then.  

This book of 2001 is completely rewritten and I am proud to say that a 
substantial part is based on refereed papers. The main topics (calibration, 
intensity and impedance measurements, source localisation and 
holography) are presented in JASA publications, applications like the source 
path contribution is presented in SAE papers.  

This book is a snapshot of the ongoing research: there is a lot to tell 
about the subject but, since the Microflown is investigated for only about 
ten years now, there is also a lot to be discovered. The book (or, maybe a 
better word would be report) is written during traveling and in spare time 
and to be able to present the information as soon as possible, the book is 
not completely edited so there might be some miss spells or errors. The 
‘version 2007’ is printed because of the inauguration of me as a professor at 
the HAN University of Applied Sciences. An up to date version can be found 
at the www.microflown.com website. 

http://www.microflown.com
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At this moment (end 2006) several Ph.D. students and post-docs at 
several universities worldwide are working full-time on the Microflown 
related R&D and several science groups and companies are investigating 
various Microflown based applications. A small (nine persons) company 
“Microflown Technologies” is responsible for manufacturing and sales of 
several Microflown based products. 

1.2 Organisation of the book 

The book is divided in two parts. The aim of the first part is to present 
general theory and background information that is focussed on the 
Microflown. 

This chapter will reveal how the Microflown was discovered and what 
happened since then (in the form of a scrapbook). The technological history 
of the Microflown is presented as well as the applications. Chapter two deals 
with the basics of acoustic theory. These basics should be known to be able 
to understand the possibilities and applications of the Microflown. Chapter 
three focuses on the Microflown sensor itself. It will be shown how the 
Microflown operates, what its dependency is on ambient temperature, 
ambient pressure and humidity, how it is packaged and how the signals are 
(pre)amplified. In chapter four the calibration of the Microflown is explained. 

In chapter 4a the standard calibration is shown. The standard calibration 
is done with the short standing wave tube (20Hz-3.5kHz bandwidth) and 
the free field ‘piston in a sphere’ set up (20Hz-20kHz bandwidth). 

In 2007 the main applications showed to be source path contribution 
techniques, visualisation of sound fields, in situ measurement of reflection 
coefficient, contactless vibration measurement and end of line testing. Apart 
from that, a R&D path is followed to improve the Microflown’s properties to 
be able to measure at higher ambient temperatures (goal is 600°C), to 
measure in wind (½ Mach) and to be able to measure sound levels up to 
170dB. 

The applications and R&D topics are described in the second part of the 
book. These chapters can be read randomly. Some of these chapters are 
summaries of papers that were published. They are adapted so that they fit 
in; introductions are left out and relations with other chapters and subjects 
are made. Other chapters are based on application notes. Most papers and 
application notes are created with a joined effort, the people that 
cooperated are mentioned in each separate chapter. Since this book is a 
report of the ongoing research, some of these chapters contain a discussion 
with the latest results and ideas of the work that has been done. Some 
chapters (especially the chapters on high wind, high temperatures and high 
sound level use of the sensor) contain only idea’s and research goals. These 
chapters should mature in the years to come. 
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1.3 The Microflown 

The function of an acoustic transducer is simple to explain: it converts an 
audio signal from one form to another. Loudspeakers for example, convert 
electrical signals into sound waves by vibrating a diaphragm in response to 
an alternating voltage. Similarly, microphones convert acoustic sound 
waves into an electrical signal when a diaphragm vibrates in response to 
fluctuating air pressure. The design of these transducers hasn't changed 
much since their development decades ago. Most microphones still operate 
with a membrane. 

The Microflown does not measure fluctuating air pressure. Instead, it 
measures the velocity of air across two tiny, resistive strips of platinum that 
are heated to about 200°C. In fluid dynamics, the motion of gas or liquid is 
called a flow, hence the name Microflown, which is sensitive to the 
movement of air rather than fluctuating pressure. In acoustics this 
movement of air is called particle velocity. 

 

Fig. 1.2: A bridge type Microflown, wirebonded and glued on a printed circuit board. The 
line left under in the figure measures 200μm (0.2mm). 

When air flows across the strips, the first wire cools down a little and due 
to heat transfer the air picks up some heat. Hence, the second wire is 
cooled down with the heated air and cools down less than the first wire. A 
temperature difference occurs in the wires, which alters their electrical 
resistance. This generates a voltage difference that is proportional to the 
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airflow (particle velocity) and the effect is directional: when the direction of 
the airflow reverses, the temperature difference will reverse too. In the case 
of a sound wave, the airflow across the strips alternates according to the 
waveform and this results in a corresponding alternating voltage. 

In an electric analogy a sound pressure microphone can be compared to 
a voltmeter and the Microflown is the acoustic equivalent of an ampere 
meter. 

When a sound wave passes through a region of air, the particles don't 
move through the region with it; they vibrate in place, in a pattern 
determined by the sound's waveform. As they do, the Microflown detects 
their velocity. However, high tones can not be sensed as good as low tones. 
This is because of the thermal mass (the temperature of a sensor can not 
vary at infinite speed) and due to diffusion effects (it takes time for heat to 
travel from one wire to another).  

As might be imagined, the amplitude of particle motion within a sound 
wave is extremely small, in the region 50nm/s (fifty divided by a billion 
meters per second) up to 1m/s. Fortunately this amplitude can be increased 
at the sensors by a proper packaging. If packaged correctly, the amplitude 
of the alternating flow can be increased. This effect is called package gain. 

Regular sound levels (conversation, face-to-face) have sound levels of 
about 60dB. At these levels the temperature difference of the two sensors 
of the Microflown will vary only ten milli-Degrees Celsius. 

The entire Microflown (sensors and electrical connections) measures a 
mere 1 millimeter wide, 2 millimeter long and 300 micrometer thick (see 
Fig. 1.2). The sensor strips themselves are 200nm thin (about 600 atoms) 
and 10μm wide, making them almost impossible to see with the naked eye 
(the diameter of a human hair is 80µm; so a sensor of a Microflown is about 
400 times as thin as a human hair).  

 

Fig. 1.3: A bridge type of Microflown, wirebonded and glued on a printed circuit board. It 
is the half-product for several applications. 
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The Microflown has no moving parts, which means it's reliable and 
exhibits no resonances. It's also resistant to extreme ambient conditions, 
such as high moisture, and dirt and high temperatures. 

Because of their tiny size, Microflowns are fabricated in a cleanroom 
environment using similar techniques to those used in semiconductor 
manufacturing. As a result, their acoustic performance characteristics fall 
within very tight limits compared to traditional microphones.  

The Microflown is directional for all frequencies, see Fig. 1.4 (the polar 
pattern is figure of eight), and because it measures particle velocity instead 
of sound pressure, it has an increased sensitivity in nearfield sources. This 
can be exploited in e.g. telecom applications, (very) near field holography 
and near field source localization. With a low power dissipation (lower than 
10mW) and a limited frequency bandwidth (100Hz to 3.4kHz) the selfnoise 
is competitive in low-end applications like microphones for telecom or toys. 

In contrast to a sound pressure measurement, a property of the 
measurement of particle velocity close to a surface is that the background 
sound field is suppressed and the sound field of the surface is intensified. 
This feature is very useful for source localisation methods in realistic 
environments. 

Since nowadays apart from the sound pressure, particle velocity can be 
determined instantly (this is a unique feature of the Microflown) acoustic 
quantities as sound intensity, acoustic impedance and sound energy density 
can be measured three dimensional, instantaneous, broad band (10Hz-
20kHz) and at one position in space. 

Sound intensity is associated with the product of sound pressure and 
particle velocity and quantifies the amount of sound that propagates. The 
specific acoustic impedance is related with the ratio of both, and is a useful 
quantity to determine for example the reflection or absorption of acoustic 
materials. Sound energy is associated with the sum of sound pressure and 
particle velocity.  
Sound energy density quantifies how much energy is stored in an acoustic 
wave, sound intensity quantifies how much sound energy is transported and 
specific acoustic impedance quantifies the possibility for sound energy to be 
transported. 

If the power dissipation is of less concern, the Microflown can also be a 
technology that has high-end applications, such as studio mikes and music 
instrument transducers. The selfnoise of the Microflown improves linear with 
the square root of the power dissipation, so the sound quality improves 
twice if the operating power is increased four times. 

The acoustic world is divided in two parts: the noise and the vibrations 
part. For some (historic) reason these two worlds are quite separated. 
Experts in noise are normally no experts in vibrations and vice versa. 
Vibration measurements (that are associated with the cause of an acoustic 
problem) are done with accelerometers and laser vibrometers and noise 
measurements (that are associated with the result of an acoustic problem) 
are done with sound pressure microphones and sound intensity probes. 
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Fig. 1.4: The figure of eight type of polar pattern of the Microflown measured at 150Hz, 
2kHz and 4kHz (log scale measured by Brüel & Kjær, 1995). 

The Microflown started in 1994 as a sensor that is used in the noise 
community and that is able to add extra information to analyse noise 
related problems. In time it became clear that in certain sound fields the 
Microflown based intensity measurements where of higher quality than the 
traditional ones. In 2004 it showed that the structural vibrations of an 
object can be measured with a Microflown. This caused a change in thinking 
because now an acoustic sensor can be used in the ‘vibrations world’. The 
Microflown-microphone pair is now a tool that is used by noise and vibration 
engineers. With this equipment it becomes easy for a vibrations engineer to 
look into the noise world and vice versa.  

For years it was difficult to say what the true benefits of the Microflown 
enabled technology was. One characteristic in all Microflown based 
applications showed that: 

The true benefit of Microflown based applications is the ability to measure 
acoustic phenomena with a reduced influence of the acoustic environment. 

This remark is difficult to understand without having an application in 
mind. Applications and their relation with the background noise are 
mentioned now in short; in the following chapters the applications are 
discussed in more detail. 

The measurement error of a traditional sound intensity measurement 
device is influenced by background noise (the technical term is pressure-
intensity index). The Microflown based intensity probe is not influenced by 
this. See further chapter 5: “sound intensity measurements”. 

The Microflown based acoustic impedance measurement is not influenced 
by an obstacle close by. It therefore becomes possible to measure the 
surface impedance (and with that the acoustic absorption) of acoustic 
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damping materials in situ. Until now this was practically impossible. See 
further chapter 5: “acoustic impedance measurements”. 

A particle velocity measurement is favorable compared to a sound 
pressure measurement if the radiated sound field (from e.g. a car engine) is 
measured. There are three reasons for that: 

1. The sound pressure level and particle velocity level are of similar 
magnitude in the free field. If the sound wave reflects on a rigid surface, 
the sound pressure doubles and the particle velocity reduces to zero. 
Therefore at the surface the particle velocity component of the 
background noise is almost not measured. 

2. On the other hand, close to a vibrating (sound emitting) surface, the 
sound pressure level is reduced as compared to the particle velocity level 
that coincides with the surface velocity. Therefore close to the surface 
the sound pressure of the emitted sound field is almost not measured. 
This is called the very near field effect, see chapter 7: ‘Vibration 
measurements’. 

3. A sound pressure microphone is omni-directional and thus measures the 
sound field in all directions. A Microflown measures the particle velocity 
in one direction. Therefore in a diffuse sound field a Microflown measures 
only one third of the sound field whereas a pressure microphone 
measures the total sound field. 

So, if for example the sound field of a car engine is visualized the particle 
velocity measurement gives much better results than a sound pressure 
measurement. Further information can be found in chapter 8: “sound field 
visualisation”. The background noise rejection is also important for end of 
line control. 

The measurement of particle velocity shows also to be beneficial in 
acoustic holography. (Holography is a method that allows the particle 
velocity in a plane to be calculated if the sound pressure in another plane is 
known). My personal opinion is that these holography methods are not 
practically relevant anymore (because we now can measure particle 
velocity) but if one wants to calculate: with particle velocity sensors the 
holography procedure works much better. See chapter 8: “sound field 
visualisation”.  

1.4 Microphones & Microflowns 

This paragraph deals with differences and similarities of both types of 
sound transducers. Just as a microphone, the Microflown is sensitive for 
sound waves. But sound waves consist of two parts, the (well-known) sound 
pressure variation and the relative unknown particle velocity. 

Sound can be understood as variations of the static air pressure and 
oscillating air particles. The following can explain this. Pressure is defined as 
force per unit area. This force is caused by an amount of air particles at a 
certain position. So variations in sound pressure are influenced by variations 
in the number of air particles. If the number of particles in a certain volume 
changes during time, there must be a particle motion towards that volume 
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and backwards. The velocity of the movement of these particles is called 
particle velocity. Sound therefore consist always of two parts: sound 
pressure and particle velocity. 

Microflown

pos. neg.

Microphone 

Fig. 1.5: Symbols of a Microflown and a microphone. The two lines in the Microflown 
symbol represent the two wires (sensors) of a Microflown, the one line in the microphone 
symbol represents the membrane. 

Sound pressure, affected by the number of air particles at a certain 
position, does not have a direction; sound pressure is a scalar quantity. 
Contrary, the velocity of air particles does have a direction: particle velocity 
is a vector quantity. The unit of sound pressure is Pascal, the unit of particle 
velocity is meters per second.  

Fig. 1.6 shows the different behaviour of Microflowns and microphones. If 
a loudspeaker is placed in front of the sensors their output is the same (this 
is only true in an anechoic room and far from the source). If the 
loudspeaker is now placed at the other side, the signal of the Microflown will 
reverse compared to the microphone signal. If the loudspeaker is shifted to 
above or under the Microflown, it will not give an output at all.  
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Fig. 1.6: Symbol and response of a sound pressure microphone (p) and a Microflown (u) 
for two directions. 

In an electrical analogy sound pressure corresponds to electric voltage 
and particle velocity to electric current. The amount of power is quantified in 
Watts. If voltage and current are multiplied, the result is electrical power 
and analogously, sound pressure times particle velocity is associated with 
sound power (density, Watts per square meter) in the acoustical domain. 

The construction of traditional microphones does have a great 
resemblance compared to the human ear and both detect sound pressure. 
Just as the human ear, microphones consist of a membrane. Sound 
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pressure “pushes” a membrane forward and backwards and the deflection 
of the membrane is detected.  

In case of the Microflown, particle velocity alters the temperature 
distribution of the heated sensors. This altered distribution causes a 
temperature change in both sensors and the temperature difference 
quantifies the particle velocity. Contradictory to traditional microphones, 
sound is perceived without any movement of a diaphragm, or something 
like it. 

If one compares the acoustic quality of both types of microphones (its 
like comparing cats to dogs!), the traditional ones perform about three to 
five times better nowadays (regarding selfnoise). Traditional microphones 
are however being developed for more than hundred years now by many 
universities and companies and the limits of these transducers are well 
known. The development of the Microflown started in the end of 1994 and 
only a few people have worked on the subject and in these ten years the 
quality increased tremendously (about 300.000 times or 110dB see Fig. 
1.28). In other words we’ve just started and who knows where it ends? 

1.5 History 

The very nice thing about this project is that at all times it felt that we 
discovered a lot and that breakthroughs could be starting just in the 
following week. Since the beginning the work was very exciting and it still 
is. 

 

Fig. 1.7: The Microflown logo as it was displayed in 1996. 

Those were the times 

The Microflown was invented in 1994. I just graduated from my masters 
study on low noise electronics, on a self-biasing Wheatstone bridge so to 
say, and was working in the micro-mechanics lab at the University of 
Twente on flow-sensors for underwater use. The electronic circuit was one 
of the essential steps that lead to the invention, or better said the discovery 
of the Microflown. The mass-flow sensor did not operate in the 
measurement set-up at all. I removed the sensor from the fluid and the 
sensor was still operational because of the self-biasing electronics. When I 
talked into the sensor, I saw to my surprise it reacted to speech. This is 
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how I discovered that it could be used as a microphone apart from a mass 
flow sensor. I went to my professor and one thing lead to another. 

A proposal was written to the Dutch Technology Foundation and they 
immediately filed for a patent. To get a grant, the normal procedure is that 
a panel of (international) experts is chosen, they comment on the proposal 
and a “non expert” (national) jury will judge the proposal on utilisation and 
scientific value. Unfortunately the experts were divided into two groups. 
One group said: “old news” and the other: “not possible”. Hence, the 
proposal was rejected.  

One has to understand that the “invention” of the Microflown was in fact 
nothing more than somebody talking (or better: yelling) into a relatively 
standard flow sensor with a very noisy result. It was difficult to explain that 
this was something new and that it was important enough to invest time 
and money in this discovery. In the beginning, important voices on the 
university said that it was nothing more than a flow sensor used as a very 
bad microphone, so “why the excitement?”  

 

Fig. 1.8: Photograph taken just after the invention. Left Joost van Kuyk (my graduation 
supervisor), in the middle me holding the first Microflown (see also Fig. 1.15) and Right 
Pedro Roodenburg, a friend and practical trainee I supervised. 

The fact that it was published in the newspapers showed that more 
people thought that it was indeed something new, see Fig. 1.9. The first 
scientific article we got published in Sensors and Actuators reinforced our 
confidence and on the way back of the convention in Stockholm (Sweden) I 
visited Brüel & Kjær in Denmark (one of the leading companies in acoustic 
measurement equipment). Their response strengthened our feeling: I had 
something good in my hands. 
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Fig. 1.9: The first time the concept “Microflown” was published in a newspaper. 

Because the Dutch Technology Foundation and the University of Twente 
thought it was a very good idea, the proposal was filed again but now 
stronger, with a recommendation of a lot of Dutch companies who did see 
possible applications. Again the proposal was rejected. 

 

Fig. 1.10: Alex Koers and Hans-Elias de Bree, the founders of Microflown Technologies in 
the smallest booth of the 1998 AES convention in Amsterdam, 24 hours after its legal 
start. 
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This is why the first two years the Microflown project was completely 
unofficial. The work was done by a lot of students that did various 
assignments. This group of students named themselves “The Microflown 
Team”. I co-ordinated that group and waited for two years on the grant 
from the Dutch government for my Ph.D. work. 

After these two years the financial horizon was closing in, so according to 
Dutch law I defended my thesis in public and got my Ph.D. degree. Since 
the Dutch Technology Foundation was not able to start the project and 
nobody knew what to do with the Microflown, I obtained the patent rights. 
Just before my dissertation I went to the microphone manufacturer 
Sennheiser and they where willing to sponsor the research at the university 
for one year (1997). In return they got a two-years licence to exploit the 
Microflown for telecom purposes. After that year the Dutch Technology 
Foundation granted a proposal for a Ph.D. student and a post-doc position. I 
became post-doc at the University of Twente in 1998.  

A company by the name of Microflown Technologies was founded in 
1998. They got the legal rights for the commercialization of the various 
Microflown based products, see Fig. 1.10. 

Because at first the research was done mostly at the University of 
Twente, a production lab was started in Enschede. In order to keep the cost 
low, the lab was nothing more than the smallest room in a student’s home. 
This worked well but when the sales increased the number of people that 
helped with production increased as well. A more professional solution was 
needed.  

In 1998 the production was done at the kitchen table, see Fig. 1.13. Our 
only product was the ICP powered particle velocity probe. The commercial 
activity was at AES convention in Amsterdam, 10 minutes from my home. 
Fig. 1.10 shows the booth at that convention. 

In 2003 the production and R&D expanded and Microflown Technologies 
moved to a more official location at the campus of the University of Twente. 
We rented a space in the so called Incubators; offices specially meant for 
high tech University spin offs.  

In 2004 it became clear that automotive is a future for Microflown 
Technologies. The University of Arnhem is the only place in the Netherlands 
where automotive engineering is studied. Therefore at the end of 2005 the 
main activities shifted to the center of the Netherlands in Arnhem. I became 
professor “Vehicle Acoustics” at the HAN university. At the beginning of 
2006 six Ph.D. students, eight master students and eight employees were 
working on Microflown related matters. 

In December 2005, dr. ir. Tom Basten applied succesfully for a so-called 
Casimir grant from the Dutch NWO, the Netherlands Organisation for 
Scientific Research. This allows him to become a linking pin in the field of 
acoustics between TNO (an independent research organization) and 
Microflown Technologies (a privately held SME), cross-fertilizing know-how 
on acoustics and vibrations. In the following four years he will work two 
days a week at Microflown Technologies and three days a week at TNO 
Science and Industry, department of Acoustics. 
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Fig. 1.11: The Microflown Team in 1997. 

 

Fig. 1.12: Microflown Technologies in 2003. 
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End 2006 the Netherlands Agency for Aerospace Programmes (NIVR) 
granted a two years R&D program in the field of aircraft development, air 
transport and space programmes in the Netherlands in an international 
context. This grant allows the lectorate ‘Vehicle Acoustics’ to improve the 
Microflown to reach higher sound levels (170dB or 17m/s), withstand higher 
temperatures (600°C) and higher wind levels (1/2 Mach or 170m/s, 
600km/u). 

With these two grants the R&D basis is secured in the years 2007 and 
2008. 

To ‘spread the word’, Microflown Technologies exhibits on 10 acoustic 
events worldwide each year. 

 

Fig. 1.13: (next page) left vertical: the Incubator lab. From left to right: soldering the 
prototype of the 4 channel signal conditioner at a lab of the University of Twente, 
Designing PCB in the student home, production of probes in the Incubator, our first 
official lab, kitchen table production in 1998, wirebonding in the Incubator, testing in the 
Incubator, creation of the proto type of the near field calibrator at the University of 
Twente, Incubator (8 pers/35m2), Off shore company trip (S/Y Minerva). 
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Technology History 

As said, the history of the Microflown began when I took a mass flow 
sensor that could be found in the micro mechanics lab at the University of 
Twente. It was normally used for liquid flow sensing (this was initially my 
reason to use it too). After I talked to (or better: yelled at) the sensor and it 
even responded on an oscilloscope, the research was proceeded into getting 
better listening Microflowns.  

The technology at that time (1994) was to use a mass flow sensor with 
golden temperature sensors on a silicon nitride layer of 1 micrometer, see 
Fig. 1.14. The operating temperature could not be chosen very high since 
gold has a relative low melting point. This resulted in a large number of 
burnt down Microflowns with a relative low sensitivity. The 1-micrometer 
silicon nitride carrier layer caused that it worked properly up to about 10 
Hertz (very low frequencies that cannot be heard).  

The corner frequency is a figure that expresses how well the Microflown 
can hear high tones and the sensitivity how good the Microflown can hear. 
The frequency of sound lies between 20 Hertz (very low tone) and 20,000 
Hertz (very high tone). 

 

Fig. 1.14: First bridge type of Microflown. It was used as a mass flow sensor and it had, 
for research purposes, several elements over a channel that could be used as a sensor or 
heater (Theo Lammerink, 1994). 
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The ohmic impedance of the sensors was very low and the electronic 
noise of the preamplifier was not completely understood. Due to this the 
noise performance was far from optimal.  

 

Fig. 1.15: A photo of the first Microflown sensor plus a preamplifier (Pedro Roodenburg, 
1994). 

One could say that the first Microflown could only hear very low tones, it 
was quite deaf and that the electronics made a lot of noise too. But it 
showed that it was possible to detect sound with a mass flow sensor. 

The next sensor that was made was a cantilever type of Microflown, see 
Fig. 1.16. At that time we thought that it would perform better when the 
sensors where free in the sound wave and not close to a rigid wall (the 
bottom of the channel). 

In those days we discovered that it is quite difficult to compare one 
Microflown with another. We had to invent acoustic measurement set-ups 
and find out what parameters of the Microflown should be compared. Now it 
is all quite obvious but at that time we had a lot to think about. 

Questions like “is it a scientific proof that the Microflown is sensitive for 
particle velocity, only by proving that it is not sensitive for sound pressure?” 
were subjects of long discussions at that time. 

First we had to understand that the Microflown was sensitive for particle 
velocity instead of sound pressure. We discovered that no other particle 
velocity sensor did exist and that of course was a nice thing to find out; it 
meant that we had something special. Consequent was that we could not 
simply buy a reference particle velocity microphone for calibrating the 
Microflown. 
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Fig. 1.16: First cantilever type of Microflown. It had a heater and two sensors. Note the 
enormous die compared to the sensor element. The (aluminium) wirebonds are used for 
making the electrical connections, they are “bonded” on the bondpads. The die is silicon 
bulk material. 

We understood that we had to find environments that had a special 
acoustic impedance (this is the ratio of sound pressure and particle 
velocity). We heard that free-field measurements should be performed. In 
our first experiments we took the “free-field” very literally, we measured on 
the roof of our building, see Fig. 1.17. This was not very comfortable, 
especially in winter times. 

The first measurement set up that could be used to determine the quality 
of a Microflown indoors was a long tube (forty meters). A short acoustic 
burst was generated into the tube that was made of simple rain pipe. Sound 
pressure and particle velocity were measured before the sound travelled to 
the end of the tube, reflected and returned. This calibration principle worked 
quite well but measurements took a lot of time (about half an hour) and 
space (40 meters). 

We tried a lot of acoustic set-ups. A short standing wave tube and a small 
near field set up are used most commonly nowadays.  

I did the first experiments with the standing wave tube in 1998 (the first 
small one was tested in 2003 see Fig. 1.19) and a point source (see Fig. 
1.20) but the main developing of the tube was done by the Ph.D. work of 
Ron Raangs and Finn Jacobsen. Finn also improved the point source idea 
significantly to use a sphere in stead of a hole in an ‘infinite baffle’ and he 
gave the scientific proof of concept for the sphere calibrator. 
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Fig. 1.17: Measuring the quality of a Microflown on the roof of the university building 
(1995). 

We discovered that the corner frequency rises if the silicon nitride carrier 
layer of the sensors was thinner and that the sensitivity increases if the 
operating temperature was increased. After we burned down a lot of golden 
sensors we started to use platinum as sensor material. This metal can be 
heated so much that it starts to glow, for us a sign that we should be 
careful not to put more power into it. 

 

Fig. 1.18: The first standing wave tube with the first Microflown in it. It was nine years 
later that the reference pressure microphone was positioned at the end (1994). 
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Fig. 1.19: The first operational small standing wave tube with the reference microphone 
at the fully reflecting end of the tube (2003). 

After we made acoustic set-ups, learned about corner frequencies, 
differential resistor variations, operating power, selfnoise and corner 
frequencies we could start comparing various types of Microflowns. 

 

Fig. 1.20: A prototype of near field calibrator placed at the side of a desk. The black part 
at the right is the loudspeaker which is closed off with a 1cm aluminium plate with a hole 
in it. In the hole a brass tube is mounted rigidly. On the closing aluminium plate a layer of 
damping material is placed to damp the possible plate vibrations. On the other side of the 
damping material a second 1cm aluminium plate is mounted which is freed from 
vibrations. The sound output comes from the brass tube that is not in contact with the 
front plate. The PU probe is mounted on the outer aluminium plate so it’s also free of 
vibrations. For a pressure calibration a reference pressure microphone is put face to face 
with the pressure microphone (2005).  
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The “normal” mass flow sensor of which the Microflown is originated, 
consists on one heater and two sensors located closely around it. At an 
early stage we discovered that for proper operation this heater is not 
necessary. From 1996 we started to use a Microflown with only two sensors 
and no heater. We found out that if the heater is omitted the power in the 
sensors can be increased and that due to this the selfnoise was reduced. It 
was also easier to make, see Fig. 1.21. 

The cantilever Microflown that was made of platinum had a corner 
frequency of 300Hz and the sensitivity improved a factor five. In total the 
sound reproduction quality improved about 50 times. A major improvement 
but we needed much more to be competitive with normal microphones. 

A factor ten was what the microphone manufacturer Sennheiser 
requested. They sponsored the university research for one year in 1997 to 
find out if the Microflown was suitable for telecom applications. In that year 
it was discovered that if the Microflown was packaged properly, the 
sensitivity could increase a factor 7. We had to study on packaging methods 
and as a first step I put the Microflown under the clip of a pencil and to my 
surprise the sensitivity went up! This way of packaging made us realise that 
the sensors should be placed near a wall in stead of free in the sound wave. 
We returned to the bridge type of Microflowns and due to the increased 
mechanical stability we could make the silicon nitride sensor support thinner 
again. The corner frequency increased to 750Hz. 

 

Fig. 1.21: Scanning electron microscope photo of a cantilever type of Microflown. The two 
wires that are sticking out are the actual Microflown, the three squares are the 
“bondpads” that are used to make electrical connections and the three wires in the lower 
part of the picture are wirebonds: Aluminium wires that are 80 micron in diameter.  
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This type, a bridge with platinum sensors and a thin silicon-nitride carrier 
layer, was ready in 1998, too late for Sennheiser. The intrinsic sensitivity of 
this bridge type of Microflown was increased just a little bit, the corner 
frequency had increased a factor 2.5. But the main improvement was the 
package gain, resulting in a 7 times improvement of the overall sensitivity. 
The total improvement was a factor 20. 

At that time two Russian scientists came with a model of the Microflown 
that showed two corner frequencies. The Microflown has a reduced 
sensitivity at higher frequencies due to the thickness of the wires. An 
additional effect is the time it takes for heat to travel from one wire to the 
other. Years later one of the Russian researchers (dr. Svetovoy) came to 
work at the University of Twente and contributed to some valuable 
applications (mathematical proof of the so called very near field, vibration 
measurements). 

A nice story can be told on interpretation of measurement results that 
where performed in an anechoic room of AKG Acoustics in Austria. Various 
Microflowns where tested and to our surprise one of them, nr. 183 had a 
significantly higher sensitivity (+6,7dB or 2.2 times). The number 183 
Microflowns was called “mit Bügel”. The operator of the anechoic room had 
written this on the results. The “mit Bügel” referred to the metal wire that 
was made around the Microflown to protect the cantilevers, see Fig. 1.23. 
In our quest to find an answer why this nr. 183 Microflown was better I 
removed the wire to be able to study the sensor under a microscope. We 
could not find a reason. All this happened early 1996 and at the end of 1997 
I “discovered” the package gain and found at the same time the answer to 
the “mit Bügel” question. The metal wire that I removed to find out why nr. 
183 had a better sensitivity was in fact the answer: the metal wire was 
acting as a package that caused a gain of 6.7dB. One needs an open mind 
to find answers! 

 

Fig. 1.22: Anechoic measurement results (March 1996; 720uV/Pa bei 100Hz und 9V 
speisung. 550nV Raussen, A bew. 183 mit Bügel; Curve measured by AKG Acoustics). 

The Microflown that was used in 1999 was made of single platinum (no 
support layer) this resulted in a corner frequency of about 1kHz and 2.5 
times higher sensitivity. The overall performance of that Microflown 
increased 3.4 times.  
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In total the quality of the Microflown is improved a factor 30,000 over the 
years. The corner frequency improved from 10Hz to 1kHz (a factor 100) the 
intrinsic sensitivity a factor 15 plus a sensitivity improvement of 7 times due 
to package gain. The noise performance of the electronics improved a factor 
3. This is quite an achievement but we still need at least a factor three to 
ten (10dB to 20dB) to reach a selfnoise that is competitive to a studio 
microphone. 

If one keeps in mind that the selfnoise has improved 30,000 times and it 
still needs at least 3 to 10 times to reach high quality one can imagine how 
loud I had to shout in the beginning to demonstrate the working of the 
Microflown.  

The selfnoise of a properly packaged Microflown in 2005 is more than 
31dB(A), a good studio microphone has a selfnoise of 15dB(A) to 20dB(A). 
So a lot has to be done in order to create a high end Microflown. For 
measurement purposes the Microflown has proven itself many times now. 

Apart from the sound quality improvement another development was 
going on. The search for applications and, strongly related to that, the 
packaging and preamplifiers.  

The first application that was examined was the particle velocity 
measurement for the determination of specific acoustic impedance. Already 
in 1995 the Microflown was used by Laboratory for Network Theory of the 
University of Twente, to determine the quality of a horn loudspeaker. Later 
the faculty of Mechanical Engineering used the Microflown for Experiments 
in an impedance tube. For that, the Microflown had to be mounted into a 
m5 bolt, see Fig. 1.23. 

 

Fig. 1.23: A cantilever Microflown with protection wire mounted into a m5 bolt. This 
realisation is used in the impedance tube. The protection wire caused a package gain of 
6dB (Theo Veenstra, 1996). 
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In early times the sound intensity application was investigated in co-
operation with Philips Research Laboratories Eindhoven (Natlab). One of the 
first realisations is depicted in Fig. 1.24. The particle velocity probe has 
been evolved into a half inch probe in which the sound pressure probe is 
incorporated, see chapter 3: “the Microflown”. The sound intensity 
application has expanded over the years into one of the key subjects, see 
further chapter 5: “intensity”.  

Connectivity is one of the major issues in acceptance of a product. The 
probe should be plugged in and ready to use. The 7-pins LEMO and the BNC 
have become standard in the field of acoustic measurements. 

The BNC connector is a two-wire “signal and shield” connector only. It is 
a very simple and low cost connector. We use the (unofficial) standard ICP 
protocol: a 4mA DC power source is powering the preamplifier and the AC 
voltage is used as output. Apart from the ICP protocol we use a 7-pins 
LEMO connector. 

 

Fig. 1.24: One of the first p-u sound intensity probes (1997). The Plexiglas cylinder and 
the brass sphere are mounted to create package gain. 

In 1998 the ICP probe became commercially available. 

In 2006 we used as much as possible main stream (computer) products. 
This is because the price of those products is low and the quality and 
availability of those products is high. 

From the beginning the sound reinforcement application was 
investigated. Although the selfnoise was not very good we managed to 
broadcast some sentences on the BBC world service in November 1996, see 
Fig. 1.26. To improve the signal to noise ratio, the Megaflown was 
developed, see Fig. 1.27. We hoped that by using 300 Microflowns that the 
selfnoise reduced 30dB at once. Theory and practice do not always match: 
the Megaflown never worked. 
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Fig. 1.25: Second generation p-u sound intensity probes (1997). This package was the 
basis for the modern PU probes (The cantilever Microflown can still be seen). 

 

Fig. 1.26: One of the first Microflowns for speech reinforcement purposes (1996). 

In 2000 a more reliable model became available regarding the frequency 
dependence of the Microflown. It became clear that a Microflown had 
instead of one, two corner frequencies. One due to diffusion effects (it takes 
time for heat to travel from one wire to another) and the other due to the 
heat capacity of the both wires. 
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Fig. 1.27: The ‘Megaflown’: one wafer with a combination of 300 Microflowns to reduce 
the selfnoise so that it could be used for studio recordings. This project failed. 

In 2004 a mayor step in connectivity was set with an amplitude and 
phase correction amplifier (A&P amplifier). The combination of the insight 
that the model brought and the more broad banded calibration methods 
leaded to accurate knowledge of the phase and amplitude response. With 
this knowledge it is possible to build an equalizing network that adjusts the 
response of the Microflown in such way that it has a flat phase and 
amplitude response in the acoustic bandwidth. 

Before the A&P preamplifier, the response of the Microflown had to be 
corrected in the analyser or with a post process calculation. The correction 
in an analyser is only possible if the analyser manufacturer is willing to 
cooperate and it takes quite some effort to program it properly. In 2003 
some analyser manufacturers cooperated but the connectivity with older 
versions is still impossible. The post processing of the data appeared 
difficult for some users. Now, with the A&P preamplifier one does not have 
to worry about the Microflowns frequency dependent behaviour and this 
improved the user-friendliness a lot.  

Already in 2000 it was shown that it was possible but in June 2005 it was 
studied properly: a pressure microphone is made based upon the particle 
velocity principle by putting a Microflown inside a small and rigidly 
terminated tube. The tube converts the sound pressure signal into a particle 
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velocity signal that can be measured by a Microflown sensor. Use of this 
Microflown based pressure sensor is possible up to 500°C. In combination of 
a regular high temperature Microflown a PU intensity probe can be made 
that can be used up to 300°C.  
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Fig. 1.28: Developments the Microflown. The selfnoise in dB(A) is an estimation based on 
the sensitivity of the Microflown at that time, 20kHz bandwidth and 40mW operating 
power. For telecom purposes the bandwidth is limited to 3.4kHz and the power dissipation 
to 10mW, the selfnoise is therefore 14dB lower. For sound reinforcement the operating 
power may be chosen higher which results in a lower selfnoise.  

In 2005 the calibration methods where improved by Microflown 
Technologies in such way that the frequency and phase response could be 
determined in a broad bandwidth (2Hz-20kHz). A third, low frequency, 
corner frequency was found at 100Hz for non packaged Microflowns and at 
30Hz for packaged Microflowns. It showed that the sensitivity is increasing 
for increasing frequencies (in the 1Hz-100Hz bandwidth). Since the 
Microflown has a DC sensitivity, there must be another corner frequency. 
This corner frequency that is estimated at about 1Hz was measured in 
2006. 

In 2007 the Microflown was studied seriously in several universities 
worldwide. At the University of Twente vibration measurements and source 
localisation techniques where studied and in cooperation with the University 
of Eindhoven holography was investigated. 

At the HAN university, the lectorate ‘Vehicle Acoustics’, the automotive 
applications are investigated.  

At the Danish Technical University sound intensity, reflection coefficient 
of acoustic materials in a tube, calibration techniques and holography was 
studied. At the University of Leuven (Belgium) the in situ determination of 
reflection coefficient of damping materials at all angles was studied.  



Introducing Microflown Technologies 

 1-29 

 

Fig. 1.29: Prototype of the four channel signal conditioner. 

The company Head acoustics published on the car panel noise 
contribution application (the first “killer application”). Other leading 
companies followed their example. In Germany the Otto-von-Guericke-
Universität in Magdenburg was studying the visualisations of sound fields. 
Aachen University studied acoustic impedance of the focal tract.  

In France the companies Faurecia and Peugeot also investigated the car 
panel noise contribution application. At Airbus the visualisation of sound 
fields for in flight source finding is under investigation. In Italy impedance, 
intensity and musical applications were studied at the Laboratorio di 
Acustica Musicale e Architettonica, Venezia and acoustic impedance was 
studied at Università di Ferrara. In Poland at the Technical University of 
Szczecin measurement and visualisation of three dimensional iontensity was 
studied.  

In Japan at the Oita University and the Niigata University the acoustic 
impedance application is investigated and at the SAGA University blind 
source separation was the subject of R&D. In the USA at the Kettering 
University the acoustic impedance of music Brigham Young University 
holography. At the Universidade de São Paulo, Brazil holography was 
studied. 
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1.6 Micromechanics 

The Microflown is made using micromechanics, in a so called ‘cleanroom’. 
The field of micro-mechanics is a follow-up of microelectronics. 
Microelectronics started its revolution after the invention of the transistor by 
Shockley in the Bell laboratories in 1947. In time, the size of transistors 
decreased and integrated circuits came onto the market. With the spin-off 
of the microelectronics it was discovered that it was possible to create 
micron sized mechanical structures and the micromechanics became an 
important field within the Sensors & Actuators groups. The Microflown was 
‘born’ in one of those groups at the University of Twente. 

Micro-mechanics techniques include the basic processing steps of IC 
technology, namely thin film deposition, doping, lithography, and etching. 
In addition, they incorporate special etching and bonding processes that 
allow for the sculpturing of three-dimensional microstructures. 

The fabrication of Microflowns in a cleanroom requires a certain number 
of standard process steps. Before any process is started, the (silicon) wafers 
need to be cleaned. This is to avoid contamination of the equipment and 
also to be sure that the process is started with a fresh wafer. After the 
cleaning a silicon nitride layer is deposited on the waver. This layer is used 
as a mask for the wet chemical etching (that is needed to create the 
channel) and as a carrier for the sensors.  

A metal platinum layer is deposited with a sputter technique. This layer 
will be the actual sensor layer and will be used as bond-pads to establish 
electrical connections on the printed circuit board. The platinum layer is 
patterned with a lift off technique.  

When the platinum layer is ready the silicon nitride layer is etched to 
create a path for the wet chemical etchand to create the channel. The wet 
chemical etching will create the channel and will set the sensors bridges 
free. 

With the use of micromechanics thousands of similar Microflowns are 
made at once on one wafer. 

The Microflown has been successfully realized in three variations, a 
cantilever, a bridge and a through-the-wafer type. The Microflown was 
originated from a bridge-type of mass flow sensor, Fig. 1.14. The first 
Microflown that fabricated as a cantilever type, see Fig. 1.16. At that time it 
was thought that the sensing-wires had to be free in the sound wave. The 
package gain effect however showed the opposite: the wires should be close 
to a rigid boundary. To create a high corner frequency (i.e. sensitivity for 
high tones) the wires should be made as thin as possible. This is why the 
bridge type was used again: for improved mechanical stability (to allow 
thinner sensors) the wires should be clamped at two sides. Later on the 
through-the-wafer type of Microflown was investigated. It was developed to 
create a three-dimensional Microflown. 

Fig. 1.30:An impression of clean room processing. 
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1.7 The Microflown Probes 

In Fig. 1.31 an overview of the several probes that are sold by Microflown 
Technologies is shown. In chapter 3 several probes are dealt with in more 
detail. The state of the art is the so called USP or the ultimate sound probe 
(the probe is shown in the middle of Fig. 1.31 and in Fig. 1.32). It is an 
ultra miniature three dimensional sound probe that is capable of measuring 
broad banded sound pressure and particle velocity in the orthogonal 
directions. For array purposes it is also available in a miniature realisation. 

The Microflown element of a ½” PU probe (shown left in Fig. 1.31) is 
located in a ½” package that has an acoustic gain. The probe is therefore 
more sensitive than the Microflowns in a USP (about 10dB or three times). 
The ½” probe also has an ultra miniature microphone build in so the probe 
is also capable to measure the one dimensional intensity, energy and 
impedance. The ½” package makes the probe also more rugged than the 
USP. Just as the USP, this probe is also available in a miniature realisation 
for array purposes. 

 

Fig. 1.31: (Below) an overview of the several probes that are sold by Microflown 
Technologies in 2005. 
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The Scanning Probes (the three probes right in Fig. 1.31) are available in 
three orientations and are used to measure the particle velocity close to 
objects in the so called very near field (see also chapter 7: “vibration”). In 
this way the probe can be used as an alternative for a laser vibrometer. 
Another use is the acoustic end of line testing. Equipment can be tested 
without influence of background noise. The scanning probe is also used in 
ultra miniature acoustic camera’s (see Fig. 1.31 left). 

The PU Match (the probe on top of the signal conditioner in the middle 
of Fig. 1.31) is the smallest PU probe that is available. As the name 
suggests, its size is comparable to the size of a match. It is used for 
measurements of small size objects (like hearing aids) or at places that are 
hard to reach. In 2007 the USP match became available. 

The probe between the ½” PU probe and the USP in Fig. 1.31 is a 
handheld probe for leak testing. Leak testing is the branch of non-
destructive testing that is concerned with the escape of liquids, vacuum or 
gases from sealed components or systems. See further chapter 18: 
“leaktesting”. 

  

Fig. 1.32: Detail of a USP (2003). In 2004 the orientation if the Microflown sensors is 
changed, see further chapter 3. 

From the year 2004 a so called demo kit was created that consists of a 
signal conditioner, a calibrated USP, a ½” PU probe and a Scanning Probe. 
This kit is distributed around the world to demonstrate capabilities of 
Microflown applications. See Fig. 1.34. 

In 2005 a prototype of new type of microphone was made by Microflown 
Technologies, see Fig. 1.33.  The idea is that if the diameter of a standing 
wave tube is small compared to the wavelength, the sound field that enters 
by the open end is dominated by the sound pressure part of the sound field. 
If a Microflown is placed in a standing wave tube of 40mm in length and 
4mm in diameter, the output is pressure sensitive in the acoustic 
bandwidth. This, in combination with Microflown that is mounted in a 
regular manner, creates a PU probe that consists of two Microflowns.  
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Fig. 1.33: First prototype of the PU Etna (2005). The standing wave tube is made of a half 
tube at the upper part of the printed circuit board and a Microflown. A Microflown is put 
half way and the other end of the tube is closed. This creates a pressure sensitive 
arrangement. Under the printed circuit board a Microflown is protected by a small half 
tube that is open at both ends. This is the velocity sensitive element. 

 

Fig. 1.34: Demo kit consisting of an USP, a ½”PU probe and a Scanning probe and a 4 
channel signal conditioner. 
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A Microflown element can be used at high temperatures and the small 
standing wave tube is made of high temperature resistant materials. The 
complete system is a PU probe that can be used for temperatures up to 300 
degrees Celsius. The probe is called the PU Etna with a reference to the 
largest active volcano in Europe. 

From 2007 an Dutch R&D program started that investigates how the 
Microflown can be made suitable for higher temperature use (300 degrees 
Celsius). 

1.8 Applications 

Although the Microflown is being investigated for ten years, before 2004 
it wasn’t very clear what the applications were. Microflown Technologies did 
sell probes, enough to survive as a company, but it was difficult to 
understand what the real benefits of the Microflown based sensors were. 

Of course it was clear that the Microflown is small and that it is sensitive 
for particle velocity and so on, but what the exact benefit was for the 
customer, that was not clear. It wasn’t until half 2004 when the first 
applications became clear. 

In 2004 the company Microflown Technologies started the “sensors, 
systems and solutions” way of thinking. The Microflown is definitely a nice 
sensor but the use of the sensor is more important than the sensor itself. 

The development of the (A&P) correction preamplifier is an example of a 
system that made the sensor more user friendly. With this correcting 
preamplifier, the Microflown can be used in combination with any analyser 
in stead of a dedicated one.  

The A&P preamplifier was one of the last hurtles that had to be taken to 
get market acceptance. Before that innovation the focus of discussion were 
“problems” like interfacing and calibration, after 2004 the focus was: “what 
can I do with this technology”. Of course it helped that several leading 
universities published in respectable acoustic journals on applications so 
that the last worries could be taken away. 

Apart from applications (the use of the device), the calibration of the 
Microflown is the most important issue. This topic was studied from day 
one. In 2000 the topic was studied at the University of Twente by prof. 
Druyvesteyn and dr. Raangs and I. Later (2004) Prof. Jacobsen and I 
continued the R&D. The standing wave tube was improved by Microflown 
Technologies end 2005 by making the probe mountings airtight so that the 
reliable bandwidth was 20Hz-4kHz. Beginning 2006 the near field calibrator 
was improved by prof. Jacobsen. He proved that a spherical calibrator is 
reliable in a 50Hz-10kHz bandwidth. End 2006 the setup improved to 20Hz-
20kHz bandwidth. 

In 2004 the following applications became clear: 

Sound intensity (developed from 1997) 

It was clear from the beginning that sound intensity can be measured 
with the use of a Microflown but it was not clear what the exact benefits for 
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the industry were. Why did the industry need to buy our sensors and not 
those traditional ones from the competition? Our sensors were not 
standardized and calibration is relatively difficult.   
The answer is that the Microflown intensity measurement method can 
operate in (diffuse) sound fields where the traditional probe has problems. 
Its small size allows measurements on places that the traditional probe can 
not reach and it allows high resolution measurements on very small objects. 
Prof. Druyvesteyn and I started the R&D in 1997 and prof. Jacobsen and I 
continued the R&D later (from the year 2004). See further chapter 5: 
“intensity”. 

A new type of intensity probe is difficult to sell because the marked is 
highly standardized and regulated. Furthermore intensity measurements 
had a bad name because the high expectations of the 1970s could not be 
satisfied. However in 2004 it was proven that the Microflown based intensity 
probe performed much better in closed environments like the inside of a 
car, train or plane. 

The ability to measure sound intensity (and surface velocity) in a difficult 
sound field with a Microflown based intensity probe is the basis of the 
source path contribution technique. This technique was the first killer 
application, see further chapter 10: ‘source path contribution’. 

Non contact vibration measurements (March 2003) 

One of the results of the inverse acoustics research was that it became 
clear that the particle velocity close to a vibrating object coincides with the 
vibrating of the object itself. I introduced the concept as the very near field. 
It was received with a lot of scepticism in the scientific world but got 
adapted fast in the automotive industry (see chapter 10: ‘source path 
contribution’) and later in end of line testing (see also chapter 17: EOL 
Gears & Motors).   
Until that moment there were two methods to determine the vibration of a 
structure: a laser and an accelerometer. The first one is very expensive, 
large and (therefore) difficult to use. The accelerometer is small and low 
cost but has to be attached to the vibrating object. This alters the structure 
under test and it is a lot of installation work. The Microflown is an 
alternative to these methods. It is a small sensor, a non contact method 
and it is easy to use. See further chapter 7 ‘vibration’. 

Leaktesting (October 2003) 

One can hear a leak in a tire but also small leaks make noise. Very small 
leaks can be detected by a Microflown. It was proven in 2004 that leaks 
could be detected in rims. The leak testing capabilities are comparable to 
the best methods that are available in the marked. In 2005 a first leak 
testing prototype was ready that is able to detect leaks within 1 minute 
(complete cycle time), see chapter 18: “leaktesting”. 

Vibration / radiation tool (2004) 

With a PU probe the structural velocity (the vibrations) of a surface can 
be measured but some vibrating parts radiate sound and some vibrating 
parts even cancel sound. The sound intensity measurement reveals which 
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vibrating part radiates and which part doesn’t. With the PU probe this 
measurement can be done simultaneously. 

Source path contribution; reciprocal methods (March 2004) 

The first ‘killer’ application was the measurement source path 
contribution of car interior noise. Head Acoustics (Germany) was the first 
one that acquired an array of PU probes. Soon others followed. It showed 
that with an array of PU probes the noise in the interior of a car could be 
measured in days in stead of weeks. This tremendous time saving was due 
to the fact that the Microflown based sound intensity probe can measure 
inside a car without the need of a thick layer of damping material that is 
needed for traditional method. And contactless vibration methods at lower 
frequencies can be done at the same time and with the same equipment. 

One Microflown PU array replaces a laser vibrometer or accelerometers at 
lower frequencies and a p-p sound intensity probe (plus foam) for high 
frequencies. See further chapter 10: ‘source path contribution’. 

In situ reflection coefficient measurements (September 2004) 

At the University of Leuven it was proven that it is possible to measure 
the reflection coefficient of an acoustic damping material with the use of a 
½” PU probe. The reflection coefficient is determined fast, in situ, on small 
surfaces and oblique. Until that time it was only possible to measure the 
normal reflection coefficient of a sample in a tube (a destructive 
measurement). The oblique values of the reflection coefficient can only be 
determined in a laboratory when a large sample (10m2) with a very time 
consuming measurement (4 hours). 

In March 2005 a portable setup was published that was operated with a 
USB protocol connector only. The setup was used with mixed results. It took 
up to October 2007 to get the setup working properly.  

 

Fig. 1.35: The first prototype of handheld device to measure the acoustic reflection 
coefficient in situ.  

Product development 2005 

Early 2005 Microflown Technologies started to develop software based 
applications in MATLAB. For data acquisition a multi channel (94channel, 
MOTU) soundcard was used. From then on complete solutions (meaning 
sensors, data acquisition and software) where developed.  
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Development of mini PU array (January 2005) 

The standard PU probe and the signal conditioner were made much 
smaller so it became possible to make arrays of PU probes. Since the array 
can be used for several applications, it is called the multipurpose PU array. 
The company Faurecia (Peugeot) that designs acoustic packages (damping 
materials) was the first one to buy such an array in order to optimize cars 
with reciprocal methods. 

Miniature acoustic camera (April 2005) 

A miniature acoustic camera was designed based on an array of PU 
matches, a soundcard plus a multiplexer and Matlab based software. The 
camera was first used to find the acoustic hot spots of faulty miniature 
electrical pumps in production lines. 

 

Fig. 1.36: The first acoustic camera based on a 72 channel MOTU soundcard and MATLAB 
software (April 2005). 

With the multiplexer it was not possible to show pictures in real time or 
to make acoustic movies.  
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A few months later we used 96 channel soundcards (Motu) and we 
worked together with a German software supplier (ATG). In that 
combination it became possible to show acoustic pictures in real time. 

With our Matlab software it is not possible to make acoustic pictures in 
real time but acoustic movies are feasible. 

Production line quality control, engines and gears (April 2005) 

The Microflown proved to be an excellent tool to determine the quality of 
anything that vibrates (like an electric motor). Background noise (that is the 
main problem with other acoustic sensors) is cancelled by the Microflown for 
three reasons:   
1) close at the surface of the motor the background noise is reflected 
causing the particle velocity to reduce to zero (and the sound pressure to 
double),  
2) the sound that is radiated by the motor is velocity based (and sound 
pressure is low) and   
3) the Microflown measures only in one direction cancelling the other two 
dimensions of the background noise. All together a 30dB improvement over 
pressure measurements can be reached. 

The alternatives are a laser vibrometer and accelerometers. The laser is 
expensive and is mostly difficult to use in real production lines because the 
objects under test should not move in any way and the accelerometers 
should be attached and this is very unpractical. 

Velocity based Planar Near Field Holography (May 2005) 

Planar Nearfield Acoustical Holography (NAH) is a methodology that 
enables one to reconstruct acoustic quantities from an object based on 
acoustic measurements in a 2D surface. Research of prof. Jacobsen showed 
that velocity based planar holography predicts the sound field much better 
than sound pressure based holography. The sound pressure methods 
produce only a trend of what is going on. 

Plane near field calibration setup (June 2005) 

With a standing wave tube it is possible to calibrate below 4kHz. The 
plane Near Field Calibrator is capable to measure up to 15kHz. A spherical 
calibrator proved to be better and therefore the plane near field calibrator is 
one is not used anymore. 

Sound pressure Microflown (October 2005) 

With a Microflown build in a miniature standing wave tube (4cm in length 
and 5mm in diameter) an assembly is created that is sound pressure 
sensitive. This Microflown based microphone can be used at high 
temperatures (300 degrees Celsius). 

Product development 2006 

The motto for this year was: ‘become mainstream’ and ‘select your 
battles’. ‘Mainstream’ means that we are focussing on the ‘normal’ 
customers and not on the early adapters and innovators. This meant that 
we had to focus on standardisation. ‘Select your battles’ means that we had 
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to focus on a few applications in stead of trying to pursue each lead. The 
applications that had the focus are: 

1) source path contribution methods 
2) acoustic camera 
3) in situ measurement of reflection coefficient 
4) contactless vibration measurements 
5) end of line control  

The selling point of the source path contribution application is that 
the Microflown based PU probes are capable to measure the sound field in 
the car without the need of foam. The result is a tremendous time saving. 
This is possible because the Microflown PU probes are capable of measuring 
the surface velocity in a non contact manner for lower frequencies and at 
the same time measure the sound intensity at higher frequencies without 
the need of foam. 

“Competitive” source path contribution methods for lower frequencies are 
a laser vibrometer that is difficult to use or accelerometers that are time 
consuming to install.   
For higher frequencies a traditional intensity probe can be used. However 
the inside of the car has to be completely covered in foam to be able to use 
these probes. This takes a lot of time and prevents to measure in situ. See 
further chapter 10. 

In 2006 the main goal of the product development was to realise a 
complete system for source path contribution methods. We had sold some 
arrays already but the customer had to program their own software and 
solve all the practical issues (mounting etc.) themselves.  

The PU based acoustic camera is capable to visualize a sound field of 
any object almost independent on shape or size. The dynamic range is very 
large and it can be used in the full acoustic bandwidth. The background 
noise is suppressed and non coherent noise sources are not any problem 
with this method. 

The other systems in the market are based on pressure transducers and 
their system bandwidth and dynamic range is limited. The holography 
systems try to calculate the velocity on a surface plane nearby. This is a 
very complex method of which the reliability is low. Non coherent noise 
sources are difficult to measure and background noise affects the 
measurement. The other method, the beam forming array operates only far 
from the source and performs only at higher frequencies. The dynamic 
range is extremely poor. 

The in situ determination of the properties of acoustic materials is 
almost impossible nowadays without the use of PU probes. There is a 
method (the Tamura method) that requires 4 hours of measurement time, 
ten square meter of sample material and a robot in an anechoic room to 
measure the reflection coefficient in situ. Only with this method the 
reflection coefficient is measured at all angles of incidence. 

With the Microflown method the measurement method requires only 
minutes and a small sample to get the same result as the Tamura method. 
See further chapter 6: acoustic impedance measurements. 
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The selling point of the application “contactless vibration 
measurement” is simple to explain. With a Microflown scanning probe it is 
possible to measure the same thing but in a lot of cases in a simpler 
manner. The cost of a Microflown system is about ten times lower than the 
laser vibrometer. See further chapter 7: vibration. 

End of line control is a method to be able to test (sub-) assemblies if 
certain requirements are met. This can be for instance a vibro-acoustic test 
if a micro pump or electromotor is functioning properly (see chapter 17: 
EOL gears & motors) or an acoustic impedance measurement during the 
production of acoustic damping material (foam or e.g. asphalt). Leaktesting 
of e.g. rims is also an end of line method (see chapter 18). 

The product development was divided in three topics: increase the upper 
sound level limit, increase the upper usable temperature and reduce the 
influence of wind. 

Prototype high temperature Microflown (January 2006) 

A prototype of a new type of Microflown was made that is capable to be 
used up to 500°C. With another set of materials the Microflown element was 
improved so that it can be used at higher temperatures.  

Improved short standing wave tube (January 2006) 

A short standing wave tube is made that has airtight probe fittings. This 
enables calibrations down to 20Hz. The smaller size makes it better suitable 
for calibrations in the field. All measurement values can be used as 
calibration values with an improved model. See further chapter 4: 
‘calibration’. 

Wind noise reduction up to 50km/h (February 2006) 

With a standard Rycote© windshield Microflowns can be used up to 
50km/h from 300Hz upwards.  

Monopole on a sphere calibration setup (February 2006) 

The plane point source calibration setup has a few disadvantages. It is 
very difficult to construct a “real monopole” that is, an omni-directional 
source that covers a wide frequency range. In practice a plane baffle must 
obviously be finite, and thus there will inevitably be reflections from the 
edges. Vibrations caused by the loudspeaker reaction might also be a 
problem. This type of calibration is not used in practice because the piston 
on a sphere calibrator is more accurate. See further chapter 4: ‘calibration’. 

Piston on a sphere calibration setup (February 2006) 

This is a similar calibrator as the monopole on a sphere. The piston on a 
sphere calibrator is more accurate than the monopole and has a higher 
output than on a sphere but one need software to be able to use the 
calibrator. It has become a standard calibration technique. See further 
chapter 4: ‘calibration’ and chapter 4A: ‘standard calibration techniques 
calibration’. 
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Monopole sound source (March 2006) 

The reciprocity principle plays an important role in the source path 
contribution measurement and for reciprocity one need a monopole sound 
source. Such sources are difficult to realise because it requires a particle 
velocity sensor control sensor that is able to measure up to 160dB. 
Normally Microflowns reach 140dB but with a couple of tricks we where able 
to increase the upper limit. The source is calibrated with a small standing 
wave tube concept. See further chapter 9: ‘monopole sound sources’. 

Surface impedance setup (April 2006) 

The surface impedance method that was developed with the University of 
Leuven was realised and improved a little. As sound source the ‘piston on a 
sphere’ was chosen. Inside the sphere the complete data acquisition, 
powering and triggering was build that runs on a single USB powering. 

The mirror source setup (May 2006)  

A measurement tool is developed that is capable to measure the 
reflection coefficient of acoustic materials in situ and in real live situations. 
It uses a miniature monopole sound source that is placed close by the 
acoustic reflecting material. A Microflown is placed close to the monopole 
source in such way that its sensitive direction is aiming at the acoustic 
reflecting material and its non sensitive direction is aiming at the source. 
This way it is only measuring the ‘mirror source’: the reflected image of the 
monopole sound source. From the ratio with a reference measurement on a 
fully reflecting plate the reflection coefficient can be determined. In 2006 
the method works only for simple materials. 

 

Fig. 1.37: A first prototype of the miniature mirror source measurement technique (June 
2006). 
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Source localisation for helicopter localisation (May 2006) 

With a USP it is possible to locate sound sources. For a customer we 
developed a system that is able to find out the bearing of a helicopter. 

Acoustic noise source finder (May 2006) 

An apparatus is developed that is able to find acoustic sound sources in 
the near field of a radiating object which is operating in a noisy 
environment. It is based on two Microflowns. The forward sensitive 
Microflown is used to (bandpass filtered) listen to the particle velocity sound 
field and in combination with a Microflown perpendicular to it, an intensity 
like signal is used to balance the signal. If a source is e.g. left to the probe, 
the sound is heard on the left ear of the operator. 

Handheld PU mini array (September 2006) 

 

Fig. 1.38: The handheld array for 12 PU mini probes. 

12 PU probes are connected with sub-miniature connectors to a 12 
channel PU preamplifier. This preamplifier is connected with one cable to 
the 24 channel data acquisition system that also powers the probes. A CCD 
camera is positioned so that it can see trough the probe arrangement. Real 
time software reads in the digital time signals from the 24 channel data 
acquisition system and the CCD camera. The software overlays the visual 
picture with an acoustic image so that sources are found easily. 



Introducing Microflown Technologies 

 1-44 

Surface impedance method improved for spherical waves 
(December 2006) 

At higher frequencies the surface impedance set up proved to be a good 
measurement tool to measure the absorption of an acoustic damping 
material in situ. In May 2006 a paper was published by the University of 
Leuven that showed how for lower frequencies the measurement result has 
to be corrected in order to get proper results. These corrections have been 
programmed in MATLAB to be able to use the surface impedance method 
effectively. 

Artificial head monopole loudspeaker (December 2006) 

Normally point sources are used to for the reciprocal determination of the 
sound pressure at a certain point in space. This of course has a great value 
but it is also important what a human would perceive. For such reciprocal 
measurements a head shaped loudspeaker is required. 

 

Fig. 1.39: First prototype of a head shaped monopole source. The low frequency source 
output (up to 750Hz) is seen at the top of the head, one of the high frequency sources 
(up to 7kHz) is seen in the ear. 

Low frequency enhancement of the piston in a sphere calibration 
technique (December 2006) 

The piston in a sphere calibration technique works well at higher 
frequencies. At lower frequencies the methods fails because the sound 
pressure level that is emitted from the source becomes lower than the 
sound pressure level of the background noise. 
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Fig. 1.40: Low frequency ‘piston on a sphere’ technique. The reference pressure 
microphone is put in the sphere to determine the velocity of the loudspeaker and with 
that the velocity at the Microflown. 

At lower frequencies the reference sound pressure microphone is put in 
the sphere and measures the loudspeaker vibrations. The particle velocity 
field in front of the loudspeaker is used to calibrate the Microflown. 

High level velocity Microflown 

A Microflown element is linear up to 138dB. The Microflown is placed in a 
small tube and rotated approximately 90 degrees. Due to this the sensitivity 
drops in the order of 20dB. The assembly (small tube + rotated Microflown) 
becomes a system that is linear up to 158dB. First prototypes are used as 
reference sensor on monopole sources. 

Product development 2007 

The product development of 2007 focuses on finishing the applications 
that are investigated in 2006. The layout of a MATLAB platform plus sound 
card based data acquisition is developed and will be realized this year. This 
platform is needed for the calibration, the source path contribution 
methods, the acoustic camera and the in-situ measurement of reflection 
coefficient. 

Apart from the finishing of the product development three lines of new 
R&D are followed. It is the further development of the Microflown to be able 
to measure in high temperatures, in high sound levels and in a high wind 
environment. 
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Array calibrator (April 2007) 

First, one PU mini probe is calibrated with one of the other calibration 
techniques. Then, this probe placed in the array calibrator which is nothing 
more than a sound source which has a sound field that is similar to the two 
PU probes. The calibrated PU mini probe is used as reference and other the 
response of probes is compared with the calibrated response.  

MATLAB based software calibration ready (February 2007) 

The software to support the piston on a sphere (low and high frequency) 
calibration and the short standing wave tube is ready. With this software 
measurements are done easily and the measurements are converted to a 
standard calibration file. See further chapter 4A: standard calibration 
techniques. 

Software surface impedance ready (February 2007) 

The measurement procedure of the surface impedance is ready after 
years of R&D. The software calculates the spherical reflection coefficient 
from the measured impedance. After this room reflections are cancelled 
with a time window of the impulse response. This spherical reflection 
coefficient is converted to the standard planar reflection coefficient with a so 
called F-term correction. 

‘Piston on a sphere’ hardware is ready for commercial use 
(February 2007) 

A lot of work has to be done after a technique is scientifically proven to 
work. Special holders have to be designed made and tested. The setup is 
ready and manuals and datasheets are ready for commercial use. 

 

Fig. 1.41: The piston in a sphere set up. The sound pressure probe is calibrated in the full 
acoustic bandwidth; the particle velocity probe is calibrated in a 100Hz-20kHz bandwidth. 
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In two measurements a pu probe can be calibrated in a 20Hz-20kHz 
bandwidth. The set up shown in Fig. 1.41 is capable to calibrate a 
microphone the full acoustic bandwidth and a Microflown in a 100Hz-0kHz 
bandwidth. Once the reference pressure microphone is placed so that it 
measures the sound pressure in the sphere (see Fig. 1.40), the set up can 
calibrate a Microfown a 20Hz-200Hz bandwidth. 

The calibration can be done in a normal room. Room reflections are 
cancelled with a mathematic method. See further chapter 4A: standard 
calibration techniques. 

Low frequency monopole sound source (February 2007) 

A monopole sound source is used for reciprocal measurements in e.g. 
vehicles. The sound power output of a monopole source is proportional with 
the frequency squared. The sound pressure at one meter therefore low at 
low frequencies. To be able to reach relative high sound pressure at low 
frequencies with an acceptable source velocity one needs to increase the 
source diameter. For an omni directional behavior however, the diameter 
should be small compared to the wavelength. Because of that contradiction 
two monopole sources are designed. The high frequency monopole was 
ready in March 2006, now the low frequency source is ready. The source 
has a particle velocity reference sensor so the output can be measured. The 
source is also used for low frequency absorption measurements. The source 
is calibrated with a small standing wave tube concept. See further chapter 
9: ‘monopole sound sources’. 

 

Fig. 1.42: Prototype of the low frequency point source. The source is shown at the front; 
the tube at the back is the calibration tube that can be put on the source output.  

Microflown with micromachined windshield (May 2007) 

A first prototype that showed that it is possible to make a Microflown with 
a micromachined windshield was realized in May 2007. The windshield is 
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made of a thin layer of nitride with little holes in it, see Fig. 1.43. This first 
realization has still some etching flaws but shows that the concept works. 

 

Fig. 1.43: Prototype of a Microflown with a micromachined windshield. 

High resolution reflection coefficient measurements (June 2007) 

With a PU match a surface is scanned and the local impedance is 
measured with a high spatial resolution (<1mm2). In the rigid surface three 
quarter Lambda resonators are placed, see Fig. 1.44 left. Fig. 1.44, right 
shows the real part of the acoustic reflection coefficient.   

  

Fig. 1.44: Left: three quarter Lambda resonators in a rigid plate (the black grid is 5mm). 
Right: the real part of the reflection coefficient at 2218Hz.  

‘Acoustic eyes’ proved for localization and tracking (June 2007) 

With the use of two (or more) USP probes it is possible to locate a 
source. Both the direction of the source and the distance to the source is 
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determined so the source location is known. Because the measurement is 
done real time a sound source can be tracked. 

Fig. 1.45 shows the setup of the first measurements, Fig. 1.46 shows the 
first results. 

 

Fig. 1.45: First outdoor ‘acoustic eyes’ measurements. 

  

Fig. 1.46: Trajectories are measured in 3D. 

Planar USP probe (June 2007) 

At the University of Twente a working prototype of a planar USP probe is 
made. The pressure element of this probe is a small standing wave tube 
that converts the sound pressure in to particle velocity that is measured 
with a Microflown inside (see also chapter 13: the “pressure Microflown”). 
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Fig. 1.47: Planar USP: smaller than a match. 

Handheld surface impedance set up (October 2007) 

The first working prototype of a handheld measurement set up consists of 
a small spherical loudspeaker, a handgrip and a PU match that is 
mechanically decoupled. The set up makes it possible to measure the 
reflection coefficient of acoustic materials in situ from 300Hz upwards. 
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Fig. 1.48: Working prototypes of a hand held device to measure in situ the acoustic 
reflection coefficient (left August/ right September 2007). 

The first prototype was made in September 2004, see also Fig. 1.35. In 
the years after that the calibration was done with the piston on a sphere 
model that was proposed by Finn Jacobsen. After this the spherical 
reflection coefficient was measured and converted to a planar one with the 
so called F-term correction. These calculation took several minutes to 
process. Now with a small spherical source and a fixed probe-source 
distance the models can be simple and the processing time is within the 
second making real time measurements possible.  

A mayor problem was the was the way to fix the probe to the 
loudspeaker due to vibrations.  This is solved in this setup. 

Small sphere calibration (August 2007) 

In the beginning of the year the sphere calibration was done with a 
sphere similar to the one Finn Jacobsen had used. The same procedure is 
tried with a smaller sphere and it showed that the low frequency sphere 
calibration can be used for frequencies exceeding 1kHz. The high frequency 
sphere calibration can be used from 200Hz upwards with the small sphere. 

The advantage of the small sphere is (due to the higher transition 
frequency) the model of the sound field can be approximated with a 
monopole radiation.  

Due to this the small sphere response can be compensated with a simple 
RC filter. No mathematics is required if this filter is used. This simplifies the 
calibration procedure. 

Scan & Listen preamp 

The Scan & Listen preamp is used to make the PU Microflown signals 
audible. This is very useful for fast trouble shooting, machine monitoring 
and e.g. modefinding. The sound pressure or the particle velocity is 
equalized, amplified with adjustable gain and put on the headphone output.  
The Scan & Listen preamp is powered with a 9V battery or 12V-18VDC 
power supply. The gain potentiometer is also used to switch on the preamp. 
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Fig. 1.49: Battery powered Scan & listen preamp. 

High frequency monopole industrialized (August 2007) 

The High frequency monopole is used for reciprocal measurements. A 
high level Microflown at the end of the tube is used as reference. 

 

Fig. 1.50: High frequency monopole, in front the small standing wave calibration tube. In 
red, the preamplifier. 

USP orientation tool (September 2007) 

The USP orientation tool is designed to show the orientation of the 
elements of the USP. The three axis have colours and the tool shows what 
colour is the x-axis, the y-axis and the z-axis. The orientation tool can be 
fixated with a m4 screw. A second m4 thread is available for mounting 
purposes. 
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Fig. 1.51 (left): USP orientation tool. Right: Tool is mounted on an USP and the other 
threat is used to position the probe. 

Unidirectional sensor and beamforming USP (October 2007) 

In an eureka! moment it showed how it is possible to make a 
unidirectional sensor (a sensor that is sensitive in one direction) and with 
that an beamforming USP. 

The Beamforming USP is capable of visualizing a sound field in all 
directions. So a single USP is able to produce similar results as a 
beamforming array of pressure sensors.  

If two or more USP’s are used it is possible to not only a bearing of a 
soured source but also a distance. With such procedure the 3D sound field 
can be measured.  

1.9 List of students that contributed 

Roald Ruiter (source path contribution), Daan Heijne (source path 
contribution on a Volvo car), Mark van Klarenbeek (production 
improvement), Thijs Frantzen (low frequency absorption), Manuel 
Smeekens (low frequency absorption), Simon Rijk (transmission loss 
development), Roy Rijvers (transmission loss development), Manuel Spinner 
(visual communication and MATLAB user interface), Steven Steltenpool 
(analogue data aquisition), Wilfred Hake (analogue data aquisition), Martin 
Obst (source path contribution), Tom Weyna (calibration technique), Arjen 
Urmacher (Harsh environment), Johnny Voogdt (GUI scripting), Paul 
Sprangers (mirror source technique), Jordy de Boer (production), Jeroen 
Verbeek (commerce), Toon Vredeveldt (analogue electronics), Davy Toye 
(anechoic chamber verification), Thomas Weyna (probe tester), Oliver 
Loudon (monopole sound source), Arnout Smeenge (PU Edna), Sjouke 
Rinsma (acoustic noise source finder), Jorg Brouwers (source path 
analysis), Martijn Hoep (monopole sound source), Leon Pietersz (PU Edna), 
Jochem Turk (PU Edna), Niek Scheers (wind screens), Daniel Folkers (wind 
screens), Thijs te Paske (acoustic eyes, C++ programming), Daniel Gloger 
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(acoustic impedance), Henk Hendriksen (reciprocity), Jelte Jansen 
(leaktesting), Rien Platenkamp (high temp microflown, windcaps), Pieter 
van ommeren (calibration), Arno Winkel (acoustic impedance), Emiel Tijs 
(near field calibrator), Rene Visser (Ph.D. student), Ron Raangs (Ph.D. 
student), Bob Schippers (acoustic impedance), Martijn Pijpers (calibration), 
Sjoerd van Leeuwen (correction electronics/calibration), Mark Looman 
(software), Thomas Bolk (software), Marc Matser (noise dosi meter), Zihni 
Dirlik (traverse system), Mark Berendsen (ERP software), Kees Hermsen 
(ERP software), Peter van der Stap (acoustic impedance software), Bram 
Jansens (music) production, Herman Wirtz (marketing research), Vincent 
Kruijver (marketing research), André te Stroet (Add on Microflown), Marcel 
(anti noise automotive), Michiel Schubbe (anti noise automotive), Maik 
Meurs (Megaflown), Martijn vd Schaaf (calibration), Erik Dobbelstein 
(antinoise room acoustics), Phillip Ekkels (Germanium Microflown), Richard 
Gerrits (Low Frequency Noise), Mathijs ten Berg (mechanical engineering), 
Anton Oostveen (mechanical engineering), Sietse waanders (mechanical 
engineering), Teis Coenen (arrays), Dick de Gelder (arrays), Lodewijk van 
Hoesel (arrays), Boudewijn de Jong (arrays), Joost van Honschoten (Ph.D. 
student modelling), Istwaan Knijff (low frequency sound intensity), Doekle 
Yntema (low frequency sound intensity), Tjeerd Hans Terpstra (internet 
sales / acoustic camera), Goswin de Boer (low frequency sound intensity), 
Gerard Rauwerda (low frequency sound intensity), Bob Hendriks (hearing 
aids market research), Pascal Dijkstra (sound intensity marketing research), 
Mathijs Kip (marketing research), Peter Leusink, Erwin van Klinken 
(electronics), Twan Korthorst (cleanroom techniques), Marc van Doornik 
(mechanical engineering), Peter Leussink (cleanroom), Martin van Es 
(fabrication of sensors), Niels Olij (acoustic measurements), Niels Moseley 
(DSP programming), Oene de Vegt (analogue filtering), Ke Chun Ma 
(research on sensing materials), Theo Veenstra (calibration and 
measurements), Vincent Pol (electronics), Huy Van Nguyen (mechanical 
engineering), Daniel den Arend (electronics), Sjoerd Oosterbaan (constant 
temperature principle), Jeroen Kruiver (constant temperature principle), 
Arnoud van der Wel (analogue filtering), Wilfred Beckers (mechanical 
engineering), Lude Bakema (electronics), Albert Wessel (electronics), 
Hanneke Vreugdenhil (simulations and modelling), Edwin Potman (DSP 
programming), Pedro Roodenburg (first measurements). 

 

Fig. 1.52 (next page): A Thermoflown (thermophone or thermal loudspeaker) that 
consists on 12 discrete Microflowns. With this unit we found out that Microflowns can 
produce sound (Doekle Yntema, 1999). The sound that is generated by the Microflown is 
caused by temperature variations of the sensor-wires. These variations cause a pressure 
fluctuation that can be perceived as sound. 
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