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Fig. 13.1 (previous page): First prototype of a pu probe based on Microflowns only 

(2005). A standing wave tube is made of a 5mm in diameter half tube at the upper part 

of the printed circuit board. A Microflown is put half way the tube and the other end 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. 

13.1 Summary 

A three dimensional sound intensity vector can be measured with a three 
dimensional particle velocity sensors and a pressure sensor. A three 

dimensional particle velocity sensor has already been made on a single chip, 
thus for a 3D sound intensity probe a sound pressure sensor is needed. This 

can be realised by adding a small commercially available pressure sensor 
nearby, but an integrated sound pressure sensor can be of interest 
regarding size and mounting. The advantage to make an integrated 

pressure sensor is that the technology of all sensors are equal. The upper 
useable temperature of the microphone is the limiting factor of a regular pu 

probe. If the sound pressure microphone is made with the same technology 
the upper usable temperature is equals. 

The particle velocity element is able to operate in a wide temperature 

range and chemical reactive environment, generally known as a ‘harsh 
environment’. There are several cases where a sound field reconstruction or 

prediction is required under these harsh conditions. A regular pressure 
microphone won't last long here. Electret based pressure microphones stop 
working well above 70 degrees centigrade and other type of pressure 

microphones often operate with a built in amplifier that does not function 
above 120 degrees centigrade.  

A pressure microphone is made based upon the particle velocity principle 
by putting a Microflown inside the opening of an enclosure. Use of this 
sensor is possible up to 300°C. The pressure element can also be made 

very flat (less than 1.3 mm is possible). Together with a three dimensional 
particle velocity sensor a fully integrated 3D sound intensity probe is made. 
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13.2 Introduction 

The Microflown is a particle velocity (a vector value) transducer and has 
a figure of eight directional response. In contrast, a pressure microphone 

measures sound pressure that is a scalar and thus has an omni-directional 
response. The use of both types of sensors at the same place provides all 

information of the present sound field in one direction, such as sound 
intensity and acoustic impedance. Especially sound intensity, which is the 

product of sound pressure and particle velocity, is an important value for 
sound engineers. The intensity measurement provides information on the 
amount of sound in power per square meter that is transmitted trough a 

medium (air). Sound intensity provides a result which is independent on the 
(generally unknown) acoustic impedance in contrast to single pressure or 

particle velocity measurement. Furthermore sound intensity is directional, in 
contrast to pressure measurements. 

A conversion method of acoustic pressure to particle velocity is described 

to make it possible to use a Microflown as transducer to measure sound 
pressure. This pressure sensor together with a regular Microflown creates a 

sound intensity probe that is only based on Microflown sensors.  

One reason is that now a pressure sensor is created based on the already 
developed particle velocity sensor. The so made pressure sensor matches 

well with the particle velocity sensor in terms of stability and temperature 
dependence, humidity etc. Additionally in both cases the same type of 

amplifier and signal conditioning can be used.  

A second reason to make a transducer like this is the possibility of 
measuring acoustic pressure in a high temperature environment, since the 

Microflown is a sensor which is capable to withstand and work at high 
temperatures.  

It is even possible to integrate the two types of sensors in a single silicon 
chip. Regular membrane type pressure sensor designs are hard to integrate 
with existing microflown sensor designs regarding clean room fabrication. 

When using a design for a membrane type pressure sensor (silicon pressure 
sensors based on the membrane design are already commercially available) 

there are mayor compatibility problems regarding the fabrication process, 
especially in the etching steps of the process. The road to the development 
of a complete new process for silicon pressure sensors with a membrane is 

not taken here. With this design based on particle velocity sensors the 
fabrication process will be relatively straightforward, since the processes 

used can be very much alike or even equal compared with the original 
process involved when fabricating particle velocity sensors.  

For the pressure to particle velocity converter a small rigidly terminated 

tube of stainless steel is used. This configuration is used to prove the 
concept; other configurations are also possible. An early attempt was the 

use of a Helmholtz resonator but the system resonance is a disadvantage 
and the phase characteristic is not in phase with pressure fluctuation. A well 

defined transfer function is crucial if the sensor is used for measurement 
purposes. 
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The Microflown can be placed at various locations inside the pressure to 
particle velocity converter. First of all it can be placed at the open end of 

the tube, this is the most obvious place, but placement at other places in 
the tube can have some advantages regarding frequency response. It is 
furthermore possible to create a damped tube or a tube with a horn shape 

to suppress resonances or standing waves in the tube. By doing this a more 
flat transfer function can be created.  

A variation on this is placing a Microflown close to a membrane over an 
enclosed volume. In that case the sound pressure will deflect the membrane 
and the Microflown is able to detect the pressure induced deflection. This 

enclosed volume can also be in the shape of a small tube, with the same 
characteristics already described, but now enclosed and therefore e.g. 

suited for submersion.  

13.3 The Helmholtz realization 

A tube that is terminated by a volume of air creates a Helmholtz 
resonator. If the tube has a length l and a surface A, the air in the pipe can 

be described in an electro-acoustic analogy as an inductance L=ρl/A. The 

volume V can be described as a capacitor with capacity C=Vc-2ρ-1. Using 

c=330m/s as the speed of sound in air and ρ as the density of air. The 
resonance frequency is then given by: 

2
Helmottz

c A
f

Vlπ
=   (13.1) 

To get an impression of dimensions: if a tube with a diameter of 5 mm 
and a length of 7 mm ends in an enclosed volume of a cubic centimetre of 
air, the resonance frequency will be 2800Hz. The Microflown will be 

positioned inside the tube and since the resonator is driven by sound 
pressure the assembly will be sensitive for sound pressure. 

Piston
Volume

Microflown

throat
 

Fig. 13.2: Parts of the Helmholtz housing (inner diameter of the Volume is 1cm2). 

To be able to tune the Helmholtz housing an experimental set up was 
made with a variable volume and a Microflown was glued in the throat of 
the housing. Parts of the housing are depicted in Fig. 13.2. T 
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For comparison, a non-packaged Microflown was measured and put into 
the throat of the Helmholtz resonator after that. 

As can be seen in Fig. 13.3, the frequency response changes noticeably. 
Due to the package, the sensitivity of the Microflown is reduced 10dB to 15 
dB for lower frequencies and at around 3 kHz the sensitivity is increased 23 

dB. The term “sensitivity gain” is arbitrary here since the naked Microflown 
is sensitive for particle velocity and the Helmholtz-packaged Microflown is 

sensitive for sound pressure. 
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Fig. 13.3: Frequency response of a non-packaged Microflown (dotted line) and one in the 

throat of a Helmholtz resonator. 

In a standing wave tube, the difference between sound pressure and 

particle velocity sensitivity becomes clear. A sound pressure maximum can 
be expected if the particle velocity is minimal and vice versa. The result of a 

measurement on the Helmholtz realisation is shown in Fig. 13.4. As can be 
seen the device is pressure sensitive, but the maxima are not exactly at the 
expected locations. Explanations for this are small misalignments of the 

sensor in the tube, and as will be explained further in this chapter, the 
sensor is placed at the end of the tube, which can result in some additional 

particle velocity sensitivity on top of pressure sensitivity. 
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Fig. 13.4: Frequency response of a non-packaged Microflown (dotted) and one in the 

throat of a Helmholtz resonator, both measured in a standing wave tube. 
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13.4 The standing wave tube realisation 

In the standing wave tube realisation the pressure to particle velocity 
converter is a tube that is terminated rigidly at one end. At the other (open) 

end or halfway the tube a Microflown is placed.  

u(x)

(l-x)

u,p probe

p
ref

x=0 x=l

 

Fig. 13.5: A standing wave tube that is rigidly terminated at x=l and in which the fluid is 

driven at x=0. 

Inside the tube the sound pressure and particle velocity is given by: 

cos( k( l x )) sin( k( l x ))
p( x ) i cU ; u( x ) U

sin( kl ) sin( kl )
ρ

− −
= − =  (13.2) 

Using U as the particle velocity at the entrance of the tube, k= ω/c=2πf/c 
as the wave number, c as the speed of sound and ρ the density of air. If the 

Microflown is positioned at the end of the tube, the ratio of sound pressure 
and particle velocity is given by: 

0

u( 0 ) sin( kl ) tan( kl )i
i

p( 0 ) c cos( kl ) cρ ρ
−

= = −  (13.3) 

This inverse impedance varies from zero to infinity as function of k (and 
hence frequency) and so does the frequency response of the system. The 
high values provide a high sensitivity but the zero value will result in no 

sensitivity at that specific frequency. If the Microflown is positioned half way 
the tube, the ratio between the sound pressure (at the end of the tube) and 

the particle velocity is given by: 

1 1
2 2

u( x l ) sin( kl )sin( k( l x ))1 1
i i

p(0 ) c cos( kl ) c cos( kl )ρ ρ
= −

= − = −  (13.4) 

This transfer function is has one zero less in the relevant frequency 

bandwidth, see Fig. 13.6. Disadvantage of this arrangement is that the 
transfer function, and thus the sensitivity, is about 10dB lower at lower 
frequencies for tubes of the same length. 

The configuration with the Microflown at the end of the tube is preferable 
for low frequency applications and the configuration with the Microflown half 

way the tube is more suited for higher frequencies. Also shorter tubes will 
have their response shifted to a higher frequency. 
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Fig. 13.6: Transfer function u(x)/p(0) for L=38mm with x=0 and x=19mm. 

Damping effects 

Damping inside the tube is due to viscous friction and thermal effects. 

Effects due to friction of (moving) air against the (stationary) walls of the 
tube are generally called as viscous friction. In a very small region there will 
be the transition area between the non-moving particles against the wall 

and the moving particles at a larger distance from the wall. In between 
these points the viscosity of air does account for damping inside the tube. 

The distance over which the particle velocity speed gradually increases from 
zero to the applied particle velocity speed is in the range of hundreds of 
microns to millimetres, depending on the frequency of movement.  

Sound in the free field is assumed to be an adiabatic process, a process 
without heat transfer. Between two points of different pressure there will be 

a thermal difference as well. For the distances and times involved with 
acoustic frequencies there will be negligible heat transport between these 
points, and therefore the process is called adiabatic. Near surfaces of a 

material with relatively large heat capacity of large heat conductivity the 
walls will be at a constant temperature. At the walls the process will 

therefore not be adiabatic, but isothermal. The region over which this is the 
case is small, so in free field there will be no noticeable influence of this. 
When narrowing the tube the walls are located more close, and the effect of 

the isothermal layer on these walls is becoming large compared to the total 
volume of air. So when using small tubes the acoustic process is not 

adiabatic anymore.  

For the large tubes as used in the prototypes of the pressure microflown 
and audible frequencies the damping effect does not play a big role but 

when using smaller tubes it can have an increased effect on the response. 
To find an expression for the damping inside the tube a propagation 

coefficient must be included.  

Writing for the pressure inside the tube  

( ) ( )kx kx i t
p x,t Ae Be e

Γ Γ ω−= +  (13.5) 
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With x the place from the open end of the tube, k the wave number, ω the 
radial frequency and Γ the propagation coefficient. 

With the one dimensional equation of conservation of momentum 
pu

t x
ρ

∂∂
= −

∂ ∂
 

With ρ the density of air one can find the particle velocity u.  

( ) ( )kx kx i ti
u x,t Ae Be e

c

Γ Γ ω

Γρ
−= −  (13.6) 

Solving for A and B:  

kl kl

0 0

e e
A i cu ; B i cu

2 sinh kl 2 sinh kl

Γ Γ

Γρ Γρ
Γ Γ

−

= − = −        (13.7) 

Which gives the specific acoustic impedance at place x along the tube 

( ) ( )
( ) ( )( )

cosh k l xp( x ) i c i c 1
Z x

u( x ) sinh k l x tanh k l x

Γρ ρ
Γ Γ Γ Γ

−−
= = =

− −
 (13.8) 

This propagation coefficient can be described as follows; first of all it can 
be purely imaginary unit i, meaning that there is no damping inside the 

tube. This approximates measurement results roughly when using tubes 
with large diameters. The equation then reduces to Eq (13.4). Second, the 
propagation coefficient can have a real part, describing the amount of 

damping in the tube. 

When placing the microflown sensor at other positions than the open end 

the response function of p(0)/u(x) is required and will be:  

( )0

p( 0 ) cosh kl
i c

u( x ) sinh k l x

Γ
Γρ

Γ
=

−
 (13.9) 

Damping in small tubes can be described with the Kirchhoff solution for 
damping, and by the Low Reduced Frequency (LRD) model [4]. The 

Kirchhoff model (which is actually a first order approximation of the Low 
Reduced Frequency model) allows only for circular tubes and values of the 

sheer wave number s much larger than one. Following equation shows that 
the sheer wave number is based on the characteristic length of the cross 
section l, in the case of a tube with circular cross section this is equal to the 

radius R (µ is the dynamic viscosity). 

0s l
ρ ω
µ

=  (13.10) 

The Kirchhoff solution uses then for the damping coefficient 

1 1

2

i
i

s

λ σ
σ

+ − +
Γ = +   (13.11) 

It uses for s the sheer wave number, λ the thermal conductivity of air 

and σ the square root of the Prandtl number, which on its turn is a function 
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of the specific heat at constant pressure Cp, the dynamic viscosity and the 
thermal conductivity λ. 

p
Cµ

σ
λ

=  (13.12) 

This model still gives a useful estimate of the damping inside a tube 
which is by rough approximation round, even for tubes with a rectangular 
cross section with equal sides.  

For the designs described here and the use of the damping models there 
are some remarks. Inside the tube a particle velocity sensor is placed, 

which will disturb the sound field inside, and the designs can have a cross 
section that is not fully constant over length. Theory does not account for 
this for the following reasons; first of all modelling is becoming increasingly 

complex and secondly the model is used to roughly predict the damping 
inside a tube. After fabrication the sensor is to be calibrated, and the 

characteristic can afterwards be adjusted by digital signal processing.   

For a number of different cross sections the damping effect on the 
response of the tube is shown in the figure below. For high damping values 

the response of the tube is more flat, the less damping the more the 
resonance peaks are present. Length of the tube is set to 14mm. 

When designing the sensor it is very useful to have a model for the 
acoustic impedance of the tube, since the response of the system is largely 
dependent on it. Take the effect that the microflown sensor has typically 

low pass behaviour. With the use of a small tube with resonance 
frequencies tuned to the response and (tuned) damping inside the tube the 

response of the microflown sensor can be adjusted to a more flat response, 
therefore the correction of the response can be simpler or even omitted.  
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Fig. 13.7: Comparison of different tube diameters for the Kirchhoff solution. 
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Temperature sensitivity 

The sensitivity of the Microflown element is barely temperature 
dependant (less than 0.02 dB/K, see chapter 3: ‘the Microflown’) and thus 

the temperature sensitivity of the pressure microphone is mainly dependent 
on the temperature sensitivity of the acoustic impedance.  

Initial measurements show that the working temperature of a Microflown 

element can be up to 300 degrees centigrade. 

The temperature dependence of the several constants in the equation are 

given by: 

2 f
k

c

π
=   c RTκ=   

P

RT
ρ =  (13.13) 

With c the speed of sound, κ (kappa) is the adiabatic index (1.402 for 

air), R is the universal gas constant (287 J/(kg·K) for air) and T is the 
absolute temperature in Kelvin. With P the ambient pressure (100kPa). For 

the configuration with the Microflown at the end at the tube the 
temperature dependent frequency response is given by: 

u( l ) T R 2 f
tan L

p( l ) iP RT

π
κ κ

 
=  −  

 (13.14) 

Open end correction 

A tube of a certain physical length behaves acoustically as if it is longer. 
This phenomenon is due to mass loading of the tube in the form of an air 
column protruding out of the tube at the open end. From [Rayleigh] this 

correction between the physical length and the acoustical length is exactly 
equal to 0.41 times the diameter of the tube. Due to the effect of objects in 

the open end of the tube (e.g. a sensor device) the acoustical length may 
differ a little from what is stated above.  

13.5 Construction of a prototype 

For the construction of the converter two tubes of steel with sizes 38mm 

and 58mm and an inner diameter of3 mm are used. One end is closed with 
a steel rod and at the other open end of the tube a Microflown is placed. 
The Microflown is mounted on a printed circuit board (PCB) to make the 

connections to the measurement amplifier and the PCB is put in the tube.  

To test if the device works as expected several experiments are carried 

out. The sensitivity of a pressure sensitive device must not be dependent on 
the orientation of the probe. In an anechoic chamber the probe is rotated 
with a stationary sound source to check if the directivity. For the pressure 

transducer the most important property is that it is indeed pressure 
sensitive. In a standing wave tube the difference between sound pressure 

and particle velocity is distinctive; this can be used to check the pressure 
sensitivity of the device. Finally the Frequency response is obtained and 
compared with theoretic results. 



The pressure Microflown 

 

13-11 

 

Fig. 13.8: First prototype of the SWT pressure Microflown. 

Polar pattern measurement 

Sound pressure is a scalar value and a pressure sensor must therefore 

have an omni directional characteristic. In theory this pressure microphone 
must have an omni directional sensitivity. 

Inside an anechoic room with one sound source the sound must be 
purely directional, so when the device is rotated in such environment the 
response must stay constant. The measurement is performed over two axis 

in 96 steps (a and b), see figure below. 

a b

Open input and 

position Microflown

L=38mm

closed end
 

Fig. 13.9: The two axis of the directivity measurement. 

From measurement it shows that sensitivity is hardly dependent on the 
orientation of the tube; the sound probe under test shows to be omni 

directional, see Fig. 13.10. Mostly due to imperfections in the anechoic 
room the polar pattern is a little ‘wobbly’, this is so random that this can not 

be caused by directionality effects of the sensor at the measured 
frequencies, but due to an imperfect anechoic room and acoustic 

disturbances. 
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Fig. 13.10: Polar plots of the device (linear scale). 

Frequency response 

Measurements of the frequency response are performed with the sensor 

placed close to a reference microphone.  

The calculated distance between the terminated end and the particle 

velocity sensor is 38mm while the distance from acoustical measurement is 
38.5mm; the small deviation may partly be explained due to the mass 

loading of the open end, which should theoretically be responsible for an 
acoustically 0.41*3mm longer tube. Finite precision in mounting of the 
sensor or placing of the termination gives additional errors but still the 

result is as expected. Another tube was mounted and measured. With this 
tube the actual and calculated length was 58 mm. The theoretical (without 

damping) inverse acoustic impedance of the tube is shown in the figures 
below, blue line. It is seen that the measurement results are quite similar, 
with a small frequency shift when comparing the location of the peaks. 
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Fig. 13.11: The frequency response of a Microflown mounted at the open end of a 38mm 

(left) and a 58mm tube (right). 
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Signal to noise ratio 

Apart from the frequency response, the equivalent acoustical noise of the 
sensor is measured to be able to compare the sensor to regular pressure 

microphones. In a silent environment the electrical output signal is 
measured. This is the noise level and is measured in 1Hz bandwidth. 
Compared with a frequency response (the sensitivity of the microphone as 

function of the frequency) the equivalent self noise level can be determined. 
The self noise of a sensor is given by the 94dB–SNR, where SNR represents 

the signal due to 94dB minus the noise level.  
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Fig. 13.12: Signal of regular Microflown, the 38mm device (Microflown at the open end of 

the tube) and the noise of both. 

A regular pressure microphone has a SNR larger than 100dB at 1 kHz 

and excitation at 94 dB and the device has 90 dB. It is therefore not 
practical to be used for speech or music recording. For measurement 
purposes the noise level are of less importance not in the latter case 

because averaging and cross spectral measurements can be done, for 
example for intensity measurements the cross spectrum of the pressure and 

the velocity signal is determined. Taking the cross spectrum of two signals 
is known to reduce the self noise of sensors significantly.  

Additionally this type of probe is quite resistant to elevated 

temperatures, and can be used nearby by hot noisy objects like engines and 
exhausts, where there will be a large amount of signal.  

Pressure sensitivity measurement 

Up to a certain frequency (for the used tube: fmax=4.2kHz) in a standing 
wave tube the difference between sound pressure and particle velocity is 
distinctive. At a point and frequency where the sound pressure is maximal, 

the particle velocity is minimal and vice versa. So from the frequencies 
where the maxima and the minima in response occurs it can be derived if 

the sensor pressure sensitive or particle velocity sensitive. 
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A steel tube of 70 centimetres is used with a reference microphone at 
one end, the 38mm sound probe under test together with a particle velocity 

sensor and a reference particle velocity sensor at one third of the tube and 
a loudspeaker is used as sound source.  

Transfer functions of both reference sensors and the sound probe under 

test clearly shows that the device is not sensitive to particle velocity but 
only to pressure variations. 
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Fig. 13.13: The transfer function between a reference pressure sensor and a reference 

particle velocity probe and the pressure sound probe under test clearly shows that the 

device is only sensitive to pressure variations. 

Temperature measurements  

The Microflown was tested up to 300°C and functioned properly. The 
selfnoise did not increase significantly (less than 3dB). This is because the 

noise of the Microflown sensor is caused by thermal noise. The change in 
sensitivity of the Microflown element was measured 5dB over a 300K 
(0.017dB/K) temperature range. 

13.6 Integration into a MEMS sensor 

A three dimensional sound intensity probe (i.e. the particle velocity 

sensor in three dimensions and a sound pressure microphone) is made in 
silicon; see Fig. 13.17, Fig. 13.18. Simulation of the design is used to 

optimize the design.  

Design 

As described before in the section ‘damping inside the tube’ the package 
may be used to tune the response of the whole system such that a more 

flat response is obtained. An attempt to do this is depicted in the figure 
below. 
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Theoretic response of the pressure to particle velocity converter is 
studied. With this model the converter can be simulated on forehand and so 

an optimal converter can be designed. 

First of all there are a number of design rules, such as that the size of the 
converter must be as small as possible, or must extend into the carrier 

board. In this design it is chosen to keep the converter on the chip only. 
Next it is desirable to have a frequency response that is not very dependent 

with frequency, or has at least a predictable response.  The dimensions of 
the tube are chosen such that it can be integrated in the final design. A 
width of 1.5mm is determined by the length of the sensor wires, short 

sensor wires will have a negative effect on the performance of the sensor in 
terms of noise level. Inner height size from almost zero up to 0.4 mm would 

be a realisable choice here. Thicker tubes would require multiple wafer 
stacking. 

The particle velocity element has a low pass filter characteristic, which 

can be successfully approximated by a second order low pass filter. Since 
this element will be inside the pressure to particle velocity converter both 

responses are of effect. Luckily this converter has a high pass filter 
characteristic for frequencies below the first resonance peak. Using this 
effect the whole system can be adjusted such that a more flat frequency 

characteristic is obtained. In figure 5 below the effect of combining the 
transfer function of the particle velocity sensor with the response of the 

pressure to particle velocity transformer is seen. For a frequency range 
between 400Hz and 3kHz the response is found to be almost independent 
on frequency (less than 3dB) with damping included the response becomes 

even smoother, especially the large resonance peak vanishes. 
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Fig. 13.14: The inverse acoustic impedance with and without damping and the Microflown 

response of the proposed tube. 

When the frequency response of the microflown element is estimated and 

superposed on the acoustic impedance of the tube this will give a fair 
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estimate of the expected response of the complete sensor. This is used to 
design the final sensor. In Fig. 13.15a the effect of the tube length with the 

estimated response of the particle velocity sensor is observed. Damping is 
here left out. Clearly there is a consideration between sensitivity and 
‘flatness’ of the response. Here the importance of the sensitivity is chosen 

to be higher than the flatness, because the sensitivity of the element is 
already low compared with regular pressure sensors. For this the tubes with 

lengths shorter than 10mm are discarded. 

One could choose for a tube with length of 10mm, because of the good 
flatness and relatively good sensitivity. However the tube with length of 

15mm has 4dB extra sensitivity at low frequencies and the frequency 
response does not become lower before the resonance peak, in contrast to 

the tube of 10mm length. For low frequency applications a longer tube can 
be chosen, this will result in higher sensitivity. Operation at frequencies 
higher than the resonance frequency is not considered here, since the 

frequency characteristic is varying sharply here. Next the influence of 
damping is investigated. The width of the entrance opening is fixed at 

1.5mm, which is equal to the length of the particle velocity sensor wires. 
Sensor wire length can be adjusted but is kept at this length because of the 
predictive behaviour of this configuration. Looking at the result ‘1 mm’ 

which represents thus a rectangular cross section of 1.5mm and 1mm the 
amount of damping is still not too high, and therefore the resonance peak of 

the sensor is pronounced. With decreasing height of the tube the damping 
becomes higher and at a cross section of 1.5mm times 0.1mm the 
frequency range is limited by this effect. A slightly higher value of 0.15mm 

seems to be a perfect value; the effect of this 50 micrometer higher tube is 
clearly observable.  
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Fig. 13.15a): Evaluation of different lengths of the tube and b) effect of tube size on the 

damping. 

Translated to fabrication possibilities the precision must be quite high, 

since the pressure chamber is to be mounted manually on top of the sensor 
with epoxy glue, which on its turn will lift the cap a little and so making the 

width of the tube larger. For this the fault range is high compared with the 
height of 0.15mm, to be able to compare the theory more successfully with 
experiments the height is chosen as 0.25mm, with a deviation of 0.05mm. 

The damping associated with this height still is fairly good so resonance is 
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fairly good suppressed. Another reason to choose a little higher tube is that 
the particle velocity sensor sensitivity is much less predictable when the 

wires are very close to another object; normally the sensor wires are 
located at least 0.25mm from the nearest object. 

Final design discussion 

The pressure part of this probe is therefore made with the approximate 

dimensions derived from the simulations above, with an approximated 
length of 14mm in a small meandering tube and a cross sectional area of 

0.25mm height*1.5mm width. Schematically this would look as shown 
below. 

Inlet-cap

pressure inlet

 

Fig. 13.16: A schematic representation of the tube. 

The pressure inlet is a small rectangular hole at the upper part of the 
device, see Fig. 13.17 left. A hollow cap with a meandering tube is glued at 

the back side. This cap creates the standing wave tube, see Fig. 13.17 
right. The sensor wires of this pressure probe are found at the top and 

bottom of the pressure inlet. 

   

Fig. 13.17: Components of a three dimensional intensity probes based on only 

Microflowns, the pressure sensitive sensor is made with the standing wave tube technique 

(from [3]). 

The complete three dimensional probe with pressure element is shown in 
Fig. 13.18.  

Again the measurement results are divided in two parts, frequency 
response, polar pattern measurement and pressure sensitivity 

measurement. 
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Fig. 13.18: A three dimensional intensity probes based on only Microflowns (from [3]).  

Frequency response 

For measurement of the (frequency) response, the device is compared to 
a calibrated pressure microphone in a sound field. When looking at figure 3 

the inverse acoustic impedance of the back chamber has a high pass 
behavior for frequencies below resonance. The Microflown response has 
contrary to this a low pass behavior. These effects combine together to a 

more flat response.  

When the inverse acoustic impedance of the tube is divided trough the 

known low pass frequency response of a standard Microflown thereby 
compensating for the frequency response of the particle velocity element 
inside the tube, the theoretical response of the device emerges. Now 

measurement results can be compared with theoretic results. Measurement 
results are also shown in Fig. 13.20. The overall sensitivity of the device is 

roughly 5dB lower than expected and at low frequencies the response is 
much lower than expected.  

The self noise of the sensor is not as low as regular pressure 

microphones as can be seen in Fig. 13.19, but still good enough to perform 
measurements in a lot of measurement situations. In combination of sound 

intensity measurement the cross correlation between the particle velocity 
signal and the pressure signal is taken, thereby improving the signal to 
noise ratio [3]. 
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Polar pattern measurement 

A polar pattern is measured to show that the pressure sensor is omni-

directional. For this the sensor is subjected to a known sound field inside a 
standing wave tube. For frequencies below the cut off frequency of this tube 
the sound field is defined to be in the length axis of the tube. A sound 

source is at the open end of the tube, at the closed end a reference 
pressure microphone is placed. Rotating the sensor and thereby measuring 

the transfer function between the sensor and the reference pressure sensor 
at one end of the tube the directivity of the sensor can be determined. 
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Fig. 13.19: Selfnoise level and polar plot. 

Measurement results are plotted in Fig. 13.19. Clearly the sensor is fully 

omni directional. 

Pressure sensitivity 

Testing the sensor on pressure sensitivity in a standing wave tube 

reveals that the sensor is pressure sensitive indeed. Inside the standing 
wave tube again the transfer function between a probe and a reference 
sensor at the closed end is recorded. From this it is clear that the device 

performs as a normal pressure sensor and that the particle velocity sensor 
responds exactly complementary. At peaks in the response of the pressure 

sensors the particle velocity is zero and vice versa. 
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Fig. 13.20: Response of the pressure device. 
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A second implementation of a MEMS pressure device 

As shown before the particle velocity element can be placed halfway the 

pressure to particle velocity transducer. In a Micromechanical design this 
can be implemented as shown in Fig. 13.21. 

backside cap

frontside cap

sensor chip

sensor wires

inlet
 

Fig. 13.21: The schematic design of the sensor. 

For the frequency response the sizes are chosen such that the response 

is as flat as possible over the whole frequency range. For the sake of this 
and the small size of the chip a little of the low frequency response is 

sacrificed.  

   

Fig. 13.22: The upper cap next to the sensor. Figure: the both caps glued on to the 

sensor chip, due to the glue the distance between cap and sensor chip is increased 

somewhat. 

For environments where the signal level is high this is not a problem, but 

for measurements where low levels have to be detected the sensor is not a 
good choice. With the proper type of glue this sensor is able to withstand 
temperatures up to 300 Degrees Centigrade; standard used glue will hold 

up to 200 degrees Centigrade. 

Another mayor difference between this sensor and the previous 

realization is that this sensor is even smaller. The pressure transformer is 
here folded on two sides of the sensor chip.  

Measurement results 

Measurement of the frequency response reveals that the sensor operates 

as expected. There is a remarkable similarity between theoretic results and 
measurement.  



The pressure Microflown 

 

13-21 

Further measurement of pressure sensitivity and omni directionality is 
conducted with expected results; the sensor is omni directional and purely 

pressure sensitive. 

  

Fig. 13.23: The final sensor. 
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Fig. 13.24: Measured response compared with theory. 
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