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1 � Introduction

During the last years, many micro-electro-mechanical 
sensor devices have been developed for measurements in 
fluids. They are mostly based on silicon or glass substrates 
measuring the wall pressure or other relevant information 
about the flow. Since they are fabricated on rigid sub-
strates, only planar surfaces were achieved. In contrast, 
most relevant aerodynamic structures are slightly curved. 
Therefore, several attempts have been made to match with 
the conditions in different experiments on curved surfaces 
(Kälvesten 1996). A first approach was to minimize the 
size of the rigid sensors in order to reduce the geomet-
ric mismatch between the sensors and the aerodynamic 
model. An example is given in (Berns et al. 2008), where 
silicon based pressure sensors, smaller than 2 ×  2  mm2 
each, were closely spaced on a round shape. However, 
these are manually bonded onto a printed circuit board 
(PCB), while the gaps are filled with glue. This procedure 
requires extensive assembly work. In a second approach, 
researchers are using 3D-elements which are deflected 
out of the wafers’ plane using shape memory alloys or 
shrinking processes in order to create a 3D-hot-wire 
sensor for flow velocity measurements (Ebefors 2000). 
Recent developments led to small hotplates (Mailly et al. 
2001), having a very low heat transfer into the substrate. 
However, all reported sensors still were made on rigid 
substrates.

In a new field of aerodynamic research, laminar wings 
are becoming more and more interesting. Here the drag 
is reduced by keeping the flow laminar, which requires a 
well-defined profile. Geometric discrepancies between 
the desired smooth contour and the real shape have to 
be avoided. Additionally, in the field of active flow con-
trol (AFC) new sensors are required. In AFC the flow is 
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influenced by actuators. In order to build up a closed loop 
control, fast sensors have to be installed. They must be 
mounted flush to the wall, not influencing the flow them-
selves (Gad-El-Hak 2001; Morrison et al. 2006).

All these parameters led to novel sensor concepts ena-
bling fast, accurate, reliable and non-intrusive measure-
ments. The advances in flexible substrate technologies 
seem to be an enabler for this kind of sensors. In the past, 
many flexible pressure sensors have been presented to be 
used as a tactile skin in robotic applications, for example 
sensors based on polydimethylsiloxane (PDMS) (Riedl 
et  al. 2009). These sensors also became popular in aero-
dynamic measurements, but their use is limited due to the 
relatively low sensitivity.

For aerodynamic measurements, a different sensor 
concept has been presented, namely a wall shear stress 
sensor (Buder et  al. 2006). The working principle is 
based on heat transfer from a heated film into the fluid, 
similar to a hot-wire anemometer (King 1914). It is fab-
ricated on polyimide because of its good stability over a 
wide temperature range. Commercial devices are availa-
ble (Tao of Systems Inc. and Dantec Dynamics A/S) with 
sensor elements made of nickel deposited on a polyimide 
foil with a thickness of 50 μm. However, these commer-
cially available arrays are not optimized regarding the 
heat losses into the substrate or regarding their dynamic 
behavior. Therefore, a flexible sensor has been presented, 
on which the thermal transport mechanisms have been 
simulated and later been improved by dry-etching the 
substrate underneath the sensing element (Buder et  al. 
2006). The same group presented a sensor having the 
contact pads on bottom side, giving more options for the 
possibilities of electrical connections. The drawback of 
the sensor is the mechanical instability of the exposed 
hot-wire.

Nowadays, for wind tunnel experiments researchers still 
need to include cavities in their aerodynamic model con-
structions, in which the commercially available 50  μm 
thick polyimide patches can be placed. The problem with 
this procedure is that every alignment error leads to a gap 
or a step causing incorrect measurements. To avoid these 
shortcomings, the total height of the sensor needs to be 
reduced.

The flexible sensor arrays presented here rely on the 
same principle as described in Buder et al. (2006), but sub-
stantial improvements have already been realized. Their 
total thickness can be adapted in a wide range to meet the 
requirements of different experiments. Due to the array lay-
out, the spatial resolution is much higher than those of a 
series of single sensors. The possible reductions in critical 
dimensions should also positively influence sensitivity and 
dynamical behavior.

2 � Theory

The theory describing the sensing effect of hot-film ane-
mometers is widely known. Early measurements have 
been performed by King (1914). The principle is based on 
heat transfer from a heated wire or film into the fluid to be 
measured. In a single conductor with an electrical resist-
ance R the consumed electrical power P is inserting heat. 
This heat flow depends on R and the current I (Eckelmann 
1997):

The inserted heat will be dissipated into the ambient in 
three modes of heat transfer. The first mode is heat con-
duction. As described in Eq.  (2) the conductive heat flow 
Qconduction is conducted through an object with the cross-
section A in the presence of a temperature gradient dT/dx. 
For example one part of the heat from the resistor may be 
conducted through the connecting wires out of the system 
boundaries. The ability of conducting heat for a certain 
material is described by the thermal conductivity k.

The second mode is heat convection. The convective 
heat flow Qconvection depends on the heat transfer coeffi-
cient h, the surface area A and T–Tfluid, the temperature 
difference between the resistor and the surrounding fluid, 
as shown in Eq. (3). It may be noticed that h also depends 
on T−Tfluid.

The third mode is radiation. Depending on the emissiv-
ity ε, the surface A and the temperature T of an object part 
of the power can be dissipated this way (Lienhard IV and 
Lienhard V 2005) as described in Eq. (4). σ represents the 
Stefan-Boltzmann constant. In the context of heated sensors 
it has to be underlined that the radiation Qradiation increases 
with the fourth power of the temperature.

With the small surface of the hot-film, a material with 
low emissivity ε and a temperature below 600 K the contri-
bution of radiation is comparatively small and the heat flow 
due to radiation can be neglected.

The dissipated power Pdiss is equal to the sum of the 
three dissipating heat flows described by Eqs. (2)–(4). Hav-
ing time variable velocities the influence of the capability 
to store thermal energy has to be considered, as well. The 
associated temporary heat flow Qcapacity depends on the 
wire’s mass m, the heat capacity c and the time variable 
temperature rise d(T−Tfluid )

dt
 as

(1)P = R · I2

(2)Qconduction = −kA
dT

dx

(3)Qconvection = hA(T−Tfluid)

(4)Qradiation = εσAT4
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Applying an electrical power P to the sensor the tem-
perature increases continuously until the sum of all heat 
flows again reaches zero which means that a steady state 
is achieved as expressed in Eq. (6). For the function of an 
anemometer sensor the heat convection shall be the domi-
nating heat dissipation mode. It is essential for the sensor 
function that the heat transfer coefficient h is not constant; 
it depends on the flow velocity and the condition of the flow 
(laminar, turbulent). This relation is used as the anemomet-
ric sensing effect. For typical hot-film materials the temper-
ature coefficient is positive, so the resistance increases with 
the temperature.

As it can be seen in Eq. (6), both a change of h and of 
Tfluid affect the resistance and the current in operation. By 
the design the sensor’s surface A can be adapted to reduce 
or increase the surface for heat transfer. The undesired con-
duction through the substrate can be reduced by selecting 
a material with a lower k or with increasing the substrate’s 
thickness x in case the anemometer will be attached to a 
body with higher k. The heat capacity c and the mass m of 
the sensing element may be adjusted to improve the high 
frequency behavior.

A more empiric equation describing hot-wire behavior 
can be found in (Eckelmann 1997). Here, the coefficients 
B, C and n have to be obtained from experiments to link the 
heat loss with the fluid density ρ, the fluid velocity U and 
the temperature difference T−Tfluid:

(5)Qcapacity = mc
d(T − Tfluid)

dt

(6)

P = R(T) · I2
= hA

(

T − Tfluid

)

+kA
dT

dx
+mc

d(T − Tfluid)

dt

(7)R(T) · I2
=

(

B + C(ρU)1/n
)

· (T − Tfluid)

Depending whether I or T is set to constant in Eqs. (6) 
or (7) two different operation modes can be distinguished:

2.1 �C onstant current anemometry

The hot-film is part of a Wheatstone bridge (Fig.  1a). A 
(nearly) constant current through the bridge is given by RV. 
When changing the heat transfer coefficient h the temper-
ature T adapts with the new ability to dissipate heat. The 
resistance R, which depends on T, changes itself, too, but in 
a relatively small range. An amplifier compares the voltage 
drop over the hot-film with the voltage drop over a selecta-
ble resistor in the other part of the Wheatstone bridge and 
amplifies it.

The constant current anemometry can be used to meas-
ure variations in velocity or temperature. On contrast, it is 
not suitable for wide fluid velocity ranges due to a decrease 
of sensitivity when using the circuit for much higher veloc-
ities than the calibrated one. When measuring much lower 
velocities the sensor may overheat and destroy itself.

2.2 �C onstant temperature anemometry

In this mode the hot-film sensor is part of a Wheatstone 
bridge, too. As in the constant current anemometry an 
amplifier compares the voltages in the bridge and ampli-
fies the difference. Using a feedback a closed loop control 
is realized to hold the temperature difference T−Tfluid con-
stant. Changes in h affect the current I, which can be meas-
ured directly at the amplifiers output (Fig. 1b).

The constant temperature anemometry has a non-linear 
behavior too. But in contrast to the constant current ane-
mometry this non-linearity is lower. Due to the closed loop 
the sensor is protected against overheating (Eckelmann 
1997; Burkhardt 2004).

Furthermore, several sensor parameters may be adjusted 
in the design or operation, for example the area of the 

Fig. 1   Electrical circuits for 
constant current anemometry 
(a) and constant temperature 
anemometry (b)
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heating surface or the temperature of the hot-film. The ratio 
Qconvection/Pdiss may be adjusted by changing the amount 
of Qconduction, which can be done, for example, by using 
sensors substrates or wiring materials with different ther-
mal conductivities or thicknesses. Reducing Qconduction will 
increase the sensitivity and dynamic range of the sensor 
because of heat stored in the substrate (the gradient dT

dx
 is 

time dependent and can assume different polarities).

3 � Fabrication

In order to vary the total thickness of the array, an appro-
priate polyimide foil substrate can be chosen. Ready-made 
foils are available in thicknesses of 25 and 50 μm (Kap-
ton HN, DuPont), enabling very robust sensors as shown 
in Fig.  2a. This process is very cost effective. The sens-
ing element and the tracks do not exceed 2 μm thickness. 
However, this relatively thick sensor cannot be used on 
laminar wings, because the critical boundary layer might 
be affected as flush fitting cannot be obtained, which is not 
acceptable for AFC applications.

To eliminate this drawback, spin-on polyimides were 
investigated. With the polyimide used here, layer thick-
nesses of 5 μm are achievable by a spin-on process. Fab-
ricating thicker layers in one step results in a higher stress 
making the sensors curling after the release from the sub-
strate—however, by repeating the spin-on step after curing 
the polyimide layer in a vacuum oven, thicknesses of up to 
25 μm can be obtained. Figure 2b shows an array on 20 μm 
thick spin-on polyimide. Using the spin-on approach, the 
minimum sensor thickness was reduced down to 7 μm. To 
the knowledge of the authors, this has never been demon-
strated before. Of course, this reduces the mechanical sta-
bility but the polyimides’ tensile strength is relatively high 
(~350 MPa).

The proposed sensor arrays (B) are fabricated in a 
batch process developed specifically for this design using 

state-of-the-art microsystem technologies. Figure  3 illus-
trates the most significant steps of sensor fabrication on 
ready-made foil (A) and on spin-on polyimide (B). Poly-
imide is in both cases the material of choice because of 
its thermal stability, its resistance to chemicals and its 
mechanical robustness. Additionally the heat conduction of 
polyimide is only around one thousandth of silicon and of 
the most metals (DuPont 2011; Haynes 2010).

In version A the glass substrate has to be cleaned and 
afterwards the polyimide foil is bonded onto the wafer 
(A1). The hot-film material (Ni) layer is then magnetron 
sputtered (A2) directly onto the substrate. The thickness of 
the sputtered metal layer determines the resulting height of 
the hot film h. Afterwards, a first photolithography step is 
carried out and the metal is wet-etched. The lateral dimen-
sions of the sensing elements are thereby defined. In step 3, 
the seed layer for the electroplating process is sputtered 
onto the substrate material. The area which is not part of 
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Fig. 2   Photos of a single element sensor on ready-made foil (a) and a sensor array processed on spin-on polyimide (b)
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the supply conductors (tracks) is covered with photore-
sist; the tracks are electroplated with copper until a layer 
thickness of 2 μm is reached. After that the tracks may to 
be protected against oxidation with a thin layer of electro-
plated nickel or plated tin. Then the remaining seed copper 
has to be wet-etched.

The adhesion of the nickel as well as the copper can 
be enhanced by sputtering a thin layer of chrome directly 
before the nickel or copper sputtering. Certainly this layer 
also needs to be removed during structuring the hot-films 
or tracks.

Finally, a foil area including the sensors and tracks can 
be cut out and peeled off from the rigid substrate. Step 4 
is optional and only applied if the sensor array needs a 
protective cover, e.g. for measurements in water. This 
increases the robustness, but influences the dynamic sensor 
behavior. Different materials for covering may be suitable, 
like different silicon oxides or parylene (Burkhardt 2004) 
or another layer of polyimide.

In version B a spin-on polyimide (PI-2611, HD 
Microsystems, LLC) is used to fabricate a 5 μm thick layer. 
To increase the stability a primer is applied near the edge 
of the wafer. To produce the polyimide-layer it is spun-on 
first. Then it has to be soft-baked on a hotplate. After that 
it is cured at a temperature of 350  °C in a vacuum oven. 
For detailed processing see (HD MicroSystems 2009). By 
applying more than one layer of polyimide, different layer 
thicknesses are achievable. In this case the next layer may 
be applied just after the soft-bake of the prior layer. Other-
wise the already cured polyimide has to be dry-etched in an 
O2-plasma to roughen the surface for better adhesion.

For a high quality of the sensors, especially for homoge-
neous resistance values in an array of sensors, it is essen-
tial to use accurate photolithography and to wet-etch the 
nickel-layer precisely. Most of the defects observed are 
produced during these critical process steps. The very first 
version of the array on spin-on polyimide was realized with 
at that time available TiW material for the sensing elements 

(Fig.  2b). In later versions, arrays with Ni elements were 
fabricated.

Covering layers made of liquid polyimide can be partly 
opened by etching in O2-plasma. In this way the sensing 
elements may be uncovered using a photoresist mask with 
appropriate openings.

For proper and long-lasting measurements a reliable 
connection between the sensor and the measurement circuit 
is essential. The first connections were made by hand sol-
dering thin copper wires to connect the foil pads with the 
board pads. The procedure is very time-consuming, but the 
connection is fragile and is not suited for tests on wind tun-
nel models.

Having a foil with tracks the connection may also be 
realized with zero insertion force (ZIF) connectors. These 
connectors can be soldered on the circuit board and easily 
connected. Anyway, disadvantages of the connectors are 
the non-fitting number of pins (several smaller connectors 
may be used), the volume of the connector and the fixed 
pitch limiting the design freedom.

To enable a very flat connection a reflow soldering pro-
cess may be used. Here the sensor is directly soldered on 
the board. Therefore, a soldering paste is applied through 
a stencil on the board (Fig. 4a) and, after that, the sensor is 
attached. Using a reflow oven or a hot plate the solder paste 
is melted. After cooling down it connects sensor and board 
properly.

The hot-films were mounted on flat surfaces as well as 
on curved structures. Figure 4b shows a sensor mounted on 
a tube with a radius of 15 mm. Subsequent tests confirmed 
the operational reliability.

4 � Tests and results

To avoid interferences with a more complex processing on 
polyimide first tests were performed with sensors on glass 
substrates. The cold resistance as well as the temperature 

Fig. 4   Soldering paste on board 
for reflow soldering (a),  
hot-film on curved surface (b)
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coefficient were evaluated for sensors made with different 
sensing element materials.

4.1 �C old resistance and resistivity

The cold resistance R0 can easily be measured by using a 
multimeter (current almost zero) without inserting the hot-
film in a climate chamber or adding other electronic com-
ponents. The cold resistance is defined by geometric prop-
erties (length l and cross section A) and the resistivity ρ of 
the hot-film material:

For approximate calculation the cross section A can be 
defined as the film’s width b multiplied by its height h, 
which is the layer thickness of the sputtered hot-film mate-
rial. Having in mind that the hot-film is etched out of this 
material, the behavior of the etching acid has to be consid-
ered to get a more precise value for the cross section A and 
subsequently for the resistivity.

As shown in Fig. 5 the wet etching of the resistor mate-
rial leads to an undercut in the shape of a quadrant. With 
the given hot-film dimensions a mismatch of up to 14  % 
may occur when assuming a rectangular cross-section. By 
subtracting the undercut area from the origin cross section, 
a more suitable calculation is given by:

By measuring the resistance of different hot-films the 
resistivity ρ of the deposited material can be calculated 
with Eq. (9). As it can be seen in Fig. 5b the actual cross 
shape is not completely regular due to stochastic phenom-
ena in the etching and due to the edge blurring of the cov-
ering photoresist. But calculated values were sufficiently 
accurate. Thereby determined resistivity of some common 

(8)R0 = ρ ·
l

A

(9)R0 = ρ ·
l

bh −
1

2
πh2

hot-film metals compared to bulk material literature values 
are shown in Table 1. Deviations are caused by the depo-
sition process, which was—in this case—magnetron sput-
tering (De Vries 1988). These influences are much higher 
than the influences due to mismatches of the underlying 
dimension.

Given these resistivity values of sputtered material the 
still adjustable parameters are the length of the sensing 
element, the height and the width where the under etching 
phenomena have to be considered.

4.2 � Temperature coefficient of resistance

The thermal coefficient of resistance α defines the resist-
ance change with increasing temperature. To achieve a high 
sensitivity of the sensor the value of α of the selected hot-
film material has to be as high as possible. Values of α for 
different bulk materials are shown in Table 2, right column. 
α is related to a resistance Rref at the reference temperature 
Tref: 

The thermal coefficient of the sputtered hot-film mate-
rial was experimentally determined by heating the sen-
sors in a climate chamber. To avoid a forced air movement 
above the sensor elements a cover was placed over the 

(10)α =
1

T − Tref

·

(

R

Rref

− 1

)

a b
1.

2.

3.

4.

Photoresist Metal Substrate
1 µm

h

h

b/2

l

A/2

Fig. 5   Isotropic etching of the metal layer leads to an undercutting of the masking layer (photo resist)

Table 1   Measured resistivities of different metals at 20 °C compared 
to literature values for bulk materials

Material (a–z) Resistivity ρ 
(Ωm) from 
experiment

Resistivity ρ (Ωm) from  
(Haynes 2010; Frühauf 2005a, b; 
Shackelford and Alexander 2001)

Aluminum (Al) 7.45·10−8 2.65–2.9·10−8

Gold (Au) 6.46·10−8 2.1–2.4·10−8

Nickel (Ni) 29.70·10−8 6.5–9.5·10−8

Titanium (Ti) 197.00·10−8 42.0–47.0·10−8
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array. The sensor’s temperature T was measured next to the 
sensor elements. The temperature coefficients found by lin-
ear regression in a very small temperature range around the 
reference temperature Tref = 293 K for different materials 
are shown in Table 2, center column.

For the operation of a sensor a wider temperature range 
has to be considered and a linear function R(T) cannot be 
assumed anymore. Therefore additional measurements at 
up to 360 K were performed from which the local gradients 
α(T) were obtained (Fig. 6). The measurements showed a 
linear rise of α with increasing temperature. These meas-
urements were performed with Ni-sensors on polyimide 
substrates. The α value at 293  K is lower than the one 

obtained on glass indicating a less perfect thin film micro-
structure. However, in the constant-temperature mode and 
in cases with only small sensor temperature changes, a con-
stant α can be assumed and taken from Fig. 6.

The temperature coefficient of resistance for each sens-
ing element of the sensor array can also be automatically 
evaluated using a closed loop oven. Several temperature-
resistance-pairs are measured by the following procedure. 
First the oven is set to the desired temperature. After 
maintaining a stable temperature the resistance for each 
sensing element is measured. The values are used in the 
calculation of the temperature-resistance-function for 
each sensor array to be calibrated. Finally, after finishing 
the measurement, the temperature coefficient of resistance 
can be calculated for the desired operating point using 
this function.

4.3 � Water reliability

For measurements in water tunnel experiments the robust-
ness against water is required. The currents in the hot-film 
sensor are, compared to other MEMS sensors, relatively 
high, so electrochemical effects in contact with water can-
not be excluded.

In order to quantify the behavior in water two sensor 
arrays were inserted in a water chamber over 2  months 
and energized for 1 h each day. This schedule represents a 
measurement campaign in water tunnels.

Two sensor arrays were covered using two different 
materials. The first covering was realized using electroless 
plated tin which deposits on the conducting elements only. 
On a second sensor array an almost homogeneous layer 
of 5  μm polyimide was spun-on and cured. The polyim-
ide coverage over the sensing elements was locally etched 
away for better sensitivity.

For comparison not all sensor elements of each array 
were energized. The results of visual inspection are shown 
in Fig. 7. The tin-covered sensor (A) was damaged due to 
electro migration effects. This is proven by the observa-
tion that the tracks connected to the negative terminal of 
the power supply lost their tin. Some of the tracks were 

Table 2   Measured α of different metals at Tref = 293 K compared to 
bulk material literature values

Material (a–z) α (1/K) from 
experiment

α (1/K) from  
(Rohlfing and Schmidt 1993)

Aluminum (Al) 0.0031 0.0039

Gold (Au) 0.0028 0.0039

Nickel (Ni) 0.0049 0.0067

0.003

0.0031

0.0032

0.0033

0.0034

0.0035

0.0036

0.0037

310 320 330 340 350 360

α
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/K
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Temperature [K]

Fig. 6   Temperature coefficient of resistance α vs. hot-film tempera-
ture T

Fig. 7   Sensors covered with 
tin (a) and polyimide (b) after 
2 months operation in water

ba
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connected to each other, so they are short circuited. In addi-
tion, unconnected tracks show corrosion.

After 2 months 7 of 17 tinned sensors are totally dam-
aged, most of the other ones showed high changes in their 
resistance.

In Fig. 7b the polyimide-covered sensor is shown. The 
covering is damaged at the negative supply connections to 
the sensing elements. In a detailed analysis it was found 
out that also a small part of the copper track near the sens-
ing element was uncovered when polyimide was locally 
removed during fabrication, so the copper could corrode at 
the negative terminal. Additionally, at some single points 
the polyimide was macerated. Here, water seems to be dif-
fused through the covering. Anyway, only 2 of 20 sensors 
are totally broken after two months. 12 of the 18 still usable 
sensors changed their resistance by less than ten percent.

4.4 � Dynamic tests

First functional tests were performed using an electronic 
circuit to operate in constant temperature mode. The output 
signal was high- and low-pass filtered, so both the average 
wind speed as well as fast, local changes in the flow field 
can be registered.

In Fig. 8 the low-pass filtered signal is represented by the 
upper graph. When blowing with a fan (B) more current is 
needed to keep the operating temperature, so the average cur-
rent rises. The low-pass filtered signal is influenced by the 
heat conduction through the substrate. This leads to a damped 
sensor behavior observed for lower frequencies. Additionally 
nearby sensing elements are influenced by cross-heating.

Having a very thin polyimide substrate the material the 
sensor array is attached to strongly influences the sensor 
signal and thus the sensitivity. A wooden or plastic wind 
tunnel model conducts the heat less than a metal model, so 
the sensitivity of the sensor array used on a metal model 
will decrease.

The high-pass filtered signal is represented by the 
lower graph. Fast flow gradients will lead to temperature 

gradients in the vicinity of the sensor and the sensor will 
not reach a steady-state. Turbulent behavior can be detected 
but only relative changes can be obtained.

It is important to mention that the high-pass filtered 
signal contains additional electromagnetic disturbance as 
well as oscillating phenomena of the electronic circuit. The 
oscillation can be originated in the closed loop control and 
in capacities and inductances of the electronic components 
as also reported by Davis (1970).

An approach to clear coupled electromagnetic distur-
bance is to insert a cable with the length of the sensor’s 
cable between Rvar and the Wheatstone bridge (see Fig. 1). 
When mounting this potentiometer cable near the sensor’s 
cable the electromagnetic perturbations couple in both 
cables the same way. This affects both parts of the Wheat-
stone bridge and is hence balanced.

5 � Conclusion and outlook

The fabrication and processing of the sensor arrays placed 
on ready-made foils with good reproducibility could be 
demonstrated. The processing of the foil temporarily 
attached to a glass wafer was compatible with all relevant 
processes that are normally used for rigid substrate process-
ing. Also the fabrication of sensors on ultra-thin (5  μm) 
polyimide layers has successfully been demonstrated utiliz-
ing nearly the full 4″ wafer area, requiring a very precise 
processing and fabrication.

The sensitivity of the sensing element is increased, if 
made of nickel, due to the 60 % higher temperature coef-
ficient compared to aluminum or gold even though the ther-
mal coefficients of resistance for our thin films (in particu-
lar on flexible polyimide) were slightly lower than reported 
for bulk materials from other groups.

The sensors can be used in water tunnel experiments for 
up to 2 months. The polyimide cover sufficiently protects 
the sensor against water. However, we found that two fur-
ther improvements still need to be implemented. Firstly, the 

a: fan off b: fan on

low-pass filtered

high-pass filtered

Fig. 8   Hot-film in idle operation (a) and blown with a fan (b)
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etching area opening the cover over the sensing element 
has to be smaller than the sensing element itself to ensure 
that the copper track remains totally covered. Secondly, an 
additional very thin continuous layer of silicon nitride may 
be used as a more effective diffusion barrier to avoid pen-
etration of water into the polyimide.

The high frequency behavior of the sensor could not be 
totally investigated by now. However, first results in turbu-
lences as well as measurement results of the high frequency 
calibration device are promising. To evaluate the high fre-
quency behavior more systematically and to calibrate the 
hot-film sensor a device using a rotating disk with flutes (as 
described in Kim and Lee 2006) shall in the future be used. 
In this device the sensor is attached on a fixed disk without 
flutes; the disk with flutes is rotating above the sensor in a 
certain distance.

In conclusion, the sensor arrays presented here enable 
new ways to measure in very thin flow boundary layers 
without disturbing them. The thinnest possible sensors are 
three times thinner than all other known sensors of this 
type. In combination with the versions on ready-made foil, 
these flexible sensors do fit for many more applications, for 
example for measurements in tubes with small diameters. 
By now a bending radius of 15 mm could be handled.

Beside the calibration of the presented sensors arrays 
the high frequency calibration device may be used to com-
pare them with industrial hot-film sensors. Furthermore 
the insulation effect of the water cover will be investigated 
using this tool.
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