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In this paper we present a technical description of a new type of anemometer for gas and especially
liquid flows with high temporal and spatial resolution. The principle of the measurement is based
on the atomic force microscope technique where micro-structured cantilevers are used to detect
extreme small forces. We demonstrate the working principle and the design of the sensor, as well as
calibration measurements and initial measurements of turbulent flows, which were performed in air
and water flows.
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I. INTRODUCTION

In fluid mechanics and especially in turbulence re-
search there is a large interest in high resolution veloc-
ity measurement techniques. Aside from well established
methods like laser doppler anemometry where the flow
velocity is detected contactless by laser beam, or hot-wire
anemometry with very high spatial and temporal, reso-
lution there remains a demand for the development of
new techniques. Some examples of recent developments
are methods that allow the measurement of the veloc-
ity in Lagrangian coordinates, i.e. the measurement of
the velocity of a fluid particle and its trajectory. Detec-
tors from high energy physics1 or alternatively arrays of
fast ultrasonic actuators and detectors2 have been used.
Further examples of recent developments are techniques
that use the nuclear magnetic resonance (NMR) to mea-
sure, for instance, the flow field in a falling drop,3 the
RELIEF-method where molecules are marked by a laser
light-section and the deformation of the section provides
some information on the flow4,5 or holographic particle
imaging techniques to map the three-dimensional veloc-
ity distribution of complex nonstationary flows.6

Hot-wire anemometers have been used for several
decades as suitable velocity detectors and have been until
now standard sensors for high resolution velocity mea-
surements. This holds in particular for turbulence ex-
periments where small scale effects are investigated. The
sensors are heated by a current while being cooled simul-
taneously by the passing fluid. Operated in a constant
temperature mode the required current yields the infor-
mation of the fluid velocity. The small dimensions of such
sensors cause a very small heat capacity which allows for
a dynamical response up to some tens of kHz.7,8 Due to
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the high resolution combined with the technically mature
development status, founded by the long optimization-
time, we compare the results we received with our sensor
to those received with the hot-wire anemometer. Despite
the success of hot-wire anemometry this technique has
reached its limits. Wires with a diameter smaller than
1 µm aren’t mechanically stable enough to be used in
flow experiments. The required aspect ratio7,8 (length
to diameter) of 100:1 fix their length to a lower limit of
100 µm.9 Another limitation is imposed on the hot-wire
anemometry in water experiments. Here the overheat ra-
tio of the wires, the temperature difference to the flowing
fluid, have to be much smaller than in air, which con-
fines their sensitivity. In addition for conductive flows
the wires need to be electrically isolated which increases
the thermal mass of the sensor and makes the system
even less sensitive. Due to its design a hot-wire is always
a non-shielded part of the amplifier circuit of a hot-wire
anemometer thus acting as an antenna. Thereby hot-
wire anemometers are more susceptible to high frequency
electro magnetic interference.

These limiting factors of the hot-wire anemometry are
the starting point for the development of a new type of
anemometer, the Laser-Cantilever-Anemometer (LCA)
which is based on the atomic force microscope technique.
At the present time we are able to show the working
principle and to present measurements with a prototype
which already reaches the resolution of hot-wire anemom-
etry.

It is an open problem to characterize a sensor’s dy-
namics in an environment with highly fluctuating prop-
erties. In10,11 a micronic-size cryogenic thermometer for
fast turbulence measurements was presented, from which
we got the idea to show the dynamic response features of
our sensor by the reproduction of characteristic features
of turbulence.

The paper is structured as follows, first we discuss in
section 2 the working principle of the LCA, next in sec-
tion 3 the details of the construction of the prototype
are presented. In section 4 dynamics of electronics that
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is used is discussed and in sections 5 and 6 the calibration
as well as initial measurements are presented.

II. WORKING PRINCIPLE

Based on the atomic force microscope (AFM)
technique,12 micro structured cantilevers with a typical
length of 160 µm, a width of 30 µm and a thickness of 1-3
µm, which are normally used to resolve atomic distances
and forces, are used as sensing elements. To perform local
velocity measurements in a fluid, we detect the deflection
s of the cantilever due to the drag force.

In contrast to the usual application in atomic force
microscopes, loads along the whole surface instead of
just loads on a well defined point act on the cantilever.
The deflection of the tip of the cantilever is therefore
described by13

s =
l3

8

F

E × Ia

, (1)

with the elasticity modulus E, the force F and the
second moment of area for a rectangular cross-section
Ia = 1

12
wh3 for a plate with dimensions l×w×h (length,

width, height). In this case the force acting on the can-
tilever is caused by the component of the flow velocity v
which is normal to the cantilever surface.

F = cd ×
1

2
× ρ× v2 × l× w, (2)

with cd as drag coefficient and ρ as density of the fluid.
According to Eq.1 and Eq.2 the deflection s is given by

s =
3× cd × ρ× v2 × l4

4×E × h3
. (3)

Note that the deflection is independent of the width of
the cantilever, and v is the value of the fluid velocity
averaged over the cantilever.

Due to the small dimensions and the very sharp edges
of the cantilever we take the drag coefficient to be inde-
pendent of the Reynolds number, which will be verified
by calibrations.

To detect the deflection of the cantilever we focus a
laser beam on the tip of the cantilever and measure the
position of the reflex spot with a position sensitive detec-
tor element (psd), see figure 1.

The linear psd of length LX which we use to get the
position of the reflected light yields two electric currents
IX1 and IX2 at the ends of the photosensitive surface
(figure 2)

IX1 = I0

LX −XB
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, IX2 = I0

XB

LX

, (4)

with I0 as the light intensity.14 The following quantity
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FIG. 1: Cantilever deflection s with flow (dashed lines) and
without flow (solid lines). Detected by a laser and position
sensitive detector (PSD).

is a linear function of the reflex position XB and is in-
dependent of the intensity I0. This means any changes
in the light intensity which are acting on the whole PSD
element, e.g. the ambient light or variances in the laser
intensity, will not affect the position measurement.

FIG. 2: Schematic of the psd element with the used nomen-
clature. P stands for positive doped, I for isolator and N for
negative doped.

III. DESIGN

The design of the LCA is shown in figure 3. At the tip
of the device (left lower end of the figure 3) a small arm is
attached, at the end of which the cantilever is glued. The
waterproof enclosure contains the psd element with its
amplifier electronics, the laser with optical components
and step motors to adjust the laser beam orientation. In
the following we will describe each parts in detail.

To measure the velocity to a high degree of accuracy
the chip which is the base of the cantilever is designed as
shown in figure 4, micrograph. The cantilever is held in
position by two 20 µm wide bridges. Etching a window
into the chip gives the advantage that the fluid can pass
the vicinity of the cantilever unhindered. Thus close to
the cantilever the disturbance of the flow is kept small.
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FIG. 3: 3D illustration of the Laser-Cantilever-Anemometer with the labeled components.

To produce these kind of cantilever chips, a 300 µm
thick silicon wafer, with (100) crystal orientation, is ther-
mally oxidized at 1323 K and then micro-structured by
several wet-etching and plasma-etching processes. The
last process step is to cover the transparent quarz-
cantilever by evaporating chromium to get a high reflec-
tivity.

The arm on which the cantilever chip (see figure 4 right
part) is glued has a front surface not bigger than the
cantilever chip itself, actually 1.8 mm × 1 mm, see figure
4, left picture. The arm is tapered in three steps to reduce
the dimensions as much as possible but still keep the
mechanical stability.

To achieve the small diameter of the entire LCA-
instrument (currently 25 mm) the laser and the psd el-
ement are not arranged side by side but in a row. This
is done by tilting the laser unit and using a mirror and a
50 % beam splitter as shown in figure 5.

At the front the LCA is closed by a transmission win-
dow (see figure 3) made out of BK7 glass with an ARB2-
IR anti reflex layer to avoid the direct reflection from
the outgoing laser light back to the sensor. The ARB2-
IR is a broadband anti-reflex layer supported by Linos

FIG. 4: Top view of the LCA and the arm on tip of which
the cantilever is glued. In the micrograph a cantilever chip is
shown. The cantilever is the tiny rectangle at the very end of
the windowframe.

photonics.

The laser unit consists of a RLD-65MC 7 mW laser
diode (655 nm) from ROHM and a full plastic a-spherical
collimator lens CAW100 from PHILIPS with a focal
length of 9.85 mm at 785 nm wavelength.

To adjust the laser orientation two small 0615C step
motors with 06/1 planetary gears from FAULHABER
(together 6 mm diameter, 25 mm length) are built in,
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FIG. 5: Illustration of the path of light within the Laser-
Cantilever-Anemometer.

making it possible to tilt the laser independently in the
vertical and horizontal directions. The spatial resolution
of the positioning on the cantilever is about 4 µm. This
positioning is required especially for the use of the LCA
in liquids. Inserted into the liquid, it is still possible to
adjust the optical path properly, to optimize the sensi-
tivity of the sensor.

As shown in figure 5 the laser light, reflected by the
cantilever goes through the beam splitter on a psd ele-
ment SSO-EL6-6 with an photosensitive length of LX =
6 mm. The two currents described in Eq. 4 are amplified
by a trans-impedance amplifier circuit, figure 6. Those

FIG. 6: Trans-impedance amplifier circuit used in the LCA.

kind of circuits yield an output voltage (UX1, UX2) that
is linear to the input current (IX1, IX2). In the follow-
ing we only use the voltage signals. In the LCA we use a
TL072CP integrated circuit which includes two low noise
operational amplifiers. To avoid disturbances from inter-
fering electronic signals the metallic enclosure and the
system have a common ground.

IV. TESTING OF THE ELECTRONICS

Beside the high spatial resolution, given by the small
dimensions of the cantilever, the LCA should also yield
the velocity information with a high temporal resolution.
To check this we performed tests with the psd and the
amplifier unit and we used a LED powered by a square
wave from a signal generator and observed the response
time of the LCA output signal. Because a response
time of the LED less than 500 ns is easily achieved15

we directly compare the LCA output signal with the the
square wave of the signal generator, see figure 7. As one
can see the electronics reached the 10/90 value within 10
µs. Thus the present LCA-electronics are fast enough to
measure velocity fluctuations up to 100 kHz.
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FIG. 7: Response of the electronics (lower trace) on LED
powerd by a signal generator (upper trace). Both curves are
shifted vertically for clarity of presentation.

V. CALIBRATION

Like the hot-wire the LCA yields no absolute velocity
signals and therefore has to be calibrated. In contrast
to King’s Law for the hot-wire, where the signal U [V ] is
a function of the velocity7 v[m/s], U ∝ v0.25, we expect
the LCA to follow a v2 dependence as described in Eq.
3. This means that the nonlinearity is strongly reduced,
which is important for the resolution and the signal to
noise ratio of the system. In figure 8 the two recorded
output signals (signal-to-noise ratio 40.12 dB) (see figure
6) are shown. The calibration points were obtained in
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FIG. 8: Calibration measurement of the LCA. Triangles rep-
resent the recorded signal UX1 and squares UX2.

a laminar wind tunnel from digitalized signals UX1 and
UX2. The best calibration fit is given by v = −4.46 +
35.4

√
U + 0.31, according to Eq. 5, see figure 9.

VI. INITIAL RESULTS AND DYNAMICAL

CHARACTERIZATIONS

So far we have presented the calibration for laminar
flow conditions. Our aim is to develop a new anemometer
for turbulent flows. For such highly fluctuating flows it is
an open problem to characterize anemometers. Thus we
verify our results by well known features of local isotropic
turbulence with respect to small scales. In this section
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FIG. 9: Calibration curve according to Eq. 3 and 5(filled sym-
bols: measurement, line: fit with v = −4.46+35.4

√
U + 0.31).

we present initial measurements and the mentioned dy-
namical characterizations. We compare the results with a
hot-wire anemometer StreamLine Research CTA system
from Dantec Dynamics and a 55P01 hot-wire probe.

The following results are all based on a free jet ex-
periment with air into air. The diameter of the nozzle
outlet is d = 8 mm where the velocity is v = 34 ms−1.
The resulting Reynolds number is Re ≈ 17500.16 Tur-
bulence measurements were performed at a distance of
37.5 d downstream in the center of the free jet with a
mean flow at the position of v̄ = 12 ms−1. The measured
raw output signals were converted into velocities accord-
ing to v = −4.46 + 35.4(U + 0.31)0.5 for the LCA and
v = −0.14+4.91(U−0.75)4 for the hot-wire after King’s
Law,7 U is the calculated signal according to Eq. 5, U is
the output signal of the hot-wire anemometer. Regard-
ing the power spectra of the air free jet (figure 10) one
can see that the LCA and the hot-wire measurements co-
incide within the interial range of -5/3 (Kolmogorov law)
and down to the dissipation range (f < 10 kHz).
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FIG. 10: Power spectra of the free jet experiment, cantilever:
black line, hot-wire: gray line.

Note the interfering signals of the hot-wire signal at
high frequencies (larger than 10 kHz) (see enlargement
in figure 10). These perturbations do not appear in the
cantilever signal because of the shielded enclosure.

For the next step in comparing the LCA and hot-wire
measurements we look at the multiscaling properties of
the turbulent signals. The multiscaling properties are

of actual interest in turbulence research and represent
a more detailed analysis, c.f.17,18. Thus we calculated
the probability distribution functions (pdfs) p(δv(r)) for
different length scales r of velocity increments19

δv(r) := v(x)− v(x + r), (6)

and their higher order moments (structure functions)

〈δv(r)n〉 =

∫

∞

−∞

p(δv(r)) × (δv(r))ndδv(r). (7)

The velocity increments are obtained from velocity mea-
surements in time by Taylor’s hypothesis of frozen tur-
bulence c.f.20 x = v̄ × t; v̄ is the mean velocity.

As one can see in figure 11 the pdfs coincide quite
well.21 The deviations of the pdfs for small scales and pos-
itive velocity increments are up to now not explained, but
belong to the dissipative and measurement noise range
(> 5kHz) of the power spectra (figure. 10).
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FIG. 11: Velocity increment pdfs of the hot-wire (crosses)
and the LCA (circles) for the length scales 1 mm, 2 mm, 4.7
mm, 13.3 mm and 106.2 mm (from top to bottom). The pdfs
are shifted away from each other in y-direction for clarity of
presentation.

A further characterization is done by using Benzi’s
method of extended self-similarity (ESS),22 〈δv(r)n〉 ∝
〈|δv(r)3|〉ξn . In figure 12 the scaling exponent ξn of struc-
ture functions of degree n is plotted. The LCA yields the
same results as the hot-wire even for n > 8 where the es-
timation of the scaling exponent normally becomes more
and more uncertain, see for example.17

In a simple water into water free jet setup we com-
pared the LCA with a commercial available high resolu-
tion Dantec 55R01 hotfilm probe, which has a frequency
limit of 30kHz according to the manufacturer. Again a
nozzle (d = 8 mm) was used. The velocity at the noz-
zle exit is vnozzle = 8 ms−1. The resulting Reynolds
number is Re ≈ 40000. Turbulence measurements were
performed at a distance of 50 d downstream in the center
of the free jet. While increasing the flow rate and thus
the Reynolds number, the -5/3 inertial range is expand-
ing towards higher frequencies as expected for turbulent
flows, see figure 13. For the highest flow rate (equivalent
to 8 ms−1 at the nozzle) the power spectrum is compared
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FIG. 12: Scaling exponent ξn estimated by extended-self
similarity from the LCA dataset (black) and the hot-wire
dataset (grey). The solid line represents a fit with ξn =
n
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18
n(n − 3), µ = 0.24, which is well in the range of

µ = 0.26 ± 0.04 according to.23 Error bars for ξn were ob-
tained after a method described by Peinke.24
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FIG. 13: Power spectra of the water free jet measurement for
different flow rates, increasing from bottom to top are shown.
The spectra are shifted away from each other in y-direction
for clarity of presentation.

to the spectrum measured with the hotfilm, see figure 14.
As the power spectrum of the LCA measurement shows
characteristics of a typical turbulent flow, the power spec-
trum of the hotfilm measurement shows no significant -
5/3 scaling. We interpret that as a hint that the hotfilm
was not able to acquire all properties of the turbulent sig-
nal. Thus while one of the best commercial available hot
wire anemometers already has difficulties in this simple
but strongly fluctuating flow, we obtain promising results
for our new technique.

The next steps will be further investigations in water
experiments and improvements in the technique. Instead
of using a laser to measure the deflection we plan to in-
tegrate strain gauges into the cantilever thus the size of
the LCA instrument can be reduced.
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FIG. 14: Power spectrum of the water free jet measurement
with the LCA (filled circles) and the hotfilm anemometer
(open squares) and fits (grey curves) after Pao25,26 are shown.
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