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Abstract A new optical sensor technique based on a
sensor film with arrays of hair-like flexible micropillars
on the surface is presented to measure the temporal and
spatial wall shear stress field in boundary layer flows.
The sensor principle uses the pillar tip deflection in the
viscous sublayer as a direct measure of the wall shear
stress. The pillar images are recorded simultaneously as
a grid of small bright spots by high-speed imaging of the
illuminated sensor film. Two different ways of illumi-
nation were tested, one of which uses the fact that the
transparent pillars act as optical microfibres, which
guide the light to the pillar tips. The other method uses
pillar tips which were reflective coated. The tip dis-
placement field of the pillars is measured by image
processing with subpixel accuracy. With a typical dis-
placement resolution on the order of 0.2 lm, the mini-
mum resolvable wall friction value is sw�20 mPa. With
smaller pillar structures than those used in this study,
one can expect even smaller resolution limits.

1 Introduction

One of the still unsolved challenging tasks in experi-
mental fluid mechanics is the measurement of the wall
shear stress distribution on surfaces with high temporal
and spatial resolution. This is due to the small forces per
unit area acting along the local surface element, which
requires a high resolution and signal-to-noise ratio of the

sensor. While single-point sensors with various operat-
ing principles have been successfully applied to simple
canonical flows like, e.g. the flow over a flat plate, there
is still a lack of an appropriate quantitative imaging
technique to resolve the fluctuating wall shear stress field
over an entire surface of interest, such as that induced by
coherent structures in turbulent flows. Such measure-
ments with high temporal and spatial resolution are of
fundamental interest since they deliver the necessary
information for any implementation of active control of
wall-bounded flows.

In the last decade microfabrication has reached a
production level to scale down measurement devices
such that they can be applied in the very near wall region
without disturbing the outer flow. Classical measure-
ment techniques like hot-wire anemometry and laser
Doppler anemometry have been miniaturised to measure
the velocity gradient in the viscous sublayer and to
determine the wall shear (Sturzebecher et al. 2001;
Czarske et al. 2001; Khoo and Durst 2002; Gharib et al.
2002; Gibson et al. 2004). However, these techniques
measure only at one single measurement location. In
contrast, optical techniques, like, e.g. oil film interfer-
ometry, provide a surface profile of the wall shear dis-
tribution, but only in quasi-steady flow. An overview of
the different techniques and their limitations is given in
the review papers by Fernholz et al. (1996), Löfdahl and
Gad-el-Hak (1999) and Naughton and Sheplak (2002).

Measurement principles based on microfences or
wind hairs have become more attractive because of the
progress in the fabrication of arrays of microsensors to
achieve a sufficient resolution. Such an approach has
been presented by van Baar et al. (2003), who designed
an artificial wind hair device with a stiff cantilever, which
is fixed on a spiral spring suspension. A capacitive read-
out principle is proposed and first prototypes are cur-
rently being fabricated. Similar approaches to design
artificial wind hairs were published earlier by Osaki
et al. (2000) and by the group of Chen et al. (2003). The
sensory hair in Osaki’s prototype was about
1,500-lm-long, with a single hair on one chip. The
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angular deflection is transformed into a measurement
value using strain gauges fabricated at the bottom of the
hair. Chen et al. (2003) used a platelet with a size of
180·1,100 lm, which is flapped from the base into the
flow and the drag is measured with a strain gauge at the
base also. A similar sensor principle is used by von
Papen et al. (2002) to measure the wall shear stress
fluctuations at a single point with frequencies of up to
1 kHz. The microelectromechanical systems (MEMS)
surface fence sensor consists of a 5-mm-long, 100–300-
lm-high and 7–10-lm-thick silicon fence. The drag-
induced deflection is being transformed into an electrical
signal, which is proportional to the component of the
wall shear stress perpendicular to the fence. Since all
these methods use an electronic read-out principle at the
bottom of the sensors, which needs some space to inte-
grate the electronics, the size and spacing of the sensor
elements are usually large compared to the micropillar
arrays presented in this study. Furthermore, these
devices are critical with respect to contamination, foul-
ing and eventual cracking. In addition, the rigidity of the
sensor restricts the application to only planar surfaces.

Since the development of atomic force microscopy,
force measurement techniques using microscopic canti-
lever beams are increasingly applied in biology. Arrays
of micropillars made of silicon were recently used by one
group of the authors to study bio-functional filament
systems in which the filaments are bonded at the pillar
tips in a well defined arrangement (Fig. 1a in Roos et al.
2003). This method offers a new area of biological
experiments, since the access is not impeded by surfaces
(Roy et al. 2002; Weeks et al. 2003). The sensor concept
presented in this paper is based on the same principle by
fabricating a film-type sensor with a dense array of
flexible micropillars. Micropillars with diameters of a
few microns are manufactured from elastomers, which
have high flexural and tensile yield strength values, e.g.
polydimethylsiloxane (PDMS); as such they are very
flexible and easily deflected by the fluid forces. When
such a surface sensor is placed in a boundary layer flow,
the pillars are bent until the equilibrium of the drag force

and the internal elastic strain. Because of their micro
size, their tips lie almost completely within the viscous
sublayer, which results in a tip displacement directly
proportional to the wall shear stress. The flexible sensor
film with the micropillars can be used also on curved
surfaces and under severe environmental condition,
since PDMS has unique chemical and physical attri-
butes, such as a low glass transition temperature (TG
�125�C), a unique flexibility (the shear modulus G may
vary in the range 0.1–3 MPa), usability over a wide
temperature range (at least from �100�C up to +100�C)
and a very high notch impact strength (Lötters et al.
1997). In addition, the transparency of PDMS lets the
pillars act like optical microfibres. This fact is useful for
efficient optical detection of the pillar bending in mag-
nitude and in direction (Brücker et al. 2004). For aero-
dynamic applications, the concept of a sensor film with
flexible micropillars made from PDMS enables time-
resolved wall shear stress measurements over larger
areas within a dense array of sensor elements, which can
be detected simultaneously by optical high-speed imag-
ing. In brief, these attributes give the new sensor concept
a unique potential in experimental aerodynamics.

2 Fabrication of the sensor

The micropillars were fabricated by the moulding of the
transparent elastomer PDMS (Sylgard 184 Dow
Chemical) using negative-image masters with holes
patterned by photolithography. To achieve a high aspect
ratio AR of the micropillars, which has an important
influence on the sensitivity of the sensor elements as
shown in Sect. 3.2, masters with different thicknesses of
between 30 lm and 100 lm were used. The silicone
mixture in a ratio of 10:1 (rubber base/cure) was out-
gassed in a vacuum for 30 min before applying to the
master and was cured at room temperature for 3 days.
The Young’s modulus under this condition is approxi-
mately E�0.75 MPa. Thereafter, the sensor film is
peeled off carefully to prevent plastic deformation or
rupture of the pillars during the de-moulding process
due to the friction forces acting on the pillars. The
Raster Electron Microscopy (REM) picture in Fig. 1a
demonstrates that micropillars with an approximately
cylindrical shape at a diameter of D�8 lm and an
aspect ratio of about L/D�8 could be manufactured.

Fig. 1 Raster Electron Microscopy (REM) image of the sensor film
with microfabricated micropillars for wall shear stress imaging.
Sensor type ‘‘A’’ (left); substrate: PDMS, manufacturing technique:
negative photoresist and casting. Sensor type ‘‘B’’ (right); substrate:
PDMS, manufacturing technique: laser drilling in wax film and
casting
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Fabrication tests with the different masters showed that
this is the maximum aspect ratio of the pillars at this
diameter for which the peel-off can be handled without
damage to the pillars. The micropillars were arranged in
a 2D array with an equidistant spacing of about 95 lm
and the overall sensor area is 2 cm · 2 cm. Finally, the
pillars are sputtered with gold to enhance the reflectivity
on their tips. Sensor films with such kind of micropillars
are referred to in the following as type ‘‘A.’’

Recently, we developed an alternative fabrication
technique with the potential to achieve a higher aspect
ratio of the micropillars (Schmitz et al. 2005). A thin
planar wax film is used in which small bores are drilled
with an excimer laser. Thereafter, the PDMS is cast into
the bores under a vacuum. After curing, the wax is
melted with hot de-ionised water and washed out. Note
that the peel-off problem does not exist any more, which,
in principle, allows to cast pillars with higher aspect
ratios. The first sensor prototype based on this fabrica-
tion technique is shown in Fig. 1b. The pillars have the
shape of semi-hyperboloids, which is a result of the
production process. The rounded tip is formed as a
consequence of the capillary forces and can be con-
trolled by the filling pressure. When illuminated from
the back plane, the specific semi-hyperbolic form of the
transparent pillars at the foot acts as a light collimator,
which leads to a bright spot at the pillar tip. Most of the
pillars are well formed with a surface roughness in the
nanoscale regime. As demonstrated recently, we could
achieve pillars with a diameter of D�15 lm and a
maximum aspect ratio of about L/D�25. Sensor films
with such kind of micropillars are referred to in the
following as type ‘‘B.’’

3 Sensor sensitivity and response

The sensor principle uses the pillar tip deflection in the
viscous sublayer of turbulent boundary layer flows as a
measure that is directly proportional to the wall shear
stress. This assumption is justified, as shown later in
Sect. 3.2, since the velocity profile is linear and the drag
of the micropillar is dominated by the viscous Stokes’
drag. The pillar length L is, therefore, restricted to a
maximum of a few viscous wall units such that the tip
lies almost within the viscous sublayer. In turbulent
flows, a high sensitivity is necessary to determine the
temporal wall shear field with a sufficiently high reso-
lution, since the fluctuating wall shear values may extend
up to 40% of the mean wall shear. As shown in the
subsequent sections, the resolution depends mainly on
the diameter and aspect ratio of the pillars, and is limited
by the technological constraints of the microfabrication
process and the Young’s modulus E of the material. In
the following, the pillar is considered in a first approx-
imation as a uniform and homogeneous slender cylin-
drical beam. The coordinate system is depicted in Fig. 2.
Note that, like in cantilever mechanics, the z axis

denotes the wall-normal coordinate along the straight
pillar axis in the unforced situation.

3.1 Load profile along the pillar axis

With a typical length L�60–80 lm as shown in Fig. 1,
the tips of the micropillars almost lie within the viscous
sublayer up to a normalised thickness of approximately
5z+ (where z+ is the characteristic wall unit) for most
of the practical turbulent flow situations. According to
the definition of a hydraulically smooth wall, the pillars
do not disturb the global flow under these constraints.
Following Bernard and Wallace (2002), the velocity
distribution near the wall in turbulent flows can be
approximated by a linear profile up to a normalised wall
distance of 5z+. The Taylor expansion for U+ and
urms
+ reads:

�Uþ zþð Þ ¼ zþ � zþð Þ2

2Re s
þ . . . ð1Þ

uþrms

�Uþ
¼ 0:4þ zþ

0:2

Re s
þ 0:07

� �
þ . . . ð2Þ

The second terms on the right hand side of the equations
and higher order terms vanish for typical turbulent
Reynolds numbers Res>150, defined by the friction
velocity us. The Reynolds number at the pillar tip
Re=gULD/q, based on the tip velocity UL, is usually on
the order of Re<O(10�1), due to the microscale of the
pillars and the small velocities in the viscous sublayer.
Therefore, the drag on the micropillar is approximately
linearly proportional to the velocity, as predicted in the
Stokes’ limit Re«1. Hence, the load profile along the
pillar axis is linear for a homogeneous cylindrical beam
considered to be a first approximation.

Fig. 2 Definition of the coordinate system
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3.2 Pillar bending: quasi-steady approximation

In the case of quasi-steady flow around the pillar, the
Stokes’ solution can be simplified by the Oseen
approximation of the drag coefficient, which is valid for
a pillar tip Reynolds number up to Re=O(1). Hence, the
pillar deflection wL at the head can be estimated by
integrating the drag coefficient along the pillar axis
under the assumption of a linear velocity profile. This
results in a first approximation of the pillar tip deflection
as:

wL

L

� �
� 11:7g _c

Eln L=2Dð Þ
L
D

� �4

ð3Þ

which has been derived by Venier et al. (1994) for the
application in a microtubule. The variables herein are
the fluid viscosity g, the shear rate at the wall _cand the
Young’s modulus E. Note that further assumptions
made herein are the validity of the Euler–Bernoulli
elastic beam theory, a 2D flow around the pillar, a small
tip deflection and no end-wall effects at the pillar base.
The equation demonstrates that the pillar deflection at
the tip is directly proportional to the product of the
shear rate and the viscosity; hence, it is proportional to
the wall shear stress. Besides, it shows the deflection to
mainly depend on the pillar aspect ratio L/D and the
flexibility expressed by Young’s modulus. The sensitivity
X of the sensor is defined as the ratio of the pillar tip
deflection amplitude to the wall shear X=wL/sW. If we
assume a technologically achievable aspect ratio in the
range of 10<L/D<20, it follows that the sensitivity
roughly scales with X�L4.5.

3.3 Pillar bending: frequency response

The frequency response of the micropillars should be
adapted to the typical spectra in turbulent flows. Let us
consider a flat plate boundary layer flow at Reh=4,000,
in which the Kolmogorov length scale is on the order of
100 lm. The energy spectra show that the energy con-
tent above 5–10 kHz is almost negligible (Bernard and
Wallace 2002). It is further assumed that only the low-
frequency range portion persists within the viscous
sublayer, which is associated with the near-wall
dynamics of the coherent vortex structures. Therefore,
the sensor should resolve at least frequencies in the range
between 1 Hz up to a maximum on the order of several
100 Hz. The estimate of the frequency response of the
pillars follows the work by Shimozawa et al. (1998) and
Rudko (2001), and is derived in Appendices 1 and 2. The
pillars are treated in the first approximation as uniform,
homogeneous, one-sided clamped circular cantilever
beams. Unlike the quasi-steady Oseen approximation,
the frequency response is calculated using Stokes’
approximation because it describes added mass effects,
which are present only in oscillatory flows and, hence,
do not appear in Oseen’s model.

The equation of motion given in Eq. 16 of Appendix
2 includes the inertia of the beam, the bending force, the
oscillating external drag force and the viscous damping.
The boundary conditions determine the natural fre-
quencies and mode shapes of the beam. The natural
frequency of a one-sided clamped cylinder with a length
of L and a diameter of D in a vacuum is:

f0 ¼
D
8p

k21
L2

ffiffiffiffi
E
q

s
ð4Þ

with the first eigenvalue k1=1.875. Equation 4 yields
natural frequencies on the order of 3–4 kHz for the gi-
ven geometry and properties of the pillars; however, the
resonance frequency is decreased due to the added mass
effect. This is estimated by calculating, in the Appendix,
the pillar response to an oscillating flow in the boundary
layer. The results are calculated for pillars with a
diameter and length of (D, L)=(10, 100) lm and (10,
200) lm in different fluids (air: l=1.82·10�5 N*s/m2,
q=1.2 kg/m3; water: l=10�3 N*s/m2, q=1,000 kg/m3;
water–glycerine mixture (50% vol): l=10�2 N*s/m2,
q=1,200 kg/m3). Figure 3 shows the sensitivity X in
response to the oscillating near wall flow, i.e. of the
oscillating wall shear; Xis defined as the maximum tip
deflection wL, given by Eqs. 22, 23, 24, 25, 26, 27, 28 and
29, divided by the maximum wall shear sW, which is
determined from the velocity gradient at the wall.

Since the Stokes’ mechanical impedance and phase
shift do not depend on the velocity magnitude and the
phase, as shown by Eqs. 7, 8, 9 and 10, the sensitivity is
only a function of the frequency and the size of the
pillars. The resonance frequency decreases with
increased viscous damping and density of the fluid. The
sensitivity scales with X�L5, which is slightly higher
than in Oseen’s approximation. At excitation frequen-
cies f below resonance, the profiles possess a weak
exponential response to the frequency. Typical values of
the sensitivity in the low-frequency range f<100 Hz
amount to 5 lm/Pa at (D, L)=(10, 100) lm and
150 lm/Pa at (D, L)=(10, 200) lm, which demonstrates
the strong influence of the pillar length. Figure 3 shows,
in addition, the results of the quasi-steady approxima-
tions for comparison.

3.4 Estimate of the flow interference of the pillars

The flow disturbance in the near-wall region due to the
presence of the micropillars is estimated from a numer-
ical simulation of the Navier–Stokes equations for a 3D
steady viscous flow around a small wall-bounded rigid
cylinder of diameter D=10 lm and length L=100 lm
in a simple planar shear flow with _c ¼ 1; 000=s:The
Reynolds number at the pillar tip defined by the undis-
turbed axial velocity equals Re=0.1 for a water–
glycerine mixture with a viscosity of 10 cP. Exemplary
results are shown in Fig. 4 in the wall-parallel plane
crossing the pillar tip. These findings indicate that the
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flow disturbances decay below 5% of the undisturbed
velocity UL for a radius greater than 100 lm.

3.5 Calibration procedure

Because of possible non-uniformities of the pillars and
deviations from the theoretically derived pillar

displacement behaviour, the sensor film needs to be
calibrated. Therefore, the individual flexural stiffness of
each individual pillar is calibrated in a defined shear
flow, which is generated in a specially adapted cone-
plate-type viscometer, as shown in Fig. 5. The flow in
the cone-plate viscometer exhibits a simple planar shear
flow with constant shear, similar to flow in the viscous
sublayer of a turbulent wall-bounded flow. The sensor
is placed flush-mounted with the centre at a radius of
17.5 mm and the pillar tip displacement is measured
over a series of different shear velocities and by using
different fluids. Figure 6 shows the resulting calibration
curve for the pillars of type ‘‘A’’ in water as a carrier
medium. The rotation speed of the viscometer was
stepwise increased, beginning from 10 rpm up to
1,000 rpm, in increments of 10 rpm in the low-speed
range and 20 rpm for the high-speed range. Note that
the electronic stabilisation of the stepper motor unit
does not allow arbitrary values, but only changes in
increments of 10 rpm. Each circle in the plot is an
average of 50 samples of a single pillar measurement.
The calibration curve shows a well defined linear curve
over the main course of wall shear values, while larger
deviations are seen for values below 80 mPa and above
1 Pa. The deviation in the lower range is a result of the
resolution limit with the given optical setup, which is
about 0.15 pixels, corresponding to a pillar tip dis-
placement of 0.15 lm. In the upper range above 1 Pa,
the pillar tip displacement exceeds values of more than
6 lm, which is about 10% of the pillar length. These
deviations originate from the increased bending of the
pillar, which changes the drag coefficient in the upper
region near the tip and, therefore, the load profile. In
addition, with increased bending the elastic behaviour
starts to deviate from that described by the linear
elastic theory. These results underline the necessity for
careful calibration of the sensor in Couette flow. In
addition, in situ calibration is possible in canonical
flows using the mean value of wall shear as in a fully
developed turbulent channel flow or boundary layer
flows. The fabrication process in the case of pillars of
type ‘‘A’’ reproduces the pillars with a high homoge-
neity in shape; therefore, only small deviations of the
calibration values were found, with an rms value of less

Fig. 3a, b Sensitivity X of the pillars in response to an oscillating
boundary layer flow (air continuous line; water dash-dot line;
water–glycerine mixture dashed line). a (D, L)=(10, 100) lm.
b (D, L)=(10, 200) lm

Fig. 4 Viscous flow around a
single rigid pillar at
ReD(z=L)=0.1. Left: contours
of the deviation of the axial
velocity component from the
undisturbed inflow velocity UL.
Right: contours of the
transversal velocity relative to
UL
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than 3% of the average spring constant. It is important
to note that the lower limit of the measurement reso-
lution, as demonstrated in Fig. 6, is largely limited by
the achievable pillar aspect ratio. It was only recently
that we succeeded in fabricating pillars with aspect
ratios as high as 10<AR<20 and diameters of less
than 20 lm, for which we could not finish the detailed
calibration procedure in the meantime (Schmitz et al.
2005). However, first preliminary results show that
resolution limits of less than 10 mPa can be achieved
with these pillars of type ‘‘B.’’

3.6 Long-term behaviour and robustness

The PDMS elastomer is assumed to be homogeneous
and isotropic. However, real elastomers are viscoelastic
and, therefore, do not have perfectly linear deformation
curves and can display hysteresis and creep. This has
been studied by O’Sullivan et al. (2003) for different
elastomers. The results demonstrate, for the same
family of rubber specimens as PDMS, an initial creep
of less than 2.5% in a 1-h period, as predicted by the
Zener model, until the rubber has extended to 99.9% of
its final value under load. Dynamic load plateau tests
revealed that hysteresis levels were always the greatest
with 2.5% between upload and unload on the initial
cycle, with levels reducing up to the third or forth cycle,
after which, the hysteresis tended to saturate. The val-
ues of modulus, however, remained unchanged during
repeated testing. If the elastomer was allowed to stand
unstressed, the hysteresis behaviour described above
was recovered. They concluded from their results that
force sensors incorporating elastomer springs, similar

to micropillars, should be cyclically loaded prior to use
to lower overall hysteresis levels and to ensure satura-
tion (constant) values. In our calibration tests, we could
not detect any hysteresis effect within the resolution
limit.

The critical height Lc for the buckling of the pillars
under their own weight can be estimated from the Euler
theory for elastic instabilities and can be found in, e.g.
Timoshenko and Gere (1961):

Lc ¼
7:837ED2

16qg

� �1
3

ð5Þ

For a homogeneous cylindrical pillar made of PDMS
with a diameter of D=10 lm, one obtains a theoretical
maximum height of �2,000 lm, which is far beyond
the height of the fabricated pillars. Therefore, no
buckling problem exists and the pillars always bounce
back to their initial straight form at rest and in an
unforced situation with an angle of p/2 to the sensor
backing. Another common problem of small filiform
structures in arrays is their tendency of lateral collapse,
which is the connection of neighbouring elements
through the influence of surface forces. This problem
was studied in detail by Glassmaker et al. (2004) for
fibrillar surfaces made from PDMS. Once brought
together, pillars tend to remain connected due to the
adhesion forces, which can be prevented when the
separation between the pillars is large enough. As
already concluded in Sect. 3.3, the separation between
the pillars should be on the order of their height L to
prevent flow interference, which also prevents the lat-
eral collapse. Additionally, the pillars have a circular
shape, hence, the reduced contact area lowers the risk
of lateral collapse.

Fig. 5 Calibration procedure of the sensor film with the micropil-
lars in a defined shear flow; the cone and plate are both transparent
so as to have complete optical access of the sensor

Fig. 6 Sensor calibration curve for the pillars of type ‘‘A.’’ The
calibration was obtained in the water-filled rheometer with stepwise
increase of the rotation speed beginning from 10 rpm to 1,000 rpm
in increments of 10 rpm in the low-speed range and 20 rpm for the
high-speed range (circles: average of 50 samples for a single pillar;
solid line: linear regression of the inner range)
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4 Experiments

4.1 Experimental test conditions

The first proof of principle and tests of the fabricated
sensor films were carried out at varying Reynolds
numbers in a specially designed transparent flow channel
for different fluids, i.e. for deionised water, a water–
glycerine mixture at 50% vol with a viscosity of 10 cP
and a refractive index of n=1.43 and coal oil with a
viscosity of 36 cP and a refractive index of n=1.45. The
flow channel has a quadratic cross section (H=50 mm)
and a length of 2 m (Fig. 7). The sensor itself is flush-
mounted on the wall of an adjustable smooth rectan-
gular constriction, which is placed at a distance of 30H
downstream of the entrance. The sensor can be illumi-
nated from the top, the bottom and through the side
walls, and the viewing direction is from below. In some
of the experiments, a cylinder was placed upstream of
the sensor to generate a defined flow disturbance.

4.2 Recording

The illumination and quality of the images of the pillar
tips is one of the crucial parameters defining the reso-
lution limit of the wall shear stress measurements. The
first experiments show an immediate wash-off of the
gold on the pillar heads, causing a strong reduction of
the reflectivity during the first use in the flow channel. As
mentioned in the Conclusion and outlook section, this
problem could be solved for the most recent generation
of sensor films. Another effective imaging is achieved
when the pillar heads are illuminated by parallel light
from the back of the transparent sensor film and are
viewed directly onto the tips of the pillars. Hence, the
fact is used that the transparent pillars act as optical
fibres. The light is transmitted due to the total internal
reflection through the pillar to the rounded tip, where it

appears as a small bright spot, which is recorded by the
imaging sensor. In contrast to the pillar tip, the base is
seen as a larger dark circular area (Fig. 8 right).

For time-resolved imaging of the spatial displace-
ments of the pillar heads, we used a CMOS high-speed
camera (Vosskühler HCC1000, frame rate 492 frames/
sec at 1024·1024 pixel, pixel size 10·10 microns)
equipped with a telecentric microscopic lens with a
magnification M=10 and an aperture of 0.4 (Sill
Optics). The telecentric lens has two important features;
first, it ensures a constant magnification over a certain
depth of focus, e.g. approximately 100 microns, and
second, the large working distance of 54 mm, which
allows to focus onto the sensor at different positions of
the adjustable nozzle. The diffraction-limited spot size of
the microscope lens is on the order of 30 microns
(compare to the equations given by Meinhart and
Wereley 2003) and the resolution power is on the order
of 1 micron. Other than in microPIV, the resolution
limit and, therefore, the accuracy of the measurements in
this imaging method is solely given by the resolution
power of the lens, since the bright spots of the pillar tips
do not overlap in the image plane.

4.3 Image processing and evaluation

The motion of the pillar tips in the flow is achieved in
two successive steps. We start by determining the pillar
base centre positions to correct any camera or channel
vibrations. These coordinates are obtained using the
circular Hough transformation and the a priori knowl-
edge of the geometric image diameter of the base. The
original images are filtered first using a median filter with
a large radius to remove the centre spot; thereafter, the
images are inverted and, finally, the so called ‘‘canny’’
filter operator is applied to detect the circular edges of
the pillar bases (Fig. 9). Then, the image is subdivided
into small interrogation windows centred on a first
estimate of the pillar coordinates. The circular Hough

Fig. 7 Left sketch of the test
flow channel. Right bottom
view into the contraction zone
with the sensor film and the
cylinder upstream. The flow is
from right to left

Fig. 8 Images of the different
sensors in flow. Left pillars of
type ‘‘A’’ with sidewise
illumination and tip reflection.
Right pillars of type ‘‘B’’ with
backlight illumination
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transformation is applied to each interrogation window
containing the edges of each single pillar base. The result
of the Hough transformation is correlated with a 2D
Gaussian function and the maximum in the correlation
plane is determined using a 2D Gaussian fit. This pro-
vides the coordinates for all pillar bases with subpixel
accuracy. The average of all data is used to correct for
the overall sensor film motion due to unavoidable
channel vibrations (Fig. 10).

In the second step, a cross-correlation method with a
Gaussian template mask is applied to determine the
centre position of the bright spots on the pillar tips with
subpixel accuracy on the order of 1/10th pixel. This re-
sults in a detection limit of about 100 nm of the deflec-
tion of the pillar tip. The resolution limit of the
measurements can be estimated from measurements of
the pillars at zero flow with artificially induced channel
vibrations. For the given recording conditions, a mean
rms value of 0.15 pixels was obtained. This includes the
inaccuracy in the determination of both the pillar base
position and the pillar tip position.

5 Results and discussion

The first experiments were carried out using coal oil to
obtain a larger deflection of the pillars. For these con-
ditions, the flow is almost laminar. Because of the rapid
wash-off of the gold on the pillar heads, a strong
reduction of the reflectivity occurred that made the
optical detection of the smaller pillars with the high-
speed camera difficult. This difficulty is even increased

by the low sensitivity of the camera and high required
light power. In the case of the smaller pillars, the
recording frequency was, therefore, reduced from
492 fps down to 50 fps to increase the visibility of the
pillar tips. Figure 11, left displays the streamwise
deflection wx of the pillars of type ‘‘A’’ after the sudden
start of the flow. As the flow approaches a constant
value for frame number 40, the maximum value of the
pillar deflection reaches values of approximately
wx�12 lm. Accidentally, a small air bubble was trapped
below the sensor, which helped to indicate the fluid
motion. As evidenced in Fig. 11 right, the bubble
accelerates and moves smoothly around the pillars as the
boundary layer develops. At the end of the displayed
sequence (frame number 27), it reaches a velocity of
10 mm/s. This corresponds to a wx equal to half the
value of maximum deflection in the impulsive flow step.
The profile displayed in Fig. 11 left indicates the first
fluid motion at frame number 21, which demonstrates
the high sensitivity of the sensor. In addition, the trav-
elling of the bubble around the pillars shows the smooth
and approximately for/aft-symmetric flow around the
pillars, as expected for creeping flow past a cylinder.
Like the presentation in Fig. 11 left, Fig. 12 displays the
streamwise deflection wx of the pillars of type ‘‘B’’ after
the sudden start of the flow. The high-speed camera
recorded with a rate of 492 fps and only each third
measurement point is shown. The circles represent the
unfiltered raw data of each image, separated in the
streamwise (Fig. 12 left) and the spanwise deflection
(Fig. 12 right). Figure 12 demonstrates the high tem-
poral resolution that can be obtained. The small fluc-
tuations in Fig. 12 are correlated with the overall motion
of the sensor film. The final pillar deflection values of
about 4 lm for the pillars of type ‘‘B’’ are a factor of 3
smaller than those obtained for the smaller pillars of
type ‘‘A’’. This tendency is also predicted by Eq. 3. It
emphasises the importance of small diameters and high
aspect ratios to obtain the highest resolution.

Fig. 9 Image processing steps
to determine the pillar base
position

Fig. 10 Left correction for the overall camera and channel
vibration using the images of the pillar base at rest (x0, y0) and
with flow (x1, y1) and determination of the pillar tip position. Right
motion-corrected images of the pillars for flow at rest and after the
start of the flow in a selected area. The flow direction is from
bottom to top
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6 Conclusion and outlook

The preliminary results show the feasibility of the
presented wall shear imaging sensor concept to mea-
sure the wall shear stress in time and on surfaces with
high accuracy and high resolution. The described
manufacturing techniques allowed to fabricate micro-
pillars with a diameter of approximately 8 lm and a
height of 60 lm. An alternative method has been
developed which has the potential to fabricate large
flexible sensor films. In addition, the new techniques
allow the fabrication of pillars with an aspect ratio as
high as L/D=20, as recently investigated by Schmitz
et al. (2005), which leads to sensor films with a sen-
sitivity of up to values of X�100 lm/Pa. In addition,
the usage of polydimethylsiloxane (PDMS) over a
wide temperature range and with very high notch
impact strength gives the new sensor a unique poten-
tial in experimental aerodynamics. Furthermore, the
transparency of the micropillars has been used to
illuminate and visualise the pillar tips. The micropil-
lars act as microoptical fibres in which the total
internal reflection ensures that the light is transmitted
to the tip. This fact may also be used as part of an
optical readout sensor principle. Overall, the results
demonstrate a sufficiently high spatial and temporal
resolution of the wall shear stress such that the
method can be used for future studies in turbulent
boundary layer flows. Ongoing measuring campaigns
are underway with the recently fabricated sensor for a
transitional boundary layer flow on a flat plate in a
large oil channel and in air flows.
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Appendix 1

Stokes’ drag force in an oscillating boundary layer flow

Unlike Oseen’s approximate quasi-steady solution,
Stokes’ solution for a cylinder oscillating in a fluid
accounts for oscillatory flow conditions and added mass
effects. The drag force per unit length on the cylinder
oscillating with velocity U(t)=U0 sin(xt) is:

fS ¼ ZSj j � U0 sin xt þ fSð Þ ð6Þ

The quantity ZS is the Stokes’ mechanical impedance
and fS is a phase shift, both of which are expressed by
the following formulae:

ZS ¼ ZR þ iZI

¼ 4pg � �g

g2 þ p=4ð Þ2
þ i4pg � xD2

16m
þ p=4

g2 þ p=4ð Þ2

" #

ð7Þ

ZSj j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Z2
R þ Z2

I

q
; ð8Þ

fS ¼ tan�1 ZI=ZRð Þ ð9Þ

g ¼ 0:577þ ln
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xD2=16v

q� �
ð10Þ

Fig. 11 Left temporal profile of
average pillar displacement
after the sudden start of the
flow (pillar type ‘‘A’’, frame
rate 50 fps, magnification
M=10). Right motion of a
small air bubble trapped in the
sensor film after the sudden
start of the flow. The flow
direction is from bottom to top

Fig. 12 Temporal profile of the
pillar displacement after the
sudden start of the flow (pillar
type ‘‘B’’, frame rate 492 fps,
magnification M=10); left
streamwise component, right
spanwise component
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To take into account the velocity profile in the
boundary layer of the sensor film, we use Stokes’ solu-
tion for the boundary layer of an oscillating flow with
U(t)=U0sin(xt) at infinity above a flat plate yielding the
following velocity profile:

u z; tð Þ ¼ U zð Þ sin xt þ nS zð Þð Þ ð11Þ

with:

U zð Þ ¼ U0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� e�bz � cos bzð Þð Þ2 þ e�bz � sin bzð Þð Þ2

q

ð12Þ

n zð Þ ¼ tan�1 e�bz sin bzð Þ
�

1� e�bz cos bzð Þ
� �	 


ð13Þ

b ¼
ffiffiffiffiffiffiffiffiffiffiffi
x=2v

p
ð14Þ

The actual force distribution on the pillars in the
boundary layer is defined by the relative velocity
u(z,t)�¶w/¶t, leading to the following expression of the
force:

fS z; tð Þ ¼ Zs zð Þj j
�

U zð Þ sin xt þ ns zð Þ þ fs zð Þð Þ
� _w z; t þ fs zð Þ=xð Þð Þ

� ð15Þ

Appendix 2

Frequency response of the pillars in the boundary layer

The response of the pillars to a certain oscillating force
F(z, t), which is due to the viscous drag of the fluid
moving around the pillars, is described by the one-
dimensional Euler–Bernoulli differential equation. Fol-
lowing elastic theory, the governing equation (GE) of
the motion of a uniform, homogeneous, one-side
clamped cantilever beam with density q, cross-sectional
area ~A;Young’s modulus E and area moment of inertia I
is given by:

EI
@4w z; tð Þ
@z4

þ q~A
@2w z; tð Þ
@t2

¼ fS z; tð Þ ð16Þ

The damping and added mass effects are included in the
drag force fS(z, t), which is described by the Stokes’
solution, see Eq. 15. For the above defined cantilever
beam, the necessary boundary conditions to solve Eq. 16
are w|(z=0,t)=0, ¶w/¶z|(z=0, t)=0 for the clamped end
at z=0 and ¶2w/¶z2|(z=L, t)= 0, ¶3w/¶z3|(z=L, t)=0 for
the free end.

For the frequency response in the form of trans-
verse vibrations, we assume a synchronous motion,
which implies that the solution w(z, t) is separable in
its spatial and temporal components. A particular
solution of separated variables in t and z, i.e. the
mode vibration g(t) and the mode shape U(z), is

chosen as given in Eq. 17. It can be shown that the
general solution can be expressed as a summation of
all particular solutions:

wi z; tð Þ ¼ gi tð ÞUi zð Þ ! w z; tð Þ ¼
X1
i¼1

gi tð ÞUi zð Þ ð17Þ

This solution procedure for Eq. 16 is called the normal
mode expansion, in which the modes, i.e. the eigen-
functions, are obtained from the associated eigenvalue
problem, i.e. the non-forced case. Then, Eq. 16 can be
split into two equations for the time-dependent part gi(t)
and for the spatial dependence Ui(z):

non - forced: €gi þ
EIUizzzz

q~AUi

� �
|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}

const¼x2
i

gi ¼ 0

forced: €gi þ x2
i gi ¼ ~Ci

ZL

0

f z; tð ÞUi zð Þ dz

with ~Ci ¼ q~A
ZL

0

U2
i zð Þdz

0
@

1
A
�1

ð18Þ

Ui zzzz �
q~A
EI

x2
i Ui ¼ 0 ð19Þ

The mode shapes Ui(z) are independent of the force
approximation and can be determined from the non-
forced case f(z, t)=0. Under the above constraints, the
resulting mode shapes are determined (Volterra and
Zachmanoglou 1965):

Ui zð Þ ¼ 1

2

�
cos

kiz
L

� �
� cosh

kiz
L

� �

þ �Ci sin
kiz
L

� �
� sinh

kiz
L

� �� �� ð20Þ

where ki and �Ci are integration constants determined
from the boundary conditions. Note that only the first
few modes of vibration have significantly large ampli-
tudes. In a first approximation, only the first mode U1(z)
is considered with k1=1.875 and �C1 ¼ 0:734:In addition,
since the system is analysed for the steady-state
response, we assume a response with the same frequency
dependence as the force in the form:

U tð Þ ¼ U0 sin xtð Þ ! g1 tð Þ ¼ H1 sin xt þ u1ð Þ ð21Þ

Plugging the expression of the force given in Eq. 15 and
the mode vibration given by Eq. 21 into Eq. 18, together
with the first mode shape in Eq. 20, one obtains the
following analytical expression for the amplitude H1 and
phase /1 of g1(t):

H1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

A2
1 þ B2

1

x2
1 � x2 � xC1

� �2 þ x2D2
1

s
ð22Þ
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u1 ¼ tan�1
x2

1 � x2 � xC1

� �
B1 � xD1A1

x2
1 � x2 � xC1

� �
B1 þ xD1A1

 !
ð23Þ

with:

A1 ¼ ~C1

ZL

0

ZS zð Þj jU zð ÞU1 zð Þ cos fS zð Þ þ nS zð Þð Þdz ð24Þ

B1 ¼ ~C1

ZL

0

ZS zð Þj jU zð ÞU1 zð Þ sin fS zð Þ þ nS zð Þð Þdz ð25Þ

C1 ¼ ~C1

ZL

0

ZS zð Þj jU2
1 zð Þ sin fS zð Þð Þdz ð26Þ

D1 ¼ ~C1

ZL

0

ZS zð Þj jU2
1 zð Þ cos fS zð Þð Þdz ð27Þ

Finally, the deflection of the first-mode vibration of
the beam in a steady-state response is given as:

w1 z; tð Þ ¼ g1 tð ÞU1 zð Þ ¼ H1 sin xt þ u1ð ÞU1 zð Þ ð28Þ

and the tip deflection amplitude reads as:

wL ¼ H1U1 Lð Þ ð29Þ
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