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Abstract. Turbulent shear flows are known to be highly sensitive to adding substances like fibers, polymers
or micro-bubbles since those structures interact strongly with the coherent structures and may change the
turbulent stresses. The details of this interaction processes are still not fully analyzed. To better understand
the mechanisms responsible for drag reducing effects the measurement of drag forces acting on particles
fixed in the close-wall region is of high interest. A new concept to measure such drag forces with detectable
forces down to even pico-Newton is presented. A feasibility study was carried out using a MOMS-based
sensor concept consisting of a flexible micro-pillar. The cylindrical pillar with a diameter of a few microns is
manufactured from an elastomer (poly-dimethylsiloxane, PDMS) such that it is very flexible and easily deflected by the fluid forces or supplementary forces acting on flow obstacles attached to the tip. The sensor
concept possesses minimum interfering effects between sensor and particle. The pillar-tip bending is detected optically using a highly magnifying optical system. The experiments were carried out in a plate-cone
rheometer with an air bubble of a diameter of 140µm attached to the pillar’s tip. The Reynolds number based
on the bubble diameter was varied in the range of 0.1 to 15. The calibration of the pure sensor structure
showed a linear behavior of the pillar up to high deflection rates of the pillar. The experimental results of the
bubble drag in plane shear flow showed good agreement with theoretical predictions. The optics and the
sensor used in this experiment allow a reliable detection of forces down to a minimum of about 50nN. Using
microscopic optics this can be reduced by a factor of 5-10 enabling pico-Newton measurements.

1. Introduction
Disperse multiphase flows are gas or liquid flows that contain small bubbles, particles, or droplets.
Some of these dispersed particles are known to interact strongly with the coherent structures existing in turbulent flows and they tend to decrease the turbulent stresses.
Polymer additives in water are known to increase the turbulent flow rate through a pipe significantly. This effect is caused by the interaction between the macromolecules and the turbulent structures near the solid walls. In turbulent flows the two dominant structures of near-wall turbulence are
the low-speed streaks and the quasi-streamwise vortices. These structures are both known to be important to the self-sustaining mechanism of near-wall turbulence. The polymers are expected to interfere with the flow such that these structures are affected. A lot of work in the field of interacting
polymer additives with coherent structures in turbulent channel flow has been done by B.Gampert
and Yong (1990). Also M.D. Warholic et al. (2001) studied the influence of drag-reducing polymers
on turbulent structures at maximum drag-reduction (MDR) condition. They assumed that at maximum drag reduction the Reynolds stresses almost vanish. Experimental and also numerical results
close to MDR in a channel flow have been obtained by Ptasinski et al. (2003). Polymers in the numerical simulation were modelled as elastic dumbbells using the FENE-P model. Their main overall
result is that the addition of polymers significantly modifies the turbulence statistics.
Besides polymeric structures also gas bubbles dispersed in the close-wall region (Ferrante and
Elghobashi 2004) as well as rigid fibers (Paschkewitz et al. 2004) are reported to reduce turbulent
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fluctuations. Various physical mechanisms are responsible for these phenomena and they are still
not well understood. Drag reductions of up to 26% were calculated. The largest drag reductions
were determined using non-Brownian fibers and semi-dilute concentrations. From these results it
was concluded that elasticity is not necessary to achieve turbulent drag reduction. Moreover, flow
statistics show similar trends to those observed in polymeric solutions.
A first step in determining the physical interaction between the fluid and the dispersed particles is
the measurement of the dynamic drag forces exerted on these particles. The sensor concept presented in this paper is able to measure these drag forces acting on particles being tethered onto the
tips of micro-pillars that determine the structure of the sensor. The polymeric structure can be positioned in a defined distance from the wall in the turbulent flow to study the optimum wall distance
at which the structures have the most benign effect as to global shear thinning.
The knowledge of drag forces on particles is also of interest in the field of experimental biotechnology. For instance, micro-pillars were used to anchor cells or filaments in shear flows by Helmke et
al. (2001). Shear stress acting in the lumenal surface of endothelial cells contributes to the physiological regulation of the vessel wall through multiple interactions among intracellular signalling
networks. The shear-induced reorganization of cytoskeletal networks on micro-pillar surfaces has
been measured. This method offers a new area of experiments on biofunctional filament systems
since the access is not impeded by surfaces. A similar sensor has been used by Petronis et al. (2003)
for dynamic force measurements of cells.
An alternative method to measure micro-drag forces uses the atomic-force principle. However, the
dimensions of the sensor and the test specimen are often of the same order. Hence, there is a strong
interference between the flow phenomena that result from the flow around the cantilever beams and
those around the specimen. Furthermore, the forces acting on the cantilever are often of the same
order of magnitude as the forces acting on the particle causing errors in the evaluation of the net
forces acting on the particle. The commonly sharply edged cantilevers also provoke a local disturbance even for low Reynolds numbers. Another problem of atomic force cantilevers is due to the
manufacturing process. Such cantilevers are normally stamped out from the surrounding base material. This disturbs the wall continuity causing strong local disturbances of the flow field which have
to be taken into account at close wall measurement. The sensor concept presented in this paper
based on a flexible micro-pillar minimizes these problems.
Another measurement principle are optical tweezers using light to manipulate microscopic objects,
trapping the small particles with the radiation pressure from a focused laser beam. Applicable forces
are in the order of pico-Newton. Displacements in the nanometer range of particles of which the
size is in the order of 10 nm to 100 nm can be measured.
The sensor principle presented in this paper will be able to measure forces in the order of nanoNewtons on particles possessing a geometric length of a few µm to several hundreds µm. Therefore,
the method fits quite well into existing concepts as an innovative force-measurement method with
low intrusive interference. In a recently performed feasibility study the ability to measure the net
forces acting on the particle has been proven. The forces exerting on the pure sensor structure are in
the order of 10% of the flow forces acting on both, the sensor structure and the particles.
Another advantage of the sensor concept is the two-dimensional sensitivity of the pillar structure.
Common micro-cantilevers are normally one-directional devices such that only one force direction
could be detected with such sensors. The micro-pillar sensor technology allows to detect the two
wall-parallel components of the drag force.
The same pillar structures that are used to measure drag forces acting on particles in the near-wall
region of macroscopic flow fields can also be used to determine the wall-shear stress in a turbulent
flow. In a recent investigation, Brücker et al. (2005) proved the feasibility to determine the wallshear stress distribution in turbulent wall-bounded flows using 2-D micro-pillar arrays.
The pillars can be manufactured from an elastomer (poly-dimethylsiloxane) at diameters in the
range of microns such that they are very flexible and easily deflected by the fluid forces.
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2. Experimental setup and procedure
As a first step towards investigating the forces acting on particles, a spherical gas bubble with a
mean diameter for 140µm was chosen as a test object. The no-slip of the bubble on the pillar tip
was confirmed so that the bubble could be assumed as a fixed spherical solid. It is also evidenced
by the images that during the measurements the bubble shape stayed spherical. The simple geometry of a bubble was selected since numerous numerical simulations have been done to determine the
flow field around spherical particles in pure shear flow, such that the experimental results can be
discussed in the frame of this available data. There exist many analytical approximations for low
Reynolds number flow that allow comparing the results of the experiments with predicted values for
acting forces and as such allow to verify the measurement principle.
The measurements were performed in the linear shear field of a plate-cone rheometer (MOS Technology). A linear shear field was chosen because of the uniformity of the shear rate. As a consequence the sensor undergoes a constant load over its complete length. This is necessary as the calibration routines assume this easy load case to determine the drag-bending relation.
The rheometer consists of a transparent PMMA-plate and a PMMA-cone with a cone-angle of 2.5°
and a radius of 25mm. The cone is diamond-bevelled to achieve a high accuracy of the cone angle
and the surface quality. The cone itself is mounted onto an axis that is pivoted in two bearings. A
high precision stepping motor is connected to this axis over a no-slip gear-box such that the rotational speed of the rheometer can be precisely controlled with the controller unit (Fig. 1).
The gap between the cone-tip and the plate can be adjusted with a micrometer screw and was less
than 5µm. Investigations carried out by Buschmann et al. (2005) have shown that for Reynolds
number Reω = r² ⋅ω ⋅ α ² (12 ⋅ ν) ≤ 0.5 a laminar flow of a Newtonian fluid establishes. For higher Re
values there exists an increasing tendency of secondary flow in the rheometer and for Reω>4 the
flow becomes turbulent.
Using deionised water at 25°C the maximum Reynolds number at the pillar position during the experiments is Reω=0.4 such that a laminar flow field exists. Since the central and the outer region of
the rheometer are influenced by boundary effects, only a region 0.33 ≤ r/Rmax ≤ 0.87 can be considered to represent one-dimensional shear flow, i.e., Couette flow. During the experiments the rotational rate of the rheometer was linearly increased from 0rpm to 80rpm.

Fig. 1. Schematic view of the plate-cone rheometer.
A constant shear field exists at low rotational speeds.
The cone angle is highly exaggerated. The actual
cone angle in the experiment is 2.5°.

Table 1. Summary of the flow conditions for different rotational speeds of the rheometer at 25°C
Rotational Speed [1/min]
25
50
75

Reω
0.122
0.244
0.366

Shear Rate
60.0
119.9
179.9
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Local Velocity at the Bubble [m/s]
0.0277
0.0554
0.0831

Rebubble
4.3
8.6
12.9
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Fig. 2. SEM of a single pillar sensor (height
470µm, diameter 25µm). A reflective sphere
is tethered onto the pillar tip. Surface defects
resulting from gas-inclusion during the casting process (left); SEM of a single pillar
(height 260µm, diameter 22µm). There are
still wax fragments resulting from the casting
process. These fragments have not been removed, when the SEM-picture was taken
(right).

The sensor is a single 390µm tall micro-pillar with a mean diameter of 20µm. The contour of the
pillar is slightly hyperbolic with an increasing diameter at the base. The sensor material is Dow
Corning’s Sylgard® PDMS, a polysilicon commonly used to produce MEMS-structures. The sensor
is mounted on the acrylic lower plate of the rheometer at a radius of 16.5mm, i.e., at r/Rmax ≤ 0.67 in
the region of one-dimensional shear flow. For better optical detection, the tip of the micro-pillar has
been made reflective. The transparent cone allows the sensor to be observed from the top with long
working-distance lenses. Fig. 2 shows an SEM-image of the sensor.
The ratio between the pillar diameter and the bubble is larger than 10. Thus, the contribution of the
pillar drag on the total value of deflection is reduced and it is appropriate to assume symmetric flow
around the bubble.
The sensor will be deflected during the measurement depending on the forces acting on the sensor.
As a consequence the pillar tip moves closer to the wall due to the bending such that the particle
will actually be at different normal distances to the wall for the deflected and the non-deflected
case. To reduce this effect only slight deflections were accepted. An analytical calculation assuming
linear bending theory for an idealized Couette shear flow acting only on the pillar structure shows
that the vertical movement of the pillar tip is within 2.5µm for lateral deflections within a radius of
45µm around the pillar reference position. Lowering the pillar tip also means a change of the drag
force since the pillar protrudes less into the shear field. This fact has been taken into account in the
analytical calculation which iterates the true deflection of the pillar. A theoretical estimate of the
pillar deflection due to linear shear is illustrated in Fig. 3. If the lateral displacement is smaller than
45µm, the difference in the tip deflection is less than 1µm.
The impact of the pillar motion has been inserted into the calibration of the sensor, such that the
only slight weakness in the measurement caused by the lower tip is due to the vertical displacement
of the attached particle. At a deflection of approximately 45µm, this shift is within 2.5µm and therefore, in the order of 0.5% of the total length of the pillar and hence, it is negligible.
Fig. 3. Theoretical estimate of the deflection of a cylindrical elastic beam due
to a linear shear flow. The figures show
the result from an iterative calculation
taking into account the lowering of the
tip due to bending. Dotted lines: bending without taking into account the
lowering. Solid lines: true bending. Left:
bending with non-proportional scale for
better visualization. Right: close-up to
the pillar tip. For 45µm lateral displacement of the tip, the total difference
in the tip deflection is <1µm.
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Fig. 4. Streaklines of the flow around a pillar indicated by the white circles at 67rpm (left) and 200rpm (center).
Right: Result from µ-PIV-measurement of the flow around pillars at 40rpm. Optical focus 25µm in the fluid. Local
Reynolds number based on pillar diameter 5.26⋅10-4. The measurements were performed using paraffin.

The flow field around the pillars has been examined using µPIV and streakline visualizations to
ensure that there is only a local effect on the flow field around the sensor structure. The measurements were performed using paraffin. The relevant local Reynolds number based on the diameter of
the pillar during the experiments ranged from 8.76·10-4 to 8.76·10-3, corresponding to rotational
rates of 67rpm, 200rpm, 333rpm, and 667rpm. The visualizations of the flow field from the streakline recordings in Fig. 4 show the flow to be no more affected in a region three pillar diameters
downstream of the structure. The streaklines possess a symmetric curvature. No separation zone in
the wake region of the pillar can be identified. In other words, the flow past the pillar is well in the
Stokes-flow regime. Fig. 4 also shows an exemplary result from µPIV measurements of the flow in
an array of micro-pillars.
Optics with a high resolution was applied in the drag-force experiment. A 10x-magnification telecentric lens (Silloptics SL5PJ0455) was used. The telecentricity also allows displacements along the
optical axis without any impact on the resulting image. The lens was mounted on a high-speed
CCD-camera (Vosskühler HCC-1000). The camera has a 10.24mm x 10.24mm CCD-chip and was
operated in the full-frame mode with 1024px x 1024px. With the magnification used, the observation area is approximately 1.125mm x 1.125mm and a nominal resolution of 1.1µm is achieved
enabling an extremely exact determination of the bubble contour. The camera is mounted on a 3axis precision traverse to accurately position the detection device.
The pillar deflection reached a maximum lateral displacement of approx. 70px (77µm). The camera
has an internal memory that allows to store up to 512MB in one sequence. With the image size used
in the experiments, 512 images could be taken. The camera was operated with 42fps leading to a
total recording time of 12sec. A parallel-light source is used to illuminate the setup from the top.

Fig. 5. Exemplary figures from the recordings with the bubble. Left: bubble at no-flow, center: deflected pillar at
80rpm. Right: comparison of the non-deflected and deflected bubble position and the reflections in detail. Arrows
evidence the trajectories of the reflective spots.
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The air bubble with a diameter of 140µm was tethered onto the tip of the pillar yielding a total pillar
height of approximately 530µm. The local height in the rheometer is 725µm, such that there is still
enough space above the bubble allowing streamlines to follow the bubble curvature without local
interference from the cone.
The evaluation was performed using modified PIV-correlation routines with multi-passing. Experiments with generic data showed the accuracy of these routines to be better than 0.15px. In the case
of the detection of a single spot it is reasonable to do the correlation with a Gaussian template that is
centered in the interrogation area.
Fig. 5 shows exemplary data from the recordings. The bubble contour can be clearly identified in
the first two images. The diameter is determined using standard image-editing software. The uncertainty in the determination is within 2px and therefore within 1.5% of the total bubble diameter.
With the bubble on top of the pillar, two reflective spots - one from the bubble and one spot from
the reflective tip of the pillar - were identified the reflections of which could be evaluated.

Fig. 6. Left: Schematic of the flow field and
the hydrostatic forces acting on the air bubble.
Right: Detailed view of the hydrostatic
forces and moments acting on the air bubble.

3. Fundamentals of sensor mechanics
Four forces act on the bubble, the drag, the lift force, the anchor force, and the gravitational force.
The lift force on the gas bubble is the sum of the hydrostatic forces due to the different density of
the fluid and the bubble and the lift force due to pressure differences in the shear flow, in which the
bubble is placed. The pillar bending measures only the drag force, since the other forces do hardly
contribute to the pillar bending at small bending as illustrated in Fig. 6.
This assumption is applicable only for small deflections of the pillar. An analytical estimate of the
deflection of a cylindrical elastic beam due to a drag and a lift force showed the impact of the lift
force to be less than 1% for deflections of about 10% of the total pillar length when assuming lift
and drag forces to be of the same order. Numerical simulations of Dandy and Dywer (1990) confirmed that the actual ratio between lift and drag forces on spherical particles for the Reynolds
numbers range considered in this experiment is much smaller (cL/cD~0.1). Note that the aforementioned lift is defined without the hydrostatic part. The constant hydrostatic lift force is in the order
of 1.5·10-8 N, so also small compared to the drag forces. The lift force causes a restoring moment,
trying to put the pillar back into the straight position. Since the linear bending theory is only valid at
small deflections, it has to be taken into account that the predictions of the drag forces are no longer
applicable at high degrees of deflection. That is, other material effects must be considered for such
calculations.
The relevant Reynolds number for the calculation of the forces acting on the sphere is the local
Reynolds number based on the mean diameter of the bubble and the velocity at the bubble center.
This Reynolds number determined by the bubble diameter and the mean local velocity is in the
range of 0.1 to 15 during the experiments.
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For this regime the drag coefficient of a solid spherical particle can be calculated via the formula
introduced by Klyachko (Batchelor 1967):

cf =

24
⋅ 1 + Re 2 3 6 .
Re

(

)

(1)

This formula is based on Stokes drag and it also takes into account weak non-linear depending inertia effects. The adhesion forces between the bubble and the pillar tip are strong enough to keep the
bubble in place even at very high rotational speeds of the flow facility.
Assuming the bubble drag as a force acting right in the center of the bubble, the pillar-tip deflection
w can be calculated by using formulae from linear bending theory. The torque that the force generates around the pillar tip also has to be considered
FD,bubble ⋅ R ) ⋅ L2
FD,bubble ⋅ L3
(
M ⋅ L2
=
wF =
,
and w M =
3 ⋅ E ⋅ IY
2 ⋅ E ⋅ IY
2 ⋅ E ⋅ IY

(2), (3)

where L is the length of the pillar, E the Young’s Modulus of the PDMS pillar material and IY
represents the geometrical moment of inertia. The theoretical deflection of the pillar in a plain shear
flow can be calculated using the Oseen approximation for the drag coefficient of the cylinder and
linear bending theory. Although linear bending theory is only applicable at small deflections, the
linear behavior reaches up to high deflection rates. That is up to values of ~80px (88µm). The deflection w of the pillar tip can be described as a function of the uniform shear stress τ, assuming the
pillar as a one-sided clamped cylinder bend by the viscous forces of the flow (Brücker et al. 2005):
11 q ( l) ⋅ L
11 4
L5
11 4
L5
⋅
=
⋅ π⋅
⋅ η⋅ γ =
⋅ π⋅
⋅τ .
120 E ⋅ I Y
120 3 E ⋅ IY
120 3 E ⋅ I Y
4

w=

(4)

As the total deflection is a linear combination of shear forces acting on the pillar and on the bubble
the deflections derived by formulae (2), (3), and formula (4) have to be superposed.

4. Optical details
In the case of a transparent bubble tethered onto the tip of the pillar the reflection from the pillar tip
first has to pass through the air bubble. Consequently, as illustrated in Fig. 7, light will be refracted
due to the different refraction indices of air and water. This effect was taken into account by raytracing the light coming from the pillar tip. Using formulae similar to those described by Brody and
Quake (1999) the corrected position of the pillar tip reflection can be calculated, assuming that the
light impinges perpendicularly upon the optical system

β − γ = sin −1 ( n1 n 2 ⋅ sin β ) .

(5)

The quantities n1 and n2 are the refraction indices of water and air, respectively. Given the diameter
of the bubble and the relative position of the pillar tip to the bubble it is possible to derive the two
points where the reflected light intersects the bubble surface. Note that the bubble shape is assumed
spherical for the given range of Reynolds numbers.
The relative eccentricity D’ of the reflective spot of the pillar tip can be determined from the recorded images. Then, the angles β and γ and the relative position d’ of the reflective spot compared
to the bubble axis can be evaluated. The lateral displacement of the reflective spot is due to the fact,
that the pillar tip was made reflective with a 10µm hollow sphere attached laterally onto the pillar
allowing positioning the bubble right on top of the pillar. Furthermore, the positions of the two reflective spots – one from the bubble itself and one from the pillar tip - and their relative position
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allow to verify the no-slip of the bubble on the pillar tip. The displacement of the two spots has
been evaluated using the correlation routines described above.
The displacement ratio D’/d’ as a function of the recording sequence frame number and thereby as a
function of the deflection is shown in Fig. 8 and evidences an asymptotic tendency towards a constant value of about 1.4. The hypothetical value ought to be 1.36 assuming that the bubble reflection
displaces at the same ratio as the length of the pillar compared to the total position of the reflection
on top of the bubble
w reflect,bubble w reflect,pillar ≈ ( L pillar + 2 ⋅ R bubble ) / L pillar .

(6)
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Fig. 7. Schematic of the optical ray-tracing of the
reflective pillar tip and the air bubble

Fig. 8. Ratio of the deflection of the bubble and the pillar tip D’/d’ as
a function of the frame number. The rotational rate during the experiment was increased continuously. The constant value indicates no
relative movement to occur between the two components.

This indicates that the bubble stays on the pillar tip without rotation such that a plane shear flow
around the bubble can be assumed. From the images it can also be seen that the bubble shape remains spherical during the experiment.

5. Calibration of the sensor
A numerical estimate of the pure pillar deflection is not possible since there is too much uncertainty
in the definition of the exact pillar geometry and the material properties due to the likely and inevitable variance in the manufacturing conditions and hence in the exact determination of IY and E.
Therefore, a calibration of the pillar deflection is necessary to determine these mechanical properties. The quantities IY and E still can not be measured separately, only their product E·IY can be derived from the calibration process.
Such a calibration of the micro pillar as a sensor was performed in distilled water at 25°C and in a
water-glycerin mixture with 43 percent (volumetric) of glycerin (viscosity at 25°C = 0.0047Pas).
The results in water and water-glycerin show good agreement. The calibration at the higher shear
rate of water-glycerin is necessary to achieve higher deflections of the pillar at low rotational rates
of the rheometer ensuring the laminar and two-dimensional flow regime.
The experimental setup and the ambient conditions were the same as during the bubble experiment
to avoid any kind of discrepancy arising from varying to the procedure of the measurement process.
A correction of the pillar tip is not necessary in the case of the calibration since there are no refraction effects to be taken into account.
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Several calibration runs were performed and they show the pillar reaction to be excellently reproduced. Fig. 9 shows the result of one of those calibration processes. The deflection of the pillar tip
follows a linear trend in the laminar regime of the rheometer flow. If only the deflection of the pure
micro-pillar is measured, high rotational speeds are necessary since the drag of the single pillar is
very small compared to the drag of the pillar with the attached bubble. Not before very high lateral
displacements of the pillar tip a deviation from the linear growth is observed such that the linear
behavior could only be confirmed up to deflections in the order of 80px on the camera images
(88µm). In this regime, the linear dependence reads
w[µm] = 39.50 ⋅ τ .

(7)

Using equation (4) the mechanical parameter E·IY of the pillar becomes E ⋅ I Y [Nm 2 ] = 9.23 ⋅10 −14 .
Fig. 10 exemplarily shows the comparison of the pillar deflection with and without air bubble attached onto the pillar tip. It can be clearly seen from the plot that the pillar-tip deflection is about
10times higher with the air bubble. The primary part of the pillar bending results from the air bubble induced drag forces. Therefore, it can be assumed that the interference between bubble and pillar plays only a minor role in terms of drag creation. Nonetheless, the pure pillar deflection due to
the pillar induced drag has to be taken into account when calculating the theoretical deflection.
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Fig. 9. Mean trend of pillar deflection during pillar calibration in rheometer flow in glycerin at 25°C

Fig. 10. Comparison of pillar tip deflection during pure
pillar calibration (+) and deflection with bubble attached
onto the pillar tip (o) in rheometer flow

6. Drag measurements
Fig. 11 shows the result from the theoretical calculation compared to the measured deflection of the
pillar. It can be clearly seen that the measured pillar bending corresponds well with the theoretical
prediction. The bubble deflection is also shown in Fig. 11, indicating a constant ratio to the pillar
bending.
In Fig. 12 the theoretically and experimentally determined drag coefficients are juxtaposed. The
theoretical distribution was computed by equation (1) and the experimental drag coefficients were
derived from the pillar deflection. Without any doubt a convincing agreement for cD as a function of
Re is achieved.
As can be seen in Fig. 13 the drag forces acting on the bubble are in the range of a few nanoNewtons. Since the resolution of the sensor is determined by the magnification of the optics an even
higher resolution could be achieved using microscopic optics. Assuming an accuracy of less than
0.15px in the adaptive correlation process and accepting an error in the order of 2% the used setup optics and sensor - is able to detect reliable forces as low as approximately 50nN. Using microscopic optics, this can be reduced by a factor of 5-10 making pico-Newton measurements possible.
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Fig. 11. Comparison of theoretical and measured deflection.
The rheometer speed was continuously increased. The fluid
is water at 25°C. Solid line: theoretical pillar deflection, +
measured pillar deflection, o: measured bubble deflection
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Fig. 12. Comparison of theoretically predicted drag coefficient in laminar shear flow with the experimental values
determined from the deflection of the pillar. o: experimental
cD, solid line: theoretical cD

Fig. 13. Drag forces vs. local Reynolds number measured
during the experiments. o: experimental drag forces, solid
line: theoretical drag forces

6. Conclusions
Using flexible micro-pillars made of PDMS and common high-speed optics a novel and simple
technique has been developed to measure the drag forces acting on a small micro-bubble tethered
onto the micro-pillar and placed in the linear shear flow regime of a plate-cone rheometer. The results have shown the system to be capable of measuring the displacements that drag forces induce
onto the pillar. The findings are in good agreement with theoretical predictions for the laminar shear
acting on spherical bodies.
In future work, the drag of vesicles and DNA-molecules attached to the pillar tip will be examined.
The pillars provide the advantage of very low interference compared to recent cantilever sensors.
This enables the pillar micro-sensor technique to be applied to much smaller particle dimensions
than in the case of micro-cantilevers. Note, the pillar technology does not need a secondary wallimplemented structure. Some improvements as to mounting the sensor on a surface have to be done.
When transparent surfaces are required, the sensor can be manufactured such that it is mounted
right on the surface thereby avoiding gluing or positioning of the sensor.
The pillar technology and the optics used allow a temporal resolution of up to 1825Hz, enabling
measurements of time-dependent two-dimensional turbulent wall shear stress distributions and drag
forces. Pillars can be manufactured in a large diversity of aspect ratios and heights such that particles of different size and geometry can be placed at any desired height in a flow field. Pillars down
to a length of 60µm have been successfully calibrated in the shear field, promising the possibility of
near-wall measurements of drag forces on particles in the order of several pico-Newtons.
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