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1 Thermo and Fluid Dynamics, Chalmers University of Technology, 41296 Göteborg, Sweden
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Abstract Hot-wire microsensors for the purpose of
measuring the instantaneous velocity gradient close to
a wall have been designed and their characteristics are
evaluated. The sensors were made using MEMS (micro-
electromechanical systems) technology, which permits
the fabrication of various micro geometrical configura-
tions with high precision and good repeatability. The
design is based on estimates of the heat rates from the
sensor wire to the air, through the supports, and to
the wall. Several hot-wire configurations were fabricated
with wires positioned in the range of 50–250 µm from the
wall. Requirements for the design and details of the fabri-
cation methodology are outlined. The hot-wire microsen-
sors were calibrated and tested in a flat-plate boundary
layer with and without pressure gradient and were found
to have good steady-state characteristics. In addition,
the developed sensors were used for preliminary studies
of transitional phenomena and turbulence, and the sen-
sors were found to have good time-dependent response
as well.

Nomenclature

a diameter (m)
A area (m2)
d distance to wall (m)
ds distance from hot-wire to wall

and support length (m)
E output voltage from anemometer (V)
h convective heat transfer coefficient (W/m2 K)
I electrical current (A)
k thermal conductivity of metal (W/m K)
ka thermal conductivity of air (W/m K)
l length (m)
Nu Nusselt number
P perimeter (m)
Q heat rate (W)
Qgen rate of heat generation by current (W)

Qr radiative heat rate (W)
R electrical resistance (Ω)
Re Reynolds number
Sθ sensor temperature sensitivity (mV Pa−1)
Sτ sensor wall shear stress sensitivity (mV ◦C−1)
T temperature (◦C)
T∞ temperature of wall and surroundings (◦C)
U local fluid velocity (m/s)
U∞ velocity outside boundary layer (m/s)
y coordinate normal to wall (m)

Greek symbols
α20 temperature coefficient of resistivity at 20◦C (◦C−1)
δ∗∗ boundary layer displacement thickness (m)
∆τ0 measurement error of wall shear stress (N/m2)
ε emissivity
θ temperature fluctuation of T∞ (◦C)
ν kinematic viscosity of air (m2/s)
ξ local coordinate along wire and support (m)
ρ density of air (kg/m3)
σ Stefan-Boltzmann constant (W/K4m2)
τ0 shear stress at wall (N/m2)
τe effective wall shear stress with wall influence (N/m2)
χ resistivity (Ω m)

Subscripts and superscripts
air air
s sensor support
w sensor wire
wall wall

1 Introduction

For flow control purposes, wall shear stress is an essen-
tial quantity to compute and measure. In a turbulent
flow the time-averaged values of this quantity are in-
dicative of the global state of the flow along a surface,
while the time-resolved part is a measure of the unsteady
structures of the flow field, which are responsible for the



2 Lennart Löfdahl et al.

individual momentum transfer events in the boundary
layer. Different methods for the measurement of wall
shear stresses have been developed, and most of them
rely on the premise that the mean velocity gradient is
proportional to the heat transfer rate at the wall. Nu-
merous experiments have been conducted on this basis,
and review papers by Winter (1977), Haritonidis (1989),
Hanratty and Campbell (1996) and more recently by
Löfdahl and Gad-el-Hak (1999) point out that the suc-
cess of these efforts depends basically on the complexity
of the flow, the geometry of the solid boundaries, and the
limitations of the measuring technique used. A general
conclusion to be made is that our knowledge of the wall
shear stress, and in particular its fluctuating or time-
resolved component, is limited.

A clear trend in all wall shear stress measurements,
since the mid-1950s, is that the sensors used have smaller
and smaller active sensor areas in order to improve the
resolution. In this process, MEMS (microelectromechan-
ical systems) fabrication technology has played a cen-
tral role in recent years. A survey of the methods of
wall shear stress measurements (Löfdahl and Gad-el-
Hak 1999) shows that this technology is most suitable
for instruments working on either the floating-element
mechanical or thermal anemometry principles. For the
current purposes only the latter method is of interest.

A thermal flush-mounted hot film sensor relies on
the principle that the heat transfer from a sufficiently
small heated surface depends only on the flow character-
istics in the viscous region of the boundary layer adjacent
to the heated region. The sensor normally consists of a
thin metallic film placed on a substrate, and an elec-
tric current is passed through this film to maintain it
at a constant temperature as heat is continuously trans-
ferred from the film to the moving fluid. For certain lam-
inar flows, an algebraic relation between the local shear
stress and the heat rate from the sensor can be derived,
Ludwieg (1950), Liepmann and Skinner (1950) and Bell-
house and Schultz (1966). For turbulent flows, however,
this relation is not valid, since there is an unknown leak-
age heat flow that goes through the substrate back into
the fluid. This yields an effective sensor area, which is in-
stantaneously changing and it is also significantly larger
than the electrically heated part of sensor. This prob-
lem has been pointed out by many researchers, Black-
welder (1981), Haritonidis (1989), Löfdahl and Gad-el-
Hak (1999), and more recently by Stein et al. (2002). At-
tempts have been made to insulate the sensor carefully
from the substrate, for instance, by a vacuum chamber
(Huang et al. 1996); however, this requires an extremely
thin diaphragm to minimize the heat flow parallel to the
wall. An alternative approach is to use hot-wire sensors
that are mounted on the wall at a small distance from it.
Schematic diagrams of such wall-mounted single or mul-
tiple hot-wires are shown in Fig. 1. This sensor design
circumvents the use of the above mentioned shear stress-
heat rate relation, and instead employs direct measure-
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Fig. 1 Schematic of microsensors: (a) Single wire. (b)
Double-wire rake.

ment of the instantaneous velocity gradient normal to
the wall. This approach does not eliminate the leakage
heat flow, however it reduce this heat flow to a known
and controllable quantity.

Wall-mounted conventional hot-wire sensors for wall
shear stress measurements have been used earlier by re-
searchers such as Alfredsson et al. (1988), Wagner (1991),
Nagano and Tsuji (1994), Chew et al. (1994), Fernholz
et al. (1996) and Khoo et al. (2000), but in none of these
investigations was MEMS fabrication technology used
to produce the sensors. In the sensors described here,
the advantages of MEMS, i.e. miniaturization and exact
fabrication of closely spaced wires, have been used. Com-
pared to conventional hot-wire probes, these microsen-
sors disturb the flow less due to smaller achieved size
of prongs, and in addition they are located at a fixed,
prescribed, and measured distance from the wall with
an a priori exactly known geometry. Very early MEMS-
based wall shear stress sensors were Kälvesten (1996)
and Kälvesten et al. (1996), who used a flush-mounted
polysilicon piezoresistor as the heated sensitive part with
dimensions 300×60×30 µm3. A more conventional flush-
mounted hot film sensor was presented by Jiang et al.
(1994) and Huang et al. (1996), who made single as
well as arrays of flush mounted wall shear stress sensors.
Their sensors consisted of a diaphragm with a thickness
of 1.2 µm and a side length of typically 200 µm. The
polysilicon resistor wire was located on this diaphragm,
and below the diaphragm was a 2 µm deep vacuum cav-
ity in order to minimize the heat conduction loss to the
substrate. For more detailed information on MEMS wall
shear stress sensors, reference can be made to the review
of Löfdahl and Gad-el-Hak (1999).
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The objective of the current work is to design, fabri-
cate, and evaluate MEMS-based sensors for the mea-
surement of local time-resolved wall shear stress. For
this purpose, various configurations of wall-mounted mi-
crosensor rakes consisting of 2–10 hot-wires have been
fabricated and calibrated. In the following sections the
heat transfer rates from the wires are estimated, the sen-
sor fabrication is reviewed, the necessary calibrations are
discussed, and some wind tunnel test measurements are
reported.

2 Estimate of heat rates

In the design of a microsensor with multiple hot-wires or
a microsensor rake, estimates of the heat rates due to the
various physical processes for the actual dimensions and
material properties are necessary. In general, the behav-
ior of a near-wall thermal sensor can not be predicted
exactly either numerically or theoretically. However, a
certain analysis, with some simplifications, of the near
wall hot-wire is essential in the design of the microsensor.
The estimates used are basically the same expressions as
found in Comte-Bellot (1976), Perry (1982), and Bruun
(1995) however, here these equations are restricted to
the geometry of the current sensor. The single-wire wall-
mounted microsensor is schematically depicted in Fig. 1(a).
In the following analysis it is assumed that the flow and
temperature fields are steady, and that the wire oper-
ates in the constant temperature mode. The mean wire
temperature is Tw, and the surroundings, including the
air and the wall, are at T∞.

In the radiative heat transfer estimate, the actual
sensor wire and supports were represented as heated
cylinders. Then the radiative heat transfer from a heated
cylinder of length l and perimeter P to the surroundings
was calculated using the equation:

Qr = εP lσ
(
T 4 − T 4

∞
)
. (1)

where ε is the emissivity, σ is the Stefan-Boltzmann con-
stant, and T is its temperature. Using this approach it
was found that the radiative heat rates from the wire
and supports give values about two orders of magnitude
smaller than the smallest of the other heat rates cal-
culated. Hence, the radiation effects are not considered
significant.

Since the wire temperature is constant in time, the
heat generated by the current through the sensor, Qgen,
goes convectively from the wire and its supports to the
air Qair

w and Qair
s , respectively, and via conduction from

the supports to the wall, Qwall
s , as indicated in Fig. 1(a).

Hence, the heat balance equation is

Qgen = Qair
w + Qair

s + Qwall
s . (2)

It is noteworthy that a fraction of the convective heat
is transferred to the wall, as discussed later in this sec-
tion. For the present MEMS sensors, the wire and sup-
ports used are made of 2-µm thick aluminium layers,

and though the supports are additionally strengthened
by a material that acts as a thermal insulator this will be
neglected in the heat rate calculations. Other important
dimensions of the current sensor are the wire length of
400 µm, and its 2×2 µm2 square cross section, as well
as the width of the supports of 20 µm.

The heat transfer rate to the air from an infinitesi-
mal element of the wire and support can be estimated
using relationship for a two-dimensional cylinder, as can
be found in the aforementioned textbooks. The King’s
law modification derived empirically by Kramers (1946)
gives a satisfactory precision for the low Reynolds num-
ber flows. For air this may be expressed

Nu = 0.39 + 0.47Re1/2, (3)

where Nu and Re are the Nusselt and Reynolds num-
bers, respectively, which are defined as Nu = ha/ka,
Re = Ua/ν, where h is the convective heat transfer co-
efficient, a is the diameter of the cylinder, and ka is
the thermal conductivity of the fluid. Since the actual
wire and supports do not have circular cross sections,
the side of the square wire (2 µm) and the width of the
support (20 µm) were used instead of the diameter to
compute Nu and Re. It has been shown (F. Carlsson
and L. Löfdahl, private communication, 2003) that this
assumption is satisfactory for low Reynolds number and
a moderate yaw angle.

The microsensors are designed to be located close to
the wall within the viscous sublayer where the velocity
profile is linear. Using Newton’s viscosity law (Panton
1996), a relation between wall shear stress and the ve-
locity gradient may be written:

τ0 = ρν

(
∂U

∂y

)

y=0

= ρν
U

d
, (4)

where U is the local flow velocity, and d is the distance
to the wall.

As the wire is brought closer to the wall, there are two
effects that alter the convective heat rate: the streamline
pattern is altered and the temperature boundary condi-
tion is changed due to the presence of the wall. For a
given fluid, as shown by many investigators (Janke 1987;
Khoo et al. 1996; Chew, Khoo and Li (1998); Lange et al.
1999), the type of wall material and the distance to the
wall are most significant in the determination of the wall
influence. A common practice is to take the effect of the
wall into account by introducing some ”effective” fluid
velocity near the wall in the King’s law instead of the
actual velocity. Unfortunately, no universal wall correc-
tion can be obtained (see discussion in Chew, Khoo and
Li 1998), so approximate corrections of the wall influ-
ence have been derived for perfectly conductive and per-
fectly insulating walls. The silicon substrate placed un-
der the current MEMS sensor has a thermal conductivity
of about 6000 times that of air, and hence can, with very
good accuracy be treated as perfectly conductive. The
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correction for the case of a perfectly conductive wall was
proposed by Lange et al. (1999) and can be rewritten in
terms of wall shear stress in the following way:

τe = τ0

[
1.0− exp

(
−0.4

τ0d
2

ρν2

)]−1

. (5)

This expression was derived using numerical simula-
tions performed for an infinite 5-µm diameter circular
cylinder in air heated to a temperature range 21–100◦C
and assumes that the wire is located in the viscous sub-
layer. The wall influence on the heat transfer is given
as a relationship between the effective wall shear stress
τe and the actual wall shear stress τ0. The hot-wire is
located at a distance d from the wall, and ρ and ν are
the density and the kinematic viscosity of the fluid, re-
spectively. Hence, in order to take into account the wall
influence in estimations described further on, the actual
wall shear stress τ0 will be replaced by τe according to
Eq. (5).

For an infinitesimal element of the sensor, the heat
generated by an electrical current I is balanced by the
heat convected into the air and by conduction, so that
heat balance equation is

kA
d2T

dξ2
− hP (T − T∞) +

I2χ

A
= 0. (6)

Here A is the local cross-sectional area, and P is the local
perimeter of the infinitesimal element. These quantities
are different for the wire and the supports, and thus are
functions of the coordinate defined along the sensor ξ.
The resistivity of the material χ is assumed to be linearly
dependent on temperature, as χ = χ20[1+α20 (T − T20)],
and the heat transfer coefficient h with incorporated wall
effects may be obtained from Eqs. (3) and (5)

h =
ka

a
{0.39+0.47

(
τ0da

ρν2

)1/2 [
1.0− exp

(
−0.4

τ0d
2

ρν2

)]−1/2

},
(7)

where d now is the distance from the treated infinitesimal
element of sensor to the wall. Thus, in Eq. (6) P , A, and
h are functions of the coordinate ξ, and the temperature
T (ξ) is the unknown quantity. A constant-temperature
anemometer adjusts the current to keep the electrical
resistance of the sensor constant, and both the resistance
of the wire and that of the supports are temperature
dependent so that the total resistance is constant:

Rw + 2Rs = const, (8)

where Rw and Rs are the resistances of the wire and one
support, respectively. The boundary conditions on the
temperature are its value at the wall T = T∞ and the
symmetry condition at the center of the wire dT/dξ = 0.

Eq. (6), together with Eqs. (7), (8) and the boundary
conditions, is a linear differential equation with variable
coefficients that can be numerically solved, and the so-
lution gives the temperature distribution along the wire
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Fig. 2 Temperature distribution along wire and supports of
microsensor. Wire is at −200 µm< ξ < 200 µm, and remain-
der is supports. Note nonuniform temperature distribution
along the supports since they are not massive.

and the supports. This has been done using the com-
mercially available software package Matlab (The Math-
works, USA), and an example of the temperature distri-
bution is shown in Fig. 2. In this figure, the temperature
distribution along the wire and the supports of microsen-
sor is shown for a 400 µm long wire and 100 µm long sup-
ports. It should be noted that the temperature is chang-
ing along the supports, because they are of finite size
and not massive. Using the above-derived expressions it
is now possible to explore the thermal characteristics of
the sensor by varying the wire overheat, support length,
and wall shear stress, as discussed in the next section.

3 Thermal characteristics of sensor

The different terms of Eq. (2) may be expressed as fol-
lows: heat convected to the air from the wire

Qair
w = hPw

∫

lw

(T − T∞) dξ (9)

and from the two supports

Qair
s = 2Ps

∫

ls

h(ξ) (T − T∞) dξ. (10)

and finally the conductive heat rate from both supports
to the wall

Qwall
s = 2kAs

(
dT

dξ

)

ξ=0

. (11)

The different contributions to the heat balance were
estimated using the Matlab software package, and Fig. 3
shows normalized heat rates as a function the wall dis-
tance at a constant value of the wall shear stress, in
this particular case τ0 = 1 Pa. In order to obtain good
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Fig. 3 Heat rates of the microsensor for different support
lengths; τ0=1 Pa.

sensitivity of the wire to the flow velocity and low sensi-
tivity to the temperature variation, the convective heat
transfer from the wire to the air Qair

w should be large
compared to the other terms. Figure 3 shows that for
the current MEMS sensor the convective heat transfer
from the wire constitutes about 50–60% of the total
heat generated. According to Bruun (1995), a conven-
tional hot wire has a corresponding value at 80–85%;
however for the current wall-mounted hot wire the con-
duction out of the wire is larger. This is first explained
by higher thermal conductivity of aluminium as com-
pared to tungsten, and second by lower convective heat
transfer because of the much lower velocity in the wall
region as compared to those velocities at which conven-
tional hot-wires are used. As for conventional wires, the
relation of convection to conduction may be increased by
increasing the wire length-to-diameter ratio. Additional
calculations conducted revealed that the proportion of
the convective heat transfer might be increased up to
about 70–80% if the length-to-diameter ratio of the wire
is increased up to about 400. However, it was not in the
scope of the current work to make such sensors.

By looking at Fig. 3 it can be seen that a microsen-
sor with supports longer than 200 µm will have non-
negligible convective heat transfer from the supports,
i.e. more than 5%, since Qair

s at this distance from the
wall passes the 5% threshold. Supports much longer than
200 µm can create errors since an uncontrolled velocity
gradient might be formed and influence the calibration.
In order to avoid such errors, only microsensors with
supports less than 250-µm length were fabricated.

Computed calibration curves of the microsensor are
shown in Fig. 4 for wires located 50 and 100 µm from
the wall as a function of varied wall shear stress. The
overheat ratio of the wires used is 1.5, and the theoret-
ical voltage is the output from the anemometer. Solid
and dashed lines show the computed calibration curves
with and without wall effects, respectively, and it obvi-

ous from the figure that the sensor sensitivity is strongly
influenced by the proximity of the wall. Above a certain
value of the wall shear stress, the influence from the wall
disappears and the microsensor wire starts to work as
a conventional hot-wire. This can be expected since the
influence from Eq. (5) disappears at large values of d.
This occurs typically at wall shear stress values of about
400 mPa and 1500 mPa for support lengths of 100 µm
and 50 µm, respectively.

For instance, for a wire located at ds = 100 µm and
τ0 ≥ 400 mPa, the wall-mounted microsensor behaves
like a conventional hot-wire with a ”fast” frequency re-
sponse, and for values less than 400 mPa it behaves sim-
ilar to a flush-mounted conventional hot-film with an
associated thermal inertia. However, as compared to a
flush-mounted hot film sensor, the present microsensor
has a constant rate of heat conduction from the sup-
ports to the wall through a very small area. It should
be pointed out here that the same wall shear stress may
also be measured by using a wire that is located closer to
the wall, but with a smaller output signal since the local
velocities will be smaller. As can be seen from Fig. 4,
an expected value of the output signal is typically in
the range of 80–150 mV/Pa. Corresponding values for
a flush-mounted hot film with a vacuum cavity under-
neath (Huang et al. 1996) are approximately 10 mV/Pa,
and without cavity about 1 mV/Pa. This demonstrates
another advantage of the present microsensor, its higher
sensitivity.

An analysis of the heat transfer characteristics of the
microsensor shows that wires located too close to the
wall will loose sensitivity because of low fluid velocity,
proximity to the wall, and conduction through the sup-
ports. As a consequence, since the expected output signal
from anemometer is fairly small, it is desirable to vary
the distance between the wire and the wall. This situa-
tion is obtained through a microsensor rake of multiple
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Fig. 4 Computed calibration curves with (solid lines) and
without (dashed lines) wall influence. Sensor support lengths
are 50 and 100 µm.



6 Lennart Löfdahl et al.

wires, where each wire is aimed to cover different ranges
of the wall shear stress.

It is not necessary that wires creating the rake should
be operated simultaneously, since simultaneous work of
wires in the near-wall region is quite problematic due
to the thermal interference that can hardly be avoided.
As it was shown, for instance, by Österlund and Johans-
son (1995), thermal interference of two parallel wires be-
comes significant for Péclet numbers below 50 based on
distance between the wires. Analysis shows that if the
desired distance between the wires is 50 µm, then the
minimal characteristic flow velocity at which the ther-
mal interference is avoided corresponds to about 20 m/s
— a velocity that hardly can be obtained in the near-
wall region. An other possible interaction between the
wires is aerodynamical blockage, but this effect is not so
significant as can be shown. Assume that the spacing be-
tween the wires is about 25 wire diameters, and that the
flow is laminar, then the streamline distortion created by
one wire will not be felt by other wire if Rea &0.1, im-
plying that τ0 &0.3 Pa. Moreover, this effect will not be
considered as affecting the measurements, since all aero-
dynamic interactions between elements of the sensor are
included into the calibration.

To summarize, an analysis of the heat transfer char-
acteristics of the microsensor shows that a good design
should have short supports in order to minimize con-
vective heat loss from supports to the air, but on the
other hand, wires located too close to the wall will loose
their sensitivity because of low fluid velocity, heat trans-
fer to the wall, and conduction through the supports.
Hence, the wire distance from the wall is a compromise,
and it could be an advantage to have a microsensor rake
of multiple wires at different distances from the wall to
measure the wall shear stress in different ranges.

4 Design and fabrication

The objective of the MEMS-fabricated hot-wire sensor
is to measure the instantaneous velocity gradient of the
innermost part of the boundary layer. In principle, this
requires only one hot-wire at a certain distance from the
surface, however, to increase the flexibility of the device,
several wires in a rake pattern were used. Moreover, in
the design process variants where the wires form different
angles with the main flow direction were fabricated in or-
der to resolve unknown flow angles of the instantaneous
velocity vector. SEM pictures of two MEMS hot-wire
sensors are shown in Fig. 5: a double-wire microsensor is
shown in Fig. 5(a), and a double five-wire rake is shown
in Fig. 5(b).

A basic requirement of the measuring technology is
that the innermost of the wires is located within the lin-
ear part of the velocity profile. For turbulent flow, the
linear sublayer extends up to about five wall units, and
this means that a maximum value of the shear stress,

which can be measured by wire located 50 µm from the
wall, will be about 2.5 Pa. This limiting value was consid-
ered as sufficient when the microsensors were designed.
In the same manner, the limiting wall shear stress for
a wire located 100 µm above the wall would be about
0.7 Pa. Hence, such rake of two wires will in principle
cover the range of the wall shear stresses 0–2.5 Pa with
reasonable accuracy.

All measurements were conducted close to a smooth
surface, which means that all electrical contacts had to
be either far away from the sensor on the surface, or on
the ”other” side of the measuring plane in order not to
interfere with the flow. Putting all these requirements
together, a hybrid design was chosen where the surface
and the hot-wire chip were made from different silicon
wafers. The surface where the measurements are con-
ducted would just be a flat silicon wafer with one or more
holes, while the hot-wire chip, shown in Fig. 6, would
come from another silicon wafer where several hundred
devices could be manufactured simultaneously. This al-
lowed for a very small chip size, since no conductors in
the measuring plane were needed, and the flat surface
required around the hot-wires was provided by the cov-
ering wafer.

Well-tested procedures were used for the production
of the sensors. Aluminum was chosen for the wire, since
the temperature coefficient of resistivity of aluminum
is the same as that of tungsten. The maximum oper-
ating temperature of aluminum wires, which is limited

(a)

(b)

Fig. 5 SEM pictures of two fabricated MEMS hot-wire sen-
sors: (a) Double wire microsensor. (b) Two five-wire mi-
crosensors at 90◦ to each other.
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by its melting point, is about 660◦C, giving the high-
est possible overheat ratio for the wires of about 2.5.
The wire dimensions were selected with flow scales in
mind (Löfdahl and Gad-el-Hak (1999)), and microsen-
sors with hot-wires of length × width of 200×1, 400×2
and 600×3 µm2, respectively, were fabricated. The wire
thickness was equal to the thickness of sputtered alu-
minum, i.e. 2 µm, and the calculated resistance of such
a wire was about 2.8 Ω, which is within the range of
conventional hot-wires enabling the use of normal hot-
wire electronics. The distance from the hot-wires to the
surface ranged from 50 to 250 µm, where, according to
calculations, the convective heat loss from the supports
was negligible (Sect. 3).

A bulk micromachining process was used to make the
microsensor. Production involved more then 20 distinct
stages, which are described in more detail by Haasl et al.
(2002). The fabrication was performed on a silicon-on-
insulator wafer consisting of three layers: a 20 µm thick
silicon layer, a buried 1.5 µm thick SiO2 layer and a
525 µm thick silicon substrate. Figure 7 shows the ma-
jor fabrication steps of the sensor, which briefly may be
described as:

a. A layer of the oxide on the top silicon substrate was
formed to define areas where the aluminium ground
leads are isolated from the substrate. The thickness
of the silicon oxide layer was 200 nm.

b. The aluminium pattern of the wires and leads is cre-
ated from aluminium layer of 2-µm thickness. Reac-
tive ion etching was used on this step, thus allowing
well-defined edges.

c. The thick silicon substrate of the backside was etched
anisotropically in an inductively coupled plasma (ICP)
etch. Subsequently, the buried oxide layer of the wafer
was removed.

d. Following this, the supports for the sensors were formed
in an ICP etch. This resulted in 20-µm thick supports
sticking out of the body of the sensor. The silicon
underneath of the wire was removed in the same ma-
chine.

e. Finally, the sensors were glued to printed circuit boards,
wire-bonded to them, inserted and glued to the cover
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Al Si

40020
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2 0.2 20 1.5 525 µm thickness  

SiO2

Fig. 6 Design of microchip for two-wire sensor (picture, right
not to scale; all dimensions given in µm).
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Fig. 7 Stages of manufacture of MEMS hot-wire sensor (see
text).

chip. The cover chip used for holding the sensors was
a 300-µm thick silicon plate of size 20×20 mm2 (in
the figure it is shown in reduced size). The holes in
these wafers were etched in a potassium hydroxide
solution, and the slanted shape of the holes eased
the assembly of the sensor in the holding wafer.

f. This part of the figure shows the manufactured sensor
assembly.

More comprehensive description on the use of MEMS
technology for sensor fabrication can be found in Löfdahl
and Gad-el-Hak (1999). References to literature surveys
in the MEMS field are also given in this work.

5 Wind tunnel tests

Experiments were conducted with some of the fabricated
microsensors in a closed-circuit wind tunnel at Thermo
and Fluid Dynamics, Chalmers University of Technol-
ogy. This tunnel has a test section of 1.8-m width, 1.2-m
height, and 3-m length. A free-stream turbulence level in
the test section is well below 0.001U∞, and the flow tem-
perature can be controlled with a precision of ±0.1◦C.
The wind tunnel velocity was monitored using a Pitot–
Prandtl tube connected to a digital micromanometer,
which also had sensors for temperature and absolute
pressure readings. The experiments were performed in
boundary layers without pressure gradients, and with a
slightly negative pressure gradient accomplished by us-
ing a flat plate and a wing section, respectively. During
the tests the microsensors were positioned on a specially
designed surface-mounted rotatable chuck on the sur-
face of the model. Constant-temperature anemometers
(Dantec) were used to monitor the sensors. All electri-
cal connections between the sensors and the anemometer
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bridge were made by coaxial cables soldered to the sen-
sor and equipped with BNC connectors for stability and
reliability of the electrical connections.

Boundary layer profiles were measured by a stan-
dard boundary layer probe (Dantec), which had a tung-
sten wire of 5-µm diameter and 1.5-mm length. This
probe was also monitored by a constant-temperature
anemometer at an overheat ratio of 1.8. The traverse
mechanism used to position the probe had a precision of
1 µm in both the normal-to-the-wall y and the spanwise
directions, and 5 µm in the streamwise direction. The ini-
tial distance to the wall of the hot-wire probe was mea-
sured using a high-resolution, high-magnification video
camera. The output signal from the anemometers was
digitized by a multichannel 16-bit analog-to-digital con-
verter, and the data were stored for processing in a PC.

5.1 Calibration

The relation between the steady-state convective heat
rate from the wire and the local velocity around it forms
the basis for the static calibration. As mentioned, the
wall affects convective heat rate and various aerodynam-
ical interactions between the wires, the supports and
the wall take place. Therefore, the sensor must be cal-
ibrated in situ, i.e. close to the wall, so that both the
dynamic and thermal conditions during calibration will
be reproduced during the measurement. Near-wall cor-
rections (Polyakov and Shindin 1978; Zemskaya et al.
1979; Bhatia et al. 1982; Krishnamoorthy et al. 1985;
Khoo et al. 1996; Janke 1987; Lange et al. 1999) need
not be applied for the measurements in this case, since
those corrections were developed for sensors calibrated
away from the wall and then used near it. This situation
does not arise in a wall-mounted microsensor since the
hot-wires are at fixed distances from the wall. Neverthe-
less, proper wall corrections may be incorporated into
the calibration as will be discussed below.

During the calibration the voltage of the CTA bridge
must be related to the wall shear stress by some relation-
ship. Calibration data points may be fitted in two dif-
ferent ways: by polynomial fit or by some sort of King’s
law. For the measurement in laminar flow the choice of
relationship used is obviously not crucial, so either of
these two methods can be used. In turbulent flows, on
the other hand, the King’s law is preferable since ex-
trapolation is often required and polynomials tend to
deviate strongly outside the calibration region (Fernholz
et al. 1996). The wall effects cause the response of the
wall mounted wire to deviate from the classic King’s law
( Sect. 3 and Fig. 4), and therefore, a modified King’s
law with additional terms is introduced to improve the
calibration fit. A possible way of doing this is to use clas-
sic King’s law with incorporated wall-correction (Wag-
ner 1991; Warnack 1996; Fernholz et al. 1996). In the
current experiment, both procedures are considered.

For the purpose of evaluating the sensors, only cal-
ibrations in a laminar boundary layer were carried out.
Relatively high values of the laminar wall shear stress
were obtained, since the transition was suppressed by
adding a weak favorable pressure gradient. In the cali-
bration, the aim was to obtain a relation between the mi-
crosensor output voltage and the wall shear stress, and
this process was done in two main steps. In the first,
the reference mean wall shear stress versus the velocity
outside the boundary layer was obtained for the chosen
free-stream velocity range. Then, in the second step the
actual calibration in which the sensor output was related
to the wall shear stress was conducted.

First, the boundary layer profiles U(y) were mea-
sured at the location of the microsensor with a suffi-
ciently small resolution in the normal direction. At least
ten measured points were well-approximated near the
wall by a straight line. The measured profiles were sim-
ilar, and collapsed on a single plot when scaled with
boundary layer variables. The displacement thickness
δ∗∗ was used as a length scale, and the velocity out-
side the boundary layer U∞ as the velocity scale. Fig-
ure 8 shows nine measured velocity profiles in the range
of free-stream velocities from 5 to 32 m/s. The straight
line in this figure is a linear approximation of the near-
wall slope in the scaled variables, which is the same for
all measurements. From this the wall shear stress can be
calculated using Newton’s viscosity law

τ0 = ρν
∂(U/U∞)
∂(y/δ∗∗)

∣∣∣∣∣
wall

U∞
δ∗∗

. (12)

The integral scales of the boundary layer, U∞ and δ∗∗,
can be measured with good accuracy, and this has a
crucial impact on the accuracy of the wall shear stress
measurement.

In order to obtain an analytical expression for the
wall shear stress as a function of the velocity outside the
boundary layer, all the measured points were plotted in
one graph (Fig. 9) and approximated by a power law.
From laminar boundary layer theory (Panton (1996)),
the wall shear stress (δ∗∗ ∼ U

−1/2
∞ ) can be fitted to ex-

perimental data as

τ0 = CU1.5
∞ . (13)

In the second step the microsensor calibration curve,
which is the anemometer bridge output voltage versus
the wall shear stress, was obtained. For a set of velocities
U∞ the output voltage E was recorded, and using Eq.
(13), the corresponding values of the wall shear stress τ0

were computed. Experimental calibration curves for the
microsensor are shown in Fig. 10, which contains two
sets of data, where the crosses and dots are for the wires
50 and 100 µm above the surface, respectively. For com-
parison, the previous computational estimations of Fig.
4 are included in this figure. It can be noted that the ex-
perimental calibrations are slightly higher; however this
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is not surprising since many of parameters included in
the theoretical analysis may be different from the ac-
tual. In particular, the exact value of the overheat ratio
in experiments is never known.

A fifth-order polynomial was used to fit the calibra-
tion data, which yielded an average error of less than 1%.
However, for turbulent flows this curve fit has a tendency
to loose its accuracy outside the calibration interval, and
therefore the simple King’s law was tried. Using this law
without a correction for the wall influence, the average
fitting error was unacceptably high (on the order of 5%),
and therefore a wall correction was included, yielding

E2 = A + Bτe
n. (14)

This significantly improved the accuracy of the calibra-
tion, and the average error was decreased to the same
limit as was obtained by the fifth-order polynomial fit.
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Fig. 8 Nine mean velocity profiles for different free-stream
velocities. it Solid line is an approximation of the near-wall
slope.
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Fig. 10 MEMS sensor calibration curves. Crosses, wire at
50 µm from wall; dots, 100 µm; solid lines, King’s law approx-
imation with wall correction; dashes, computed calibrations.

Similar calibration procedures were used e.g. by Wag-
ner (1991), and Warnack (1996) for near-wall hot-wires.
In their works, the equation of Janke (1987) is used for
τe, and this relationship has additional constants that
take into account the specific wall material. However,
the Janke expression also has the disadvantage of over-
shooting the wall influence at high velocities. In the case
of a highly conductive wall, as in the current experiment,
Eq. (5) is sufficient and preferable and no additional ad-
justments are required. Hence, Eq. (14) was used and
the approximations are shown in Fig. 10 as solid lines,
where it can be seen that the curves describe the full
range of the calibrations very well.

5.2 Sensitivities

Using Eq. (14) it is possible to estimate the sensitivities
of the sensor to the wall shear stress and to the temper-
ature. Following conventional hot-wire practice (Bruun
1995), the output bridge voltage E can be decomposed
as follows:

E2 = (a + bτe
n)(T − T∞). (15)

This expression yields one wall shear stress part (for con-
ventional hot-wires it is the velocity) and one tempera-
ture sensitive part. The constants a and b are new and
are not temperature dependent. Temperature T is ap-
proximately equal to the mean temperature of the sen-
sor, and by differentiation the sensitivity factors are ob-
tained.

Sτ =
∂E

∂τ0
=

nbτe
n−1

2

[
T − T∞
a + bτe

n

]1/2
1−Kτee

−Kτ0

1− e−Kτ0
,(16)

Sθ =
∂E

∂θ
= −1

2

[
a + bτe

n

T − T∞

]1/2

, (17)

where K is given by

K = 0.4d2
s/(ρν2). (18)
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Fig. 11 Sensitivities of microsensor: (a) Sensitivity factor for
wall shear stress Sτ . (b) Sensitivity factor for temperature Sθ.
Symbols denote experiment for wire at 100 µm from the wall
at overheat ratio 1.5. Lines represent computated values.

Here θ represents a small fluctuation in fluid tempera-
ture T∞, and τe(τ0) is defined by Eq. (5). As compared
to the corresponding equations for a conventional hot-
wire, Eqs. (16) and (17) are expressed in τe and an extra
term appears in the right-hand side of Eq. (16) from the
wall correction of Eq. (5). According to Bruun (1995)
this method of evaluating of the hot-wire probe sensitiv-
ities is one of the most accurate, and it does not require
lengthy measurements as do the methods of direct ve-
locity and temperature calibration. Moreover, the sen-
sitivities obtained from Eqs. (16) and (17) depend very
slightly on precision of temperature measurements, as
can be proved by second differentiation of Eqs. (16) and
(17).

Measured values of the sensitivity factors for the wall
shear stress Sτ and temperature Sθ are marked with dots
and are shown as function of the wall shear stress τ0
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Fig. 12 Relative percentage error of wall shear stress mea-
surement caused by temperature fluctuation of −0.1 ◦C.
Symbols as in Fig. 11.

in Fig. 11(a) and 11(b), respectively. An overheat ratio
of 1.5 was used in the experiment, and measurements
were made for only one wall distance d of 100 µm. For
comparison, sensitivities computed from the theory of
Sect. 3 and corresponding to the experiment are included
in Fig. 11(a) and 11(b) as well. These data are obtained
directly, through the virtual calibration at number of
ambient temperatures. In addition, two cases of differ-
ent overheats for the wire 50 µm from the wall are in-
cluded. Looking at Fig. 11(a) it can be seen that for the
wall distance ds=50 µm, the sensitivity increases with
increasing overheat ratio. Hence, higher overheat ratios
are preferred for the measurement of wall shear stress
fluctuations. From this figure it may also be noted that
the sensitivity in the wall shear stress measurements in-
creases as the distance from the wire wall increases. The
sensitivity of the wire at ds=100 µm is about two to
three times as high as that for the wire at ds=50 µm.
The reason for this is twofold: the gradient is resolved
better, and the influence from the wall is reduced. Fo-
cusing the attention on ds=100 µm, it is obvious that
Sτ is reduced as the wall shear stress is increased. This
is mainly a consequence of Eq. 7, and this expression
for the heat transfer coefficient also explains the almost
constant values of Sτ for ds=50 µm. Noteworthy in Fig.
11(a) is also that the difference between the experimen-
tally determined values of Sτ and the theoretical, for
ds=100 µm is of the same magnitude as corresponding
data in the sensor calibration, shown in Fig. 10. Looking
at the temperature sensitivities shown in Fig. 11(b), it
is apparent that the lower overheat ratio yields a higher
sensitivity, Sθ. This is clearly depicted for ds=50 µm and
is explained by Eq. 17. The same observations are valid
for conventional hot-wires (Bruun 1995). The difference
between the measured and computed sensitivity factors
for ds=100 µm is about the same as for Sτ .
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An important parameter that can be derived from
the sensitivities is the relative error of the wall shear
stress measurement due to uncontrolled temperature fluc-
tuations defined as

∆τ0

τ0
=

1
τ0

Sθ

Sτ
θ. (19)

This relative error tends to infinity as the wall shear
stress decreases towards zero if θ is finite. For the ex-
perimental facility used, this error can be estimated if a
range of temperature variation is known. For instance,
if the flow temperature is kept constant within ±0.1◦C,
as in the wind tunnel used, then for a temperature fluc-
tuation of θ = −0.1 ◦C the relative wall shear stress
measurement error can be obtained as shown in Fig. 12.
For a temperature fluctuation with positive sign, the er-
ror will have a correspondingly negative sign. Assuming
that the relevant measurement accuracy is ±5%, from
this figure it can be concluded that the sensor located
50 µm from the wall can be used for the measurement of
the wall shear stress values higher than about 200 mPa at
an overheat ratio of 1.3, and higher than about 150 mPa
at an overheat ratio of 1.5. To measure lower values of
the wall shear stress, the wire located 100 µm from the
wall, which gives a reasonable accuracy of about 50 and
40 mPa at overheats of 1.3 and 1.5 respectively, should
be used. The bottom line of this is that at lower values of
the wall shear stress, care should be taken to control the
temperature with better precision or temperature com-
pensation of measurements by electronic or data correc-
tion should be used. It should be noted that the value of
the relative error

∆τ0

τ0
→ − θ

n(T − T∞)
as τ0 →∞. (20)

This relative error is finite even at infinitely large values
of the wall shear stress.

5.3 Time-resolved measurements

The possibility to perform time resolved wall shear stress
measurements was a main objective in designing the cur-
rent hot-wire microsensor. As a first practical applica-
tion, the ability of the designed MEMS sensor to detect
some phenomena, events in the laminar-turbulent tran-
sition process is demonstrated. For this purpose the lam-
inar flow breakdown was artificially triggered using the
same model as was used for the sensor calibration. To
provoke the flow breakdown, disturbance is introduced in
an initially laminar boundary layer by localized periodic
blowing and suction through a hole located about 80 mm
upstream of the microsensor. Frequency of the artificial
disturbance was fixed at 260 Hz, and in Fig. 13 measured
by microsensor velocity traces are shown for three dif-
ferent values of the free stream velocity. To obtain these
measurements, the recorded instantaneous voltages were

converted to velocities and ensemble averaged over 25
realizations. In the figure, four periods of obtained tran-
sitional flow traces are shown, and it is clearly visible
how the disturbance in the boundary layer grows and
how the transition is promoted as flow Reynolds num-
ber increases. Initially the sinusoidal disturbance starts
to loose its periodicity, then it is distorted by appearing
at higher harmonics and getting more and more random.
It is worthwhile to note that the amplitude of the insta-
bility wave at 13 m/s was fairly small, about 0.5% of
the free stream velocity. To our knowledge this is the
first experiment where MEMS-based wall-mounted sen-
sor was able to register weak eigen-disturbances of the
boundary layer during the transition process.

In time-resolved measurements, the issue of the dy-
namic response of the sensor must be considered. The re-
sponse of thermal sensors to high-frequency fluctuations
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Fig. 13 Velocity traces of laminar-turbulent transition mea-
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has long been considered as a limitation, Hinze (1975),
Bradshaw (1971), Comte-Bellot (1976), Perry (1982). In
this perspective the present MEMS sensor is no differ-
ent from an ordinary hot-wire when used for relatively
high wall shear stress where the wall influence disap-
pears. For low wall shear stress, the signals obtained
from high-intensity and high-frequency fluctuations are
somewhat distorted by the nonlinear nature of the in-
teraction between the fluid dynamics and the temper-
ature field. Recent studies of this have been made by
Khoo et al. (1998), Chew, Khoo, Lim and Teo (1998),
Khoo et al. (1999) and Teo et al. (2001). Furthermore, in
turbulent flows the additional problem of an imperfect
spatial resolution arises, since a hot-wire attenuates the
measured velocity fluctuation if that fluctuation occurs
over a length-scale smaller than the sensing length of the
wire. The effect of hot-wire length on the spatial resolu-
tion has been studied by Ligrani and Bradshaw (1987),
Alfredsson et al. (1988) and Khoo et al. (1997). To eval-
uate the frequency response of the current microsensors
simply, a spectrum of fluctuations in a fully turbulent
boundary layer was measured. In Fig. 14 comparison of
two spectra, one measured by a conventional hot-wire
and the other by a microsensor, are shown. Since the
MEMS calibration do not extend to high values of the
wall shear stress, which are present in turbulent flow, the
spectra are represented in an arbitrary scale. The two
spectra demonstrate almost the same shape, except for
small spikes in the spectrum obtained by MEMS sensor
at frequencies higher 6 kHz. Most probably this is due
to the noise within electrical circuits. So it may be con-
cluded that for frequencies less than 5 kHz, the MEMS
sensor reveal a similar dynamic response as a conven-
tional hot-wire.

6 Concluding remarks

MEMS-based sensors for wall shear measurements were
developed and studied in detail. The devices were based
on heat transfer calculations and were analyzed from this
perspective. Sensors of different configurations and mul-
tiple wires for diverse applications were manufactured
using MEMS technology. The sensors were calibrated
and tested in wind tunnel experiments, and from these
tests it can be concluded that computational estimates
as well as experimental results showed that the devel-
oped microsensors function properly and can be a valu-
able tool in the study of laminar and turbulent flows near
a wall. They have reasonably small errors and good fre-
quency response compared to convectional devices. An
important finding is that these microsensors do not suf-
fer from the major disadvantages of flush-mounted hot
films, however, like all complex tools, they must be used
with caution and with an understanding of the phenom-
ena behind their operation.
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