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Microfabricated Shear-Stress Sensors, Part 3:
Reducing Calibration Uncertainty

Mehul P. Patel,¤ Eli Reshotko,† and Daniel Hyman‡

Case Western Reserve University, Cleveland, Ohio 44106

A calibration procedure for wall shear-stress sensors based on continuum isothermal compressible � ow has
been developed. Microfabricated electromechanical � oating element sensors for direct measurement of wall shear
stress are chosen for calibration. The calibration equation states a linear relation between the channel height and
the calibrated shear stress, resulting in an overall calibration uncertainty as a result of inaccuracy in the channel
height measurement. A novel microstrip technique using basic principles of microwave engineering is used to
measure the channel height with a high degree of accuracy. The uncertainties involved in the measurement of all
of the parameters that are related in any way to the calibration equation are identi� ed, measured, evaluated, and
integrated into the equation to obtain a complete error analysis of the calibration procedure. The calibration of
shear-stress sensors is successfully completed with an overall accuracy of 2%.

I. Introduction

T HE design and fabricationof microfabricatedelectromechani-
cal (MEMS) wall shear-stresssensors investigatedin this study

are described in Ref. 1, followed by preliminary testing and calibra-
tion efforts described in Ref. 2. These sensors employ a direct mea-
surement technique, using � oating elements that displace against
spring suspension systems when exposed to shear stress. Indirect
measurement techniques work under assumptions that relate the
shear stress to the quantities that are directly measured. Because
there exists a direct correlation between the shear stress over the
� oating element area and the � oating element de� ection caused by
the shearforce, this techniquequali� es as a directmeasurementtech-
nique. This paper examines in detail the calibrationissuesdiscussed
in Ref. 2.

Despite considerable work done on measurement of wall shear
stress, there is still a need for an easily implemented and reliable
technique of direct measurement of wall shear stress.3¡6 The appa-
ratus and calibrationprocess used in Ref. 2 introduceda number of
uncertaintiesin device measurement including limitations in instru-
ment accuracyor operator-dependentuncertainties.During previous
work, preliminary calibration of these sensors was done to an es-
timated 5% calibration accuracy.7 The uncertainty involved in the
optical measurement of channel height at the location of the sensor
was calculated to be §20 ¹m as a result of operator-dependentand
instrument-dependent uncertainties. Other errors originated from
curve � ts for the pressure gradient and the process of positioningof
the sensor die � ush to the channel. Micromachining techniques as
described in Ref. 8 are used to manufacture the sensors used in this
work in order to eliminate accuracy limitation dependent on sensor
fabrication.A picture of a typical MEMS based shear-stress sensor
is shown in Fig. 1. This paper describes the effort to re� ne the de-
velopment of the wall shear-stress calibration system and increase
the overall calibration accuracy.
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II. Theoretical Analysis
The schematic of a high-aspect-ratio (96–145) � ow channel,

which is used for sensor calibration, is shown in Fig. 2. The � ow
inside the continuum � ow channel is approximated to be a two-
dimensional � ow. A steady continuous � ow of nitrogen gas is sup-
plied from a regulated nitrogen tank. It is assumed, for the channel
with uniform cross-sectionalarea, that the pressurevariation is only
alongthe � ow direction.The momentumtheoremof � uid mechanics
is used to derive the relation that is used for calibrating these shear-
stress sensors. Because the calibration relation is derived from a
momentum balance across the � ow channel, it is independent of
whether the � ow is laminar, transitional or turbulent. Assumptions
for the � uid � ow are as follows: 1) the � ow is steady; 2) the local
velocity or Mach number distributions can be represented by their
mean values across the channel height; and 3) the temperature is
constant.

A control volume, de� ned as an imaginary � xed volume inside
the � ow channel through which a � uid may � ow, is schematically
illustrated in Fig. 3. The pressure gradient inside the � ow channel
is the driving force of the � uid.

A. Continuity Equation
The continuity equation states that

½ AV D constant (1)

For an ideal gas p D ½RT , and V D Ma; where a D
p

.° RT /.
Therefore, Eq. (1) implies

.p=RT /AM
p

° RT D constant (2)

Because cross-sectional area is constant and gas is assumed to be
isothermal, the differential form of Eq. (2) becomes

dM2 D ¡2M2 dp

p
(3)

B. Momentum Balance
Applying momentum balanceon a rigid control volume of height

b, width w, and differential length dx yields
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Fig. 1 CWRU/AMMI � oating element shear-stress sensor.

Fig. 2 Schematic of the � ow channel.

Fig. 3 Control volume of the � ow channel.

or
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From Eq. (3)
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Substituting Eq. (5) in Eq. (4),
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b
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.1 ¡ ° M2/

¶
(6)

where ¿w is the wall shear stress and dp=dx is the pressuregradientat
the sensor location. The Mach number term in Eq. (6) incorporates
the compressibility effect for an isothermal channel � ow into the
calibration equation. A similar model described in Refs. 9–11 was
presentedfor the calibrationof microfabricatedshear-stress sensors
but did not include the compressibility effect, which can affect the
overall calibration accuracy.

There are other forces acting on the � oating element, such as
1) the gauge force arising as a result of the pressure differential
across the � oating element and 2) a shear force arising from the
� ow underneath the � oating element. The total force on the sensor

element divided by the surface area of the element is the effective
shear stress ¿eff given by

¿eff D ¡
dp
dx

­­­­
b
2

.1 ¡ ° M2/ C
g
2

C t

­­­­ (7)

Again, .dp=dx/ is thepressuregradientat thesensorlocation,b is the
channel height, M is the Mach at the sensor location. Additionally,
g is the gap spacing between the � oating element and the � xed
substrate, and t is the thickness of the � oating element.

III. Measurement of Parameters
for Sensor Calibration

From the calibration relation stated in Eq. (7), the parameters
that need to be measured experimentally for determining the shear
stress at the sensor location are as follows: 1) channel height b, as
de� ned by the thin shim thickness; 2) pressure gradient .dp=dx/,
at the sensor location; 3) Mach number M at the sensor location;
4) thickness t of the � oating element; and 5) the gap g between the
� oating element and the electrostaticshield next.

A. Channel Height
The calibration equation (7) states a linear relation between the

channelheight b and the calibratedshear stress, resulting in an over-
all calibrationuncertaintycausedby measurement inaccuracyof the
channel height. Previous calibrationefforts described in Refs. 2 and
7 used optical microscopes for the measurement of channel height,
leading to an overall inaccuracy of 5%. The primary disadvantages
of optical stage measurement methods are lack of precision and
dif� culty of an in situ measurement.

In the presentwork a novelmicrostrip technique is designedfrom
the fundamentalprinciplesof microwaveengineeringand is demon-
strated to reduce the uncertainty in the measurement of channel
height to 1.5%. The following subsections illustrate the design and
implementation of this novel microwave technique for the channel
height measurement.

1. Microstrips
Microstrip lines are thin planar transmission lines, which support

quasitransverseelectromagneticwaves at microwave frequencies.12

These lines are fabricatedby photolithographicprocesses, in which
conductive materials such as gold or copper are deposited on a
dielectricsubstratehavinga groundplane.The geometryof a typical
microstrip line is shown in Fig. 4. A conductorof width w is printed
on a thin, grounded dielectric substrate of thickness d and relative
permittivity "r . A sketch of the � eld lines is shown in Fig. 5.

Using a quasistatic approach, the phase velocity vp and prop-
agation constant ¯ can be approximated as follows: phase veloc-
ity vp D c=

p
"e , propagation constant ¯ D k0

p
"e, where c D 3 £

108 m/s is the speed of light and "e is the effective dielectric con-
stant of the microstrip line. For a loss-less line the characteristic
impedance Z0, which is the ratio of voltage to current for the trav-
eling wave, is expressed as Z0 D

p
L=C , where L and C are induc-

tance and capacitanceper unit length of the line. Given the substrate
(air) thickness b (namely, the channel height) and conductor width
w, the characteristic impedance of the line Z0 is12

Z0 D 120¼
p

"e[w=b C 1:393 C 0:667 .w=b C 1:444/]

for w=b ¸ 1 (8)

The w=b ratio is given by

w=b D 2=¼
©

B ¡ 1 ¡ .2B ¡ 1/ C ."e ¡ 1/=2"e

£ [ .B ¡ 1/ C 0:39 ¡ 0:61="e]
ª

for w=b ¸ 1 (9)

where

B D 377¼
¯

2Z0
p

"e

The only signi� cant assumption for the use of these microstrip
analysis equations is that the channel height is constant along the
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Fig. 4 Design of the gold transmission line (microstrip).

Geometry

Electric and magnetic � eld lines

Fig. 5 Microstrip transmission line.

length of the microstrip line. Variance in channel height would pro-
vide variance in characteristic impedance along the line. The input
re� ections caused by this variance will be measurable in terms of
phase and amplitude variations and will be readily identi� able in
measurements should variance be present.

2. Design of the Gold Line
A gold line of width w and overall length l, as shown in Fig. 4, is

deposited on the lower surface of the glass cover plate by a shadow
mask process.13;14 The shim that separates the glass cover plate
from the steel base plate de� nes the channel height b. The medium
between the plates is air. The effective dielectric constant of air "e

is 1. If the characteristic impedance Z0 and width w are known, the
distance b can be calculated from Eqs. (8) and (9).

In the present design microwave power from a source inside the
Network Analyzer HP4395A is launched onto the microstrip line.
The characteristicimpedanceof the transmissionline is designed to
be approximately50 Ä. The purposeof designing the characteristic
impedance to 50 Ä is to closely match the source impedance, mini-
mizing re� ected waves upon launch. A block diagram of the set up
for the channel height measurement is shown in Fig. 6.

The characteristic impedance of the microstrip transmission line
is extremely sensitive to the separation distance (channel height),
where the line width of channel height de� nes the impedance of
the line. The channel base is treated as an in� nite conducting plane
some distance away from the transmission line. So by measuring
the re� ection and the transmission effects, the separating channel
height can be determined. The value of effective dielectric constant
"e , which is 1, and the characteristic impedance Z0 that is preset

Fig. 6 Channel height measurement setup using HP4395A network
analyzer.

Fig. 7 Length of the transmission line (material: gold).

at 50 Ä are substituted in Eqs. (8) and (9) keeping a � xed channel
height b, say, 200 ¹m. The w=b ratio is 4.9 for the given values of
Z0 and b. The width of the gold line w obtained from the w=b ratio
is 983 ¹m. Length of the gold line is also an important parameter to
identifybecause the re� ection coef� cient as a functionof frequency
depends heavily on feature length.

It is desired to � rst identify the frequencyat which one obtains a
zero value for the re� ectioncoef� cient,which is possibleonly in the
special case where the total signal that is transmitted is completely
re� ected by 180 deg out of phase.When the lengthof the line is ¸=2,
the re� ected wave is completely out of phase, and it cancels out the
transmittedwave.A largevalueof returnlosscorrespondsto a small-
re� ected signal just as a large value for insertion loss correspondsto
a small-transmittedsignal.A marker in HP4395A is used to identify
the frequency at which the lowest re� ection coef� cient is obtained.
The frequencysweep/magnify feature in HP4395A allows zooming
in a particularrangeof operatingfrequenciesto obtaina much closer
look at the values of the re� ection coef� cient.

In examiningFig. 7, the length for complete re� ection can be any
value that satis� es the relation l D ¸=2 C n, where n is a positive
integer.The conditionof obtaininga zero re� ectioncoef� cient0 D 0
is satis� ed for all valuesof l as far as it satis� es thegivenrelation.The
maximum length is � xed to ¸=2 in this case becauseof the substrate
size constraints from the gold sputtering machine; the maximum
length of the glass that the machine can handle is 11.4 cm. The glass
coverplate is separatedinto two pieces,with thepiececontainingthe
gold line at length 10.16 cm. The design of the gold line is shown in
Fig. 4. The average length of the gold line is 32.12 cm, which is the
mean length of the as-deposited inside and outside of the patterned
line. The averaged length of the gold line is 32.12 cm, calculated
by taking the mean length of the inside and outside edges of the
line.

The operating frequency 466.867 MHz is obtained from the re-
lation c D ¸ f , where ¸ D 2l. Because the range of the operating
frequencies for the HP 4395A is 10 kHz–500 MHz, the acceptable
wavelength¸ must be greaterthan 600 mm. This is the reasonfor the
curved shape of the gold line, rather than a straight line. The losses
are minimum on a straight line. The higher the operating frequency,
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Fig. 8 Network Analyzer plot showing minimum C at 458.5 MHz.

Fig. 9 Network Analyzer plot showing minimum C at 456.47 MHz.

the shorterthe lengthof the transmissionlineandbetter the re� ection
characteristics.Figures 8 and 9 are the screen shots taken from the
Network Analyzer HP4395A display screen showing a minimum
re� ection occurring at 458.5 and 456.5 MHz, respectively. The re-
� ection coef� cient of the transmission line for the given designed
parameters should be equal to zero in an ideal case, but there are
return losses for the following reasons:

1) The gold line as shown in Fig. 4 has three curves that con-
tribute both phase-shifted return re� ection of the signal as well as
the launching of surface waves resulting in energy loss.

2)The launchingof thecoaxialfrom theHP 4395Ato thegold line
involves a mechanism, which forces a compression � t between the

coaxial probe and the microstrip line. This method of connecting
the coaxialand microstrip transmissionlinesmechanicallydamages
the launch end of the line with each attempt to make a connection.
Eight to 10 such attempts were required for successful connections
to obtain a complete set of data for a particular channel height.

3) Interferenceof the wave propagation in the microstrip mode is
caused by the partial metalization on the sensor located in front of
the gold line, which is separatedby a distanceof channelheight.The
capacitanceof themicrostripsignal line to the sensoris small relative
to the surrounding ground plane, so that a slight shunt inductance
characteristic to the line would be present.

4) The width of the gold line is not constant throughoutthe entire
length. There are variations in the width of the gold line along its
entire length leading to re� ection losses. This is because of a de-
lineation accuracy limitation of the shadow mask gold sputtering
process employed.

These factors contributea variance to the nominalvalue of the re-
� ection coef� cient, and these uncertainties are observable in terms
of measured return loss. The channel height is calculated based on
the return loss, and so the uncertainty in return loss measurements
corresponds directly to the uncertainty in the channel height mea-
surement. The output from the Network Analyzer HP 4395A for
the return losses is in decibels from which the values of 0 are cal-
culated. Details of the theory and the equations that are used for
obtaining the re� ection coef� cient 0 are described in Ref. 12. The
estimate for the uncertainty in the measurement of channel height,
after a completeuncertaintyanalysis, is §1.5%. This channelheight
measurementuncertaintyis estimatedto be comparableto the � uctu-
ation in channel height itself, so that attempts to further characterize
higher levels of measurement precision are unlikely to improve the
accuracy beyond this point.

B. Pressure Gradient
The negative pressure gradient dp=dx along the � ow path is

characterized with the help of a National Institute of Standards
and Technology (NIST)-calibrated pressure transducer OMEGA¨

PX236, which is connected to � ve pressure taps. The pressure taps
are evenly distributed inside the � ow channel. The � rst and the
� fth pressure taps are located at a distance of 38.735 and 8.25 mm
from the channel end, respectively. A � xed distance of 7.625 mm
is maintained between each of the taps. These taps enable direct
measurement of the static pressures at these locations. A common
switch is used to connect the pressure transducer to each of the � ve
pressure taps, thus eliminating the need of more pressure sensors.
Once the pressure readings are obtained, the dynamic property of
the � ow can be inferred from the plot of the pressure gradient. A
� fth-orderpolynomialcurve � t p.x/ D ax4 C bx3 C cx2 C dx C e is
then made to these pressuredata to obtain the pressure at the sensor
location x . The pressure gradient p0.x/ D 4ax3 C 3bx2 C 2cx C d
at the sensor location x is obtained from interpolationof the curve.
The estimateduncertaintyof pressuregradientdeterminationfor the
presented work is §0.2%.

C. Mach Number
Machnumber is determinedby measuringthe average� uid veloc-

ity at the sensor location Vsensor. Vsensor, a function of the volumetric
� ow rate Qsensor and the cross-sectional area A of the � uid � ow is
given by Vsensor D Qsensor=A . The � ow rate Qsensor at the sensor lo-
cation is determined from the measurements taken upstream of the
channel by a NIST-calibrated variable area � owmeter. The scale of
the rotameter is calibrated on the assumption that its output is at
atmospheric pressure, which here is actually subjected to a back-
pressure. To obtain the correct � ow rate, a simple correction factor
can be determined for differingbackpressures.15 Assuming isother-
mal � ow, if pressure at the exit of the rotameter Prot is measured,
for a given � ow rate reading Qrot the � ow rate at the sensor lo-
cation Q sensor is given by Qsensor D Qrot

p
.Prot Patm/=Psensor, where

Psensor is the pressure at the location of the sensor and Patm is atmo-
spheric pressure. The velocity at the sensor location is then mea-
sured by dividing the actual � ow rate at the sensor location Qsensor

by the cross-sectional area through which the � uid � ows, that is,
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Vsensor D Qsensor=A. Mach number is then determined by comparing
the sensor velocity to the local speed of sound Vsound at the mea-
sured temperature. The Mach number where choking occurs for
an isothermal � ow of a perfect gas in a constant-area duct in the
presence of wall friction is given by 1=

p
° (Ref. 16).

D. Thickness and Gap Measurements
The values of the thickness of the � oating element t and the gap

between the � oating element and the � xed substrate g are obtained
from the actual design speci� cations of the � oating element. The
values of g and t are 0.0025 and 0.0020 mm, respectively. Even a
10% variation from design values of t and g contribute negligibly
to the error in ¿w measurements.

E. Temperature Measurements
To ensure isothermal conditions inside the channel, continuous

monitoring of the temperature at different locations inside the � ow
channel is necessary. Three tungsten wires acting as P-type ther-
mocouples are inserted in 1

16 th-in.-diam holes at three different lo-
cations inside the channel bed. The locations of these probes are
at distances of 8.25, 23.49, and 38.735 mm, respectively, from the
channel end. The thermocouple tips are � ush mounted to the in-
side of the channel. The thermocouple probes provide a real-time
temperature measurement at all three locationswithout causingany
obstruction to the � uid � ow.

IV. Uncertainty Analysis
A square-root-of-the-sum-of-the-squaresmethod,as describedby

in Ref. 17, is used for computing an absolute error of the uncertain-
ties that are incorporated with the calibration. Relative weight of
each measurement is taken into consideration as a linear operator
based on its power relationship to the value. First, the fractional
uncertainties of the individual variables that are used in Eq. (7) are
measured. Then, the partial derivative of the equation is taken with
respectto each componentanddividedby the total to obtainan equa-
tion for how the fractional uncertainties compound. The fractional
uncertainty1¿=¿ , which is also de� ned as the fractionaluncertainty
of the calculated effective stress calculated from Eq. (7), is

1¿eff

¿eff

D

"
X ³

@¿eff

@X i
1X i

´2
#

Applying the square-root-of-the-sum-of-the-squaresrule to Eq. (7),
the fractional uncertainties of the individual quantities can be ob-
tained. Combining all individualuncertainties,we get the fractional
uncertainty of the calculated effective shear stress:
³

1¿eff

¿eff

´2

D
µ

1.@p=@x/

@p=@x

¶2

C
³

1b

b

´2

C
³

2° M1M

[1 ¡ ° M 2 C g=b C 2t=b]

´2

C
³

.1=b/1g

[1 ¡ ° M 2 C g=b C 2t=b]

´2

C
³

21t=b

[1 ¡ ° M 2 C g=b C 2t=b]

´2

(10)

The terms inside the sets of parentheses are the fractional uncer-
tainties of the individual quantities. A systematic approach to the
identi� cation and estimation of measuring system errors based on
manufacturer’s speci� cations is described in Ref. 18. The instru-
ments used in the calibration process include pressure transducer,
rotameter, Network Analyzer HP4395A, and multimeters.

The pressure transducer calibration was found to be very well
within 1% accuracy as speci� ed on the calibration sheet. The inac-
curaciesof thepressuresensorfromthe tapscontributein a nonlinear
fashion because the gradient is the derivative of a line based on a
measured distance. If the pressures for the curve � t were to be mod-
i� ed by C1% at the maximum and ¡1% at the minimum value,

the pressure gradient at the location of the sensor changes less than
0.2%. Thus, maximum calculated [1.@p=@x/=.@p=@ x/] D 0:002.

Because of the tendency of the rotameter to drift during a con-
stant � ow, the volumetric � ow rate varies and leads to uncertainty.
This would lead to a slightly different pressure reading as a result
of the varying � ow rates, and the sensor output would not cor-
relate to the recorded � ow rate and pressure gradient. To ensure
the � ow-rate accuracy, two different rotameters, one with a lower
range (288.0–7590.0 std ml/min) and the other with a higher range
(1384.6–46132.7 std ml/min) are used, and the � ow rates are tested
for the same test conditions.Uncertainty contributed from this drift
is typically on the order of 5–10%.

The relationship of the uncertainty in the Mach number factor to
that of the total compressibilitycorrection is obtained by taking the
derivative of the correction factor. The compressibility correction
is less than 0.1% at low shear stresses yielding the compressibil-
ity correction fractional uncertainty less than 0.1%. The maximum
compressibility correction fractional uncertainty (»0.5%) occurs
at higher shear stresses (Mach 0.4). The inaccuracies in the chan-
nel height measurement and the pressure gradient measurements
when reduced to the level comparable to that needed for 1% cali-
bration accuracy, the uncertainty in the compressibility correction
dropsbecauseof the dependenceon channelheightuncertaintyin its
calculation. Thus, the uncertainty in the compressibility correction
factor can be neglected for any � owrate, any shim, and any reason-
able accuracy limits of calibration. The fractional uncertainties of
the under�ow shear stresses are neglected following the same line
of reasoning.The maximum uncertainty in the measurement of the
Mach number .1M=M/ is 0.025.

Channel height measurements done using the new microstrip
technique indicate a sensitivity of about §3 ¹m, which is about
§1.5% for a channel height of 200 ¹m. Also, the maximum
uncertainty in the measurement of g, the gap spacing between
the � oating element and the � xed substrate .1g=g/ and t ,
the thickness of the � oating element .1t=t/ is 0.1. These had
negligible effect on overall error: [1.@p=@x/=.@p=@x] D 0:002,
f.1=b/1g=[1 ¡ ° M 2 C g=b C 2t=b]g D 0:001, f21t=b=[1 ¡ ° M 2 C
g=b C 2t=b]g D 0:001, 1b=b D 0:015, and 1M D 0:0 at M D 0 and
1M D 0:01 at M D 0:4. Therefore from Eq. 10, the total uncer-
tainty of the effective wall shear stress 1¿eff=¿eff D 0:02 at M D 0:4
and 0.015 at M D 0. This results in a calibrateduncertaintyof §2%
for the chosen MEMS shear stress sensors. The uncertainties from
the measurement of Mach number, the gap between the � oating
element, and the � xed substrate and the thickness of the � oating
element are negligible and are not considered as a major source of
uncertainty. The measurements of the channel height and the pres-
sure gradientare consideredto be the largest sourcesof error and the
major contributions to the overall uncertainty of the effective wall
shear stress. Because the g and t terms insigni�cantly affect the
uncertainty, then the uncertainty in ¿eff is also the uncertainty in ¿w .

V. Results
Two sets of tests are run. In the � rst the channel is run without

a sensor in place. In the second set a sensor is installed, and a
calibration run is then implemented.

A. Calibration Channel Test Results
Initial experimentson the � ow channelare performedwithout the

shear-stress sensor in place and are aimed at ascertaining the � ow
channel performance and capabilities. The pressure readings along
with the Mach number determinations are compared with the the-
oretical values for a steady one-dimensional isothermal � ow with
friction in a constant-area duct, described in Ref. 16. The limiting
condition for such a � ow in a constant-area duct, choking, is ob-
served with the present calibration � ow channel. Variation of Mach
number with increase in the � ow rate inside the � ow channel is
shown in Fig. 10. As the � ow rate increases, the effective shear
stress at the location of the sensor element, calculatedusing Eq. (7),
increasesin a monotonicfashionas shown in Fig. 11. The maximum
� ow rate obtained at a channel height of 230 ¹m is 43,960 sccm.
Further opening of the regulator valve produces no increase in � ow
rate.
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Fig. 10 Mach number at sensor location as a function of � ow rate
inside the � ow channel.

Fig. 11 Effective shear-stress variation with increase in � ow rate in the
� ow channel.

As the gas � ows along the � ow channel, its static pressure de-
creases. Eventually a limiting condition, dx=dp equal to zero, is
reached where the length of the channel cannot be increased with-
out altering the upstream conditions.The limiting or chokingMach
number for steady one-dimensionalisothermal � ow with friction in
a constant-areaduct is M D 1=

p
° , which for ° D 1:4 is M D 0:845

at the channel exit. At choking, the effective shear stress at the sen-
sor location is 80.55 Pa, and the Mach number at the sensor location
is 0.40.

B. MEMS Shear-Stress Sensor Calibration Results
Typical MEMS shear-stress sensor fabricated at Advanced

MicroMachinesfor Industry(AMMI), a businessunit ofRosemount
Aerospace, and packaged at Case Western Reserve University are
mounted inside the � ow channel for calibration.The effectiveshear-
stress values at different � ow rates for a � xed channel height are
obtained and shear-stressdata vs output voltage are plotted.Figures
12 and 13 show the measured output of the multimeter vs the ef-
fective shear stress for two different sensors of similar design at the
channel heights of 230 and 265 ¹m, respectively.

In Fig. 13 an irregularity in the curve is observed for a small
portion of the plotted data before the response behaves in a linear
fashion. This is caused by the stiction effect. The plot shows two
regimes with a different sensitivity where the sensor behaves lin-
early. The sensitivity of the sensor, at 230-¹m channel height, in
regime I (up to »25 Pa) is 1.604 mV/Pa and in regime II (beyond
25 Pa) is 0.57 mV/Pa. The linear response for regime I is in the
0.03–0.06-V range and in the 0.065–0.1-V range for regime II. The
calibration accuracy is §2%.

Similar response in the output is observed in a second sensor
calibration Fig. 13 for the channel height of 265 ¹m. The plot of
effective shear stress vs output voltage for the calibrated sensor a

Fig. 12 Typical response of CWRU/analogdevices MEMS shear-stress
sensor at a channel height of 230 ¹m (sensor-1).

Fig. 13 Typical response of CWRU/analogdevices MEMS shear-stress
sensor at a channel height of 265 ¹m (sensor-2).

channel height of 265 ¹m is shown in Fig. 13. In regime I (up
to »25 Pa) the shear-stress sensor exhibits a sensitivity of about
0.08 mV/Pa in the linear operating range of 0.5 –2.5 mV, whereas
in the regime II (beyond 25 Pa) the sensitivity of 0.023 mV/Pa in
the linear operating range of 2.5–4 mV is observed. The calibration
accuracy again is within 2%.

VI. Discussion
It is interesting to observe the similarity in the transition from

regimes I to II in the output of both the sensors that are calibrated.
The change in the sensorssensitivitystarts when the effective shear-
stress value reaches 26 Pa at the sensor location and continues until
the value reaches 32 Pa at the sensor location. The sensitivities
of both the sensors at different channel heights locations remains
constant below the shear stress value of 26 Pa (regime I) and also
above 32 Pa (regime II).

The reason behind this change in sensitivity is attributed to the
actual � oating element design on the sensor chip. In regime I the
sensor is operating completely in a forced-balancedmode. The sen-
sor element is in its null position, and the supporting beams are not
de� ected. In regime II the � oating element begins to displace so
that part of the restoring force is borne by the beams while the rest
by the capacitive restoring force. This explains the reduced sensi-
tivity in regime II. Because both the beam de� ection and capacitive
restoration are linear, the response in regime II remains linear but
with reduced sensitivity.
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There is a noticeable jump in the output of Fig. 13 from 0.005
to 0.035 V. This jump is the effect of stiction, a typical prob-
lem frequently encountered in the microfabrication of microelec-
tromechanical structures. The microstructure, � oating element in
the present case, is stuck to the substrate or electrostatic shield im-
mediatelybeneaththe surface.At very low � ow rates the shear force
producedby the � uid � ow is not suf� cient to overcomethe stictional
forces beneath the surface.With the increase in the � ow rate, a � nite
shear force that is required to overcome this stictional force is gen-
erated, and the sensor element frees itself from the substrate. Once
this has occurred and the shear forces dominate the stiction forces,
the � oating element de� ects in a linear manner.

It has also been observed that the sensor shows photosensitive
characteristics.Illuminationcausesdrifts and wavering in the output
voltageon the order of several microvolts.Fluctuations in the signal
caused primarily by noise, rotameter drift, room illumination, and
measurement circuit connections are detected by data-acquisition
instruments, and readouts from these instruments are corrected by
changing the offset value.

When the � ow is initiatedat the startof theexperimentby opening
of the rotameter valve, a transient increase of a few hundred milli-
volts in the output signal is observed. It has a characteristic decay
time of approximately30–35 s. After the decay the output stabilizes
itself to a steady drift, which is then considered as the offset value
for the multimeter and is thereupon included as a correction term.
This steady drift is consideredto be the � xed error for the particular
experimental run and is repeatable.Repeatability can be veri� ed by
obtaining the same range of the drift after closing and opening the
valve of the rotameter.

Saturation of the circuit is obtained at higher shear stresses be-
cause the circuit cannot generate strong enough electrostatic forces
to counter the shear forces caused by the � uid � ow. Saturation level
is subject to sensor sensitivity variation, which is inevitable even
between mountings and positioning of the same sensor.

The calibration procedure discussed herein results essentially in
providing the relationship between the voltage and the total force
acting on the sensor element divided by the planform area of the
sensor element denoted ¿eff . The relationship between ¿eff and the
wall shear stress ¿w is dependenton pressuregradient and geometry,
as indicated in Eqs. (6) and (7). This section discusses the use of a
calibrated sensor in a situation where the local pressure gradient is
arbitrary.

If the calibration result is described as ¿eff D f .V /, then from
Eqs. (6) and (7)

¿w D f .V / C dP

dx

³
g

2
C t

´
(11)

The pressure gradient in Eq. (11) is the local pressure gradient
at the sensor location and must be separately measured, perhaps by
a pair of MEMS pressure sensors on the same chip with the shear
stress sensor.

In a study done after the completion of this manuscript, Chen
and Reshotko19 did a two-dimensional Navier–Stokes study to de-
termine whether the � ow over all parts of the sensor element are
subject to the same pressure gradient as is assumed in Eqs. (7) or
(11). They found that, becauseof the low-Reynolds-numbercharac-
ter of the � ow into and outof the passagebeneaththe sensorelement,
the gauge force is higher than assumed, and the shear underneath
the sensor element is lower than assumed because of the pressure
drops in the passages going into and out of the channel beneath the
sensor element. This results in an additional systematic correction
to the calibration. For the computed example of Ref. 19,

¿w D f .V / C dP

dx

³
0:932

g

2
C 1:554t

´
(12)

This can change the relation between ¿eff and ¿w by up to 1%,
depending on the pressure gradient.

VII. Conclusions
A calibration � ow channel and a calibration procedure based

on continuum isothermal constant-area compressible channel � ow
havebeendeveloped.The calibrationchannelcapabilitieshavebeen

greatly increasedand are now able to sustain shear stresses to 80 Pa.
The response of the sensor was studied as a function of � ow rate
and channel height. A novel microstrip technique is successfully
implemented for measuring the channel height, and the reduction in
its measurement inaccuracyfrom §20 to §3 ¹m has beenobtained.
MEMS wall shear-stress sensors incorporatingthe � oating element
technique with integrated electronics have been successfully cali-
brated with an accuracy of §2%.
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