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This paper reviews existing microelectromechanical systems (MEMS)-based shear stress
sensors. The promise and progress of MEMS scaling advantages to improve the spatial and
temporal resolution and accuracy of shear stress measurement is critically reviewed. The
advantages and limitations of existing devices are discussed. Finally, unresolved technical
issues are summarized for future sensor development.

I. Introduction

he ability to accurately measure time-resolved wall shear-stress in flows impacts a broad application spectrum

that ranges from fundamental scientific research to industrial process control, biomedical applications, etc. It
has long been known that macro-scale measurement technology is insufficient to meet the demands of obtaining
accurate mean and fluctuating wall shear stress data. In his classic review paper of conventional wall shear-stress
measurement techniques, Winter concluded that, ““Of all of the techniques reviewed it is apparent that none can be
considered an absolute and reliable standard.” A decade and a half later, Haritonidis came to a similar conclusion,
“No doubt, improved or new instruments will soon appear that extend the rather poor or unreliable capabilities of
existing instruments.”® In a more recent review papers, Fernholtz et al. reported the uncertainties in mean shears
stress for surface fence methods, wall hot wires, wall pulsed wires, and oil-film interferometry to be at least 4% in
incompressible flows.> Naughton and Sheplak reviewed various oil-film interferometry and liquid crystal
techniques with estimated mean shear stress uncertainties of 5% for incompressible flows and 10% for supersonic
flows.*

To accurately measure time-resolved turbulent wall shear-stress, the sensor must possess sufficient spatial
resolution to avoid spatial averaging. In addition, the device must possess large enough measurement bandwidth to
avoid excessive low-pass filtering of the data. Both of these requirements must be met to maintain spectral fidelity
of the turbulence. For example at high Reynolds numbers, the spatial length scales of interest can be O(100 um),

and the required bandwidth can be 0(1 kHz) . A simplified scaling analysis indicates that the ratio of the boundary
-3/4

)

layer thickness ¢ to the Kolmogorov microscale 7 scales as /5 ~Re ™", where Re; =ud /v is the Reynolds

number based on &, u is the typical eddy velocity scale u/U ~1072, U is the boundary layer edge velocity, and
v is the kinematic viscosity.> Similarly, the ratio of the convective time scale to the Kolmogorov time scale 3
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scales as Ju/éd ~ Re{,'}/2 . Naughton and Sheplak illustrated for that a low-speed air turbulent boundary layer this
scaling yields Kolmogorov scales of 7~200pum and 3~2 ms.* While the viscous wall unit v/u” (where

u" =4z, /p isthe friction velocity, z,, is the wall shear stress, and p is the density) is often used to determine the

spatial resolution performance of probes in turbulent boundary layers, the above scaling is sufficient to illustrate the
stringent spatial resolution requirements for turbulent flows.° In addition, a flat frequency response function is
desired for turbulence measurements so that the spectra and statistical moments are accurately estimated. If the
required data analysis requires correlation analysis, a zero-phase frequency response function over a wide frequency
range is also desirable. Therefore, the characterization of the sensor/compensation system dynamic response is
necessary to bound measurement uncertainty for time-resolved data.

Among conventional techniques, Fernholtz et al. points out that only hot-film probes and wall-mounted hot wires
offer the potential to provide time-resolved measurements.® Yet the uncertainty of their dynamic response — due to
heat conduction to the wall, calibration difficulties, flow perturbation due to heating, and nonlinear response due to
large fluctuations with respect to the mean (~40%) — has not been quantified.* In addition, a single thermal sensor
is unable to discern the direction of the wall shear stress, thus limiting their usefulness in separated flows. In
summary, the accurate, time-resolved direct measurement of fluctuating wall shear stress has not been realized using
conventional sensor technology. As will be illustrated in subsequent sections, the inherent small physical size of
microfabricated transducers offers the potential to overcome some of the traditional limiting factors associated with
conventional techniques.

Microelectromechanical systems (MEMS) fabrication technology leverages and extends silicon-based integrated
circuit fabrication techniques to synthesize miniature engineering systems.” This miniaturization technology
provides the opportunity to develop sensors possessing performance that greatly exceeds conventional macro-scale
fabrication techniques. From the perspective of shear-stress measurement instrumentation, the small physical size
and reduced inertance of micro-sensors offers the potential to vastly improve both the temporal and spatial
measurement bandwidth, thereby meeting the stringent specifications for time-resolved wall shear stress
measurements discussed above.

Realizing the potential performance advantages of developing shear stress sensors via MEMS technology, a
number of researchers have presented an assortment of micromachined devices at various stages of technical
maturity. Overviews of the operational characteristics and performance of these devices has been presented in two
recent review papers.*® This paper updates these reviews with the addition of more recent sensor technology and
then examines several unresolved technical issues that must be addressed before these devices can be considered
standard, reliable measurement tools possessing quantifiable uncertainties. The next section provides a brief
overview of existing MEMS sensors that includes a discussion of the outstanding technical issues of these devices.
Finally, the paper offers some conclusions and prospective for future research directions.

Il. Existing MEMS Sensors

Wall shear-stress sensors are traditionally classified by measurement method into two distinct groups, direct or
indirect techniques.? The former directly measure the shear force acting on the model surface. This is typically
achieved by employing a “floating element” balance. Indirect techniques require an empirical or theoretical
correlation, typically valid for very specific conditions, to relate the measured property to the wall shear stress. The
MEMS community has produced a variety of different indirect transduction schemes such as hot-film sensors,
micro-optical systems to measure near-wall velocity gradients, and mechanical micro-fences. An overview of these
techniques and their respective advantages and disadvantages are presented below.

A. Floating Element Sensors

Direct sensors measure the integrated wall shear force on a floating element of length L,, width W,, and
thickness t that is flush mounted to the surface as shown in Figure 1. The floating element is suspended over a
recessed gap g by mechanical tethers that also serve as restoring springs possessing a stiffness k . The shear stress
is then related to the displacement of the element A which in turn is measured via a transducer. It is also possible to
incorporate the element in a feedback force-rebalance configuration. Numerous macro-scale variations of this
device have been developed using conventional manufacturing technology, but the performance of these devices has
been historically limited by the following issues:*

1. Tradeoff between sensor spatial resolution and the ability to measure small forces
2. Measurement errors associated with sensor misalignment
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Measurement errors associated with required gaps
Measurement errors associated with pressure gradients
Cross-axis sensitivity to acceleration and vibration
Sensitivity drifts due to thermal-expansion effects
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Figure 1 Schematic plan view and cross-section of a typical floating-element sensor.

The scaling advantages of MEMS devices are illustrated by employing a simple analysis of the four-beam tether
shown in Figure 1.* The ability to fabricate MEMS devices enables the development of thin, low mass, compliant
mechanical sensors possessing superior sensitivity-bandwidth products relative to conventional sensors assuming

equal compliances. For example, typical conventional floating elements scale as L, ~W, ~O(1 cm) and

~O(1 mm), while a typical micromachined floating element has L,~W, ~O(100 ypm) and t~O(1pm).° In the

recent review of existing MEMS floating-element sensors, the following favorable attributes with regards to the
limitations listed above were noted.*

1. Non-optimized MEMS sensors have already demonstrated minute force detection O(0.1nN), which

corresponds to a shear stress resolution 0(10 mPa) , for a sensor area of only 100 um x100 um 10

2. Micromachined shear-stress sensors possess negligible sensor misalignment errors because the floating
element, tethers, and the substrate are all monolithically fabricated, not assembled, from the same wafer,
but care must be taken in packaging and tunnel installation to avoid such errors.’

3. A typical micromachined floating-element sensor possesses gaps and depths O(lum), which, except at

extremely high Re, is less than a few viscous wall units and is thus considered to be hydraulically smooth.™
4. Micromachined sensors render pressure-gradient induced measurement errors negligible due to

approximately a three order-of-magnitude reduction in scale, t~g ~ O(lum) compared to conventional
sensors possessing t ~ g ~O(1mm).°

5. The cross-axis acceleration/vibration sensitivity scales with the element mass, so this sensitivity for MEMS
sensors is three-orders of magnitude smaller than for conventional sensors.'

6. Micromachined shear-stress sensor silicon die are immune to thermal expansion-induced sensitivity drift

because the floating element, the tethers, and the substrate are all monolithically fabricated, but care must
be taken in packaging to avoid such errors.®

Realizing the scaling advantages of MEMS-based floating element sensors listed above, several researchers
have developed various types of micromachined floating-element sensors. The various contributions and
corresponding limitations of these devices are summarized below in an effort to reveal progress and challenges in
the sensor designs.

Schmidt et al. first developed a micromachined floating-element sensor for shear-stress measurements in a
turbulent boundary layer.” The device was fabricated using a polyimide/aluminum surface micromachining process
and incorporated a differential capacitive scheme to sense the element movement as shown in Figure 3. While this
proof-of-concept device demonstrated the potential of micromachined shear-stress sensors, the use of polyimide in a
capacitive sensing scheme was problematic. Moisture variations changed the mechanical properties (residual stress)
of the polyimide to change due to induced swelling, which led to mechanical sensitivity drift. The air-dielectric
interfaces were subjected to charged species accumulation that manifested as drift when detected by the capacitive
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plates of the sensor. The high input impedance of the
sensor also made it sensitive to electromagnetic noise
interference (EMI).

Ng et al. and Goldberg et al. extended the work of
Schmidt et al. by developing piezoresistive-based
floating-element sensors (Figure 2) for polymer
extrusion processing in very high shear stress level

Plate Thickness = 5um

Figure 2 Top-view schematic of an axial
piezoresistive  floating  element  sensor
developed by Ng el al. and Goldberg et al. %3
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Figure 3 Side-view schematic of a differential
capacitance floating element sensor developed
by Schmidt el al.’

application (1.0 kPa to 100 kPa).***® While these sensors
were not developed for turbulence measurements, they
represented an important contribution in the development

cycle because they possessed backside electrical contacts
to protect the wire-bonds from the harsh environment. However, this was accomplished using wet-chemical etching
techniques that resulted in unacceptably large chip sizes, several millimeters on a side. The elimination of wire
bonds is crucial for turbulence measurements to reduce the sensor flow disturbance and the associated measurement
uncertainty, in addition to electrically isolating the sensor from the fluid medium.

Padmanabhan et al. developed two generations of
differential optical-shutter-based floating-element sensors
for turbulence measurements.’®** As shown in Figure 4,
photodiodes were integrated into the substrate under the
floating element at the leading and trailing edges of the
floating element. A coherent light source illuminated the
element from above such that a differential photocurrent
(leakage current of a reverse-biased p-n junction) was
produced in direct proportion to the lateral displacement of
the element and, hence, the shear stress. Static calibrations
demonstrated a maximum non-linearity of 1% over four
orders of magnitude (1.4 mPa - 10 Pa). The dynamic
response was also qualitatively shown to exceed 10 kHz.
1015 Furthermore, the device was insensitive to
environmental effects such as EMI and stray charging
when compared to capacitive detection schemes.” The
differential scheme also demonstrated negligible cross-axis
sensitivity to spanwise shear stress, acceleration, and
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Figure 4 Side-view  schematic  of  the
differential optical shutter floating element
sensor developed Padmanabhan et al. "%

pressure fluctuations. Drawbacks to this sensor include front-side electrical contacts (i.e., a flow disturbance) and
the remote mounting of the incident light source from sensor. This separation resulted in unavoidable sensitivity to
any mechanical movement of the light source relative to the sensor (tunnel vibration, tunnel expansion, etc.).

Pan et al. and Hyman et al. reported a surface-micromachined, force-feedback capacitive design that
monolithically integrates the sense, actuate, and control electronics on a single chip.***" A schematic of the comb-
finger capacitive design in shown in Figure 6 These devices were shown to be very sensitive over a limited dynamic

range, but possessed a nonlinear static response.
mounted by definition.

4

Additionally, surface micromachined sensors are not flush-
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Figure 6 Side-view schematic of a differential
capacitance surface micromachined floating
element sensor developed by Pan et al. and
Hyman et al. **
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Bottom and side-view schematics of a
sensor

Zhe et al. reported a cantilever-based floating-element
sensor using a capacitive detection scheme.’® This device
differs from the traditional floating element 4-tether
structures, by using a cantilever beam with the sensing area
located at the end as shown in Figure 5. The authors
mainly focused on capacitive sensing and actuation
characterization but did not report any shear-stress
measurement results.
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Figure 5 Top-view schematic of a differential
capacitance cantilever design floating element sensor
developed by Zhe et al. *®

Tseng and Lin reported a micro-Fabry—Perot
interferometer optical fiber-based floating element stress
sensor utilizing a flexible membrane and double SU-8
resist structures as a moving micro-mirror.** The sensor
is fabricated using polymer MEMS-based processes to
realize the flexible membrane and double SU-8 resist
layers as the sensor structure. As shown in Figure 7, the
floating element optical fibers are shielded from the flow
by the flexible membrane. Static calibration tests in a
flow indicate a maximum detection displacement of the
floating element of 10 nm, a sensitivity 0.128 nm/nm
(spectral shift/floating element displacement) which
corresponds to a shear stress sensitivity of 0.65 Pa/nm
with a temperature coefficient of 3.4 nm/K. The
bandwidth of this device was not reported. While this
device truly represents a flush-mounted design and is
immune to EMI, the noise floor of the device is high (2
nm or 1.3 Pa) and, given the mechanical structure,
vibration and pressure sensitivity might be an issue.

Horowitz et al. developed a floating-element shear-
stress sensor employing an optical Moiré transduction
technique.?®**  The sensor was fabricated using an
aligned wafer-bond/thin-back process producing optical
gratings on the backside of a floating element and on the
top surface of the support wafer (Figure 8). A high-
speed, linescan CCD camera measured the resulting
Moiré pattern displacement through a 5x optical lens
which was imaged via a microscope. The flow
disturbance is minimal because the incident and reflected

5

American Institute of Aeronautics and Astronautics



light comes through the backside of the Pyrex wafer. Tethers

This scheme also possesses immunity from EMI and e “u
transverse element movement due to pressure ‘ ‘ ) _
fluctuations and/or vibrations. Results indicated a am (é:zg:zg”élfgfgﬂgg

mechanical sensitivity of 0.26 pm/Pa, while the Moiré Base Gratings)
fringe, after the 5x optical amplification, moves by ﬁl ‘ ’

130 um/Pa., and exhibited a linear response up to the
maximum tested value of 1.3 Pa. Dynamically, the
device was found to a have a resonant frequency of
1.76 kHz and a minimum detectable shear stress of 6.2

mPa for a 1 Hz bin centered at 1 kHz. A major Incident Ty

limitation of this device consists of the complex Incoherent Light é g Fringe

imaging system and associated bulky package. The

sensor package was constructed for preliminary 2 é Pyrex

bench-top characterization using a microscope and -

requires further development. 1 r— [ Silicon
E}) Laminar Flow Cell Floating Element

B. Thermal Sensors

The operating principle of hot-film shear stress
sensor is simply the transduction of heat-transfer rate
to voltage. Current is passed through a sensor element
comprised of a material that possesses desirable
temperature-resistance  characteristics  (i.e., the
temperature coefficients of resistivity are large and
known). As the temperature of the sensor varies with
changes in the flow environment due to convective 5(x)
heat transfer, so does the resistance and, hence, the
Joulean heating rate. The typical device structure
consists of a thin film sensing element of streamwise
length L and spanwise width W deposited on a
surface exposed to the flow with the goal of thermally
isolating the sensor from the supporting surface (see

i | | . . .
gure 9). During operation, the sensing element is

. Figure 9 Side-view schematic of a typical thermal
heated to a temperature T, greater than the fluid serg150r P
temperature T_, defining the nondimensional thermal

overheat ratio

Figure 8 Top- and side-view schematics of a

optical Moiré-based floating element sensor
|.20,21

developed by Horowitz et a

Thin film sensor

Chip

Ts _T'ya AT
a; = =—.

T T

© ©

1)

This localized heating of the surface generates a thermal boundary layer, &; (x) within the velocity boundary

layer, 6 (x) . As the temperature of the sensor varies with convective heat transfer changes in the flow environment,

so does the resistance and, hence, the Joulean heating rate. The convection of heat from the sensor is measured by
monitoring changes in the temperature-dependent resistance of the sensing element given by

R, =R [1+a(T.-T,)], )
where R, is the sensor resistance, T, is a reference temperature corresponding to a sensor reference resistance R, ,

and « is the thermal coefficient of resistance (TCR).

The primary difficulty associated with thermal shear-stress sensors is that an empirical correlation is required to
relate the measured Joulean heating rate to the wall shear stress. In addition, the dynamic response of the sensor is
limited because of its finite thermal inertia, and external compensation is used to extend the measurement
bandwidth. Several review articles describe the operating principles and classical modeling of thermal-based shear
stress sensors.***®  These reviews point out that all thermal sensors possess reductions in sensitivity and
complications in the dynamic response due to the frequency-dependent conductive heat transfer into the supporting
structure. This unsteady heat conduction creates a low-frequency roll-off in the gain factor of the frequency
response function as well as a corresponding frequency-dependent phase lag.
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As stated above, all thermal sensors possess several limitations when attempting to using them for quantitative
wall shear stress measurements. Review articles on conventional based thermal sensors list the following
limitations:*?

1. Measurement errors associated with mean temperature drift

2. Difficulty in obtaining a unique calibration or relationship between heat transfer and wall shear stress

3. Reduction in sensitivity and complications in the dynamic response due to the frequency-dependent
conductive heat transfer into the substrate

4. Flow perturbations due to heat transfer to the flow

Initially, researchers thought that the advantages of silicon micromachined sensors versus conventional devices
in terms of improved thermal isolation held the promise of overcoming these limitations (see Naughton and Sheplak
for a more complete review®). From a device scaling perspective, the combination of micron-scale sensor lengths
and improved thermal isolation offer the following performance enhancements over conventional sensors: increased
spatial and temporal resolution, higher sensitivity, lower power dissipation, and a potential reduction in the
complications due to unsteady heat conduction into the substrate. Realizing this potential, the collaborative efforts
of Ho and Tai and their co-workers (see, for example, references 22-26) resulted in the development of a novel
polycrystalline silicon-based sensor on a silicon nitride membrane over a vacuum cavity designed to reduce
substrate conduction effects (Figure 10). This device
design and various iterations represented a significant

advancement in thermal shear-stress sensor technology, Vv Heated Sensing
resulting in improvements in sensitivity, bandwidth, and / Element
power consumption over conventional hot-film devices. Membrane
While these devices have been successfully used for v

flow control applications,?® the complete experimental
characterization required to extend their use to providing
quantitative turbulence data has not been adequately L
reporte_d. Specifically, _experimental verification _o_f _the Vacuum Cavity
dynamic response, noise floor, pressure sensitivity,
thermal disturbance of the flow and thermal drift are «~ Db
important measurements that are needed to fully — _ Si Wafer
characterize the performance of any thermal shear stress ~ Figure 10 Side-view schematic of a typical vacuum
sensor. cavity thermal sensor.

The current authors have also investigated vacuum
cavity sensor configurations that extended the work of Ho and Tai via an improved design in terms of sensing
element material (platinum) and a novel fabrication process to yield improvements in thermal isolation. The main
goal of our research was to rigorously assess the viability of performing quantitative measurements via
comprehensive numerical and experimental studies.””??° We found that while these device designs and various
iterations resulted in improvements in sensitivity, bandwidth, and power consumption versus conventional hot-film
devices, the fundamental limitations listed above could not be overcome. Additional research groups have also
examined vacuum cavity sensors, but have also not overcome these limitations.****" Specifically, we found the
following issues corresponding to the above limitations:

A

1. Sensitivity associated with mean temperature drift is an issue and is not easily corrected.

2. We were unable to obtain a unique calibration between heat transfer and wall shear stress for a laminar
flow calibration cell and turbulent boundary layer given an identical mean wall shear stress.

3. The dynamic response possesses two time constants, indicating that there is still significant frequency
dependent conductive heat transfer into the substrate/membrane in vacuum cavity sensors.”

4. Flow pe;gturbations due to heat transfer from the sensor to the flow can contribute additional errors of 5% or
greater.

To use thermal shear stress sensors in large wind-tunnel production-type testing or even in the small scale
laboratory wind tunnel, the sensors must be correctable for ambient temperature changes. For many years,
conventional thermal shear stress sensors (i.e., hot films) have been used to provide qualitative descriptions of the
shear stress behavior on wind tunnel models. Useful quantitative values, however, such as the locations of
transition, separation, and reattachment have also been inferred from these measurements.®> Only in laboratory
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settings, where the temperature can be tightly controlled, can we hope to obtain quantitative values of the shear
stress with thermal based sensors. In large facilities, however, temperature changes can be on the order of 10 °C.*
Also, in typical large wind tunnel tests the sensors are often placed on the surface of a model that experiences
complex flow phenomena and an in-situ calibration of the device is generally impossible.

The behavior of conventional hot films has been studied over the years, but only a limited amount of attention
has been paid to the temperature problem. For example, the early work by Bellhouse and Shultz discussed the
sensitivity to temperature changes. They remarked that even a change in temperature of 0.1 °C was significant.**
The theory they presented indicated that conventional films are primarily sensitive to the difference between the film
temperature and the temperature of the surroundings. Therefore, to study the thermal sensitivity of the films they
simply altered the film temperature instead of the flow temperature. For changes in temperature up to 4 °C they
proposed using

=2
o A(%} B, 3)

where A and B are constants, and the changes in (T, —T,) were then accounted for in the term (T, -T,). For

temperatures greater than 4 °C, they suggested that A and B be treated as functions of the temperature difference
(T,-T,) and a calibration versus temperature be performed. Data were presented over various film temperatures

and no attempt was made to determine that corresponding changes in the flow temperature, holding the film
temperature constant, would affect the calibrations of the sensors in the same manner.

Mathews also examined the temperature sensitivity of conventional films.*® He used a well-insulated film and
noted that the insulated film took a long time to dissipate its heat when turned off and that this could result in
unrepeatable calibrations if sufficient time was not allowed for the sensor to return to equilibrium. He tested for
temperature sensitivity in the same manner as Bellhouse by changing the temperature of the film, in his case over a
range of 60 °C. Examining the effect of correcting for changes in the temperature dependent fluid properties he
concluded that fluid property variations were not primarily responsible for the effects of sensor temperature changes
on sensor performance. He attempted to correct for the effects of the temperature changes using several methods
centered on the difference between the wire temperature and a nearby surface temperature measurement, but he did
not find any method capable of collapsing the data.

Cousteix and Jullien tested a wire mounted flush with the surface and embedded in an insulating material.*®
They found that a 1.4 °C temperature change could result in an error of 35% in the shear stress. In order to study the
effect of temperature changes, they varied the wire temperature and the air temperature. Their data suggest that the
effect of changing one is similar to the other, but no correction method was demonstrated.

Due to the complicated heat transfer problem that exists for conventional hot films (primarily due to conduction
into the substrate) it is not surprising that no robust correction method has emerged. If we look at the less
complicated heat transfer problem of the hot-wire anemometer we see that simply reducing the conduction into the
substrate will not guarantee a solution. The hot-wire anemometer has been studied far more extensively than the hot
film, but temperature corrections still remain a difficulty and no established method is recognized. The primary
methods to account for the effects of ambient temperature changes on hot wires are maintaining constant overheat
ratio, analytically correcting for the temperature change based on heat transfer relationships, and direct calibration of
the probe for changes in temperature and velocity.*”** That researchers today still resort to directly calibrating the
wire for temperature is an indication of their frustration with the lack of robustness of the other methods. Given the
record for conventional hot films and hot wires, with respect to corrections for temperature changes, the MEMS-
based thermal shear-stress community has a clear challenge ahead of it.

Only a few authors have attempted to correct MEMS-based thermal shear stress sensors for changes in the
ambient temperature. Nagaoka et al. used a polysilicon sensor on a nitride diaphragm with a 2 um deep cavity

underneath the diaphragm.”> They applied a software correction to the voltage output that was based on the
measured ambient temperature change. No details of the correction method were provided and no calibration versus
temperature was shown. Jiang et al. used a similar sensor and proposed electronic compensation for ambient
temperature changes using a nearby film as a temperature sensor.** They presented corrected and uncorrected data
over a temperature range of 0.7°C. The data demonstrate that the output voltage, over that temperature range, was
adjusted so that it was far less sensitive to changes in the temperature. Later, Huang et al., using the same type of
sensor, anemometer, and compensation method, presented results over a similar temperature range.** They too
showed data that indicated that the temperature sensitivity of the output of the anemometer was reduced. However,
in this instance the compensation resulted in an increase in the scatter of the data. While a reduction in the
sensitivity of the voltage output to changes in temperature certainly seems like an improvement, no repeatability in
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shear stress measurements over a change in temperature was demonstrated. Ruedi et al. used similar sensors as
above, but different constant temperature anemometers with no temperature compensation.”> They concluded that if
the sensors were allowed time to equilibrate that wall temperature changes were not a problem, but they also stated
that changes in flow temperature still remained a problem. They suggested, as others have in the past, that operating
the films at a higher overheat ratio would not only increase the sensitivity to shear stress but would also mitigate the
temperature sensitivity. Subsequently, however, Ruedi et al. found that operating at a higher overheats (in their case
1.3) affected their ability to measure consistent values of the fluctuating shear stress close to the wall.** They then
proposed that the films be run at an overheat ratio at or below 1.2 with some type of compensation for the effects of
ambient temperature changes.

Using a thermal shear stress sensor made of a platinum element on a silicon nitride membrane with a 10 pm

cavity below it and powered by a constant current source, Sheplak et al. varied the overheat ratio to demonstrate the
dependence of the sensor output on overheat ratio over a range of shear stress values.®® The sensitivity of the
sensors to changes in shear stress increased with increases in overheat ratio. No attempt was made to correct the
data for changes in the overheat ratio. It was pointed out that as the overheat ratio increased there was likely
contamination from buoyancy effects from the sensor heating the flow. Appukuttan et al. specifically studied this
phenomenon and concluded that induced buoyancy due to sensor heating of the flow can be a factor for these
MEMS sensors.?® Therefore, the idea of operating films at high overheat in order to mitigate the effects of
temperature changes might run counter to the desire not to alter the very quantity being measured. It is of interest to
note that conventional wall-mounted hot-film sensors typically have thus been run at low overheat ratios.

Lofdahl et al. used micro hot wires located 50 pm to 250 um above the surface as indicators of shear stress.*’

In an experimental and analytical study of the effects on the micro hot-wire output due to changes in the ambient
temperature, they found that the sensitivity of the wire to temperature decreased with increasing t, increased as the
wall was approached, and decreased with an increase in overheat ratio. The experimental data and analytical
predictions have the same trends but do not agree quantitatively. They did find that a temperature change on the
order of 0.1°C resulted in a measurable difference in the shear stress.

A further complicating issue with thermal sensors is the unequal static and dynamic sensitivities due to the
unsteady heat conduction into the supporting structure. Since the conjugated conduction/convection heat transfer
problem is strongly dependent upon the flow parameters, the dynamic sensitivity cannot be inferred from a steady-
state (static) calibration. Thus, an in-situ dynamic calibration is required to determine the frequency response
function of a hot-film sensor. This is a fundamental characteristic of hot-film sensors, and any quantitative
application of them must address this complexity. Errors associated with this phenomenon corrupt spectral
measurements, rms turbulent shear stress levels, and cross-correlation measurements. Unequal static and dynamic
sensitivities will also produce errors in the statistical moment estimates. For example, in a study involving
conventional hot-film shear stress probes, Alfredsson et al. noted that using the static calibration to reduce dynamic
data resulted in a significant under-prediction of the rms turbulent shear stress levels when there was substantial heat
conduction to the substrate.® Specifically, large variations were reported in the axial turbulent wall shear stress
intensity z; . /7,,. Because of the unknown dynamic response of thermal sensors, it is virtually impossible to

rms
separate errors in spatial averaging from those due to unsteady heat conduction.

Sheplak et al. have obtained dynamic wall shear stress sensitivities at multiple mean shear stress levels and
overheats for a vacuum cavity sensor driven in a constant current mode using an in-situ dynamic calibration
technique.?® This technique provided known sinusoidal shear-stress perturbations generated via acoustic plane-wave
excitation.”®*  The sensor exhibited ~40 dB/decade roll-off with a corner frequency of ~600 Hz, indicative of a
highly damped 2™-order system. The response of conventional uncompensated sensors has been modeled as a
heated thin-film on a semi-infinite medium and results in a half-order system response.” The difference in response
is explained by the presence of a sealed vacuum cavity that reduces the unsteady heat conduction into the substrate
and limits the dissipation due to conduction losses into the thin membrane. The discovery of this unexpected
dynamic behavior (2™-order system) of an uncompensated MEMS hot-film sensor likely means that constant-
temperature compensators do not produce a flat, zero-phase response as they were designed for a traditional hot film
(1/2-order system) or hot wire (1%-order system). Several research groups have presented shear-stress spectra and/or
statistical moments measured using vacuum cavity sensors compensated by constant temperature feedback
circuits.?®% Clearly, the uncertainty of such data is unknown.
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C. Indirect Optical Sensors

The operating principle of a laser-based wall shear-stress sensor is to measure the near wall velocity gradient
directly via the Doppler shift of a set of diverging fringe patterns scattered in the viscous sublayer of a boundary
layer (see Figure 11). Naqwi and Reynolds employed

conventional optics to project and collect the incident y A _

and scattered light.> Fourguette et al. miniaturized this Fringes

technique using optical MEMS (MOEMS) fabrication U(y)

technology.®®  Experimental verification of this 66 um |— "\ Imaged Region
technique for a measurement volume centered at 66 um Y

above the surface possessing a vertical spatial resolution / \

of 30 pm indicates a 99% accuracy up to Re, = 10°. s >

Current limitations of this technique are cataloged in X

Naughton and Sheplak and include the following:* Doppler

scattered light
1. Low data rate for unsteady measurements due

to low near-wall seed density ) ) ! )
2. Difficulties in fabricating a device that contains ~ Figure 11 A schematic of the light scattered in

a probe volume entirely contained within the ~ diverging fringe patterns the MOEMS-based

viscous sublayer at moderate and high ~ Sensor.

Reynolds number turbulent boundary layers

The latter difficulty has been addressed by employing a dual-probe sensor to obtain two measurement points, then
using Spalding’s formula as a curve fit to estimate the wall shear stress for Re, = 5x10°.%

D. Fence Sensors

Micro-fence sensors are a variation on a conventional surface fence measurement technique. For the convention
implementation, the wall shear stress is inferred by playing a small fence within viscous sublayer of a turbulent
boundary layer.>* The static pressure drop across the upstream and downstream side of the fence is then related to
the wall shear stress via a calibration curve. The microfence developed by Schober et al. replaces the surface
pressure ports with a compliant cantilever beam possessing integrated piezoresistors to measure the pressure induced
deflection as shown in Figure 12.>* This device demonstrated the ability to obtain time-resolved measurements in
separated flows. The device possesses moderate bandwidth (1 kHz) but has poor spatial resolution (5 mm).
Schober et al. use an inverse linear filtering technique to extend the bandwidth, but the accuracy of such a practice
given the asymmetric non-linear static response remains unresolved.

I1l. Conclusions

The MEMS community has produced a variety of
direct and indirect shear-stress sensors. While much
progress has been made, all of these devices are fairly
immature and require further development to become

. . P — 1\\:\"1:\ Wall
reliable measurement tools possessing quantifiable . N
uncertainties. _

Floating element techniques appear to be best suited Piezo-

for obtaining quantitative, time-resolved data provided resistors

that a stable, low-noise transduction scheme can be
developed that is immune to both EMI and transverse
motions. From a packaging perspective, the sensor
system must possess backside electrical or optical
interconnects to provide a truly flush-mounted device.
The robustness of the sensors to debris must also be
addressed by covering the sensor gaps.

The extension of thermal sensors to quantitative /
turbulence measurements is non-trivial for several
reasons. First, correcting for static temperature drifts  Figure 12 A schematic of the MEMS-based surface
remains an unresolved issue. Beyond the temperature  fence.>

/7
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issue is the requirement that the open loop dynamic response of the device be known to enable the design of suitable
feedback compensation electronics. The complex conjugated heat-transfer interactions between the sensor and the
supporting substrate/membrane results in an unknown frequency response function for the uncompensated sensor.
Therefore, an in-situ dynamic calibration is required to determine the frequency response function of these devices.
Until the these issues are resolved, MEMS based thermal shear stress sensors will not realize their full potential as
quantitative devices.

The MOEMS-based technique is the most mature of the reviewed devices. It is very accurate provided that the
probe volume lies within the viscous sublayer. The extension of this device to higher Reynolds numbers requires
that this volume be reduced in size and brought nearer to the wall. The promise of time-resolved data seems
unlikely because of near-wall seeding difficulties.

The micro-surface fence possesses similar limitations as the MOEMS-based technique at higher Reynolds
numbers. The spatial resolution limitations are similar to the conventional floating element sensor tradeoff between
small size and the ability to measure small forces. The asymmetric nonlinear static response also requires further
study to determine the associated uncertainties.
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