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ABSTRACT

The micromachining technology that emerged in the late 1980s can provide

micron-sized sensors and actuators. These micro transducers are able to be inte-

grated with signal conditioning and processing circuitry to form micro-electro-

mechanical-systems (MEMS) that can perform real-time distributed control. This

capability opens up a new territory for flow control research. On the other hand,

surface effects dominate the fluid flowing through these miniature mechanical

devices because of the large surface-to-volume ratio in micron-scale configura-

tions. We need to reexamine the surface forces in the momentum equation. Owing

to their smallness, gas flows experience large Knudsen numbers, and therefore

boundary conditions need to be modified. Besides being an enabling technology,

MEMS also provide many challenges for fundamental flow-science research.

1. INTRODUCTION

During the past decade, micromachining technology has become available to

fabricate micron-sized mechanical parts. Micromachines have had a major

impact on many disciplines (e.g. biology, medicine, optics, aerospace, and

mechanical and electrical engineering). In this article, we limit our discussion

to transport phenomena, specifically emphasizing fluid-dynamics issues. This
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580 HO & TAI

emerging field not only provides miniature transducers for sensing and actua-

tion in a domain that we could not examine in the past, but also allows us to

venture into a research area in which the surface effects dominate most of the

phenomena.

Figure 1 shows a scanning-electronic-microscope (SEM) picture of an elec-

trostatically driven motor (Fan et al 1988a). This device signifies the beginning

of the micromachine field. A comb structure (Tang et al 1989) derived from

the micro motor concept eventually evolved into the airbag sensor, which re-

duces the damage caused by automobile collisions and is used now on almost

all American-made cars. During the development of the micro motor, it was

found that the frictional force between the rotor and the substrate is a function

of the contact area. This result departs from the traditional frictional law (i.e.

f = µN), which says that the frictional force is linearly proportional to the

normal force, N, only. In the micro motor case, the surface forces between the

rotor and the substrate contribute to most of the frictional force. However, the

traditional frictional law describes situations with a dominating body force that

do not depend on the contact area. Deviations from the conventional wisdom

are commonly found in the micro world. This makes the micromachine field a

new technology as well as a new scientific frontier.

The micromachining process uses lithography to expose the designed photo-

resist patterns; the unwanted portion is then selectively etched away. These

procedures are similar to those used in integrated circuit (IC) fabrication but with

Figure 1 A micro motor (Fan et al 1988a). A piece of human hair is shown in front of the motor

to illustrate its minute size.
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MEMS & FLUID FLOWS 581

a difference: 3-D and freestanding structures are common features, because of

the nature of mechanical parts. Several manufacturing technologies such as bulk

micromachining, surface micromachining, and LIGA (acronym for the German

phrase LIthographe, Galvanoformung, und Abformung) have been developed

to make various micromachines. A brief introduction of these technologies can

be found in a paper by Ho & Tai (1996). For detailed information, readers are

referred to Petersen 1982, Seidel 1987, and Ristic 1994.

Micromachines have several unique features. First, typical micromachined

transducer sizes are on the order of 100 microns, which can be one or more orders

of magnitude smaller than traditional sensors and actuators. The drastic reduc-

tion in inertia resulting from these smaller sizes means a substantial increase in

the frequency response. Second, batch processing—which is characteristic of

IC fabrication—can be used to make many transducers for distributed sensing

and actuation over a wide area. This capability enables us to sense certain flow

characteristics in a 2-D domain and to perform control at the proper locations.

Potential application areas include the manipulation of separation over a smooth

contour or the reduction of surface shear stress in a turbulent boundary layer.

Third, micromachine manufacturing technology is derived from, although not

completely compatible with, IC fabrication so it is possible to integrate the IC

with micro transducers to provide logic capability. Integrated microelectronics

and micromachines constitute the micro-electro-mechanical-system (MEMS),

which can execute sense–decision–actuation on a monolithic level.

In biomedical applications, fluid transport is commonly required in drug

delivery and in chemical and DNA analyses. When dealing with flow in con-

figurations of microns or less, we have observed many unexpected phenomena

that are similar to the aforementioned experience of frictional force between

solid surfaces. Sir Eddington (1928) once said “We used to think that if we

know one, we know two, because one and one are two. We are finding that we

must learn a great deal more about ‘and’.” Indeed, the flows in macro and micro

configurations are not quite the same. The unique features in micromechanics

are perhaps the most intriguing ones for researchers in basic fluid mechanics.

We still have a great deal of difficulty in understanding these features, because

not much is known about the complex surface effects that play major roles in

these events. The search for their answers will excite researchers for years to

come. In this paper, we first report and discuss the fundamental micro-fluid-

mechanics issues and then review flow sensing and control using MEMS.

2. SIZE EFFECTS

2.1 Ratio Between Surface Force and Body Force

Length scale is a fundamental quantity that dictates the type of forces governing

physical phenomena. Body forces are scaled to the third power of the length
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582 HO & TAI

scale. Surface forces depend on the first power or the second power of the

characteristic length. Because of the difference in slopes, the body force must

intersect with the surface force. In biological studies (Went 1968), empirical

observations indicated that a millimeter length is the approximate order of the

demarcation. Experiences gathered in MEMS also show that surface forces

dominate in sizes smaller than a millimeter. For example, the friction expe-

rienced by the 100-micron-diameter micro motor (Fan et al 1988a,b) must be

caused mainly by the surface force, because the rotor started to move when

the contact area between the rotor and the substrate was reduced by placing

dimples on the lower surface of the rotor.

2.2 Ratio Between Device and Intrinsic Length Scales

Besides the large surface force, the large surface-to-volume ratio is another

characteristic inherent in small devices. This ratio is typically inversely pro-

portional to the smaller length scale of the cross section of the device and is

about one micron in surface micromachined devices. Therefore, the surface-

to-volume ratio is much larger in a micro device than in a macro device,

which accentuates the role of surface force as well as other surface effects in

general.

In micro flows, the Reynolds number is typically very small and shows the

ratio between the viscous force and the inertial force. However, in the case

when gas is the working fluid, the size can be small enough to further modify

the viscous effect when the device length scale is on the order of the mean free

path. For large Knudsen-number flows, the flow velocity at the surface starts

to slip (Knudsen 1909, Kennard 1938); therefore, the viscous shear stress is

much reduced. For liquid flows, the distance between molecules is on the order

of angstroms. The non-slip condition has always been used as an empirical

result. By using a molecular dynamics approach (Koplik et al 1989, Koplik

& Banavar 1995), the non-slip condition at the solid surface is established in

Couette and Poiseuille liquid flows. On the other hand, molecular ordering has

been observed and results in oscillatory density profiles in the vicinity of the

wall, which are a few molecular spacings thick. In the case of a moving contact

line at the fluid/fluid/solid interface, the non-slip condition needs to be relaxed

(Dussan & Davis 1974). Typical micromachined devices have a length scale

much larger than the molecular spacing of simple liquids. Hence, the non-slip

boundary condition should hold in the absence of a moving contact line.

In other situations, the bulk flow instead of the boundary condition is mod-

ified. For example, most solid surfaces have electrostatic surface charges,

which can attract ions in liquid flows to form an electric double layer (EDL)

(see Section 3.2). The thickness of the EDL varies from a few nm to 100s of

nm (Hunter 1981), which can be comparable to the order of micro-flow length

A
n
n
u
. 
R

ev
. 
F

lu
id

. 
M

ec
h
. 
1
9
9
8
.3

0
:5

7
9
-6

1
2
. 
D

o
w

n
lo

ad
ed

 f
ro

m
 a

rj
o
u
rn

al
s.

an
n
u
al

re
v
ie

w
s.

o
rg

b
y
 C

A
L

IF
O

R
N

IA
 I

N
S

T
IT

U
T

E
 O

F
 T

E
C

H
N

O
L

O
G

Y
 o

n
 0

9
/0

8
/0

5
. 
F

o
r 

p
er

so
n
al

 u
se

 o
n
ly

.



MEMS & FLUID FLOWS 583

scale. In these cases, the bulk flow can be affected by this electrically charged

layer (Mohiuddin Mala et al 1996).

3. SURFACE FORCES

For fluid flows in MEMS, new phenomena arise because of certain surface

forces that are usually ignored in macro scales. Here, a brief survey is given on

several kinds of surface forces (Israelachvili 1991). Before the discussion of

some seemingly different surface forces, it is important to know that these forces

originate from intermolecular forces. Moreover, even though basic intermolec-

ular forces are short range (<1 nm) in nature, they can cumulatively lead to very

long-range (>0.1 µm) effects (e.g. surface-tension effects in liquids). Another

important point is that all intermolecular forces are fundamentally electrostatic

(coulombic). This is established by the Hellman-Feynman theorem that states

that once the spatial electron distribution is determined from the Schrödinger

equation, all intermolecular forces can then be calculated using classical elec-

trostatics. However, in practice this cannot always be done, and empirical or

semiempirical laws of forces are still useful. In the following, we then treat

the following surface forces differently even though they are the same in origin

from the point of view of quantum mechanics.

3.1 Van der Waals Forces

The van der Waals forces are the weakest among all the forces, but they are

important because they are always present. The van der Waals forces are short

range in nature but, in cases where large molecules or surfaces are involved,

they can produce an effect longer than 0.1 µm. In general, van der Waals forces

have three parts: orientation force, induction force, and dispersion force. All

have an interaction free energy that varies with the inverse sixth power of the

distance (1/r6) and are, hence, short range. The orientation force is the dipole–

dipole interaction force between polar molecules. The induction force arises

from the interaction between a polar molecule and a nonpolar molecule. The

permanent dipole of the polar molecule induces a weak dipole in the nonpolar

molecule and then produces a dipole-induced dipole-interaction force. The

dispersion force is then the induced-dipole–induced-dipole interaction force.

Interestingly, the dispersion forces act on all atoms and molecules even when

they are totally neutral, as are those of helium and oxygen. The source of the

dispersion force between two nonpolar molecules is the following: Although

the averaged dipole moment of a nonpolar molecule is zero, at any instant there

exists a finite dipole moment depending on the exact position of the electrons

around its nucleus. This instantaneous dipole moment can then generate an

interaction force with nearby molecules.
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584 HO & TAI

Altogether, van der Waals forces play an important role in many macroscopic

phenomena (e.g. adhesion, surface tension, physical adsorption, wetting of

surfaces, properties of thin films, and behaviors of condensed proteins and

polymers). In MEMS, the van der Waals forces can have significant effects in

structures with large surface-to-volume ratios (e.g. long and thin polysilicon

beams [Mastrangelo & Hsu 1992]) and large-and-thin comb-drive structures

[Tang et al 1989]) whenever they are in contact with another surface. Stiction

or adhesion of the structure to the substrate can often be observed as a major

problem in the operation of these structures. Nevertheless, the van der Waals

forces between two contacting surfaces are in many cases hard to be separately

distinguished from electrostatic (coulombic) forces, which are discussed in the

next section.

3.2 Electrostatic Forces

Electrostatic, or coulombic, force is present between charged molecules or par-

ticles. The force has an inverse-square dependence on the distance, 1/r2, so it

is rather long range when compared to the van der Waals forces. In MEMS

devices, the electrostatic force can have a significant effect even up to 10 µm

away and becomes more important when lengths are less than 0.1µm. One can

always produce an electrostatic force by providing an electrical potential differ-

ence between two electrodes. However, problems deriving from electrostatic

force in MEMS often occur because of rather uncontrollable surface-trapped

charges. In fact, any surface is likely to carry some charge, because of broken

bonds and surface charge traps. In the case where the surface is a good insu-

lator, such as with SiO2, trapped charges can induce very high voltage from a

few hundreds to a few thousands of volts (Wolf 1990).

For charged surfaces in liquids (e.g. water), new phenomena happen mainly

as a result of charge redistribution in the liquid. Basically, the final surface

charge is balanced by counterions in the liquid by an equal but opposite total

charge. The surface electrical potential attracts counterions to the wall and

forms a thin (<1 nm) layer of immobile ions. Outside this layer, the distri-

bution of the counterions in liquid mainly followed the exponential decaying

dependence away from the surface. This is called the diffuse electric double

layer (EDL). EDL has a characteristic length (Debye length), which depends

inversely on the square root of the ion concentration in the liquid. For example,

in pure water the Debye length is about 1 µm; in 1 mole of NaCl solution, the

Debye length is only 0.3 nm. Inside the EDL, a very large electrostatic force

then exists. This may cause a behavior change in the fluid flow if the double

layer thickness is significant compared to the flow field size (Mohiuddin Mala

et al 1996). This is especially true in dilute solutions where the Debye length

is large.
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Figure 2 A micro channel system with integrated micro pressure sensors (Pong et al 1994)

Figure 18 Instantaneous surface shear stress measured by an imaging chip (Ho et al 1997).
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Figure 19 Vertical velocity contours of an flap actuator interacting with a longitudinal vortex pair.

The phase angle: 0◦ and 360◦ flap on the surface; 180◦ flap at its upmost location.

Figure 22 A micro system for surface shear-stess reduction (Ho et al 1997).
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3.3 Steric Forces

This is a special case involving chain molecules (e.g. polymers) attached at

the surface on one end with the other end dangling into the solution (liquid for

most of the cases), where they are mobile. A different class of forces, known

as steric forces, arises whenever another molecule or surface approaches and

is a result of an entropy change caused by the confined chain molecules. The

complex molecules can produce complex interactions, and steric forces can be

either attractive or repulsive. They can be rather long range (>0.1µm), and

they are important when a fluid flow has a significant amount of long-chain

molecules.

4. FLOWS IN MICRO CONFIGURATIONS

Fluids driven by pumps flowing through channels and valves are generic con-

figurations in biomedical analytical systems. When the sizes of these devices

are in the micron range, the measured data show different behaviors from those

expected in larger devices. The exact physical mechanisms are not known,

although the surface forces, which were not considered in classical analyses,

are believed to be responsible for these interesting phenomena. This provides a

new domain for research opportunities. In this review, we limit the discussion

to simple fluids, which have small molecules. More complex fluids (e.g. non-

Newtonian or multiphase fluids) are commonly used in biomedical systems.

Much richer findings are expected in the future.

4.1 Gas Flows in Micro Channels

Flow through a straight channel is one of the simplest but most common config-

urations in micro fluidic systems. Mass flow rates in small channels with dia-

meters of about 30 microns were measured by Knudsen (1909) while studying

the non-slip/slip boundary condition. Recent interests are triggered by micro-

machine activities (Pfahler et al 1990), which include applications for transport-

ing fluids in biomedical diagnosis and electronic device cooling (Tuckermann

& Pease 1982, Joo et al 1995). Helium is a common gas used in most experi-

ments because it has a large mean free path (about 2 × 10−7 m under laboratory

conditions). The Knudsen number based on a channel height of 1 micron is 0.2.

A micro channel with integrated micro pressure sensors (Figure 2, color insert)

was fabricated to study the flow field (Liu et al 1993b, Pong et al 1994). Slip

flow is observed, and the measured mass flow rate (Pfahler et al 1991, Pong

et al 1994, Arkilic et al 1995, Harley et al 1995, Liu et al 1995, Shih et al 1995,

1996) is higher than that based on the non-slip boundary condition (Figure 3).

For other gases (e.g. nitrogen, oxygen, and nitrous oxide), the Knudsen

number is about a factor of four smaller, but surface slip still exits. The mass

A
n
n
u
. 
R

ev
. 
F

lu
id

. 
M

ec
h
. 
1
9
9
8
.3

0
:5

7
9
-6

1
2
. 
D

o
w

n
lo

ad
ed

 f
ro

m
 a

rj
o
u
rn

al
s.

an
n
u
al

re
v
ie

w
s.

o
rg

b
y
 C

A
L

IF
O

R
N

IA
 I

N
S

T
IT

U
T

E
 O

F
 T

E
C

H
N

O
L

O
G

Y
 o

n
 0

9
/0

8
/0

5
. 
F

o
r 

p
er

so
n
al

 u
se

 o
n
ly

.



586 HO & TAI

Figure 3 Mass flow rate and pressure drop of helium in a micro channel (Shih et al 1996).

flow rate can be calculated from the Navier-Stokes equation with a slip bound-

ary condition (Kennard 1938, Beskok & Karniadakis 1992 & 1993, Arkilic &

Breuer 1993). An accommodation constant is introduced to represent the tan-

gential momentum transfer between the impinging molecules and the wall. The

value of the constant should be ≤1. However, the predicted mass flow rate is

sensitive to the accommodation constant (Figure 3), which actually functions as

a matching coefficient. Direct simulation of the Monte Carlo method (DSMC)

has been carried out by many investigators (Oh et al 1995, Piekos & Breuer

1995, 1996, Beskok et al 1996, Oran et al 1998). The mean streamwise velocity

in the micro channel is typically in the very low subsonic range (<1 m/s), which

can be several orders of magnitude smaller than the molecular thermal velocity

of 1000 m/s (Oh et al 1995). Computing the converging solution is a challenge

for very low Mach-number flows.

In the micro channel, high pressure drops are observed. This is because of the

small transverse dimension, which causes high viscous dissipation. A drop of

a few atmospheres in pressure of several mm is common (Pong et al 1994, Shih

et al 1995). The density of the gas can change so much that the pressure does not

decrease linearly with streamwise distance as in typical creeping flows. Rather,
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the compressibility effect causes the pressure to decrease more slowly. On the

other hand, the rarefaction effect caused by the high Knudsen number works

against the compressibility and keeps the pressure toward the linear distribution

(Arkilic & Breuer 1993). The two effects are not equal, so the net result is a

nonlinear pressure distribution.

Because the pressure distribution is not sensitive to the accommodation con-

stant, it turns out to be a useful property for examining the analytical results.

When the accommodation constant is varied, no appreciable change in the

predicted pressure distribution can be observed. The measured pressure dis-

tributions along the channel are plotted against the theoretical prediction. The

measured pressure distribution agrees well with the analytical result (Figure 4).

4.2 Liquid Flows in Micro Channels

Even though the non-slip boundary of simple liquids with molecules is estab-

lished by experimental studies and by molecular dynamics simulation (Koplik

1989), this does not make the study of liquid flow through micro channels a

routine process. On the contrary, it seems to be an even richer problem than gas

flow. For liquid flows through capillary tubes (Migun & Prokhorenko 1987) or

micromachined channels (Pfahler et al 1990, 1991), the measured flow rates and

pressure drops across the channel were compared with the Stokes flow solution.

Figure 4 Pressure distribution of nitrous oxide in a micro channel.
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Viscosity is the matching constant. Size effects are apparent in these results.

The value of viscosity deviates from the conventional value for micron-size

channels.

The molecular structure of the liquid also affects the flow. Molecules with

no electrical charge can have a dipole configuration (e.g. water). Pfahler et al

(1991) found that the value of the viscosity of polar isopropanol decreases from

the nominal value for a channel height smaller than 40 microns and reaches

an asymptotic value at a channel height of about 10 microns (Figure 5). The

vertical axis is the ratio between the apparent viscosity and nominal viscosity. It

is reasonable that the size effect becomes more pronounced for a narrow channel.

However, it is interesting to note that the apparent viscosity is lower, not

higher, in the narrower channel. The apparent viscosity actually represents the

integral effects of the surface forces. More definitive experiments are needed

to identify the role of specific surface effects. For example, when the surface-

to-volume ratio gets large, will the surface viscous force also be a function of

the surface property (i.e. hydrophobic or hydrophilic)? For nonpolar silicon

oil, the data (Figure 5) cannot support a clear trend of viscosity variation in this

range of channel size.

Figure 5 Size effect on liquid flow in channels (Pfahler et al 1991).
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4.3 Diffusion in Micro Channels

The sacrificial etching technique (Nathanson 1967, Preston 1972, Howe &

Muller 1983) is a fundamental technique used in surface micromachining for

producing a free-standing structure, such as the diaphragm above a cavity or

cantilever beam. The micro channel shown in Figure 2 was fabricated by this

method. The sacrificial etching process for making that channel was to deposit

a thin line of sacrificial material—in this case phosphosilicate glass (PSG)—

after which a structural layer of silicone nitride was placed on top. Hydrofluoric

acid (HF) was used as an etchant to remove the PSG from one end of this thin

line. When the PSG was etched away, a long micro channel was formed (Monk

et al 1993, Liu et al 1993a). The channel in Figure 2 is 1.2 microns high and

4000-microns long.

This process is an important micromachine manufacturing technique, and

it also motivates us to examine mass diffusion in micro geometries. The HF

diffuses from the reservoir, which is located at one end of the micro channel,

towards the PSG/HF interface. The rate at which the solid PSG dissolves into

the HF acid is a function of the reaction rate and the concentration of the acid.

The concentration of HF at the moving interface is dictated by the diffusion

process and the reaction rate. Basically, this phenomenon is governed by a 1-D

diffusion equation with an unknown boundary condition. It is similar to the

Deal-Grove problem, but the reaction rate changes its power dependence on the

acid concentration (Judge 1971) in the present case.

Nevertheless, a closed-form analytical solution can be obtained (Liu 1993a),

and it matches well with the measured data (Figure 6). On the other hand, a size

effect is observed. The etch rate is not a constant during the etching and de-

creases as etching time increases. During the whole etching period, the etch rate

of a thicker channel is always higher than that of a thin channel (Liu et al 1993a).

The etch rate at the beginning of the etching process is plotted in Figure 7

and decreases almost linearly with the channel thickness in the tested range

of 1.2 to 0.25 microns. This is not expected from the 1-D diffusion analysis.

There are many types of ions in the liquid phase. It is possible that the presence

of the EDL affects the etch rate. The F− ions and HF−
2 ions are responsible

for removing the PSG, and their diffusion is very likely to be retarded by the

electric double layer.

4.4 Flow Through Micro Nozzles

Flow through a nozzle experiences viscous dissipation. In the case of Stokes

flow, the pressure drop increases with decreasing Reynolds number—a

well-established result. A recent experiment (Hasegawa et al 1997) shows

that the predicted pressure drop underestimates the measured value when the

size of the nozzle is smaller than 35 microns (Figure 8). The excess pressure
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Figure 6 The progress of the etching front as a function of time for various HF concentrations

(Liu et al 1993a). j = 49%; r = 38.2%; m = 26.5%; — = 13.8%; × = 7.2%; d = 3.6%.

Data points are plotted against predicted curves.

Figure 7 Size effect as a function of etching rate.
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drop can be a factor of four or five times higher than the predicted value for wa-

ter flow through an 8.8-micron nozzle. When nonpolar silicon oil was used, the

excess pressure drops were lower than that of water, which has polar molecules.

The dependence of the measured flow property on the fluids used in the test is a

common feature in micro flows whenever a size effect is observed. It is interest-

ing to note that differences between polar and nonpolar materials, which have

been reported in micro channel flow (Pfahler et al 1991), are again observed in

this flow.

It has been reported that the EDL retards the flow. This causes an apparent

viscosity that is higher than the nominal viscosity (Mohiuddin Mala et al 1996).

This is the opposite of the results observed in the micro-channel liquid-flow data

(Pfahler et al 1991) but follows the trends reported in the micro-nozzle flow

experiment (Hasegawa et al 1997). In this nozzle experiment, the ion content

in the water was varied by adding NaCl in order to examine the effect of the

EDL. No discernible difference in the pressure measurements was reported by

the authors. Unfortunately, distilled water rather than deionized water was used

Figure 8 Size effect of pressure drop across micro nozzles as a function of Reynolds number

(Hasegawa et al 1997). o, 8.8 µm; 1, 13 µm; e, 27 µm; +, 35 µm; × , 109 µm; •, numerical

simulation.
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before the NaCl was added. Water is known to contain ions easily, but the level

of the ion content in their distilled water is unknown. Nevertheless, the excess

pressure drop across the micro nozzle provides additional evidence for the size

effect in the micro flows.

4.5 Air Damping in MEMS

Mechanical or electromechanical resonant devices have been widely used in

oscillators or filters, and operational theories for these devices have been es-

tablished in large apparatus. As MEMS technology develops, these resonators

are becoming smaller. These devices are typically 1- to 2-µm thick and about

100 × 100 µm2 in area. Some important milestones for these kinds of de-

vices are the laterally driven comb-drive polysilicon micro resonators (Tang

et al 1989), Analog Device’s integrated polysilicon ADXL-50 accelerometers

(Analog Device Inc. 1991), flexural polysilicon micro gyros (Juneau & Pisano

1996), and the cascade 300-kHz micromechanical filters (Wang & Nguyen

1997). In these cases, the micro flows are shear driven (Beskok et al 1996)

instead of pressure driven, as in the channel and nozzle flows.

Air damping in microstructures is an underexplored but important issue,

because it directly influences the quality (Q) factor, of the devices. For example,

it has been shown (Nguyen 1995) that the Q factor of a polysilicon resonator

can be as high as 100,000 in vacuum but drops to 100 in atmospheric air. This

actually illustrates that air damping may be the most important factor when

compared to other effects like thermal vibration and fatigue. The strong air

damping is due to the dramatic increase in surface-to-volume ratio.

In order to systematically investigate air damping, the air pressure is divided

into three regions (Newell 1968). In the first region where the pressure is in

low vacuum, air damping is negligible when compared to the intrinsic damping

(internal friction) within the resonator. Experimentally, this region happens

roughly below 10–100 Pa for microresonators. The damping in this region is

largely dependent on the surface-to-volume ratio, the surface quality (the surface

may be more lossy than the bulk material), and the material. In the second

region, momentum transfer between the resonator and individual air molecules

dominates the damping. Here, little or no interaction between air molecules

happens, and a simple model has been derived based on the assumption that the

rate of momentum transfer is proportional to the difference in velocity between

the air molecules and the resonators (Christian 1966). The result is that the Q

factor is inversely proportional to the ambient pressure (Q ∼= 1/p). This region

typically ends around 103 Pa. In the third region, the pressure is high enough that

air molecules do interact with each other, and viscous damping dominates the

behavior of the resonators. In this region, the Q factor is inversely proportional
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to the fluid viscosity (Q ∼= 1/µ). The boundary condition must change from slip

to non-slip flow when the surrounding pressure increases. What is the Knudsen

number for this change in the boundary condition? Do other surface forces play

a role in resonator performance? There is not enough experimental evidence

to answer these questions yet.

When the viscous damping of laterally driven microstructures was studied

(Zhang & Tang 1994), it was found that the simple Couette and Stokes flow

model can significantly underestimate the damping in microstructures, and that

this discrepancy is larger for smaller resonators. Most of the microstructures

have a complex configuration. For example, the comb structure and the sur-

rounding walls can also play an important role. The detailed geometry of the

device (e.g. the resonator’s thickness and edges) needs to be considered for

more accurate modeling.

An example illustrating the importance of the geometry details is the dy-

namic response of a thin squeeze-film. In a numerical simulation of a micro

accelerometer (Yang & Senturia 1996), the squeeze-film in a low air-pressure

environment has a frequency response about four orders of magnitude better

than that at atmospheric pressure conditions. When the geometry is slightly

altered by placing small etching holes through the accelerometer film, the flat

portion of the frequency response is extended by three decades beyond that of

a solid film (Figure 9).

The displacement of some MEMS devices can be much larger than their

transverse dimension. Other interesting air-damping problems arise. A flap

device (Miller et al 1996) driven by an electromagnetic field has an off-plane

displacement 1000 times larger than the thickness of the flap. The measured

Q factors depend on the magnitude of the displacement. It is believed that the

nonlinear viscous damping contributes to this phenomenon. This again is a

rather unexplored issue.

4.6 Micro Flow Diagnosis

Measuring flow properties in a micro configuration is a challenging task, be-

cause the sensors need to be much smaller than the size of the device under

study. In addition, the momentum and the energy of the flow is very small. For

example, the kinetic energy flux in the channel with helium flow (Figure 2) is

about 5.4 × 10−13 J/s for inlet pressure at 20 psig. Therefore, only an extremely

small amount of momentum and energy exchange between flow and sensor is

allowed so as not to alter the flow. For these reasons, a very limited number of

sensors have been developed for micro flow measurements.

The micro channel with integrated pressure sensors (Figure 2) is one exam-

ple. A very small duct (0.25 micron high and 1 micron wide) is used to connect
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Figure 9 The dynamic response of a thin squeeze-film (Yang & Senturia 1996).

not-very-small micro sensors (compared to the size of the channel) to the chan-

nel for increased spatial resolution. Time-averaged pressure can be obtained

by this arrangement. If unsteady pressure data are needed, questions about the

calibration procedures and even the physical meaning of the data may arise.

Furthermore, even though the pressure sensor has a high frequency response,

we do not know the constraints of the small duct imposed on the unsteady

pressure field. For temperature measurement, thermocouples of 4 microns ×

4 microns have been developed for measuring surface temperature along a

20-micron channel (Figure 10; Zohar et al 1996). In high Knudsen-number

flows, a temperature jump can occur between the wall and the bulk flow. Fab-

ricating an in-flow temperature sensor without introducing large disturbances

to the micro flow is not a trivial task.

Flow visualization has been proven to be a very useful technique in macro

fluid-dynamics research, and extensive effort has been expended on developing

methods for visualizing flow in micro channels and valves (Lanzillotto et al

1996). The wavelength of visible light is not short enough for this purpose,

so X rays (with wavelengths of 0.62 angstrom) generated by a synchrotron are

used. An advantage is that they can be utilized for visualizing flows behind

certain silicon structures, such as polysilicon, which are not transparent to

visible light.
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Figure 10 The in-situ temperature sensor in a micro channel (Zohar et al 1996).

Figure 11 Flow visualization by X ray in a micro channel (Lanzillotto et al 1996).

Figure 11 shows the motion of a water/air interface during a filling process

inside a 100-micron-deep by 140-micron-wide channel with a triangular cross

section. Water climbs along the sharp corners of the triangle at a rate that is so

fast that it is beyond the resolution limit of the current technique. The meniscus

surface in the middle of the channel is left far behind the corner interface. This

phenomenon is caused by the large surface-tension force associated with the

extremely small corner curvature of the micro channel.
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5. FLOW TRANSDUCERS

A typical micro transducer is about 100 microns in size, which is at least one

order of magnitude smaller than traditional transducers. The improvement in

spatial resolution comes naturally, because the significant reduction of inertial

mass and thermal capacity can increase the frequency response to an unheard-

of range [>1 MHz for a micro hot-wire (Jiang et al 1994)]. The lithographic

process and the small size enable us to use 100, 1000, or even more transducers

for sensing and/or controlling a phenomenon that has distributed features, such

as the high-speed streaks in a turbulent boundary layer.

However, a few problems are associated with using multiple transducers.

Traditionally, the leads of each transducer are connected to an external signal-

conditioning instrument. Handling 100s or 1000s of signal paths is tedious

and usually prohibitive. In addition, these leads occupy a large portion of the

precious surface area on the chip. For example, the surface shear-stress sensor

array containing 85 sensors (Ho et al 1997; see Figure 18, color insert) only

takes about 1% of the area, whereas the leads occupy about 50% of the surface.

Another problem is the limitation in signal bandwidth. Depending on the

number of transducers used, we may sometimes not be able to take full advan-

tage of the high-frequency response. However, these problems can be alleviated

by integrating the signal conditioning and even decision circuits with the micro

transducers in such a way that the leads can be connected locally and thereby

significantly reduce the required surface area. The output and input then can be

only a few wires. Furthermore, the local circuit wire only processes the output

from one or a few transducers, so bandwidth limitation will no longer be a prob-

lem. However, the signal processing circuitry still needs to be kept simple. It is

not feasible to integrate a powerful microprocessor with each sensor–actuator

pair in a large transducer array. Neural networks are a feasible approach, and

numerical (Lee et al 1997) experiments show successful examples of using

simple neural network–based processing for controlling transitional or turbu-

lent flows.

Another issue is the energy expenditure of the transducers. In the case of

flow control, we usually need to have a net energy saving for the whole system.

Typically, the energy requirement for a micro flow sensor can be kept around

a few milliwatts, but the energy expended for micro actuators is usually much

higher. Improvements in this area are clearly needed.

5.1 Micro Flow Sensors

5.1.1 HOT-WIRE ANEMOMETERS Micro-machined polysilicon hot wires (Jiang

et al 1994) can have a cross-section as small as 0.5 × 0.5 µm2 and a length of

from one to several-hundredths microns (Figure 12). A significant increase in

A
n
n
u
. 
R

ev
. 
F

lu
id

. 
M

ec
h
. 
1
9
9
8
.3

0
:5

7
9
-6

1
2
. 
D

o
w

n
lo

ad
ed

 f
ro

m
 a

rj
o
u
rn

al
s.

an
n
u
al

re
v
ie

w
s.

o
rg

b
y
 C

A
L

IF
O

R
N

IA
 I

N
S

T
IT

U
T

E
 O

F
 T

E
C

H
N

O
L

O
G

Y
 o

n
 0

9
/0

8
/0

5
. 
F

o
r 

p
er

so
n
al

 u
se

 o
n
ly

.



MEMS & FLUID FLOWS 597

Figure 12 Micro hot wires: (a) a 1-µm × 70-µm single hot wire; (b) a hot-wire array (Jiang

et al 1994).

spatial resolution can be achieved. Using polysilicon has many other advan-

tages. One is that the temperature coefficient of resistance (TCR) of polysilicon

can be varied from −2% to 0.2%/◦C using a range of doping concentrations

of boron or phosphorus from 1017 to 1020 atoms/cm3. In comparison, conven-

tional platinum wires only have a TCR of around 0.1%/◦C. We can use such a

large variation of the TCR of polysilicon to design a hot wire that specifically

requires thermal sensitivity.

The other advantage of the polysilicon wire is that a hot wire’s time constant

is inversely proportional to the wire’s resistivity (Blackwelder 1981). Since

conventional hot wires use metals exclusively, resistance is typically low (5–30

ohms). On the other hand, the resistance of polysilicon wires can be adjusted

over a wide range (from 1 k� to several 100 k�). When a constant temperature

mode is used, a bandwidth of 1.4 MHz has been achieved with the aid of a

heavily doped polysilicon wire. These extremely high frequency responses of

a micro hot wire are mainly achieved by adjusting their material properties

rather than by simply reducing their size.

5.1.2 SHEAR-STRESS SENSORS A thermal-surface shear-stress sensor is a hot

film placed on a surface (Haritonidis 1989). This sensor has reasonable sen-

sitivity while it is used in water. When air is the working medium, however,

most of the heat is conducted into the substrate rather than into the air be-

cause of the very low heat capacity of air. The use of surface-micromachined
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shear-stress sensors (Jiang et al 1996, Huang et al 1996) resolved the problem.

A polysilicon wire is placed on a 1.2-µm-thick and 200 × 200-µm2 silicon-

nitride diaphragm. Underneath the silicon-nitride diaphragm is a 2-µm-deep

vacuum cavity (Figure 13a). Significant thermal insulation has been achieved

by using the vacuum chamber and the silicon-nitride diaphragm with low ther-

mal conductivity. Figure 14 shows that the resistance of the polysilicon wire

on a vacuum-insulated diaphragm is almost an order of magnitude higher than

that on a solid substrate. The micro-surface shear-stress sensor has a sensitivity

of 100 mV/Pa and a bandwidth of 10 kHz and higher.

This type of micro sensor can also be integrated into a large array and can even

form a flexible skin to be placed on a curved surface (Jiang et al 1997). Mechan-

ically, the flexible skin (Figure 13b) consists of 128 separated silicon “islands”

(1 mm × 1 mm × 80 µm) that are connected together by a thin polyimide film

(1/20 µm thick). The shear-stress sensors are built on the silicon islands. This

skin has been taped on a semi-cylindrical (1.3-cm-diameter) delta-wing leading

edge to perform real-time 2-D shear-stress mapping. Flow separation along the

leading edge has then been successfully measured using the skins.

A different design of a thermal-based wall shear-stress micro sensor has been

reported by Löfdahl et al (1996). In this case, the sensor is a 300 × 60 × 30-µm3

silicon chip that uses a temperature-sensitive silicon diode as the temperature

Figure 13 Micro-surface shear-stress sensor (Jiang et al 1996 & 1997). (a) a single sensor; (b) a

flexible array of 128 sensors.
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Figure 14 Heating element temperature of the shear-stress sensor (Jiang et al 1994). s = heating

element on vacuum chamber; h = heating element on air-filled chamber; 1 = heating element

on solid substrate.

sensing element. This chip is embedded in a silicon diaphragm with polyimide-

filled trenches to improve thermal isolation. This device takes about 40 mW

of power in order to obtain a biased differential temperature of 100◦C. The

uniqueness of this work is that a polysilicon-diaphragm piezoresistive pressure

sensor is also integrated with the shear-stress sensor.

By suspending a micro floating element, a direct measure of the shear stress

can be achieved. Schmidt et al (1988) first reported a micro floating-element

shear-stress sensor. It was designed to provide a spatial resolution of 100 µm

and a bandwidth of 20 kHz. The floating element was a 500 × 500 × 30-µm3

polyimide plate tethered by polyimide beams. When exposed to shear stress,

the plate movement was sensed capacitively with two integrated field-effect

transistors (FET) and off-chip electronics. A sensitivity of 52 µV/Pa was

reported.

Pan et al (1995) then reported a different floating element. Pan’s device is

made of thin-film polysilicon. A typical device includes a polysilicon floating
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element (∼100 × 100 × 2.2 µm3) and several suspension beams (∼100 µm

long). These floating elements have much smaller sizes and better sensitivities

(167 mV/Pa), owing to delicate force-balance electronics. Padmanabhan et al

(1995) reported a single crystalline-silicon bulk-micromachined and silicon-

fusion-bonded sensor. The movement of the element is measured by two photo

diodes underneath the element.

5.1.3 PRESSURE SENSORS Micro piezoresistive pressure sensors represent the

most mature and successful application of MEMS devices, having a wide

range of applications from automobiles to biomedical instruments. Micro-

machined piezoresistive silicon-based pressure sensors were first introduced in

1958 by Kulite, Honeywell, and MicroSystems (Brysek et al 1990). At that

time the devices were typically made with silicon piezoresistors glued to metal

diaphragms. The much more advanced micro-pressure sensors used today are

made by anisotropic etching of silicon, which requires no hand assembly. Ex-

amples are the fully integrated Motorola pressure sensor (Fraden 1993) and

the silicon-fusion-bonded millimeter– and submillimeter–size pressure sensors

(Brysek et al 1990).

Polysilicon has been a popular material for piezoresistive pressure sensors,

but many diaphragm materials have been explored, such as polysilicon (Guckel

et al 1986, Sugiyama et al 1991) and silicon nitride (Liu et al 1995). A wide

range of piezoresistive pressure sensors is available, up to 10,000 psi, and typical

uncompensated full-scale pressure sensitivity is about 20 mV/V. Capacitive

pressure sensors have the advantages of better sensitivity and less temperature

drift (Lee & Wise 1982, Ko et al 1982). Their performance, however, depends

heavily on electronics.

5.1.4 TEMPERATURE SENSORS Many different temperature sensors have long

been available (Fraden 1993), and most of these temperature-sensing schemes

can be implemented in micro scales. For example, the silicon-resistive and pn-

junction temperature sensors are widely used for temperature compensation in

silicon diaphragm-type pressure sensors (Brysek et al 1990). An interesting ex-

ample is an infrared (IR) detector that uses a thin diaphragm to absorb incoming

IR light, converting the photon energy into heat (Lahiji & Wise 1980). On the

2 × 2-mm2 diaphragm (1 µm thick), a large number of thin-film thermal cou-

ples (Bi–Sb and Au–polysilicon) that are connected in series to amplify the

signal were fabricated. The device shows an impressive sensitivity of 30 V/W

and a time constant below 10 ms.

5.2 Micro Flow Actuators

Several actuating mechanisms, including electrostatic, electromagnetic, ther-

mopneumatic, etc. are used in micro actuators. Among them, electrostatic
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actuation is most popular, mainly because of its ease of fabrication. However,

the electrostatic actuation has intrinsic limitations of force (∼µN) and dis-

placement (∼µm) outputs. They can be used to study flow instability problems

where only small displacement is required. For example, Huang et al (1996)

made an electrostatic actuator to control screech in high-speed jets. With the

design of 70-µm peak-to-peak displacement at the resonant frequency of 5 kHz

of the device, it has been shown that proper disturbances in the jet flow can be

provided.

Electromagnetic actuation can provide much larger forces (100s of µN) and

higher displacements (mm). For example, a micro-magnetic flap (Miller et al

1996) with a 30-turn copper coil and a layer of Permalloy (Ni80Fe20) was fab-

ricated on a 4 × 4-mm2 silicon plate (40 µm thick). In a magnetic field of

1 kg, the device can be driven to a rotational angle of more than 30◦, because

of the induction of magnetization in the Permalloy. In addition, a ±100 mA

of current can then be applied to the coil to move the flap another ±10◦. This

allows total control of the flap for more than 2 mm of tip motion (Figure 15).

These and other similar devices have been shown to be effective in changing

the separation of a flow around a leading edge (Liu et al 1995) and to achieve

drag reduction in boundary layer flow (Tsao et al 1994, Ho et al 1997).

The thermopneumatic actuation mechanism is a technique that can provide

force (>N) and displacement (>mm) even larger than that of the electromag-

netic method. Thermopneumatic actuation, first demonstrated by Zdeblick &

Angell (1987), showed that a heater in a liquid-filled cavity can heat the fluid

Figure 15 Micro electromagnetic flap actuator (Miller et al 1996).
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and cause significant pressure inside the cavity. If a wall of the cavity is a

diaphragm, it will be pushed outward because of the differential pressure in-

crease. Because the pressure increase can easily be several psi, the force acting

on the diaphragm is large. However, an earlier demonstration used only flat sil-

icon diaphragms, so the deflection was limited by the mechanical structures. A

recent demonstration that used a silicone rubber diaphragm showed more than a

mm displacement with about 10 psi pressure (Yang et al 1997). It is foreseeable

that such an actuator may have important applications in flow actuation.

6. FLOW CONTROL BY MICRO SYSTEMS

A micro system that contains transducers and/or logic circuitry is capable of

sensing, signal processing, and actuation. Such a system obviously has numer-

ous engineering applications (Gad-el-Hak 1993, Ho & Tai 1996, McMichael

1996, Ho et al 1997). A few examples of using micro systems for flow control

are reviewed here.

6.1 Moment Control of a Delta Wing

On a delta wing, the two leading-edge separation vortices contribute up to 40%

of the lift at high angles of attack. If we can break the symmetry of these

vortices, a net rolling torque may be achieved that can be used for maneuvering

the wing. Leading edge vortices develop from a boundary layer separated

from the surface. In free shear flows, it has been demonstrated that minute

perturbations at its origin can globally modify the flow field (Ho & Huang 1982,

Oster & Wygnanski 1982). Therefore, a coupling between micro actuators and

wing-size flow structures can be made by manipulating the thin boundary layer.

A delta wing with a 56.5◦ sweep angle was used in this experiment (Lee et al

1996). Electromagnetically driven microactuators are placed along the leading

edges with a circular cross section. The location of the actuators on the leading

edge is indicated by an angle, θ , which is measured from the lower surface,

θ = 0◦, and of the wing toward the upper surface, θ = 180◦. The measured

rolling torques are normalized by the torque produced by the vortex lift, Mv,

which is the product of the lift generated by a single leading-edge vortex and

the distance between the centroid of the half wing and the center chord. The

magnitude of the maximum torque reaches 15% of Mv at ∼ θ = 60◦ for small

actuators (Figure 16). When the actuators match the thickness of the boundary

layer, the maximum normalized torque can be about 40% (Ho et al 1997). A

flexible skin containing 128 sensors (Figure 13b) is used to measure the surface

shear stress. The measurements show that the flow separates immediately

downstream from θ = 60◦. A negative torque was found for actuators placed

around θ = 80◦. When actuators are placed on both leading edges but at two

A
n
n
u
. 
R

ev
. 
F

lu
id

. 
M

ec
h
. 
1
9
9
8
.3

0
:5

7
9
-6

1
2
. 
D

o
w

n
lo

ad
ed

 f
ro

m
 a

rj
o
u
rn

al
s.

an
n
u
al

re
v
ie

w
s.

o
rg

b
y
 C

A
L

IF
O

R
N

IA
 I

N
S

T
IT

U
T

E
 O

F
 T

E
C

H
N

O
L

O
G

Y
 o

n
 0

9
/0

8
/0

5
. 
F

o
r 

p
er

so
n
al

 u
se

 o
n
ly

.



MEMS & FLUID FLOWS 603

Figure 16 Normalized rolling moment versus actuator location at angle of attack of 25◦.

angles (θ = 60◦, 80◦), the measured resultant torque is equal to the sum of the

two peaks. Therefore, the two vortices act independently on this delta wing

with a sweep angle of 56.5◦. Interactions of the two leading-edge vortices are

expected for wings with a larger sweep angle (Lee & Ho 1990). Pitching and

yawing torques can also be obtained by using the miniature actuators (Ho et al

1997).

6.2 Thrust Vectoring

Deflecting the momentum of a jet to a direction other than the one normal to

the nozzle plane is useful in applications such as fluidic switching and aircraft

maneuvering. Coe et al (1994) used a micromachined vibrating diaphragm

driven by electrostatic force under a cavity to generate a miniature jet. This jet

is established by asymmetric entrainment during the push–pull phase. In the

pushing phase, the fluid near the jet axis is moved away from the diaphragm.

When the diaphragm is pulled back, fluid all around the cavity flows toward the

diaphragm and a net concentrated jet flow is established. Acoustical experts
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refer to this phenomenon as a “quartz wind” (Kuttruff 1991), because quartz has

been used as the diaphragm material in acoustic transducers. When the micro

jets are placed at the nozzle of a rectangular jet with a 7.62-cm × 1.27-cm

nozzle, the direction of the large jet can be changed according to the amplitude

of the micro jets (Figure 17). This capability provides a simple thrust-vectoring

technique (Smith & Glezer 1997), which is obviously much more advantageous

than the present method of using paddles to deflect the jet. The paddles suffer

high static and dynamic loading, which causes frequent structural damage.

6.3 Control of Turbulent Skin-Friction

The discovery of organized structures (Brown & Roshko 1974) has significantly

facilitated turbulence control of free shear flows (Ho & Huang 1982, Oster &

Wygnanski 1982). However, attempts in the control of wall flows have been

much less successful. The dynamics of the large-scale structures in free shear

flows are relatively well understood (Ho & Huerre 1984, Huerre & Monkewitz

1990) through the instability process. The underlying mechanisms by which

the organized structures are produced and sustained in wall flows are less well

known (Robinson 1991). The roots of the problem for experimental studies are

(a) the transverse length scale of the streaks is on the order of 100s of microns;

(b) the lifetime of the streaks is about one ms or less; and (c) the streaks spread

over the entire surface area covered by the turbulent boundary layer.

Their smallness directly poses great difficulties, because traditional transduc-

ers are larger than the organized structures. These relatively large transducers

do not have enough spatial resolution to measure the structures’ properties and

to explore their response to perturbations. We cannot devise control schemes

Figure 17 Thrust vectoring by a micro jet (Smith & Glezer 1997).
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analogous to research we have done in the past on free-shear layers. The mi-

cromachined transducers match the size of the streaks, and integrated logic

circuitry enables real-time decisions. A micro system provides an opportunity

that makes it possible for the first time to directly manipulate individual wall

structures. That is the reason wall-bounded turbulent-flow control is chosen as

a testbed for developing a micro system that comprises sensors, logic circuitry,

and actuators.

6.3.1 DISTRIBUTED MEASUREMENTS A surface shear-stress imaging chip com-

prising 85 micro sensors was developed to measure the instantaneous turbulent

shear stress in a distributed manner. The size of the sensors and the spacing

between them are chosen to match the length scale of near-wall, stream-wise

streaks in the tested Reynolds-number range. Figure 18 (see color insert) shows

the instantaneous surface shear-stress contours measured by the sensor array.

Only 25 sensors in a linear spanwise array are used. The vertical direction is a

pseudo-streamwise plot generated by multiplying time by the convection speed.

The capability of measuring the surface shear stress is not only essential for

the interactive control of the high-speed streaks but also provides interesting

statistical properties of the streaks (Motoaki et al 1997).

6.3.2 INTERACTION BETWEEN THE ACTUATOR AND WALL STRUCTURES Being

able to perform distributed sensing is a major step forward. Understanding how

the actuator interacts with the near-wall structure is an even more important part

of the control process. Actuators are wall-mounted devices that can produce

surface deformation and/or flow disturbances. The flow altered by a rising

obstacle was studied by direct numerical simulation (Carlson & Lumley 1996).

Vortical structures are produced by the unsteady motion of the actuator and

are deformed while the actuator moves through the boundary-layer velocity

shear. These actuator-produced perturbations are expected to alter the near-wall

structure in such a way that a skin-friction reduction is achieved. Obviously,

realizing this concept depends on finding proper actuation commands, which

in turn requires an in-depth understanding of the nonlinear interaction between

the artificial disturbance and the high-speed streaks. However, almost all of

the experiments at present investigate the effect of an actuator on stationary

vortices embedded in a laminar flow (Jacobson & Reynolds 1995, Ho & Tai

1996), because studies of the effect on the streaks in turbulent flow require a

complete micro system (see Section 6.3.3), which is still under development.

At the entrance region of a 2-D channel flow, the boundary layer is laminar.

A 1.3-mm-thick bump was placed normal to the flow and terminated halfway

in the span-wise direction (Ho & Tai 1996). At the terminating position of the

bump, a stationary longitudinal-vortex pair was produced. A micromachined
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actuator (Figure 16), which is a silicon nitride flap driven by an electromagnetic

field, was placed downstream of the vortex generator. During the upward-

moving phase, the ensemble-averaged vertical velocity field (Figure 19) shows

the transport of high-velocity fluid away from the surface. It is interesting to

note that the downward motion of the actuator does not produce a symmetric

cancellation effect. Because of the presence of the wall, the low-speed fluid

under the flap is pushed upward during the downward motion of the flap so

that a net reduction in the skin drag is achieved through a complete cycle

of the flap motion. The surface shear stress was integrated along the span-

wise direction and over the whole cycle of the motion of the actuator. The

integrated shear stress normalized to the dynamic head is defined as the skin

drag coefficient (Cdv). If a proper driving signal is applied to the actuator, the

skin drag coefficient of the vortex actuator interaction (Cd) is lower than the

drag coefficient of the stationary vortex alone. The net reduction of the surface

shear stress is the difference between these two coefficients.

The net reductions are plotted for various actuator frequencies (ω) and max-

imum tip heights (d ) in Figure 20. The product of ω and d is the maximum

normal velocity of the actuator. For constant ωd, the net reductions in the

skin-friction drag are the same for different combinations of ω and d. This re-

sult indicates that the amount of shear-stress reduction is directly related to the

Figure 20 Surface shear-stress reduction as a function of actuator frequency, ω, and maximum

actuator tip height, d (Ho et al 1997). d, ωd = 80 mm/sec; j, ωd = 100 mm/sec.
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ability to transport high-speed fluid. In other words, we need to seek actuators

that can efficiently pump high-speed fluid away from the wall with low power

expenditure and low form drag.

In a water channel, the interaction between a piezoelectrically driven actu-

ator with a vortex pair developed from a cylinder was studied (Jacobson &

Reynolds 1995). Surface-mounted hot-film sensors were used to measure the

surface shear stress, which serves as an input for feedback control. The opti-

mum amplitude of the actuator obtained from the feedback control can delay

the laminar-turbulent transition to about 40 displacement thicknesses from the

natural transition region (Figure 21).

6.3.3 A MICRO SYSTEM FOR SURFACE SHEAR-STRESS REDUCTION The lifetime

of high-speed streaks is short, and many of the streaks need to be controlled

simultaneously. If all of the sensor outputs were to be sent to a central computer

and the control command were to be sent from the computer to each actuator,

a very high bandwidth signal path and large number of leads would be required.

Figure 21 Transition delay by actuation (Jacobson & Reynolds 1995). δ = displacement

thickness.
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Implementing local and simple signal processing is obviously a necessity for

alleviating these problems. Neural networks are a viable approach (Jacobson &

Reynolds 1995, Lee et al 1997). A neural network–based circuit was developed

to determine the time and the spatial extent of the high-speed streaks passing

the shear-stress-sensor array (Gupta et al 1996). The output of the circuit was

used for actuation.

The task of integrating a micro system containing micro sensors, microelec-

tronics, and micro actuators on a chip is possible, yet it is not trivial. The micro

transducers that integrate the circuit need to be fabricated at a much higher

temperature than that of the circuits, which means that the diffusion of the

doping material in the circuits may affect their performance. The process flow

needs to be carefully planned to eliminate cross-contamination. A micro sys-

tem for shear-stress reduction was fabricated on a 1-cm × 1-cm die; 18 micro

shear-stress sensors, 3 micro flap actuators, as well as circuits for logic sensor

drivers and actuator drivers are monolithically integrated (Figure 22). This is a

prototype, and various tests of its functionalities are under way.

7. CONCLUDING REMARKS

The ability to apply a large number of transducers with on-board signal pro-

cessing provides a paradigm shift for flow control. This type of micro system

enables us to perform real-time distributed control. Hence, the ability to interac-

tively manipulate individual high-speed streaks in the turbulent boundary layer

is made possible and could be effective in decreasing the surface friction force.

A near-term industrial application for the skin-friction-drag experiment is not

obvious. This approach, however, will definitely facilitate our exploration of

the near-wall structure under artificial perturbations, and the findings will lead

us toward a fundamental understanding of the grand challenge in turbulence

research. Furthermore, other types of flow control may also be inspired by the

real-time, distributed-control ability of MEMS-based transducers. The large

torque on a delta wing and the thrust vectoring achieved by microactuation are

examples. We expect that a stream of new flow phenomena will be introduced

by MEMS-based sensing and control schemes.

In the field of biomedical analysis, MEMS technology has already sparked

a major transformation. Flows through micro channels or nozzles are the most

common configurations in all of the biomedical applications. Many unexpected

phenomena have been observed in Newtonian fluid flows through these simple

configurations. These types of flows are extremely intriguing, because they

challenge the fundamentals of fluid dynamics: the non-slip boundary condition

clearly should be relaxed for gas flows. In liquid flows, extra surface-force

terms may need to be added to the momentum balance equation. Whether any
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modification needs to be made to the constitutive equation for a simple fluid

remains to be investigated. On the other hand, the molecular dynamics approach

provides another means by which to explore the micro-fluidic problems. It is

evident that micro flow has opened a new domain for basic fluid mechanics

research.
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