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Abstract

This paper reports the development of a MEMS multi-sensor chip that enables the simultaneous measurements of shear stress, pressure
and temperature inside microchannels. On the multi-sensor chip, five sensor clusters, which consist of shear-stress, pressure, and temperatur
sensors, are arranged in a one-dimensional array. The multi-sensor chip has been characterized in a rectangular microchannel using bott
incompressible and compressible gas flows. A simple normalization method has proven to be effective in the reduction of the sensitivity
variation of the shear-stress sensors. It has also been found out that the classical theory for conventional hot-film sensors needs to be modifiec
for the MEMS thermal shear-stress sensors. Furthermore, flow rate measurements based on both differential pressure and thermal anemometr
principles have been demonstrated using the multi-sensor chip.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction that enables the simultaneous measurement of shear-stress,

pressure, and temperature distributions of microchannel
The measurement of wall shear-stress, pressure, andlows. Compatible sensor designs have been implemented

temperature distributions is of great interest for many fluidic that simplifies the fabrication of the multi-sensor chip. The

applications. However, this is a very challenging task for fabricated multi-sensor chip has been successfully tested

the measurement of flows inside a microchannel. MEMS with both incompressible and compressible channel flows. In

technology enables the fabrication of arrays of miniaturized addition, flow rate measurements have been demonstrated.

shear-stress, pressure, and temperature sdis@jsnd thus

enables flow measurement inside microchannels. The first

ever experimental data of the pressure distribution of gaseous

flows in microchannels using MEMS technology were re- 2. Sensor designs

ported by Liu et al[4]. Several groups have studied the tem-

perature Change/distribution inside microchanﬂ@@]_ For Intuitively, the wall shear stress can be determined directly

channels with uniform cross-sectional areas, the wall shearby measuring the force exerted on a small surface area. The

stress can be derived from the pressure gradient. But for chanmicromachined versions of direct measurement have been

nels with non-uniform cross-sectional areas, e.g., nozzles, itrealized by using floating elemer{ts-10] The wall shear

is highly desirable to measure both shear stress and pressurétress can be determined from the displacement of the float-

directly. This paper reports the first MEMS multi-sensor chip ing element or the force it experiences. Alternatively, shear
stress can be measured indirectly using the Stanton tube,
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Fig. 2. Simplified constant temperature (CT) bias circBg.is the shear-
stress sensoRy, Ry andR; are off-chip resistors.
Fig. 1. The cross-section of the micromachined thermal shear-stress sensor.

we will use the empirical formula

approaches, the thermal method is most frequently used de- 2

spite its non-linear output. This is mainly because the thermal P = — = AT(Ay(p?)Y" + By) 3)
method has the advantages that it can be used in a wide vari- S

ety of flows, it does not interfere with the flow, and it offers  \yherea,, B;, andn are determined experimentally.

the possibility of measuring time-varying flows. Addition-  The shear-stress sensor can operate in either constant tem-

lowing for MEMS shear-stress sensors without moving parts. s chosen in this work because of its high sensitivitig. 2
Conventional thermal shear-stress sensors are typicallyshows the simplified CT biasing circuits, wheRe is the

mad_e by depositing thin metal filr_n resistors, mostly platinum ghear-stress sensé%, Ry, andRs are off-chip resistors that

or nickel, on flat substrates. With the MEMS technology, hayve nearly zero temperature coefficient of resistance (TCR).

novel thermal shear-stress sensors have been successfully dg4ere | the resistance & is chosen to be equal to the resis-

veloped[12-14} As shown inFig. 1, the sensor consists of  tance ofRs. Rs, Ry, Ry, andRs, together with the operational

a polysilicon resistor embedded in a nitride diaphragm with ampiifier, form a negative feedback loop, which requires that

a vacuum cavity underneath. Heat loss to substrate is signif—RS must be equal t&; when steady state is reached. An im-

icantly reduced and the heated area is confined to a smallyortant parameter for the operation of shear-stress sensor is

area, leading to a much better spatial resolution. The inputhe (resistive) over-heat ratio, which is defined as
power of the resistor is a function of the wall shear stress of

the ambient fluid, which is defined by: Rs — Rso
aR= ——>= 4)
Rso
du ) )
T= Md_y 1) whereRs is the resistance of the shear-stress sensor at the
y=0

operating temperature aRdg is the resistance at a reference

. . . . . temperature. For example, if an over-heat ratio of 10% is
wherep is the fluid viscositylJ the streamwise velocity and ; _ )
L 7 desired, we then sd®; = (1+10%Rso. The Joule heating
y-axis is normal to and originates at the sensor surface. The

; . . . will increase the temperature of shear-stress sensor and thus
relationship betweenand the input poweP to the sensoris . ; . . )
! . ) its resistance (positive TCR). Finally the Wheatstone bridge
typically described by15]:

is balanced an®s=R1 = (1 +10%Rso. By measuringVout

V2 or V (Vout=2V), we know how much power is dissipated
P =— = AT(A(pr)® + B) (2) through fluid and hence the shear stress.

Rs The temperature sensor is a polysilicon thermistor, tak-

h q h | 4 electrical resi ¢ ing advantage of the temperature dependence of polysilicon’s
whereV andRs are the voltage and electrical resistance o electrical resistivity{16]. The resistanc® at temperaturd

the shear-stress sensor, respectivaly, the average tem- is given by:

perature difference between the heated resistor and ambient,

A x Cé/3k$/3/ul/3 (Cpandkr are the heat capacity andther- R = Rg[1 + a7(T — To)] (5)

mal conductivity of the fluid, respectivelyp, the density of

the fluid and the terrB represents the heatloss to the substrate whereRy is the resistance at a reference temperafygrand

and is a function of the dimension and thermal conductivity «T is the temperature coefficient of resistance of polysilicon.
of the diaphragm. The physical interpretation of E2) is The pressure sensor is also constructed by embedding
that the Joule heating generated dissipates in two ways: thepolysilicon resistors in a vacuum-sealed nitride diaphragm. In
convection loss to ambient fluid and the conduction loss to the this case, the polysilicon thin films are employed as piezore-
substrate. Radiation loss is negligible at the typical operat- sistors and are placed at the edge and central areas of the
ing temperature. Note that E@) is derived for conventional  diaphragm where the maximum stress oc¢liv. The pres-
hot-film sensors. As will be shown later, the exponent of sure is detected by measuring the resistance change of the
is not 1/3 for our micromachined shear-stress sensors. Thuspiezoresistors in the form of a Wheatstone bridge. The resis-
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