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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.

Keywords: Flow sensor; Shear-stress sensor; Pressure sensor; Temperature sensor; Microchannel flow

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,

* Corresponding author. Tel.: +1 313 577 3850; fax: +1 313577 1101.  Preston tube, sublayer fence, or techniques that are based
E-mail addressyxu@ece.eng.wayne.edu (Y. Xu). on electrochemical or thermal principlfisl]. Among these
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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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tance change of the polysilicon piezoresistors is given by:

AR
— = Gje + Giet (6)

R
whereG, andG; are longitudinal and transverse gauge fac-
tors of polysilicon g ande; are the average longitudinal and
transverse strains.

3. Fabrication

The multi-sensor chip contains five sensor clusters
arranged in 1D array, with a pitch of 2 mm, consisting of
shear-stress, pressure, and temperature sensors. The nitride
diaphragms of both shear-stress and pressure sensors are
chosen to be 210m x 210p.m. The sensing element of the
shear-stress sensor is a straight polysilicon resistoun(7
wide and 15G.m long) with a typical resistance of 1.4k
at the room temperaturd=ig. 4). For pressure sensors,
serpentine polysilicon resistors, which form a Wheatstone
bridge, are placed on the edge and center of the diaphragm.
The temperature sensor is designed as an annular polysilicon
thermistor with a typical resistance of £Klt is worth noting
that the sensing elements of the shear-stress, pressure, and
temperature sensors are all made from thin film polysilicon.
The simplified fabrication process of the multi-sensor chip
is shown inFig. 3. The process starts with the deposition
of 0.2um silicon nitride layer in a low pressure chemical
vapor deposition (LPCVD) furnace at 830. Note that the
resulting thin film is silicon-rich nitride with Si to N ratio

Nitride

ek
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1. Deposit and pattern LPCVD nitride.

/PSG \ ‘/Nilridc
LOCOS
2. Grow local oxidation: deposit and pattern PSG.
Etch holes Nitride
; ‘./ .;/..\_"‘ I ~ e
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3. Deposit LPCVD nitride and open etch holes.
BN G EPT
Vacuum cavities

4. Remove PSG and oxide with concentrated HF, and then
seal the cavity with LPCVD nitride polysilicon

—

RN e B

Vacuum cavities

5. Deposit, dope, anneal, and pattern 0.5 pm polysilicon.

;.-\1
RN B

Vacuum cavities

6. Deposit a thin layer of nitride, and open contact holes:
deposit, pattern, and sinter aluminum

close to 1 and the stress is much lower (<300 MPa) than the
stoichiometric SiN4 [18]. The nitride layer is then patterned
with fluorine-based plasma andpin deep trenches are
formed by further etching into silicon. Thermal oxide is they have different doping concentrations, different patterns
grown to fill the trenches, and then the wafer is planarized and locations, and different functions. For shear-stress
by HF dip. A 0.4um thick phosphosilicate glass (PSG) layer sensors and temperature sensors, the polysilicon is employed
is deposited, densified at 1090, and patterned by Buffer as temperature sensitive resistors and is heavily doped. With
HF (BHF) to form the etch channels. The densification step a doping concentration of 2 10?°°cm=3, the temperature

is required to avoid irregular edges during BHF etch. Next, coefficient of resistance of polysilicon is about 0.1@ L.
about 1.5um thick low-stress nitride layer is deposited and For pressure sensors, the polysilicon is employed as a
patterned to open the etch holes. PSG and thermal oxidepiezoresistive material and is lightly doped. With a boron
are removed by 48% HF through etch holes and the nitride concentration of & 10'° cm~3, the gauge factor of polysil-
diaphragms are released. After this, the cavities are sealedcon is about 3Q16]. Higher boron concentration will lead

by depositing another layer of low-stress nitride. A @rB to smaller gauge factor. Another good reason to choose this
thick polysilicon film is then deposited, doped, annealed, and concentration for pressure sensors is that the polysilicon
patterned to form the sensing elements of all the three typesresistor has a nearly zero TCR at this doping |eid].

of sensors. Note that the polysilicon is doped twice. The Thus, the temperature sensitivity of the pressure sensor
first doping is a global boron ion implantation with a dose can be minimized. After formation of polysilicon sensing

of 1x 10 cm2, resulting in a doping concentration of elements, another 0.18n thick nitride layer is deposited

2 x 10%cm~3. The second doping is a selective high-dose as a passivation layer to prevent the drift of the polysilicon
boron ion implantation with a dose of x110®cm—2 resistors from thermal oxidation in 4ir9]. The contact holes
(leading to a doping concentration 05210°°cm~3) on the are then opened and aluminum is evaporated, patterned, and
shear-stress, temperature sensors and also on the contacsintered (at 450C in N) to form metal wires. Finally, the
and turning sections of the pressure resistors to minimize multi-sensor chip is diced into 2 cen1 cm chips andrig. 4

the connection resistance. Although polysilicon resistors are shows one sensor cluster and a complete multi-sensor chip.
employed as sensing elements for all three types of sensorsNote that the fabrication processes for the shear-stress and

Fig. 3. Simplified fabrication process of one sensor cluster.
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Fig.6. Calibration ofthe TCR of heavily doped polysilicon{2.0?° cm3).

(b) ! o this curve is 0.104%C 1, which agrees well with published
o] values[16].

To demonstrate its capability to measure microchannel
flows, the multi-sensor chip is first bonded to a printed cir-
cuit board and then another channel chip is flip-bonded on
pressure sensors are almost identical. Therefore, the fabricatop of the sensor chip as shownfig. 7. The channel, with
tion of the multi-sensor chip is not significantly complicated - a rectangular uniform cross-section, is 2.5 mm wide, 18 mm
compared with the fabrication of a single-sensor chip. long, and 20Qum high. Deep reactive ion etching (DRIE) is

used to machine the channel and the inlet from the other side

of the chip. The first sensor cluster is 4 mm away from the

4. Testing and discussion inlet to ensure all the sensors are in the fully developed flow
) o ) region.Fig. 8 shows the pressure and temperature distribu-

Fig. 5 shows the calibration curve of a typical pressure tions of a fully developed laminar flow with a Mach number
sensoronthe multl—sensorchl_p. The vertical axisis the output of 0.2, Mach number is defined as the ratio of flow speed to
voltage of the Wheatstone bridge formed by the polysilicon gpeeq of sound. With a Mach number of 0.2 (equivalent to a
piezoresistors. The excitation voltage applied is 5V. The mean flow velocity of 69 m/s), the flow is generally consid-
normalized sensitivity is 82 @V/(kPaV). The sensitivities  gred incompressible. The pitch of the sensors is 2 mm and the
of other pressure sensors are between g2/kPaV) distance from the first sensor to the last one is 8 mm. As ex-

and 83.8.V/(kPaV). Note that the output voltage at the pected, the temperature is constant, while the pressure drops
atmospheric pressure is not zero. This is mainly due to thelinearly along the channel.

mismatch of the piezoresistors and the initial bending of the |1 is also well known that in a fully developed laminar

diaphragm caused by the atmospheric pressure. 0 flow, the shear stress is constdfity. 8(c) shows that the five
The TCR of the heavily doped polysilicon (2107 shear-stress sensors give nears identical readings/d,

-3 i . .
cm*) has also been measureelg. 6 shows a typical re-  \yhereaVis the voltage change and is the output voltage
sistance versus temperature curve. The TCR extracted from

Fig. 4. (a) Micrograph of one sensor cluster. (b) Micrograph of a multi-
sensor chip containing five sensor clusters.
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Fig. 5. The calibration curve of one pressure sensor on the multi-sensor chip. Fig. 7. (a) Schematic and (b) photograph of the packaged device.
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77 At zero shear stress, there exists the following relationship:
6
- 2
g °] Y5 _ ath, 8)
s 4 S
E o, Thus, Eq.(7) is simplified to
11 2
0 : : . : 2VoaV LAY ATAy(p7)Y" (9)
1 2 3 4 5 Rs Rs
Position
(@ Pressure distribution Dividing both sides of Eq(9) with Vp?/Rs, and neglecting
26.0 - (AV/Vp)? by assumingAV/Vp < 1, we finally get
AV A
5 25 Vo = 25,0 (10)
;f 250 — - - —a— - Eqg. (10) clearly states thaAV/\y is independent oRs.
g Namely, by normalizingAV to Vo, the influence oRs on
g 045 the sensitivity can be eliminated. In the mean time, the av-
= erage temperature differeneerl is also cancelled out and
thus the influence of over-heat ratios is reduced significantly
240 T 2 s a4 s as well. T_his is the reason why the vertical axigig. 8(c)
Position is AV/\g instead ofAV. The AV/\j offers a better sensor-
(b) Temperature distribution to-sensor uniformity (with a variation<1.8%) compared
0.20 - with the variation ofAV (+4.5%). Note that even the4.5%
variation of AV is not significant, and this is made possible
015 1 by the following approaches. First, the five shear-stress sen-
sors are on the same chip and thus have almost matched pa-
N rameters. For example, the variation of the sensor resistance
E 0101 7.98% 7.84% 7.90% 7.76% 7.70% is <£1.7%. Second, the over-heat ratios have been carefully
- v - e o adjusted to be accurate as possible. We have also investi-
0.05 + gated the effect of over-heat ratio by increasing its value of
one sensor from 10% to 20%AV increases from 0.462V
0.00 : : : : to 0.623V, whileAV/\y only changes from 7.90% to 7.54%.
1 2 3 4 5

Position
Relative output changes of shear-stress sensors

©
Fig. 8. Measurement of a fully developed incompressible channel flow with
aMach number of 0.2. (a) Pressure distribution; (b) temperature distribution;
(c) relative output changes of shear-stress sensors.

The effectiveness of this normalization method can be clearly
observed. From Eq10), it can also be observed that in con-
stant temperature mode the normalized output is insensitive
to the TCR of polysilicon. Note that the gas densitand
viscosityu are both functions of temperature, and therefore
AV/\ is still a weak function of the over-heat ratio. In addi-
tion, B; is determined by the thermal resistance of the nitride
diaphragm. Thus, the thermal resistance variation due to the

at zero shear-stress. All the shear stress sensors are operaté@n-uniformity of LPCVD nitride cannot be cancelled.

atan over-heatratio of 10%. Itis worth noting that the proper-

Compressible flow (with a Mach number of 0.6) has also

ties of different shear-stress sensors exhibit some variationsPe€en measured in the channel, as showfign 9. The slight

due to limitations in the control of the fabrication process.
For example, the electrical resistance may be slightly differ-

increase of pressure gradient and the temperature drop along
the channel, which are characteristic of a compressible chan-

ent from sensor to sensor, and errors may occur when settingel flow, can be observe#ig. 9c) D'Otszth? output of shear-
the over-heat ratios. These factors will contribute to the sen- Stress sensors. Note that the temV(Vo)“ is included since it
sitivity variations of the shear-stress sensors. To address thids relatively large and cannot be neglected in this case. Except
issue, we use a simple normalization method to minimize the the first sensor, the remaining sensors indicate the increase

variation to a first order approximation. Replacivign Eq.
(3) with Vo + AV yields

Vo2 + 2AVVy + A V2

= ATA(p7)Y" + ATB;
Rs

()

of the shear stress along the channel. Note that the gas is
injected into the channel vertically from a top inl&id. 7),
leading to a 3D flow distribution at the entrance. The flow at
the location of the first sensor may not be fully developed.
Further investigation is needed to explain the behavior of the
first shear-stress sensor.
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Fig. 9. Measurement of a fully developed compressible channel flow with a
Mach number of 0.6. (a) Pressure distribution; (b) temperature distribution;
(c) response of the shear-stress sensors.

In addition to channel flow measurement, the multi-sensor
chip bonded with a channel can also function as a flowmeter.
Interestingly, two different flow rate measurement principles
can be employed: differential pressure and thermal anemom-
etry. For the rectangular channel flow, if the heiglg much
smaller than the width (which is true in our case), in the lam-
inar flow regime the flow rat® is given by[20]:

K dp
12u dx
Thus, the flow rate can be obtained by measuring the pres-

sure gradient (or equivalently the pressure drop) along the
channelFig. 10plots the pressure differencep measured

0= (11)
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Fig. 10. Calibration of flowmeter based on differential pressure measure-
ment f=200pm and N flow).

in series. The unitis standard litter per minute (SLPM). Note
that 1 SLPM in our experimental setup is equivalentto a mean
flow velocity of 33.3 m/s. The transition region from laminar
to turbulent flow is nea@Q=2.5 SLPM, corresponding to a
Reynolds number oRe=2100. The laminar flow data are
linear and the slope agrees with that predicted by (Ed#).
Note the bending of the curve when the flow enters turbu-
lent region, indicating that Eq11)is no longer valid in the
turbulent flow regime.

Simultaneously, the flow rate can be measured using the
shear-stress sensor based on thermal anemometry principle.
The response of the thermal shear-stress sensor to nitrogen
flow is shown inFig. 11 The over-heat rati@r of the
shear-stress sensor is 10%. One limitation of the hot-film
shear-stress sensors is that the output is sensitive to ambient
temperature. Using an on-chip temperature sensor, the
experimental data have been temperature-compensated.

The principle of flow rate measurement using the shear-
stress sensor is as follows. Based on force balance, the re-
lationship between the wall shear stress (frictiorgnd the
pressure gradientpddx along the channel is given §20]:

(12)

0.8 -
0.7 A
0.6
0.5 -

0.4 -

AV (V)

0.3

0.2

0.1 A

0&
0 2

T

3
0 (SLPM)

by pressure sensors #1 and #5 as a function of mass flow rate

Qin both laminar and turbulent flow regimes. The mass flow

Fig.11. Calibration ofthe flowmeter based onthe thermal shear-stress sensor

rate is measured by a commercial mass flowmeter connectedh=200u.m, ar = 10%, and N flow).



Y. Xu et al. / Sensors and Actuators A 121 (2005) 253-261 259

651 Table 1
ExperimentalAg andBy for differentag (h=200um andn=2.20)
§ 6.0 4 Gas Over-heat ratio (%) Ao Bo
% Nitrogen 5 0349 284
o 10 0719 520
2 55 20 131 952
Helium 5 Q706 364
- - - ; o
0.0 05 1.0 1.5
QI/Q 2

From the above table, we can clearly see that when the
over-heat ratio doublesy andBg approximately double cor-
respondingly. This can be explained by the following anal-
Replacing the pressure gradient using Etfl), the shear  ysis. We know that the resistance of the sensing element at

Fig. 12. Input power vsQ'2-2 (laminar flow region).

stress in laminar flow region is given by: temperaturd is
I = hGZ_MQ (13) Rs = RSO[]- + (XT(T - TO)] (16)
w

. _ _ whereRgg is the resistance at reference temperaigrand
Thus, the relationship between the input power and the flow 4 is the TCR of the sensing element. Combined with Egs.

rate in laminar flow region is given by: (4) and (16)the over-heat ratio is given by
V2 _
P= = A00"" + By 19y wR=oTAT (7
s

Ao andBg are both proportional taT (note that this is only
approximately true because the gas dens#ynd viscosityu

1/n
— Spu —
whereAo = ATAt(th) andBo = ATBy. If AVIVp < 1, are weak functions of the temperature) and hence are propor-

the above equation can be simplified to tional to the over-heat ratiar. Table 2shows experimentally

AV Ao determined values & andByg for different channel heights

Vo = 2. oY (15) with a constant over-heat ratio of 10% for both nitrogen and
0 0

helium flows. From Eq(14), we havelg o< h~%/". Accord-

Thus, the relative output change can be used to reduce thdng to Table 2 Aq increases a decreases, but in a way

sensitivity variations as well. E¢13)states that flow rat®is that is different from this power-law dependence. This might

proportional to wall shear stressn the laminar flow region. ~ be attributed to the fact that changedialso influence heat

Thus, in the laminar flow region dfig. 11, the horizontal transfer in the channel, which needs to be further investigated.

axis can be readily converted to shear stress, resulting in a Gas properties will also impact the sensor sensitiv-

calibration curve for the shear-stress sensor. ity. It can be shown thatAg o kta=Y/", where o =
Using the least squares method to fit the laminar flow data, k7/pcp is the thermal diffusivity of the gas. For nitrogen,

we obtainn=2.2, which differs from the conventional value kr=2.59x 102 W/(mK) anda =2.21x 10~>m?/s, and for

of 3.Fig. 12re-plots the laminar flow part &ig. 11by chang-  helium,kr =0.152 W/(m K) andx = 1.80x 10~*m?/s. Letn

ing the horizontal axis t®Y2-2 For one time, the classicallaw ~ be 2.20, we obtain that the ratio 8 (He) overAg (N2) is

with n of 3 has been used to characterize the micromachined2.26. FromTables 1 and 2we can see that all the experi-

shear-stress sensors. However, experimenta| data C|ear|y inmental ratios are smaller than this value, which also needs to

dicate that the classical hot-film theory, stating that the heat be further investigated. It is also observed tBgin helium

removed by the flow is proportional t3/3, needs to be mod- ~ gas is always larger than it is in nitrogen gas. This indicates

ified for the MEMS shear-stress sensors. This is mainly be- that at zero flow, the heat loss through the ambient gas is not

cause the assumption that the thermal boundary layer is verynegligible.

thin compared to the dimension of heated area is not valid

anymore. More detailed investigation of this problem can be Table 2

found in[21]. ExperimentaPo andBo, for different channel heightsg = 10% andh = 2.20)
In order to fully understand the characteristics of the flow Gas Channel heighfufn) A Bo
rate measurement using shear-stress sensors, extensive testgrogen 150 o789 5.61
have been carried out with different over-heat ratios, channel 200 Q719 5.20
heights and gasedable 1comparesAg and By extracted 288 562 548
from the experimental data for different over-heat ratios in Helium 150 151 7.25
the 200um high channel for both nitrogen and helium flows. 200 131 6.87

288 Q847 7.38

An averaged value of=2.20 is used for all the data fittings.



260 Y. Xu et al. / Sensors and Actuators A 121 (2005) 253-261

Flow sensings by pressure and shear-stress measurementscknowledgment
generally complement each other. As we can see, the thermal
flowmeter has a very high sensitivity, although the outputis  This work was supported by Jet Propulsion Laboratory
not a linear function of flow rate. IRig. 11, atQ=1 SLPM, under account code 49-204-52000-0-3460.
the sensitivity is 0.17 V/SLPM while a®=0.1 SLPM, it
increases to 0.62 V/SLPM. This type of flowmeter has ex-
tremely high sensitivity at small flow rates, which is desir-
able for some microfluidic applications. The drift due to its
elevated operating temperature is a concern. On the other 1] G.T.A. Kovacs, Micromachined Transducers Sourcebook, WCB
hand, the flowmeter based on differential pressure principle McGraw-Hill, 1998.
is less sensitive to ambient temperature and has a simple lin- [2] R.S. Muller, R.T. Howe, S.D. Senturia, R.L. Smith, R.M. White,
ear relationship between the pressure drop and flow rate. But ~ Microsensors, IEEE Press, New York, 1991.
its sensitivity is low compared with the thermal flowmeter. [ \é\’f;s“t'gngo'\":;g’gicrzzgiclsgggd MEMS: Classic and Seminar
To obtain high sensitivity, a large pre_ssure drop across the [4] J. I[_)iu, Y.C. Tai, K Pong, CM Ho, MEMS for pressure distribution
channel needs to be generated. This is not allowed for many = sudies of gaseous flows in microchannels, in: Presented at the Eighth
microfluidic applications. IEEE International Conference on Micro Electro Mechanical Sys-

There are several aspects in which the multi-sensor chip ~ tems (MEMS), Amsterdam, the Netherlands, January 29-February
can be further improved. In this work, the temperature sen- ___ 2 1995, pp. 209-215. .

. [5] L. Zhang, J.M. Koo, L. Jiang, M. Asheghi, K.E. Goodson, J.G. San-

Sors are mz_ide directly on the sgbstrqte. It would be advan- tiago, T.W. Kenny, Measurements and modeling of two-phase flow
tageous to implement a thermal isolation structure to reduce  in microchannels with nearly constant heat flux boundary conditions,
the effect of the substrate on the temperature measurement.  J. Microelectromech. Syst. 11 (2002) 12-19.
The shear-stress sensors exhibit some pressure sensitivityl6] L. Jiang, M. Wong, Y. Zohar, Phase change in microchannel heat
(0.27-0.21 mV/kPa). This is because heavily doped polysil- s_ink under forced conveption boiling, in: Pre;ented at IEEE Interna-
icon is piezoresistive (with a longitudinal gauge factor of :\'A(?Sglzs(?n;zf:feﬁ:ugisrggﬁfgtrgogﬂgcggn';g;_sigems (MEMS).
~20)[16]. The pressure sensitivity can be reduced by adjust- (7] m.a. Sch’mit, RT. Howe, S.D. Ser’lturia, IH. Haritonidis, Design and
ing the length of the polysilicon resistor, and making a more calibration of a microfabricated floating-element shear-stress sensor,
rigid diaphragm. More detailed information on this issue can IEEE Trans. Electron Devices 35 (1988) 750-757.
be found if22]. After coating a waterproof layer, suchas low ~ [81 J- Shaji, K.-Y. Ng, M.A. Schmidt, A microfabricated floating-
temperature oxide (LTO) or parylene C, this multi-sensor chip Slﬁgiﬂﬁrjﬁiifﬁst S1e r(]igsrazu)sgg—;vf feribonding fechnology, J. Hr
can be used to measure liquid flows. Of course, this sensor [g9] o. padmanabhan, H.D. Goldberg, K.S. Breuer, M.A. Schmidt, Sili-
chip can also be employed to measure flows on open surfaces  con micromachined floating-element shear-stress sensor with optical

although in this paper only channel flow measurements are position sensing by photodiodes, in: Presented at International Con-
reported. ference on Solid-State Sensors and Actuators, and Eurosensors IX,
Stockholm, Sweden, June 25-29, 1995, pp. 436-439.
[10] T. Pan, D. Hyman, M. Mehregany, E. Reshotko, B. Willis, Char-
acterization of microfabricated shear-stress sensors, in: Presented
5. Conclusions at International Conference on Solid-State Sensors and Actuators,
and Eurosensors IX, Stockholm, Sweden, June 25-29, 1995, pp.

A multi-sensor chip that contains five sensor clusters ar- 443-446. _
T.J. Hanratty, J.A. Campbell, Measurement of wall shear-stress, in:

. 11]

rangedina 1D a”aY has been successfully developed. Ever); R.J. Goldstein (Ed.), Fluid Mechanics Measurements, second ed.,

sensor cluster consists of one shear-stress sensor, one pres- Tayior & Francis, 1996, pp. 575-648.

sure sensor, and one temperature sensor. Thin film polysilicon12] C. Liu, Y. C. Tai, J. B. Huang, and C. M. Ho, Surface microma-

was employed as the sensing elements for all three sensors. c_hined therma_l shear—s_tress_ sensor, in: Presented at_ ASME I_nterna—

The multi-sensor chip’s capability to study some complex t|9nex_l Mechanical Engineering Congress and Exposition, Chicago,
) . lllinois, November 6-11, 1994, pp. 9-15.

channel flows such as flows in micro nozzle.s has been Qemon—ls] F. Jiang, Y.C. Tai, B. Gupta, R. Goodman, S. Tung, J.B. Huang, C.M.

strated by the successful measurement of incompressible and 1o, A surface-micromachined shear-stress imager, in: Presented at

compressible channel flows. By normalizing/ to Vo, the IEEE International Conference on Micro Electro Mechanical Sys-

variations of shear-stress sensitivity caused by the variations  tems (MEMS), San Diego, California, February 11-15, 1996, pp.

of electrical resistance and over-heat ratio can be reduced, _ 119-115. ,

Flow rate measurements based on both differential pressuré-m] Y. Xu, F. Jiang, S. Newbern, A. Huang, C.-M. Ho, Y-C. Tal, Flex-
e ible shear-stress sensor skin and its application to unmanned aerial

and thermal anemometry principles have been demonstrated.  yenicles, Sens. Actuators A: Phys. 105 (2003) 321-329.

We also confirmed that the classic law for conventional hot- [15] R.J. Goldstein, Fluid Mechanics Measurements, second ed., Taylor

film sensors, which states that the heat removed by the flow & Francis, 1996. o o

is proportional t0‘51/3, is not valid for the micromachined [16] V. Mosser, J. Suski, J. Goss, _E. Op_erme|er, Piezoresistive pressure

. . sensors based on polycrystalline silicon, Sens. Actuators A: Phys.
shear-stress sensors. Extensive tests have been carried out on 28 (1991) 113-132
the shear-stress sensor with various over-heat ratios, channgh7) 3. Liu, integrated micro devices for small scale gaseous flow study,

heights and gases, resulting in several useful conclusions. Ph.D. Thesis, California Institute of Technology, Pasadena, 1995.
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