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A micro shear stress sensor based on laterally aligned carbon nanotubes
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Abstract

This paper reports the development of a micro thermal shear stress sensor that utilizes multiwalled carbon nanotubes as the sensing element.
The sensor was fabricated by laterally aligning randomly distributed nanotubes into a 360 �m long and 90 �m wide conductive trace between two
triangular shaped micro electrodes through the use of a high frequency AC electric field. During operation, the aligned nanotubes are electrically
heated to an elevated temperature and surface shear stress is measured indirectly by the amount of convective heat transfer from the heated nanotubes
to the surrounding fluid flow.
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The nanotube alignment process was primarily controlled by three different phenomena: dielectrophoresis, joule heating, and Brownian motion.
umerical simulations, together with experimental verifications, indicated that a successful alignment could only be realized if: (1) the dielec-

rophoretic force was positive, (2) the electro-thermal force was also positive, and (3) the dielectrophoretic force was high enough to overcome
rownian motion. The aligned nanotube trace has a room-temperature resistance of 580 �, which corresponds to a conductivity of 2.7 × 104 S/m.
he absolute temperature coefficient of resistivity ranges from 0.01 to 0.04% ◦C−1. This is about one order of magnitude smaller than the highly
oped polysilicon sensing material used in the MEMS micro shear stress sensor. The shear stress sensitivity of the nanotube trace operated at a 3%
verheat ratio is found to follow the theoretical sensor power ∝ (shear stress)1/3 relationship, provided the shear stress level is higher than 0.34 mPa.
his result confirms the feasibility of using aligned multi-walled carbon nanotubes as a thermal shear stress sensing material.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Flow sensors play an important role in various engineering
ystems that interact with fluid flows. With the emergence of
icro and nano technology, flow sensors capable of accurate
uidic metering at the microscopic scale are also becoming

ncreasingly important. This is particularly the case in microflu-
dic systems like the micro total analysis system (�TAS) where
large set of biomedical experiments can be carried out much
ore quickly and sometime more accurately than the traditional

aboratory apparatus. The key to a successful �TAS is the capa-
ility of sampling and manipulating small but precise amounts
f samples, buffers, and reagents in microchannels. To meet
his demand, flow sensors chosen for a �TAS must be physi-
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cally smaller than the microchannels. Furthermore, their sensing
mechanism must not allow a large exchange of either momen-
tum or energy between the sensors and the flow in order to avoid
flow interference [1].

MEMS is a natural selection for the design of microflow
sensors due to its precision fabrication techniques and its com-
patibility with control electronics. Over the last decade, several
different MEMS based flow sensors have been developed for
microfluidic applications. Among them is the thermal shear
stress sensor which measures flow-imposed surface shear stress
based on the amount of convective heat transfer from a heated
polysilicon sensing element to the surrounding fluid flow [2].
The thermal shear stress sensor is typically 200 �m × 200 �m
in size and the polysilicon sensing element is 150 �m long, 3 �m
wide and 0.5 �m thick. The large length-to-width ratio is neces-
sary to ensure sensitivity preference in the direction normal to
the length [3]. To minimize conduction heat loss to the substrate,
a 0.5 �m deep vacuum cavity is usually included underneath the
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sensing element. Experimental results indicated that this unique
feature significantly increased the shear stress sensitivity and
minimized the sensor’s long-time drift [4].

The MEMS thermal shear stress sensor has been proven to
be effective in both air [5] and liquid flows [6]. It has also been
shown capable of handling biofluids [7]. However, the usage
of highly doped polysilicon as the sensing material imposes
several severe constraints on the sensor’s future development
into an effective nanofluidic sensor. Firstly, the polysilicon sens-
ing element is defined by photolithography, which currently
has a resolution limit about 100 nm. To handle nanofluids, a
much smaller sensing element might be necessary. Secondly,
the highly doped polysilicon is a high-temperature material; it
requires a 1000 ◦C annealing step after doping. This behavior has
complicated the sensor fabrication process and limited the inclu-
sion of temperature-sensitive materials into the sensor design.
Finally, to achieve a reasonable sensitivity, the polysilicon sen-
sor must consume mW range power, which might just be large
enough to have an adverse effect on the nanoflow it is intended
to sense.

An alternative sensing material must consume less power
while maintaining reasonable shear stress sensitivity. Accord-
ing to [8], the shear stress sensitivity of thermal sensors can be
maintained at a low power setting by using either a small thermal
mass or a sensing material with a large temperature coefficient
of resistivity (TCR). The TCR of highly doped polysilicon is
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ally suited for nanoelectronics devices. Recently, MWNTs were
found to have a reasonable TCR value [10,11], suggesting the
possibility of utilizing MWNTs as a nanoscale shear stress sens-
ing material.

Presently, CNTs can be synthesized by a variety of methods
including laser vaporization, carbon arc, and chemical vapor
deposition (CVD) [12]. Unfortunately, none of these methods
can precisely dictate the physical geometry of the CNTs pro-
duced. As a result, CNTs are usually available as a mixture of
metallic and semiconducting nanotubes. On the average, most
of the SWNTs are semi-conducting while most of the MWNTs
are metallic. The bulk electrical conductivity of MWNTs was
reported to be approximately 2.2 × 104 S/m [13].

Commercial CNTs are mostly available in the form of ran-
domly distributed ‘tangled ropes’, with each rope typically con-
sisting of a few tens to a few hundreds of CNTs. To utilize these
nanotubes as a flow sensing material, an alignment method must
be developed to first untangle the CNT ropes and then regroup
the individual CNTs into a high aspect ratio trace similar to the
polysilicon sensing element. In the last few years, a CVD based
synthesis method has been developed to grow vertically aligned
MWNTs in situ on a substrate [14]. However, these nanotubes
are not suitable for nanoscale flow sensing because their orien-
tation can potentially cause flow disturbance.
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round 0.1% ◦C−1 and it is therefore desirable for any alter-
ative sensing material to have a comparable or higher TCR.
therwise, this material must be capable of being scaled down,
referably in a low temperature environment, beyond the polysil-
con’s 100 nm limit.

. Carbon nanotubes as flow sensing material

Recent studies have indicated that carbon nanotubes (CNTs)
an potentially replace highly doped polysilicon as an alternative
hermal shear stress sensing material. CNTs are small cylin-
rical tubes of graphitically bonded carbon molecules. They
xist in two forms: single-walled and multi-walled (Fig. 1).
ingle-walled nanotubes (SWNTs), typically 1–10 nm in diam-
ter, consist of a single layer of carbon molecules while multi-
alled nanotubes (MWNTs), 10–50 nm in diameter, consist of

oncentric rings of SWNTs. CNTs have a unique electrical prop-
rty: they can be either metallic of semiconducting depending
n the tube diameter and chirality [9]. Such behavior, together
ith their natural nanometer diameter size, makes CNTs ide-

Fig. 1. Transmission electron microscopic (TEM) pictures of
. Dielectrophoresis of carbon nanotubes

We have developed a micro thermal shear stress sensor using
andomly distributed but purified MWNTs obtained from com-
ercial sources. Dielectrophoresis (DEP) was used to align the
WNTs. DEP is a room-temperature process through which

ncharged particles, such as CNTs, can be translated in a sus-
ending medium by a non-uniform AC electric field generated
etween a pair of micro electrodes. Based on [15], the time-
veraged dielectrophoretic force, FDEP, acting on the particles,
an be expressed as

DEP = ΓεmRe{FCM}∇|Erms|2 (1)

here Γ is a shape factor of the particles, εm the permittivity of
he suspending medium, FCM is the Clausius–Mossotti factor,
nd Erms is the RMS electric field and ∇|Erms|2is the square field
radient. For particles with a large aspect ratio such as CNTs

= π

6
r2l and FCM = ε∗

p − ε∗
m

ε∗
m

(2)

n nanotubes at 66,000×. (a) Single-walled; (b) multi-walled.
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where r is the radius of the particle and l is the length. ε*is the
complex permittivity defined as

ε∗
m = ε∗

m − i
σm

2πf
, ε∗

p = εp − i
σp

2πf
(3)

The subscript p refers to the particle and m refers to the medium.
σ is the electrical conductivity, and f is the DEP frequency.

Particles can experience either positive or negative dielec-
trophoresis depending on the sign of FDEP. If FDEP is positive,
particles migrate towards regions of high electric-field gradient.
Otherwise, particles move towards regions of low electric-field
gradient if FDEP is negative. To realize a high aspect ratio CNT
trace in the electrode gap, positive dielectrophoresis can be used
in conjunction with a narrow band of high electric field gradient
towards which the CNTs can migrate when DEP is initiated. The
key is to force the CNTs to align in a preferred direction instead
of spreading out across the whole electrode gap.

In addition to being translated by DEP, CNTs in a suspending
medium can also be convected by a fluidic motion due to joule
heating. Joule heating, a result of the high electric field for DEP,
induces a gradient in the conductivity and permittivity of the
suspending medium. This in turns leads to an electro-thermal
body force Fe on the fluid that can be described by the following
equation [16]
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Fig. 2. (a) Simulated rms electric field at 3 MHz and 15 Vp–p. (b) Variation of
∇|Erms|2 along a line between tips of the triangular electrodes. The half-way
point indicates the mid-point of the electrode gap.

[17]. Since our interest was in the formation of only a single
CNT trace, we chose to use triangular shaped electrodes, with
the hope that the DEP effect would be confined to the vicinity
of the electrode tips where the electric field was expected to be
the strongest. Fig. 2a demonstrates the two-dimensional distribu-
tion of the RMS electric field between a pair of triangular shaped
electrodes at 3 MHz and 25 Vp–p. Each electrode is 260 �m wide
and 195 �m long. The tip-to-tip distance is 360 �m. It is clear
from the figure that the electric field is indeed the strongest at the
electrode tips. Fig. 2b demonstrates the magnitude of ∇|Erms|2in
the electrode gap. Along a line joining the two electrode tips,
i.e. the ‘Center Line’, ∇|Erms|2is always positive and the highest
values are found at the electrode tips. This is unlike the case in
parallel electrodes where the highest ∇|Erms|2 is found along
the electrode edge. By using triangular shaped electrodes, DEP
effect is confined to a very small area around the electrodes tips.
In fact, the size of this area and also the peak ∇|Erms|2value can
be accurately controlled by using different electrode tip angles:
the smaller the tip angle, the smaller the DEP region and the
higher the ∇|Erms|2peak.

5. Force calculations

The variation of FDEP with AC frequency is determined based
on Eqs. (1)–(3). The highest computed ∇|Erms|2value at each
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e = −M
2kTπ3r3T

1 −
π

(4)

here M is a dimensionless factor defined by

= (T/σm)(∂σm/∂T ) − (T/εm)(∂εm/∂T )

1 + (2πfτ)2 + 1

2

T

εm

∂εm

∂T
(5)

ere, Vrms is the RMS AC voltage, kT is the suspending medium
hermal conductivity, r the radial distance measured from the
idpoint of the electrode gap, θ the angle between the plane

f the electrodes and a radial line from the midpoint, T the
uspending medium temperature, and τ = (εm/σm) is the charge
elaxation time of the medium. Based on Eq. (4), the magnitude
f Fe is the largest at θ = 0 and π, or in a direction parallel to the
lectrodes. Along this direction, the sign of Fe determines the
ature of the fluidic motion with respect to the electrode gap. If
e is negative, fluid flows into the center of the electrodes, away

rom the electrode gap. If Fe is positive, fluid flows into the elec-
rode gap from the center of the electrode. To align CNTs in the
lectrode gap, the fluid must flow in such a way that it brings
NTs into the electrode gap. Because of this, a positive Fe will
e desirable.

. Electric field simulations

Electric field simulations were studied using Ansoft®

axwell and the results were used to assist in the design of micro
lectrodes suitable for aligning CNTs. The majority of previ-
us CNT alignment experiments utilized parallel electrodes for
EP. The resulting alignments typically consisted of multiple
NT traces randomly forming across the electrode gap because

he electric field distribution is about the same along the gap
requency is used in the calculations. The MWNTs are 20 nm
n diameter and 100 �m in length. Their conductivity σ and
ermittivity ε are assumed to be 2.2 × 104 S/m and 100ε0 F/m,
espectively [13]. The suspending medium is DI water with
= 10−3 S/m and ε = 80ε0 F/m, respectively. As demonstrated

n Fig. 3, the variation of FDEP with AC frequency can be
escribed by two plateaus and a continuous varying region. In
he low-frequency range between 1 and 104 Hz, FDEP is deter-
ined mainly by the relative conductivities of the MWNTs and

he suspending medium, while in the frequency range between
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Fig. 3. The dielectrophoretic force as a function of alignment frequency.

1010 and 1018 Hz, FDEP is controlled by the permittivities. Fre-
quency does not play a major role in either region. Between 104

and 1010 Hz, frequency can be used to vary FDEP from 10−12

to 10−17 N. A typical effect of DEP on MWNT migration can
be described by considering the case of 3 MHz and 25 Vp–p.
At this condition, the computed FDEP is approximately 10−12 N
from Fig. 3. Based on Stokes flow solution for needle-like sub-
merged bodies [18], the velocity of a single MWNT in response
to this FDEP should be about 15 �m/s. Since FDEP is positive, the
MWNT will migrate towards the triangular electrode tips where
the electric field gradient is high. Assuming an initial location of
half way between the electrodes, it will take 12 s for the MWNT
to travel the 180 �m distance and reach the electrode tip. This
result can be considered as a rough time scale for our MWNT
alignment using positive DEP.

The variation of Fe at θ = 0 with frequency is determined
based on Eq. (4) and shown in Fig. 4. Similar DI water material
properties as those used in the FDEP calculations are used. kT is
0.6 W/(m2 K) and T is 300 K. Also (1/σm)(∂σm/∂T) is assumed
to be 0.02 ◦C−1, (1/εm)(∂εm/∂T) is −0.004 ◦C−1 [16], and r is
180 �m or half width of the electrode gap. Fig. 4 indicates that
Fe, unlike FDEP, is negative at low frequencies and positive at
high frequencies. The negative-to-positive transition occurs at
approximately 1.4 MHz, which corresponds quite nicely to the
relaxation frequency (=σm/εm) of DI water. Assuming that Fe
a
v
µ

S
v
i

the MWNT velocity induced by FDEP indicates that joule heat-
ing must be taken into consideration along with the DEP effect
for aligning MWNTs.

Specifically, the frequency chosen for DEP must be higher
than 1.4 MHz in order to ensure a positive Fe and a fluid flow
direction towards the electrode gap.

6. Alignment results

An experimental study was carried out to align MWNTs
between two triangular shaped microelectrodes using DEP. The
electrodes were fabricated on a 5 in. glass substrate. The fab-
rication process involved the deposition of an adhesion layer
of 200 Å Cr and a 2000 Å Au electrode layer by sputtering.
Photolithography was then used to pattern the metal layer into
the desired triangular shape. Each electrode is 260 �m wide at
the base and 195 �m long. The two triangles face inward with
a tip-to-tip distance of 360 �m. The electrode dimensions are
designed to be identical to those used in the numerical simula-
tions.

The MWNT suspension for DEP was prepared by mixing
1 mg of purified MWNTs produced by CVD with 4 mL of
DI water and a small drop of Nanosperse®, a poly(oxy-1,2-
ethandiyl, an alpha-(nonylphenyl)-omega-hydroxy based sur-
factant designed to accelerate the dispersion of MWNTs in
water. The mixture was sonicated at 44 KHz in a sonic bath
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nd viscous drag are the only forces acting on the fluid, the fluid
elocity should scale with Fel2/µ, where l is a length scale and
is the fluid viscosity. At 3 MHz and 25 Vp–p, Fe is 2.3 N/m3.

ubstituting l by the half width of the electrode gap, the fluid
elocity is approximately 75 �m/s. The fact that the fluid veloc-
ty induced by joule heating is of the same order of magnitude as

Fig. 4. The electro-thermal force as a function of alignment frequency.
ntil the MWNTs became evenly dispersed in the water. This
rocess usually took 8 to 10 min. Without the Nanosperse®, as
ong as 4 h was needed to achieve the same degree of MWNT
ispersion. Shortening the sonication time not only simplifies
he alignment experiment, it also helps to preserve the large
spect ratio of the MWNTs since sonication tends to break the
WNTs into shorter pieces. The MWNT alignment process

egan with the placement of a 2 �l drop of the MWNT sus-
ension in the electrode gap using an Eppendorf 2100 pipette.
ext, an AC potential was applied to the electrodes to generate

he required electric field for DEP. The alignment process, as
hown in Fig. 5, typically lasts about 2 min, provided the cor-
ect AC potential is used. At the beginning, MWNTs precipitate
rom the suspension drop and align themselves along the elec-
rode edge, as predicted by the numerical simulations. As time
lapses, the aligned MWNTs, being mostly metallic, expand the
ffective area of the alignment electrodes. A direct consequence
s a smaller electrode gap and a stronger electric field, which in
urn causes more MWNTs to migrate to the electrode tips due to
stronger dielectrophoretic effect. The alignment process con-

inues until two aligned MWNT traces, one from each electrode,
ink up at the halfway point of the electrode gap, forming a con-
inuous conductive trace. At this point, the AC potential is turned
ff and the alignment process is terminated.

The width of the aligned MWNT trace typically scales with
he size and shape of the electrodes (Fig. 6). When square shaped
lectrodes are used, the width of the MWNT trace is roughly the
ame as the electrodes. When triangular shaped electrodes are
sed, the trace width scales with the tip angle of the electrodes.
he MWNT trace shown in Fig. 6b is about 90 �m wide and
.25 �m thick based on an AFM scan. During the alignment
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Fig. 5. Sequence of MWNT alignment process. (a) t = 0 s, (b) t = 30 s (c) t = 50 s, (d) t = 80 s, (e) t = 110 s, and (f) t = 150 s.

Fig. 6. MWNTs aligned by two different microelectrode shapes.

process, the electrical resistance between the electrodes is con-
tinuously monitored. Prior to the linking of the MWNT traces,
the resistance is usually in the high M� range. As the conduc-
tive trace begins to take shape, the resistance begins to decrease
until a minimum value of around 1 k� is reached.

In the DEP alignment, the DI water in the MWNT suspension
is removed through evaporation. As a result, the final aligned
MWNT trace is almost ‘dry’. However, the electrical proper-
ties of a ‘freshly’ aligned trace are frequently not stable due
to the presence of residual water and a poor contact between
the MWNTs and the electrodes. Through a 2-h post-alignment
annealing at 90 ◦C, the electrical resistance of the MWNT trace
can be stabilized to within ±5%.

Additional DEP experiments were performed to characterize
the MWNT alignment under different electric field conditions.
In these experiments, the AC potential was varied from 15 to
25 Vp–p in increments of 5 Vp–p and the alignment frequency was
varied from 1 to 3 MHz. At each potential/frequency combina-

tion, an alignment process was carried out and the aligned trace
evaluated. As shown in Fig. 7, alignment cannot be achieved
at 1 MHz, regardless of the potential used. MWNTs at this
frequency can be observed to accumulate along the electrode
edge, especially at 25 Vp–p, indicating a positive DEP. This is in
agreement with the FDEP calculations. However, at 1 MHz, Fe
is negative, as previously discussed in Section 5, and the fluid
motion generated by joule heating flows away from the electrode
gap, depleting the MWNTs required to form an aligned trace.
When the frequency is raised to 3 MHz, Fe becomes positive
and alignment is possible at 20 and 25 Vp–p.. At 15 Vp–p, nan-
otube alignment fails in the electrode gap, although MWNTs are
aligned at the tips and along the electrode edges.

In the case when a MWNT trace is successfully aligned in
the electrode gap, additional MWNT streaks also form on the
two sides of the alignment electrodes. If the MWNT trace is to
be used for flow sensing, these side streaks are undesirable as
they compromise the aspect ratio of the trace. By using a sharper

er dif
Fig. 7. MWNT alignments und
 ferent electric field conditions.
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electrode tip together with a lower MWNT concentration in the
MWNT suspension, the occurrence of the side streaks can be
minimized. Further reduction might require setting up a second
electric field by additional electrodes to produce either a counter
FDEP or Fe that can force the streaks back into the alignment
electrodes.

The results at 3 MHz suggest the presence of a minimum
potential for alignment in the case when both FDEP and Fe
are positive. It is generally agreed that nanometer scale particle
movement due to DEP can only take place if FDEP is larger than
the ‘disruptive’ force caused by Brownian motion. Based on a
simple diffusion model [19], the Brownian force was estimated
to be ∼kBT/2r where kB is the Boltzmann constant. In our align-
ment experiment where T = 300 K and r = 10 nm, the Brownian
force is ∼2.07 × 10−13 N. From Fig. 3, FDEP at the electrode
tips (where the electric field gradient is the highest) for 3 MHz
is about 3.19 × 10−13, 6.87 × 10−13, and 10.40 × 10−13 N for
15, 20, and 25 Vp–p, respectively. All of them are higher than the
Brownian force and MWNTs congregate at the electrode tips as
a result. Such is not the case away from the electrode tips where
the electric field gradient decreases significantly, as indicated
by Fig. 2b. At 15 Vp–p, the average ∇|Erms|2along a line join-
ing the electrode tips is 2.62 × 1012 V2/m3 based on the electric
field simulations. Substituting this value into Eq. (1), the average
FDEP is only 1.81 × 10−13 N. This is smaller than the Brownian
force and alignment at 15 V therefore fails. At 20 and 25 V ,
t
t
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Fig. 9. Electrical resistance variation of MWNT trace with temperature.

Fig. 10. TCR variation of MWNT trace with temperature.

As demonstrated in Fig. 9, the resistance of the aligned MWNTs
varies linearly with temperature at a negative TCR. The absolute
TCR value calculated based on several sensors ranges from 0.01
to 0.04 % ◦C−1. Fig. 10 shows the variation of TCR of one sen-
sor over a wider range of temperature. The typical TCR value
of the aligned MWNTs is about one order of magnitude lower
than that of the highly doped polysilicon used in the MEMS
shear stress sensor and the platinum alloy (80% platinum, 20%
iridium) frequently used in the millimeter scale hot wire sen-
sors. The low TCR implies that the shear stress sensitivity of a
MWNT trace will be lower than that of a polysilicon trace of
similar dimensions operating at the same elevated temperature.
For applying MWNTs to shear stress sensor, it therefore only
makes sense if a small thermal mass is required as in the case of
nanofluidics.

8. Aligned MWNT trace as shear stress sensor

The aligned MWNT trace was tested for shear stress sensitiv-
ity in an open-ended Plexiglas channel (2.5 cm wide, 3 mm tall,
and 7.5 cm long). It was flush mounted on the channel sidewall
at 4 cm downstream from the inlet where laboratory-grade nitro-
gen gas was fed into the channel as flow medium. Calibration
was performed at a flow rate from 10 to 110 sccm. The highest
Reynolds number based on channel height and average velocity
p–p p–p
he average FDEP are 3.33 × 10−13 and 5.21 × 10−13 N, respec-
ively.

. Electrical properties of aligned MWNT trace

The typical I–V characteristics of an annealed MWNT trace
re shown in Fig. 8. The linear relationship between the current
nd applied voltage indicates that the MWNT trace is metallic
within the voltage range tested) with an electrical resistance
f 580 �. Based on the dimensions of the MWNT trace, the
lectrical conductivity of aligned MWNTs is determined to be
pproximately 2.7 × 104 S/m.

The TCR of the MWNT trace was determined by subjecting
he trace to a series of temperature changes from 25 to 60 ◦C.

Fig. 8. Typical I–V characteristics of annealed MWNT trace.
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was about 300, indicating a laminar flow. Using the established
results for laminar duct flows [20], the wall shear stress expe-
rienced by the MWNT trace was determined to be in the range
from 0.07 to 0.86 mPa.

An external bridge-type constant temperature (CT) circuit
commonly used in hot-wire/hot-film anemometry [21] main-
tained the MWNT trace in a constant temperature mode. The
overheat ratio was set at 3%. This corresponds to a sensor oper-
ating temperature of about 325 ◦C, as compared to a typical
operating temperature of about 125 ◦C for the polysilicon shear
stress sensor. In a CT mode, the differential voltage output of the
CT circuit 	V scales with the amount of convective heat trans-
fer from the heated MWNT trace to the surrounding flow [22].
The relationship between 	V and the surface shear stress τw for
laminar flows can be described by basic heat transfer principles
as,

(	V )2

R
= Aτ1/3

w + B (6)

where R is the resistance of the MWNT trace and A is a fluid
related constant. B is the amount of conductive heat loss from
the MWNT trace to the substrate. Since it is not related to τw,
B must be kept low for the shear stress sensor to be sensitive to
convective heat transfer. Unlike the polysilicon shear stress sen-
sor, the MWNT trace does not have a micro cavity underneath.
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Fig. 12. Variation of MWNT shear stress sensor power with wall shear stress
(τ1/3

w ) and flow rate.

sensitivity. This behavior is similar to that of a polysilicon shear
stress sensor when the convective heat transfer from the sensor
to the fluid flow is not the dominant heat transfer mode and a
large portion of the heat generated by the sensor is lost to the sub-
strate. As τw

1/3 exceeds the level of 0.7 mPa1/3 (τw = 0.34 mPa),
the sensor voltage output responds quite nicely to the changing
τw. In fact, beyond this shear stress level, 	V2/R varies almost
linearly with τw

1/3. Judging from this behavior, it can be con-
cluded that the MWNT trace can indeed be used as a thermal
shear stress sensing element, provided the shear stress level is
above 0.34 mPa or a flow rate of 44 sccm.

9. Concluding remarks

We have developed a micro thermal shear stress sensor with
aligned MWNTs as the sensing material. The MWNTs, obtained
in a randomly oriented form, were aligned between two triangu-
lar shaped microelectrodes into a 360 �m long and 90 �m wide
conductive trace using a high frequency AC potential applied
to the electrodes. The alignment process was dominated by
three different phenomena: dielectrophoresis, joule heating, and
Brownian motion. Numerical simulations together with experi-
mental alignment results indicated that three conditions must be
met for an aligned MWNT trace to be realized: a positive dielec-
trophoretic force, a positive electro-thermal force, and a high
enough dielectrophoretic force to overcome Brownian motion.
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s a result, the operating temperature was intentionally kept low
n order to avoid a large B.

By nature, thermal shear stress sensors are susceptible to vari-
tions in the environmental temperature. Prior to the flow test,
he MWNT shear stress sensor, while maintained at a constant
emperature, was tested for temperature sensitivity in an envi-
onmental chamber. As indicated by Fig. 11, 	V of the MWNT
hear stress sensor scales mostly linearly with the environmen-
al temperature. Using the slope of the temperature sensitivity
ine, the 	V obtained in the subsequent flow test was properly
djusted to compensate for any temperature instability during
he test.

Results of the flow test are shown in Fig. 12 in the form of
ormalized 	V2/R versus τw

1/3. In the τw
1/3 range from 0.0

o 0.6 mPa1/3, the MWNT shear stress sensor shows very little

ig. 11. Variation of MWNT shear stress sensor voltage output with temperature.
The aligned MWNT trace behaves as a thermistor with a
ominal resistance of 580 � at room temperature. Its absolute
CR value ranges from 0.01 to 0.04% ◦C−1, which is about
ne order of magnitude smaller than heavily doped polysili-
on. This result suggests that the MWNT shear stress sensor is
etter suited for an environment where a small thermal mass
s required. The MWNT trace was calibrated for shear stress
ensitivity in a millimeter size wind tunnel while operated in a
onstant temperature mode. The calibration result shows a one-
hird power relationship between the sensor power output and
all shear stress, indicating a true shear stress sensor behavior

n the MWNT trace.
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The MWNT trace described in the present paper is of �m
scale. Because of this, it will be more suitable for microflu-
idic instead of nanofluidic applications. To realize a nanometer
scale trace, a nanometer electrode gap size together with two
extremely sharp electrode tips will be required. The gap size
is controlled by the capability of photolithography which has a
current resolution of about 100 nm. The sharp tips will limit the
width of the trace to about tens of nanometers, according to our
latest alignment results (not reported in this paper). We believe
the alignment of a single bundle of CNTs consisting of about
ten individual nanotubes is possible. If this is indeed the case, by
carefully selecting the right kind of CNTs, a thermal shear stress
sensor of 100 nm long and 10 nm wide should be realizable.
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