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a b s t r a c t

This paper presents a vibration amplitude measurement method that greatly reduces the effects of base-
line resistance drift in an all-polymer piezoresistive flow sensor or microtuft. The sensor fabrication is
based on flexible printed circuit board (flex-PCB) technology to enable the potential for low-cost and scal-
able manufacture. Drift reduction is accomplished by discriminating the flow-induced vibration (‘flutter’)
amplitude of the microtuft-based sensor as a function of flow velocity. Flutter peak-to-peak amplitude is
low-induced vibration
rift reduction
lex-PCB

measured using a microcontroller-based custom readout circuit. The fabricated sensor with the readout
circuitry demonstrated a drift error of 2.8 mV/h, which corresponds to a flow-referenced drift error of
0.2 m/s of wind velocity per hour. The sensor has a sensitivity of 14.5 mV/(m/s) with less than 1% non-
linearity over the velocity range of 5–16 m/s. The proposed vibration amplitude measurement method
is also applied to a sensor array with a modified structure and a reduced dimension, which demon-
strated a sensitivity of 13.2 mV/(m/s) with a flow-referenced drift error of 0.03 m/s of wind velocity
per hour.
. Introduction

Flow sensors are of great interest to applications such as pro-
ess control, metrology [1] and flight control involving unmanned
erial vehicles (UAVs) [2]. Among different types of flow sensors,
io-mimetic flow sensors mimicking fish hairs and cricket filiform
airs are the subject of much research. Typically, the nature-

nspired bio-mimetic flow sensor has a three-dimensional (3D)
ut-of-plane cantilever with a sensing element to detect the air
ow around it. Advances in microelectronics and micromachin-

ng technologies enable the fabrication of MEMS bio-mimetic flow
ensors with good performance, based on silicon and/or polymer
icromachining technologies. A bio-mimetic silicon-based capac-

tive flow sensor array with high-aspect ratio SU-8 microtufts was
ecently reported and demonstrated sensitivities of the order of
mm/s [3]. A silicon-based piezoresistive air flow sensor with
U-8 cilia has also been reported [4]. Although these approaches
emonstrate good sensitivity, they require relatively complex fab-

ication sequences. Further, being silicon-based, it is challenging
o cover large areas of vehicle wings with these flow sensors in a
ost-effective manner. Polymer-based devices may overcome these
hallenges, at the expense of specific performance, and further
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exhibit good flexibility and scalability. These features are extremely
important in applications requiring distributed sensor arrays in
large and uneven surfaces such as UAV applications [2]. We have
already demonstrated a 3D out-of-plane micromachined flexible
piezoresistive all-polymer flow sensor array based on low-cost
flexible-PCB technologies [5]. The piezoresistive all-polymer sen-
sor provided a large resistance change without complex sensing
circuitry for compensation and amplification of the sensor out-
put. However, a significant resistance drift in the sensor output
was observed [5], potentially limiting the applicability of the sen-
sor.

In this paper, we propose a reduced-drift sensor measurement
method that exploits aeroelastic ‘flutter’ effects [6,7] and demon-
strate its application to a flex-PCB-based all-polymer flow sensor.
The sensor comprises a 3D out-of-plane polymer cantilever mem-
ber that can protrude into an embedding flow, and a piezoresistive
readout element in the polymer member. Positioning the flexible
polymer sensor in a flow results in a static deflection of the sensor,
as well as a vibratory sensor flutter caused by aeroelastic effects.
The amplitude of the flutter depends on the surrounding flow
velocity and is empirically characterized. Microcontroller-based

circuitry is used to extract the peak-to-peak vibration amplitude
from the sensor output. Since the sensor output is now primarily
dependent on the vibration-induced resistance change, as opposed
to static deflection, the sensor output is relatively insensitive to DC
resistance drift.

dx.doi.org/10.1016/j.sna.2010.01.008
http://www.sciencedirect.com/science/journal/09244247
http://www.elsevier.com/locate/sna
mailto:seonghyok.kim@gmail.com
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ic air flow sensor and sensor output [5].
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Fig. 2. Sensor output of the polymer-based flow sensor using direct resistance mea-
surement with different wind velocities applied: wind velocity profile (upper) and
sensor output (lower). Note that the vibration amplitude increases as the wind
velocity increases.
Fig. 1. Flex-PCB-based bio-mimet

. Principle of flow-induced vibration and its application to
ll-polymer flow sensor

Fig. 1 shows an all polymer flow sensor and its output response
o air flows, previously reported by our research group [5]. The
ensor comprises a 3D out-of-plane Kapton microtuft (length:
.5 mm, width: 0.4 mm, thickness: 7.6 �m) and a carbon-black-

oaded polydimethylsiloxane (PDMS) piezoresistor. Air flow across
he microtuft causes deformation of the microtuft. The deforma-
ion, which is proportional to the distributed force on the microtuft,
n turn, induces the strain in the piezoresistor [8]. The resistance
f the piezoresistor therefore changes as a function of the strain
nduced by the applied wind velocity [8]. The relation between the
esistance change and the strain is given by:

�R

R
= Gε,

where G (around 7.3) is the gauge factor of the piezoresistor, and
is the strain in the piezoresistor [5].

We demonstrated the scalability and flexibility of the all-
olymer flow sensor array, while addressing the sensor output
esistance drift. This drift may be caused by various factors,
ncluding temperature variations and material property changes in
lastomeric piezoresistive materials [5,9,10]. However, by closely
bserving the sensor output response, a fluctuating resistance is
een. This fluctuation is caused by flow-induced vibration of the
antilever beam, i.e., a ‘fluttering’ or ‘galloping’ effect, which refers
o self-excited vibration of a bluff object induced by aerodynamic
ift and drag forces [6,11,12]. The self-excited vibration is a result
f negative damping due to aerodynamic lift forces acting in the
irection of the motion of the bluff object [11,12]. Theoretically,
he vibration amplitude of the fluctuation is proportional to the
ind velocity [12]. In order to verify this phenomenon, the resis-

ance change in the previously reported all-polymer flow sensor is
mpirically characterized with varying wind velocity using a dig-
tal multimeter (Keithley). In order to facilitate the vibration of
he microtuft [6], the sensor which is used for the evaluation has
longer cantilever-like microtuft, which measures 3.5 mm long,

.6 mm wide and 7.6 �m thick. As shown in Fig. 2, the amplitude
f the vibration-induced resistance increases as the wind veloc-
ty increases. This confirms the validity of the proposed vibration
mplitude measurement method.

Based on this observation, the sensor readout scheme of Fig. 3

s proposed. As shown in Fig. 3, the amplitude of changes in the
ibration-induced resistance increases when the wind velocity
ecomes larger, independent of the absolute value of resistance.
herefore, the baseline drift can be reduced by filtering out low
requency signals from the sensor output, followed by signal pro-

Fig. 3. (Top) Conventional piezoresistive-based airflow sensor. (Bottom) Concept of
the proposed vibration amplitude measurement method using flow-induced vibra-
tion.
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the amplifier.
In order to extract the peak-to-peak vibration amplitude of the

sensor output and convert the resistive output to a voltage output,
a microcontroller (MSP430F2012, Texas Instruments) with built-in
10-bit successive approximation (SAR) analog-to-digital converter
ig. 4. Fabrication process sequence. (a) Base Kapton laser cutting, (b) Kapton® lay
eposition and (e) cantilever laser cutting.

essing for peak-to-peak amplitude calculation. It is assumed that
aseline drift is slow compared to the time scale of the flow-induced
ensor vibration.

. Fabrication process for all-polymer flow sensor

The all-polymer flow sensor used in the experiment is fab-
icated using the previously reported flexible-PCB-based process
5], incorporating laser-micromached Kapton® (Dupont) and

stencil-printed piezoresistive elastomer (Elastosil® LR3162,
acker Chemie AG). A 125 �m thick Kapton film is laser machined

sing a CO2 laser (Gravograph Newhermes) and laminated with a
.6 �m thick Kapton film to form the base and device layers, respec-
ively (Fig. 4(a) and (b)). A piezoresistor is then stencil-printed on
he device Kapton layer and cured at 130 ◦C for 2 h (Fig. 4(c)). Inter-
onnections between the piezoresistor and the external circuitry
re achieved using silver epoxy (Fig. 4(d)), followed by plasma
nhanced chemical vapor deposition (PECVD) of SiO2 on the oppo-
ite side of the piezoresistor (Fig. 4(e)). This deposition will cause
n out-of-plane deflection due to stress gradients induced by the
ilicon dioxide film upon release of the microtuft. The deposition is
ollowed by excimer laser (248 nm, Lambda Physik) cutting of the
n-plane cantilevers to release the microtuft (Fig. 4(f)).

Fig. 5 shows a fabricated all-polymer piezoresistive flow sen-
or. The cantilever-like microtuft is 3.5 mm long, 0.6 mm wide and
.2 �m thick. The elastomeric piezoresistor is 110 �m wide, 1.9 mm

ong, and has an average thickness of 13 �m. The measured resis-
ance of the piezoresistor in its initial curved state is approximately
00 k�.

. Sensor readout circuit
A block diagram of the sensor readout circuit for the vibration
mplitude measurement of the all-polymer flow sensor is shown
n Fig. 6. The piezoresistor in the flow sensor is connected to a
ingle-element-varying, voltage-driven Wheatstone bridge, which
s composed of three 700 k� non-variable resistors and the piezore-
onding, (c) piezoresistor stencil printing, (d) silver epoxy bonding, (e) PECVD SiO2

sistive sensor as the varying element. The output of the bridge is fed
to an instrumentation amplifier (INA122, Texas Instruments) with a
gain of 6. When there is a resistance variation �R in the piezoresis-
tor with an initial resistance of Ro, the output of the instrumentation
amplifier is given by:

Vo = 1
2

Vs

(
�R

2Ro + �R

)
G ≈ 1

4
Vs

(
�R

Ro

)
G,

where Vs is the supply voltage of the bridge and G is the gain of
Fig. 5. Fabricated all-polymer flow sensor.
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Fig. 6. Schematic illustration of sensor readout circuit and

ADC) is used for data acquisition and signal processing. A light-
mitting-diode (LED) is optionally connected to demonstrate real-
ime visualization of the measured wind velocity.

The resonant frequency of the sensor is estimated using the
ollowing formula:

= 3.52
2�

√
EI

u1l4
,

here E is the Young’s modulus of the Kapton film, I is the moment
f inertia, u1 is the product of the density of the Kapton film
nd the cross-sectional area of the microtuft [11]. The estimated
esonant frequency is around 130 Hz. Therefore, the microcon-
roller’s 500 Hz sampling rate is adequate to fully capture the
ibration information. The microcontroller samples the amplifier
utput at the configured sampling rate and stores 20 sampled

ata points in its internal memory. The peak-to-peak vibration
mplitude of the output voltage is derived from this data set by
etermining the difference between the maximum and minimum
alues in the stored data. Seven of these peak-to-peak measure-
ents are then averaged to produce the final output of the sensor

ead-out circuitry, which indicates the flow-induced vibration
mplitude.

Fig. 7. (a) Schematic illustration of sensor testin
mentation of vibration amplitude measurement method.

5. Wind tunnel testing

A fabricated all-polymer flow sensor with the readout circuitry
is tested in a bench top wind tunnel (ST 180 Scantek 2000), as
shown in Fig. 7. A thermal anemometer (Omega FMA-605-I) with
a measurement range of 0–25 m/s is used as a reference sensor for
measuring the mean free stream wind velocity. The fabricated all-
polymer flow sensor is connected to the above-described readout
circuitry.

Fig. 8 shows the sensor output response after the readout cir-
cuitry and the reference sensor output as the air flow is repetitively
cycled between 0 m/s and 12 m/s. The results show that the base-
line drift which is observed in conventional direct measurement
method, shown in Fig. 1, has been greatly reduced. The maximum
value of the sensor output is 225 mV when the wind velocity is
12 m/s. Although the sensor exhibits a threshold behavior and is
sensitive to velocities only in the range of 5–12 m/s, this range is
adjustable by changing the geometry of the sensor. The sensor is
also tested without applying wind velocity to characterize the zero-

input drift as shown in Fig. 9. The standard deviation of the sensor
output from 1-h data acquisition is 2.8 mV, which corresponds to a
flow-referenced drift error of 0.2 m/s wind velocity per hour.

Fig. 10 shows the measured vibration amplitude of the all-
polymer flow sensor when the wind velocity varies between

g and (b) wind tunnel experimental setup.
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Fig. 8. Output of the all-polymer flow sensor from the proposed vibration amplitude
measurement method: reference wind velocity (upper) and the measured sensor
response (lower).
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Fig. 11. Fabricated all-polymer air flow sensor array with a modified geometry.

curved state is approximately 370 k�.
Fig. 12 shows the measured output of the fabricated all-polymer
ig. 9. Zero-input drift of the all-polymer flow sensor as a function of time using
he reduced-drift measurement approach.

m/s and 16 m/s. With an amplifier gain of 6 and a Wheatstone
riving voltage of 5.12 V, the sensitivity of the sensor measures
4.5 mV/(m/s), with non-linearity of 1% over the range of 5–16 m/s
ind velocity. This result demonstrates that the vibration ampli-

ude is proportional to the wind velocity, which is in accordance
ith the theoretical background discussed earlier in this paper. As

an be seen in Figs. 8 and 10, the all-polymer flow sensor output
xhibits variation across data points with nearly identical refer-
nce sensor readings. Sources of this measurement inconsistency
ight include reference sensor drift, variation in the Wheatstone

ridge supply voltage, microcontroller measurement errors, and
he extremely large baseline drift of the all-polymer air flow sensor.

. Improvement of sensor performance

In most air flow sensor applications, especially in flight con-
rol applications involving unmanned aerial vehicles, smaller air
ow sensors are preferred in order for minimal obstruction of the

ir flow without degrading the sensor performance. In this work,
fter a modification of the sensor structure was performed, an
ll-polymer air flow sensor with reduced dimension as well as a
igher sensitivity when vibration amplitude measurement method

ig. 10. Sensor output as a function of the wind velocity, acquired by the vibration
mplitude measurement method.
Fig. 12. Sensor output as a function of the wind velocity, acquired by the vibration
amplitude measurement method.

is applied was fabricated. A 3 × 3 sensor array with all-polymer
flow sensors with modified geometry is fabricated as shown in
Fig. 11. The fabricated all-polymer piezoresistive flow sensor array
has microtufts which are composed of two cantilevers with 0.7 mm
in length and 50 �m in width and a 1.1 mm wide and 0.4 mm long
flapper at the end. The elastomeric piezoresistor is evenly coated
on both cantilevers and the flapper with an average thickness of
16 �m. The measured resistance of the piezoresistor in its initial
flow sensor array using the proposed vibration amplitude measure-
ment. The wind velocity varies between 0 m/s and 12 m/s. With
an amplifier gain of 5 and a Wheatstone driving voltage of 3.33 V,

Fig. 13. Output of the all-polymer flow sensor from the proposed vibration ampli-
tude measurement method: reference wind velocity (upper) and the measured
sensor response (lower).
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Fig. 14. Long term drift comparison between direct resistance measurement method and vibration amplitude measurement method. Blue dots: initial measurement data.
Purple dots: measurement data after 6 h. Experiments are done using an all-polymer air flow sensor with optimized geometry. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of the article.)

Table 1
Performance characteristics of a typical microtuft-based flow sensor.

Original geometry Modified geometry

Device dimension Single cantilever: 3.5 mm (l) × 0.6 mm (w) Dual cantilevers: 0.7 mm (l) × 50 �m (w)
Flapper: 0.4 mm (l) × 1.1 mm (w)
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Sensitivity 14.5 mV/(m/s) @ 5.12 V gain 6
Threshold ∼5 m/s
Non-linearity 1% (5–12 m/s)
Zero-input drift 0.2 m/s in 1 h

he sensitivity is measured to be 13.2 mV/(m/s). This measured
ensitivity is equivalent to a sensitivity of 24.4 mV/(m/s) with an
mplifier gain of 6 and a Wheatstone driving voltage of 5.12 V, a
8% of sensitivity improvement compared with a 14.5 mV/(m/s)
ensitivity of aforementioned sensor. In addition, this improved
ensitivity results in a threshold drop from 5 m/s to 4 m/s as shown
n Fig. 12. Fig. 13 shows the fabricated sensor output response and
he reference sensor output when the air flow is repetitively cycled
etween 4 m/s and 10 m/s. The sensor has demonstrated reduced
aseline drift as well as improved minimum air-flow velocity detec-
ion.

. Comparison between direct resistance measurement
ethod and proposed vibration amplitude measurement
ethod

In order to verify the improved characteristics of the proposed
ibration amplitude measurement method, the fabricated sen-
or output is measured using both direct resistance measurement
ethod and the proposed method. Then the outputs were com-

ared as shown in Fig. 14. The sensor is measured twice with 6-h
ntervals between measurements. Both during measurements and
n between measurements, the all-polymer air flow sensor was
ept without any environmental conditioning such as humidity
ontrol, temperature control, or air filtering. Blue dots represent
he initial measurement data and the purple dots represent the

easurement data after 6 h. With the direct resistance measure-
ent method, the baseline resistance drift was clearly observed.
owever, in the experimental results using the vibration measure-
ent method, the blue and purple dots almost fully overlap, which

ndicates that the drift is significantly reduced. Velocity-referenced
aseline drift using the vibration amplitude measurement method
as 0.033 (m/s)/h.
. Conclusion

This paper proposes a peak-to-peak vibration amplitude mea-
urement method for wind velocity sensing as a baseline resistance
rift-reduction method. The proposed method exploits aeroelastic
13.2 mV/(m/s) @ 3.33 V gain 5
∼4 m/s
4.7% (4–12 m/s)
0.033 m/s in 1 h

flutter-based flow-induced vibration and has been validated by the
wind tunnel test of a flexible-PCB-based all-polymer piezoresistive
air flow sensor. The measured characteristics demonstrate a sig-
nificant reduction of output drift using the proposed measurement
method, when compared to that of the conventional direct mea-
surement method. In addition, sensors with different geometries
were tested with the proposed measurement method as shown in
Table 1. The proposed measurement method is promising since it
significantly reduces the drift caused by the intrinsic property of
the materials as well as environmental changes.
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