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Velocity and Angular Sensitivity
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Abstract—We report the development of an artificial haircell
(AHC) sensor with design inspired by biological haircells. The
sensor consists of a silicon cantilever beam with a high-aspect-ratio
cilium attached at the distal end. Sensing is based on silicon
piezoresistive strain gauge at the base of the cantilever. The cilium
is made of photodefinable SU-8 epoxy and can be up to 700-µm
tall. In this paper, we focus on flow-sensing applications. We have
characterized the performance of the AHC sensor both in water
and in air. For underwater applications, we have characterized
the sensor under two flow conditions: steady-state laminar flow
(dc flow) and oscillatory flow (ac flow). The detection limit of the
sensor under ac flow in water is experimentally established to
be below 1 mm/s. A best case angular resolution of 2.16◦ is also
achieved for the sensor’s yaw response in air. [2006-0278]

Index Terms—Biomechanics, microelectromechanical devices,
piezoresistive devices, sensitivity, sensory aids, silicon.

I. INTRODUCTION

B IOLOGICAL haircells can be found in a very wide range
of animal species, including fish, insects, amphibians,

and humans. As very versatile and exceptionally well-adapted
transducers, they serve as the building block to fulfill a variety
of sensing needs. Haircells are used in the inner ear of birds,
fish, insects, and mammals for hearing, in insect joints for angle
detection, and in the lateral line system of fish and amphibian
animals for flow and vibration sensing [1]. Despite the rich
functions, the basic structure and transduction mechanism of
a biological haircell is simple. Hairs (cilia) extending from the
top of the haircells are connected to neurons. Displacement of
the hair results in neuronal electrical signals (Fig. 1).

Biological haircells are specialized in terms of dimensions
and auxiliary components depending on their application.
Mammalian inner ear haircells have cilia on the order of
2–8-µm tall and 0.1–0.3 µm in diameter [2]. The lateral line
of fish consists of an array of haircell sensors for flow imaging.
Dimensions of these haircells can be much larger, with a cupula
structure enclosing the hairs up to 400-µm tall [3]. The cercal
wind-receptor hairs of a cricket vary widely between 30 and
1500 µm in length and 1–9 µm in diameter [4].
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Fig. 1. Schematic drawing of representative biological hair cell sensing
mechanism.

Despite the simplicity, biological haircells are extremely sen-
sitive. For example, the inner ear haircells have been reported
to be capable of detecting sound-evoked vibrational amplitudes
with an accuracy on the order of nanometers [5]. Depending
on the cilium length and oscillatory flow frequency, cricket
wind-receptor hairs can detect airflow amplitude on the order
of 0.01 mm/s [6]. The bending angle of a hair shaft is less than
10−4 radians for a 1-mm/s wind [7]. Biological haircells can
detect local fluid motion. Fluid movement passing the cilium
introduces displacement due to friction and momentum transfer.
As flow sensors in particular, haircell-based sensors exhibit
exquisite sensitivity to flow velocity and exceptional capability
of flow angle detection. In real world applications such as target
localization, target tracking and collision avoidance, or even
flow pattern study and active flow control, both of the traits are
indispensable.

The functions of haircells have been studied by biologists
over the years. With the development of micromachining
techniques, it has become possible to mimic the stimulus-
transmission mechanism of biological sensing system. MEMS
flow sensors offer many benefits compared to conventional flow
sensors, including high spatial and temporal resolution.

Many MEMS flow sensors have been made in the past
based on various sensing principles without mimicking the
haircell structure. Thermal transfer [8]–[11], torque transfer
[12]–[14], and pressure distribution [15], [16] are among the
most common. These sensors have been used in a variety of
flow applications. For example, both MEMS hotwire anemome-
ter [17] and floating element shear sensors [14], [18] have
been used in the imaging of boundary layer flow. MEMS
hotwire anemometers have also been used in the preliminary
demonstration of hydrodynamic object localization [19]–[21].
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Fig. 2. (a) Schematic drawing of an individual AHC sensor. (b) Cross-sectional perspective view of the AHC.

A specially designed MEMS microphone has been utilized
in the characterization of gas turbulence flow [13]. Microma-
chined silicon piezoresistive torque sensors have been built for
volume flow rate measurement [12]. These flow sensors provide
good flow sensitivity, although not all of them offer high flow
sensitivity and directional sensitivity at the same time.

Artificial haircell (AHC) flow sensors are characterized by
the presence of a high-aspect-ratio cilium perpendicular to the
substrate plane. This configuration makes it possible to build a
densely distributed array of flow sensors with minimal intrusion
to the flow field, which distinguishes the AHC sensor from
other MEMS sensors. However, the development of such a
high-aspect-ratio cilium and its integration in the microfabri-
cation process present unique challenges.

Microfabricated AHC sensors have been made in the past
based on various sensing methods and materials. Demonstrated
cilium assembly processes include wire bonding [22], plastic
deformation magnetic assembly [23], transfer molding [24],
and photolithographic patterning of thick photosensitive poly-
mers (e.g., SU-8) [25]. Our research group has built various
generations of hair cell sensors, based on a variety of mate-
rials, including silicon [26], polyimide [23], and polyurethane
elastomer [27]. Alternate sensing methods have also been ex-
perimented both by our group and by other researchers, in-
cluding arrayed capacitive sensing [25], piezoresistive sensing
[22], metal strain gauge [23], and nanocomposite elastomers
[24]. Some of the sensors are potentially capable of achieving
desired velocity and angular sensitivity, but only through a
large array of sensors. This poses major limitation on the
spatial resolution. All of the sensors are designed exclusively
for in-air applications. Moreover, the majority of them are
not systematically characterized under conditions biological-
haircell experience, namely, under oscillatory flow of varying
magnitude and frequency.

In this paper, we present the development of an AHC sensor
that 1) can be made using a CMOS-compatible wafers and
process steps; 2) can provide high sensitivity, directional sens-
ing, and high spatial resolution; and 3) can be realized through
high yield process. We also present the characterization of the
sensor under oscillatory water flow in addition to steady-state
water flow and airflow.

II. DEVICE DESIGN

A. Structural Model

The current AHC device, schematically diagrammed in
Fig. 2, consists of a cilium located at the distal end of a paddle-
shaped silicon cantilever beam. Doped silicon strain gauges
are located at the base of the cantilever. The cilium is made
of photodefinable SU-8 epoxy and is considered rigid. Lateral
force along the ON-axis [Fig. 2(a)] acting on the cilium creates a
bending moment (M ), which is transferred to the silicon beam
through the stiff joint. The torque introduces a longitudinal
strain that can be detected by the piezoresistors at the base.
The relation between the induced strain (ε) and the moment is
given by

ε =
Mt

2EI
=

6M
Ewt2

(1)

where E is the Young’s modulus of silicon, w the cantilever
width, and t the cantilever thickness. When used as a flow
sensor, flow passing through the cilium introduces a bending
moment (M ) due to frictional and pressure drag. The drag force
also induces axial loading on the cantilevers, which will cause
stiffening of the cantilevers. The stiffening effect is however
assumed to have little consequence and is therefore neglected
in the analysis for simplicity. Hydrodynamic modeling of the
device under two flow conditions, steady-state laminar flow (dc
flow) and oscillatory flow (ac flow), will be presented in the
following sections.

B. DC Flow Hydrodynamic Model

We assume the ideal case of steady-state laminar flow over
a semiinfinite plate. The flow characteristic in our case is
assumed to be strictly 2-D. Furthermore, the direction of the
flow is perpendicular to the longitudinal axis of the cilium. The
cilia are cylindrical in shape; we model them as cylinders of
uniform cross section and finite length. The moment exerted on
the cilium M under dc flow is estimated using the local drag
coefficient approach [26], [28].

The cylindrical cilium is divided into N segments with unit
length ∆h. We assume the linear density of local drag force
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FD_i (i = 1, 2, 3, . . . , N) is constant along each segment. The
magnitude of drag force (FD) exerted on each segment of the
cilium is estimated by

FD_i ≈
1
2
CD(ui)ρdu2

i ∆h (2)

where ui is the local flow velocity at the ith segment of the
cilium, CD(ui) is the local drag coefficient, ρ is the fluid
density, and d is the diameter of the cilium.

The local drag coefficient CD(ui) is dependent on the
local Reynolds number. For Re(ui) < 10, the magnitude of
CD(ui) is determined by logarithmically interpolating the ex-
perimental drag coefficient versus Reynolds number data [28],
according to

lnCD(ui) ≈ −0.67 ln Re(ui) + 2.51. (3)

Otherwise, the drag coefficient is determined by graphically
interpolating the experimental data in [29].

Reynolds number is dependent on the local flow velocity
ui. The local Reynolds number is related to the local flow
velocity by

Re(ui) =
ρuid

µ
. (4)

In order to estimate the magnitude of ui, the flow velocity pro-
file along the length of the cilium shank is determined first. The
formation of boundary layer has significant effect on the flow
velocity profile along the cilium at the microscale. Depending
on the application, the haircell elements are often entirely
immersed in the boundary layer [30], although occasionally the
immersion may be partial. The boundary layer thickness (δ) is
calculated based on flow velocity and distance from the leading
edge of the aerodynamic structure, on which the AHC sensors
are mounted, according to

δ ≈ 5.0√
Uρ/µx

(5)

where µ is the dynamic viscosity, x is the distance from the
leading edge, and U is the steady-state mean stream inflow
velocity.

If a section of the cilium is completely immersed in the
boundary layer, the local velocity is determined by the velocity
profile along the cilium [29]. If a section lies outside of the
boundary layer, the local flow velocity ui is taken as the mean
stream velocity U .

Integrating local drag force over the length of the cilium h
will give us an estimate of the moment acting at the base of
the cilium. This is done by numerical integration over the N
segments of the cilium

M =
N∑

i=1

1
2
CD(ui)ρdu2

i ∆h ∗ i∆h. (6)

Since we assume total moment transfer, M is also equal to the
total moment loaded on the distal end of the cantilever. The
moment is then translated into strain through (1).

These equations only serve as a rough estimate of the mo-
ment loading of the cantilever. One source of error in the
analysis comes from the drag coefficients. Cylinders of finite
length have smaller drag coefficients compared to cylinders of
infinite length [31]. Furthermore, we have assumed the simplest
case where the cilium is fixed on the substrate in the flow.
In fact, the cantilevers may be deflected slightly, causing the
effective height of the cilium to change at high flow velocity.
Most importantly, the analysis is based on the assumption of
ideal laminar flow conditions, while it is rarely the case in real
experiments. The packaging of the sensor, as well as the testing
apparatus can have significant influence on the flow field around
the sensor, which will lead to substantial deviation from the
ideal model.

C. AC Flow Hydrodynamic Model

Under ac flow, the flow field around the cilium is very
different from what it would be under dc flow. Due to viscous
flow, a boundary layer symmetric about the cilium will develop
at the substrate, and the drag force acting on the cilium will
have a certain phase shift along the length. Several researchers
have derived and applied physical models to understand the
behavior of filiform cuticular hairs responding to oscillatory
flow in both terrestrial and aquatic arthropods [32]. Among
them, Humphrey et al. [32], [34] have derived a physical model
that describes the motion of a hair (cilium) protruding from a
solid substrate driven by oscillating movement of a viscous fluid
(air or water) as a function of the cilium’s physical dimensions,
fluid properties, and flow conditions. They have also provided
an exact analytical steady-periodic solution to the model, which
makes it possible for us to compare our AHC sensor response
to the model.

The starting point of this analysis is the conservation of an-
gular momentum of a hair attached to a substrate and immersed
in a fluid oscillating at frequency ω, with far field velocity
amplitude Uo. The equation is written for a rigid straight
cylindrically shaped hair of length h, effective diameter d, and
density ρh immersed in a fluid medium of density ρ, dynamic
viscosity µ, and local fluid velocity VF at location y along its
length

(I + Iρ + Iµ)θ̈ + (R+Rµ)θ̇ + Sθ

= 4πµG

h∫
0

VFydy +
(
πρd2

4
− π

2µG

g 

) h∫
0

V̇Fydy (7)

where θ denotes the angular deflection of the hair. Pertaining
to our AHC sensor, ρh = 1190 kg/m3 for SU-8 [35], and the
fluid medium is water at room temperature. On the left-hand
side of the equation, the quantities I , R, and S are the moment
of inertia, the damping constant, and the torsional restoring
constant of the biological hair, respectively. The quantities
Iρ, Iµ, and Rµ are additional contributions to the moment of
inertia and the damping constant of the hair associated with the
fluid medium density and viscosity, respectively. This model is
readily applicable to our AHC sensor with proper simplification
and translation.
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Since the dominant structure of our AHC sensor is the SU-
8 cilium, and the size of the silicon cantilevers is considered
negligible compared to the cilium, the moment of inertia and
the additional moment of inertia and damping constant of the
cantilevers are conveniently neglected. The damping constant
(R) of the biological hair is mainly contributed by the friction
between the biological hair and the hair socket and is not
applicable in our case since the deflection of the cantilever
does not involve any abrasion, and is therefore dropped from
the equation. The only contribution from the cantilever is the
torsional restoring constant (S). For small deflection angles,
the angular displacement of the hair is equal to that of the
cantilever. We also assume total moment transfer between the
cilium and the cantilever. Therefore, the torsional restoring
constant of the cantilevers is essentially equivalent to that of the
biological hair. The angular displacement of a cantilever under
simple moment loading is related to the moment by

θ =
Ml

EI
=

12Ml
Ewt3

. (8)

The torsional restoring constant is then defined as

S =
M

θ
=
Ewt3

12l
. (9)

I , Iρ, Iµ, and Rµ can also be calculated from the physical
parameters of the hair, the fluid medium, and the far field flow
waveform.

On the right-hand side of (7), g andG are intermediate quan-
tities calculated from physical parameters. The time-variant
local fluid velocity VF at location y long the length of hair is
taken from Stokes’ theory and is assumed to be

VF = Uo

(
− cos( t) + cos( t− βy)e−βy

)
. (10)

The quantity β is related to the oscillating flow boundary layer
thickness δ according to

δ =
4.5
β

= 6.4
(
µ

ρ 

)1/2

. (11)

For small deflection angles (θ < 10◦), (7) admits an exact
analytical steady-periodic solution of the form

θ = C1 cos( t) + C2 sin( t). (12)

C1 and C2 are constant coefficients derived from a series
of intermediate quantities that are calculated from physical
parameters. More explicitly, the time-variant function of θ can
be rewritten as

θ =
√
C2

1 + C2
2 sin(ωt+ ϕ) (13)

where the phaseϕ = tan−1(C2/C1). The angular displacement
is then translated into strain through (1) and (8) as

ε =
t

2l
θ. (14)

C1 and C2 increase linearly with Uo through intermediate
quantities; this predicts a linear increase of the hair angular de-
flection amplitude with increasing far field velocity amplitude.

This linear trend will be investigated in the sensor characteri-
zation section. C1 and C2 also have a clear frequency depen-
dence shown explicitly or implicitly through the intermediate
quantities. This frequency dependence will also be addressed
in the characterization section. The phase information and the
frequency dependence of the angular deflection amplitude have
been used by Humphrey et al. [33], [34] and Barth et al. [30] to
back-calculate R and S of biological hairs from experimental
data. Detailed derivation of the model and intermediate quanti-
ties is beyond the scope of this paper.

The variation of biological hair length in a cluster fraction-
ates both the intensity and the frequency range of a stimulus
[30]. It is desired and possible to build an array of sensors with
varying hair length to facilitate the sensing under different flow
conditions. However, this aspect is not the focus of this paper
and will be included in our future work.

The ac flow modeling is expected to be more accurate, be-
cause ac flow is for the most part localized around the hair, and
will be less affected by the surroundings (i.e., sensor packaging,
testing apparatus, etc.).

D. Device Geometry

Biological haircells are used to sense the surrounding mainly
through ac flow stimulus, and hairs in water appear to work
as low-frequency (10–150 Hz) sensors [36]. For this purpose,
we designed our device primarily for the sensing of low-
frequency turbulence with low velocity amplitude and with a
focus on underwater detection. Good dc flow sensitivity is also
desirable for the potential applications of AHC sensors to Micro
Unmanned Aerial Vehicle control and hydrodynamic studies.

Structural and hydrodynamic model analyses suggest that
the sensor’s sensitivity is mainly determined by the follow-
ing parameters: cantilever width (w), cantilever thickness (t),
cantilever length (l), cilium height (h), cilium diameter (d),
and sensor’s distance form the leading edge (x). The cantilever
length has little effect on the performance under either ac or dc
flow condition, therefore, we design the device mainly based on
the other parameters.

The sensitivity is a rather strong function of the cantilever
thickness (t). Our choice is limited by the availability of silicon-
on-insulator (SOI) wafers and our microfabrication capabilities.
We chose 2 µm as the cantilever thickness for a good compro-
mise between sensitivity and fabrication feasibility; this corre-
sponds to the thickness of the single crystal silicon epitaxial
layer on the SOI wafer. For the analysis at hand, we also assume
the sensor’s distance from the leading edge (x) is 2 mm, set by
the die size.

For real-world underwater ac flow detection, good sensitivity
of velocity amplitude on the order of sub-1 mm/s is desirable.
Underwater dc detection limit on the order of millimeter per
second and in-air dc detection limit on the order of 0.1 m/s
are also desirable. Based on our existing signal conditioning
circuitry capability, we assume the minimum reliable voltage
reading at 1000 times signal gain is 1 mV. Taking 70 as a
reasonable estimate for the gauge-factor (GF) value, 1 mV
output at 1000 times signal gain translates into approximately
0.06-ppm strain with Wheatstone quarter bridge excitation
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Fig. 3. Simulated induced strain as a function of w, d, and h. (a) Underwater ac flow, 50 Hz, 1-mm/s velocity amplitude. (b) Underwater dc flow, 5 mm/s.
(c) In-air dc flow, 0.1 m/s.

voltage (Vexc) set to 1.25 V. In order to create and detect
0.06-ppm strain under the desired flow velocity detection limit,
the values of w, d, and h need to be carefully chosen.

Based on the models derived in the previous sections, we
have simulated the performance of the sensor of various com-
binations of device physical dimensions using MatLAB. The
simulation was performed under desired flow detection limit
conditions. Values used in the simulations are the following:
Signal Gain = 1000, GF = 70, Vexc = 1.25 V, E = 170 GPa
for Si along 〈110〉 direction, ρh = 1190 kg/m3 for SU-8, ρ =
1000 kg/m3, and µ = 103 P · s for water at room temperature
and t = 2 µm, x = 2 mm. Fig. 3(a) shows the simulated
induced strain under 50 Hz, 1-mm/s velocity amplitude under-
water ac stimuli based on various values ofw, d, and h. On each
face plane, the sensor has the same cilium height but different
combinations of cantilever width and cilium diameter. Fig. 3(b)
and (c) shows the simulated induced strain under 5-mm/s
underwater dc flow and 0.1-m/s in-air dc flow, respectively.

Fig. 3 serves as the preliminary design guide to choose
the values for w, d, and h. Essentially, we want to pick a
reasonable combination that will yield strain around 0.06 ppm
under desired flow detection limits. The choice of w, d, and h

is then further narrowed down according to microfabrication
capabilities. The dimensions of the SU-8 cilium are mainly
constrained by fabrication feasibility. For single spin SU-8
process, we can achieve cilia that are 600-µm tall and 80 µm
in diameter with high yield. Based on these cilium dimensions,
40 µm is a good estimate of the cantilever width. There are two
cantilevers supporting the paddle, therefore, each cantilever is
20-µm wide.

In addition, from Fig. 3, we can visualize the effect each
parameter has on the sensor sensitivity. For underwater ac
flow, the sensitivity increases roughly linearly with the cilium
height, denoted by the equal spacing between face planes.
In addition observed from the figure, the sensitivity increases
quadraticly with the cilium height under dc flow, denoted by the
quadraticly increasing spacing between the face planes. The dc
flow sensitivity is a rather weak function of w and d, while they
could have more influence on the underwater ac flow sensitivity.

Finally, the value for l is chosen such that the cantilever
resonant frequency in air is on the order of kilohertz. Upon
immersion in water, due to the damping effect of the water, the
resonant frequency will shift to a low value. In addition with
the drop of quality factor in water, the resonant frequency loses
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Fig. 4. Predicted sensor response versus flow velocity. (a) Underwater ac flow shows linear trend. (b) Underwater dc flow shows quadratic trend. (c) In-air dc
flow shows similar quadratic trend.

Fig. 5. Scanning electron micrograph of an individual AHC sensor.

its important meaning and may not be observable. We choose
l = 100 µm for design convenience. With 100-µm cantilever
length, the resonant frequency is estimated to be 3.6 kHz in air.

E. Predicted Response Curve

Based on the designed parameter values (h = 600 µm, d=
80 µm, w=40 µm, l = 100 µm, t=2 µm, and x=2 mm), the
strain versus flow velocity simulation is carried out for under-
water 50-Hz ac flow [Fig. 4(a)], underwater dc flow [Fig. 4(b)],

Fig. 6. Photograph of an array of Microfabricated AHC sensors.

and in-air dc flow [Fig. 4(c)]. Also shown on the complemen-
tary y-axis is the corresponding cilium angular displacement
in radians. A clear linear relationship between the strain and
the velocity amplitude is expected under ac flow. On the other
hand, a quadratic relationship is expected under dc flow.

III. DEVICE FABRICATION

A. AHC Sensor Fabrication Process

The devices are fabricated on SOI wafers with a 2-µm-thick
epitaxial silicon layer on top, 2-µm-thick oxide, and 300-µm-
thick handle wafer. SU-8 epoxy is chosen for its ability to form
rigid high-aspect-ratio structures. Fig. 5 shows an SEM of the
fabricated device. A picture of an array of AHC sensors is
shown in Fig. 6.
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Fig. 7. Fabrication process flow for the AHC sensor.

The piezoresistive strain gauges are achieved by ion implan-
tation. The ion implantation is performed on the very lightly
doped 〈100〉-oriented n-type device layer of the SOI wafer.
The wafer is selectively doped to p-type with boron to take
advantage of the higher GF of p-type silicon [37]. To optimize
the performance of the stain gauge, we have chosen the ion im-
plantation parameters so that the doping depth is approximately
1/3 of the total beam thickness and the doping concentration is
on the order of 1 × 1020 cm−3 [38]. The ion implantation was
performed at 60-keV energy for a dose of 2 × 1015 cm−2.

The SOI wafer is first oxidized and patterned for ion implan-
tation [Fig. 7(a)]. After the ion implantation step, we performed
a drive-in at 1100 ◦C for 13 min in oxygen and water-vapor
mixture. At the same time, a thin layer of oxide is formed to
serve as the insulation layer. Contact windows are then opened
to the doped silicon [(Fig. 7(b)], where electrical connection
is formed by a 50-nm-thick titanium interfacial layer with a
500-nm-thick gold layer on top [Fig. 7(c)]. We used lift-off
process for this metallization step. A quick (< 5 s) native oxide
removal step is performed before metallization using buffered
oxide etch (BOE).

The paddlelike cantilevers are then defined by front-side deep
reactive ion etch (DRIE) using the Bosch process [Fig. 7(d)].
A 1.2-µm-thick Parylene C protection layer is applied using
chemical vapor deposition (CVD) to protect the metal leads
from the subsequent BOE etching [Fig. 7(e)]. Backside etching
is performed using DRIE to create the cavities underneath the
cantilevers [Fig. 7(f)]. The DRIE process stops at the buried
oxide layer due to slow etch rate on the oxide. A single layer

of SU-8 2075 (Micro-Chem, Inc.) is then spun on at 500 r/min
for 30 s to achieve a thickness of 550 µm [Fig. 7(g)]. 700-µm
thickness can be achieved by spinning the sample at 400 r/min
for 25 s but the yield is relatively low.

For preexposure bake, the samples are ramped up to 105 ◦C at
150 ◦C/h and soaked at 105 ◦C. After a total bake time of 13 h,
the samples are then allowed to cool to room temperature. The
photolithography is done using a Karl Suss contact aligner
at 365 nm. A high-wavelength-pass optical filter with cutoff
wavelength of 300 nm is used during exposure to eliminate the
“T-topping” effect of the SU-8 structures [39]. The exposure
dose is 3000 mJ/cm2, which for a light intensity of 10 mW/cm2

results in a 5-min-exposure duration. For postexposure bake,
the samples are again ramped up to 105 ◦C at 150 ◦C/h ramp
rate and kept at 105 ◦C for 30 min. The samples are then ramped
down to room temperature at a controlled rate of 15 ◦C/h.

After the postexposure bake, the wafer is to be diced up using
a dicing saw. The wafer is first flip-bonded to the dicing saw
adhesive tape with the backside of the SOI wafer facing up. It
is then diced up with the dicing depth carefully calibrated so
that the SOI wafer is diced through, but the SU-8 thick film is
still holding up in one piece. No cracking or debonding from
the substrate is observed in the SU-8 thick film during dicing.
Subsequently, the preexposed SU-8 epoxy is developed. The
development is performed using designated SU-8 developer
with isopropyl alcohol as the end point indicator. Upon the de-
velopment of SU-8 thick film, the dies (typically 3 × 5 mm2 in
size) are mechanically released from each other into individual
sensor units by breaking along the diced groves.
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Fig. 8. (a) Diagram of the electronic readout circuit. (b) Signal conditioning box with dual channel capability.

Developing the SU-8 after the physical dicing is critical in
ensuring high process yield. If the development is done prior to
the dicing, the cooling fluid jet may damage the cilia and/or the
paddle.

The devices are released in BOE to free the cilium-on-
cantilever structures [Fig. 7(h)]. Successful release of buried
oxide membrane is highly dependent on the cleanness of oxide
surface. A 10-min-long oxygen plasma-cleaning step is per-
formed on both the front side and the backside of the samples at
300 W (power) and 300 mtorr (pressure). No visible damage to
the SU-8 cilia is observed during the oxygen plasma cleaning.

The SU-8 properties are very sensitive in processing pa-
rameters and ambient environment [40], requiring calibration
for different laboratory settings. Once the processing recipe is
established, it is very repeatable and able to achieve high device
yield.

The cilia are made in a monolithically integrated process,
eliminating the needs of low-yield and low-efficiency manually
assembly. In the future, it will be important to integrate signal-
processing electronics with the sensor monolithically. We be-
lieve that the process described above can be adapted with
minimal modification to accommodate a starting SOI wafer
with prefabricated electronics residing in the epitaxial silicon
layer.

IV. SENSOR CHARACTERIZATION

A series of mechanical and electrical experiments are per-
formed to characterize the sensor performance. The output of
the sensor is read using a quarter Wheatstone bridge to reduce
sensitivity to temperature variations. All reference resistors of
the Wheatstone bridge are defined on chip during ion implanta-
tion. The schematic diagram of the circuit is shown in Fig. 8(a).
Signal conditioning circuits are built into a customized circuit
box [Fig. 8(b)] which has dual channel capability and performs
measurements on two sensors simultaneously. By choice, the
excitation voltage can be set to 1.25, 2.5, or 5 V. The output
signal also has the option to be amplified by 250, 500, or
1000 times using low-noise amplifier. For underwater testing,
the sensor is waterproofed using Parylene C CVD coating with
a thickness of 0.6 µm.

A. Resonant Frequency Test

Resonant frequency determination is carried out using the
built-in frequency calibration function of an atomic force mi-

Fig. 9. Resonant frequency test showing peak at 3.07 kHz.

croscope (AFM) under noncontact mode. The sample is first
sputtered with metal with a thickness on the order of nanome-
ters; it is intended to increase reflectivity and has little effect
on the device resonant frequency itself. The sample is mounted
onto a commercial AFM tip holder, and a frequency sweep
is performed using an SPM instrument. Fig. 9 is a typical
frequency spectrum output, testifying to a resonant frequency
of 3.07 kHz for this particular device. The difference is within
15% of the estimated value.

Several factors could have caused the device resonant fre-
quency to differ from the designed value. For example, the
exact cantilever thickness is not known. Based on the SOI wafer
specification, the thickness of the epitaxial layer can vary up to
0.5 µm across the entire wafer. The Parylene coating for wa-
terproofing could also affect the stiffness and the resonant fre-
quency of the cantilever, but this effect is believed to be small.

B. Calibration of Piezoresistive GF

The GF of the piezoresistive strain gauges was experimen-
tally determined using a tip deflection test described below.
The test is carried out using a probe station. We measure the
resistance change of the strain gauge while the tip of the cilium
is transversely deflected using a micromanipulator tip. The
stiffening effect of the cantilevers due to the lateral loading is
again believed to be small and is neglected in the calculation.
The cilium is deflected both along the ON-axis and the OFF-axis
to establish the crosstalk ratio. As shown in Fig. 2(a), the ON-
axis is defined as the most responsive axis of the sensor to flow
whereas the OFF-axis is defined as the direction orthogonal to
the ON-axis direction. The measured resistance change versus
tip deflection along both axes is shown in Fig. 10.
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Fig. 10. Plot of resistance change as a function of tip deflection and strain.
(Left: y-axis—measured tip deflection; Right: y-axis—calculated strain).

Fig. 11. Schematic diagram of the AHC deformation under tip dis-
placement ∆x.

Along the ON-axis, the device shows linear and sensitive
response. The sensor also presents excellent OFF-axis rejection
ratio of approximately 17.5 : 1. This high crosstalk rejection
is important in establishing a high degree of directional flow-
sensing performance.

The GF is determined from the slope of the ON-axis response.
A mathematical analysis is briefly presented in the following.
We assume that the angular deflection of the cantilever at its
distal end equals the transverse angular deflection of the cilium
for small deflection angles (Fig. 11).

The relationship between the cilium angular displacement (θ)
and the maximum strain (εmax) at the cantilever base is given
in (14). The term θ is related to the tip displacement ∆x by
trigonometry according to

θ = arctan
(

∆x
h

)
. (15)

As a result, the maximum strain and the tip displacement are
related by the following expression:

εmax =
t

2l
arctan

(
∆x
h

)
. (16)

Fig. 12. Schematic drawing of the noise measurement setup.

The GF (G) is then calculated from

G =
∆R
εmax

. (17)

Based on the above analysis and the experimental data, the
average GF is determined to be 78.9, which includes all contact
and parasitic resistances.

C. Noise Measurement

For a cantilever-based microsensor, frequency-independent
Johnson noise and 1/f noise are the two dominant intrinsic
noise sources affecting the cantilever resolution [38], [41]. At
high frequencies, the Johnson noise dominates. On the other
hand, the 1/f noise dominates at lower frequency. Our AHC
sensor is designed for low-frequency flow detection, which falls
into the 1/f noise dominant region.

The noise measurement is performed using a Wheatstone
bridge circuit with similar setup described in the work of
Yu et al. [41] (Fig. 12). All four resistors of the Wheatstone
bridge are located on chip, with one on the cantilever and
the other three on the substrate. The noise measurement was
performed at room temperature in air, and the entire setup
was enclosed in a Faraday cage to shield out any external
electrical noise for pure characterization purpose. In the real
experimental laboratory environment, the background will be
much noisier (e.g., 60-Hz ground power noise, 120-Hz fluo-
rescent light noise). We set the excitation voltage at 1.25 V
and amplified the output from the bridge by 1000 times
with a low-noise amplifier. The amplified signal was fed into
an Agilent 35670 A low-frequency signal analyzer and the
generated noise power density spectrum was recorded. The
measurement was performed from 10 Hz to 12 kHz at 8-Hz
bandwidth.

The spectrum (Fig. 13) clearly shows that the noise decreases
with increasing frequency at lower frequencies and levels off
to Johnson thermal noise at higher frequencies. The corner
frequency is approximately 2 kHz. The noise measurement was
also performed underwater and shows no significant difference
from the result obtained in air.
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Fig. 13. Noise measurement using Agilent spectrum analyzer.

D. Underwater ac Flow Characterization

The ac flow characterization is performed by subjecting the
AHC to a weak oscillatory flow field, referred to as dipolar near
field [21], generated by a sphere vibrating along a specific axis.
When the radius of the dipole source (sphere) is much smaller
than the wavelength ka	 1, where k is the wavenumber (k =
f/C, f is the vibration frequency, and C is the speed of sound
in water) and a the sphere radius, a dipolar velocity field can be
analytically expressed in spherical coordinates as

νflow(r, θ, t) =
a3U0

2r3
{[

2 − (kr)2 − j2k
]
cos θ̂ir

+ [1 − jkr] sin θ̂iθ
}
e−j(ωt−kr) (18)

where U0 is the dipole velocity amplitude. Pertaining to our ex-
periment setup, this equation can be further simplified. Namely,
when considering local flow region (kr 	 1) and neglecting the
dependence on phase and time, the analytical model becomes

νflow(r, θ) =
(
a3U0

cos θ
r3

)
îr +

(
a3U0

2
sin θ
r3

)
îθ. (19)

Fig. 14 illustrates the experimental setup and the schematic
illustration of the dipole field velocity profile. The dipole sphere
used is 6.35 mm in radius and placed at a distance of 15 mm
directly above the sensor. This setup exposes the sensor to the
circumferential flow component [second term in (19)] instead
of the radial flow component [first term in (19)]. It will create
a symmetric flow field about the cilium, which complies with
our ac flow modeling condition. The sphere vibrates along
the ON-axis of the sensor to generate maximum response.
We performed the flow velocity sweep by varying the sphere
vibration strength. The vibration is generated by a mechanical
shaker, the amplitude of which is calculated through the output
of the accelerometer attached to it.

This test is controlled via LabVIEW interface, which allows
us to measure the sensor response and vary the dipole strength
in a programmed manner. The shaker frequency is kept at
50 Hz and measurements are taken under three different bridge
excitation voltages (1.25, 2.5, and 5 V) with 1000 times signal
amplification. We performed real-time fast Fourier transform

(FFT) on the sensor output via LabVIEW. The signal was
sampled at 1000 samples/s and recorded for 0.5 s (500 points)
at each velocity. This makes the bandwidth (resolution) of the
FFT 2 Hz. The sensor produces a clear sinusoidal output, and
a sharp peak at 50 Hz is observed on the frequency spectrum.
The 50-Hz component is then recorded and plotted against the
velocity.

Fig. 15 shows the sensor output under ac flow velocity
amplitude sweep with the simulation result shown for compar-
ison. The velocity amplitude is swept from 12 to 0.1 mm/s.
The sensor response appears linear down to approximately
0.7 mm/s. This linear trend agrees very well with the simulation
result. Below 0.7 mm/s, the sensor response starts to deviate
noticeably from the linear trend, due to the sensor output level
hitting the noise floor.

The low-frequency noise measurement of the sensor in the
actual laboratory setting was performed under three excitation
voltages at 2-Hz testing bandwidth (Fig. 16). The 60-Hz elec-
tronic noise and the 78-Hz noise due to the natural resonant
frequency of the shaker show up as peaks on the spectrum. At
0.7-mm/s velocity amplitude, the sensor output is at least one
order of magnitude higher than the noise level at 50 Hz for
all three excitation voltages, therefore, it is safe to argue that
the sensor detection limit it 0.7 mm/s. With higher excitation
voltage, even though the sensor output is higher, the noise floor
is raised too, as shown in Fig. 16; as a result, no significant
improvement in the detection limit is observed.

The sensor’s velocity sensitivity in the linear region is
6.98 mV/mm/s for Vexc = 5 V, 3.58 mV/mm/s for Vexc =
2.5 V, and 1.83 mV/mm/s for Vexc = 1.25 V. The sensitivity
increases linearly with the excitation voltage, which is precisely
as expected from the Wheatstone bridge model.

Data are averaged over ten consecutive runs. The standard
deviation is less than 5% of nominal value at each point in the
linear region. Minimal variance in the linear response region
indicates high repeatability of the experiments.

In addition, investigated in the dipole experiment is the
frequency dependence of the sensor response. This is achieved
by increasing the shaker frequency while keeping the velocity
amplitude constant. In our case, the velocity amplitude was kept
at 0.7 mm/s, and the shaker frequency was swept from 35 to
90 Hz. The sensor excitation voltage was set to 1.25 V.

The frequency response of the sensor is plotted against
the simulation result in Fig. 17. A roughly linear relationship
between the sensor output and stimuli frequency is observed.
The experimental data agree well with the simulation result
with a couple of explainable abnormalities. The abnormality at
60 Hz is due to the electronic noise in the laboratory shown
also in Fig. 16. Since we are testing at the detection limit of the
sensor (0.7 mm/s), the sensor output level is really low. Under
such a condition, the 60-Hz noise has a very significant effect
on the sensor output at 60 Hz, but does not have a major effect
on the readings at other frequencies. Below 45 Hz, the shaker
performance starts to become unreliable, which explains the
abnormal performance of the sensor in that range. The shaker
has an optimal operation range roughly from 45 to 90 Hz. No
resonant frequency is observed over this frequency range, even
though it could be unobservable due to the excessive damping
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Fig. 14. (a) Dipole experimental setup. (b) Schematic drawing of dipole field velocity profile.

Fig. 15. Experimental and simulation data of underwater ac flow velocity
sweep under three excitation voltages. A clear linear trend is observed.

Fig. 16. Low-frequency-range 1/f noise measurement under three excitation
voltages. Noise floors raises with increasing excitation voltage. The 60- and
78-Hz peaks are due to electronic noise and shaker natural frequency,
respectively.

Fig. 17. Underwater frequency response of AHC sensor. AC flow velocity
amplitude is kept at 0.7 mm/s. 60-Hz abnormality is due to the 60-Hz electronic
noise in the laboratory.

of the water. With better equipment, it should be possible to
characterize the sensor response over a larger range.

E. DC Flow Characterization (Underwater, In-Air)

We have characterized the steady-state response of the sensor
to flow both in water and in air. The experimental results are
discussed in the following.

The calibration of the sensor over larger velocity range
was performed under steady-state flow condition. The sensor
was tested under 1.25-V excitation voltage and 1000 times
signal gain. The experiment was first carried out in a bench
top water channel (ELD, Inc., model 501) with a test section
of 150 × 150 mm2. The experimental setup is schematically
shown in Fig. 18. In order to minimize the boundary flow
effect, the substrate was diced so that its leading edge is close
to the cilium. In addition, in packaging, the substrate was
mounted to a PC board with the part holding the cilium jutted
out of the leading edge of the PCB. With the inflow velocity
ranging from 0 to 0.4 m/s, the calibration result is presented in
Fig. 19, together with the simulation result. The experimental
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Fig. 18. Schematic drawing of a steady-state flow experiment setup.

Fig. 19. Experimental and simulation data of underwater steady-state flow
velocity calibration.

data agree with the simulation at low velocity and starts to
deviate rather significantly from the predicted curve at higher
velocity. Nonetheless, the sensor response follows the quadratic
trend as predicted.

The AHC sensor was also tested in air. With similar sensor
package, as shown in Fig. 18, the experiment was carried out
in bench top wind tunnel (Omega Engineering, Inc., model
WT4401-D). The sensor output as a function of flow velocity
(ranging from 0 to 20 m/s) is presented in Fig. 20. A similar
quadratic trend is also observed. Similar to the underwater
response, the experimental data agree with the simulation at
low velocity but deviates from the predicted curve at higher
frequency.

The deviation from the ideal model is expected as explained
in the dc flow modeling section. The model was derived for
the ideal case of laminar flow over a semiinfinite plate. In
the actual setting, the packaging and the testing apparatus
that are intruding into the flow could have caused the flow
field to deviate significantly from the ideal case. In addition,
the empirically determined drag coefficient for infinite long
cylinder could be a significant overestimate for microstructures.
Nonetheless, the sensor response shows estimated quadratic
trend and good detection threshold at low flow velocity.

F. Wind Tunnel Directionality Test

The directional test was carried out in the wind tunnel with
the sensor mounted on a computer-controlled rotational stage
[Fig. 21(a)]. The sensor was tested under 1.25-V excitation

Fig. 20. Experimental and simulation data of in-air steady-state flow velocity
calibration.

voltage and 250 times signal gain. Under constant flow, the
sensor output was monitored as a function of the rotational
angle. The stage was rotated at 2◦ increments over the entire
360◦ space. Sensor output data was averaged at each angle.

The linear plot of sensor output versus flow angle [Fig. 21(c)]
shows a good fit of experimental data to a theoretical cosine
model at lower output amplitude (away from straight-on flow
angle). A clear “figure 8” pattern is observed on the polar plot
with excellent OFF-axis input rejection [Fig. 21(d)]. The sensor
output at 90◦ and 270◦ appears to be nearly zero in part (d).
The output readings at these two angles are in fact −0.0086 and
0.0086 V, respectively, according to part (c).

The disturbed sensor output at higher amplitude (near
straight-on flow angle) can be explained by two possible the-
ories. First of all, the airflow velocity might be too high such
that the sensor output is saturated. This explains the nearly flat
response to the right of the “figure 8” plot. Second, the wiring
at the back of the sensor could have caused disturbance to the
presumably laminar flow, and this is reflected on the irregular
output pattern to the left of the plot. The sensor performance can
potentially be improved by lowering the testing flow velocity,
further lowering the excitation voltage and signal gain, and
improving hydrodynamic packaging of the sensor.

In order to determine the angular resolution, we need to
first determine the uncertainty of the sensor output ∆V . The
uncertainty is mainly contributed by the noise in the measure-
ment, which can come from a variety of sources, including
the sensor’s intrinsic noise, the electronic noise, and the inflow
turbulent noise. We repeated the experiment ten times and
calculated the standard deviation for each angle. The standard
deviation plot suggests that the noise is angular independent.
The average noise is determined to be 0.0151 V. This ∆V can
correspond to the minimum distinguishable flow angle change,
which is essentially our angular resolution.

We then set out to analyze the angular resolution of a single
sensor. Consider the difference in the sensor’s output at two
angular positions

V2 − V1 = V0(cos θ2 − cos θ1). (20)

If V2 − V1 = ∆V1, where ∆V1 is the output uncertainty at
θ1, then the angular resolution at θ1, ∆θ1, is essentially θ2 − θ1.
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Fig. 21. (a) Schematic drawing of the wind tunnel testing. (b) Angle reference. (c) Linear plot of the AHC sensor yaw-angle response. (d) Polar plot of the AHC
sensor yaw-angle response.

Fig. 22. Actual angular resolution obtained using single sensor. (a) Linear plot. (b) Polar plot.

Rewriting (20), we get

∆V1 =V0 (cos(θ1 + ∆θ1) − cos θ1)

=V0 ((cos θ1 cos ∆θ1 − sin θ1 sin∆θ1) − cos θ1) . (21)

The angular resolution is dependent on the angular position
of the sensor. It increases with increasing flow angle with
best case at θ = 90◦ and worst case at θ = 0◦ (Fig. 22).
At θ = 90◦

∆V = V0(sin ∆θ) leads to ∆θ = 2.16◦ for V0 = 0.4 V.

At θ = 0◦

∆V = V0(1 − cos ∆θ) leads to ∆θ ≈ 15◦ for V0 = 0.4 V.

This gives our sensor an angular resolution of 2.16◦ in the
best case. The angular resolution as a function of flow angle is
plotted in Fig. 22, in both linear scale for a 90◦ span [Fig. 22(a)]
and in polar coordinate for a 360◦ span [Fig. 22(b)]. The high
directional sensitivity of the sensor is also a proof that the
sensor is not working in the thermal response region like a
hotwire anemometer.

The angular resolution can be further improved by using
more than one sensor. Consider a case where two sensors
are positioned orthogonally [Fig. 23(a)]. The two sensors will
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Fig. 23. (a) Two sensors oriented orthogonally. (b) Theoretical angular resolution obtained using dual sensor.

work in complement to one another and cover each other in
their worst performing case. By selectively choosing the more
accurate reading between the two, the sensor pair will benefit
from the best resolution offered by either sensor [Fig. 23(b)].
Assume the performance of the sensors are identical, a more
uniform angular resolution performance can be achieved, with
the worst case at 45◦. Even in the worst case, the angular
resolution is still excellent at approximately 3◦.

V. DISCUSSION AND CONCLUSION

A. Fabrication

Even though the device fabrication process is well estab-
lished, there are still several challenges that can affect the output
and performance of the devices. During the photolithography of
the cilia, since we are trying to focus over the range of several
hundred micrometers, and misalignment is inevitable. Usually,
we get the cilium close to the center of the paddle. In case
the cilium is partially offset on the cantilever, it will shorten
the effective length of the cantilever. Since the length of the
cantilever is not a determinant factor in the sensitivity of the
sensor, it should not affect the sensitivity too much. However,
the misalignment may contribute to the asymmetric moment
loading of the cantilevers, which may lead to lower sensitivity
and asymmetry of the sensor response.

B. Noise

The sensitivity of the sensor improves linearly with the bias
voltage, but at the 1/f range, the noise level varies with bias
voltage at the same time. With increased bias voltage, the
1/f noise will limit the sensitivity on the same order [41].
Therefore, at low-frequency range, the sensor performance will
not benefit much from increasing the bias voltage. One possible
approach to decrease the 1/f noise is by adding an additional
passivation surface layer, presumably to reduce the 1/f noise
caused by charge trapping or surface charges [38], [42]. This
will require additional processing steps. In addition, it is be-
lieved that besides surface noise, there will still be a bulk 1/f

noise that will eventually limit the cantilever performance [38].
By carefully choosing the value for implantation dose, depth,
and annealing condition, the bulk 1/f noise can be improved
[38], [41], [43]. It is also found that the noise decreases linearly
as piezoresistor surface area increases [41].

C. Conclusion

We have developed a highly sensitive and directional AHC
sensor. The sensor is capable of accurately detecting ac flow
velocity amplitude down to the order of 0.7 mm/s in water.
Using a single sensor, we are able to achieve a best case
angular resolution of 2.16◦ in air. In the dual sensor setting,
we can potentially achieve angular resolution of less than 3◦

over the entire 360◦ detection range. The excellent performance
makes the sensor a very valuable candidate in the study of the
biological world and in creating bioinspired artificial sensing
organs such as an artificial lateral line.
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