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This article is focused on the development of an acoustic pressure sensor with extremely high sensitiv-
ity and small footprint. We propose a sensor design consisting of micron-sized Polyvinylidene Fluoride
(PVDF) pillars which generate a charge when subjected to normal stresses associated with acoustic waves.
A rigid membrane placed between the micro-pillars and the acoustic medium ensures high mechanical
coupling. The electrode covering the micro-pillars is patterned to decrease the capacitance, and hence
increase the sensitivity of the sensor. The key sensor parameters (diameter and height of the micro-pillars,

gf}g;ords" gap between pillar edges, and number of pillars) are determined through a constrained optimization
Microphone algorithm in which the penalty function is the sensor footprint. The algorithm incorporates the effects of

mechanical and electrical properties of the sensor and conditioning amplifier. Details of the fabrication
process are described. Nano-indentation tests demonstrate that the PVDF micro-pillar sensor exhibits

Sensor array
Nano-indentation

piezoelectric responses under an applied voltage or strain, thus demonstrating the sensor concept.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Existing commercial microphones are capable of either high
sensitivity or broad frequency bandwidth. Typical specifications
for the former category include a sensitivity of about 50 mV/Pa
and a frequency range of 10 kHz, whereas transducers in the lat-
ter category exhibit a sensitivity of about 1 mV/Pa and a frequency
range of 70 kHz. It is emphasized that the above sensitivities include
the gain provided by the built-in amplifier placed inside of the
microphone case. These microphones tend to be large, with typ-
ical geometries having a diameter of 12 mm. While these devices
work well in many applications, there is a need for acoustic sensors
capable of exhibiting high sensitivity and broad frequency band-
width, while simultaneously having a much smaller size than the
existing designs.

Such microphones would enable new techniques for the mea-
surement of noise-source characteristics, for example by means
of extremely dense microphone arrays capable of measuring with
great accuracy both pressure amplitude and direction. Such tech-
niques will be crucial for guiding and validating the development
of accurate noise prediction tools and effective suppression tech-
niques [1,2].

* Corresponding author. Tel.: +1 614 688 3689.
E-mail address: dapino.1@osu.edu (M.]J. Dapino).

0924-4247/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.sna.2009.04.008

One realization of microphones is electronic stethoscopes,
which are commonly used for clinical auscultation and real-time
monitoring of the human respiratory system. A significant volume
of research has been devoted to the analysis of lung sounds based on
empirical information of normal and abnormal lung sounds [3,4].
Electronic stethoscope arrays for measurement of breathing sounds
are of great interest due to their non-invasive nature, yet the uti-
lization of these arrays for real-time monitoring of lung sounds is
confined to large sounds fields in adults. The existing electronic
stethoscopes are too bulky, typically 25 mm in diameter, for uti-
lization in infants and small children.

Cochlea-inspired transducers investigated by Grosh et al. [5,6]
could achieve levels of miniaturization not possible with exist-
ing devices. A flexible tensioned membrane with an exponentially
tapered width is employed to obtain a varying acoustic impedance,
which can achieve cochlear-like frequency-position mapping. A
rigid-walled duct filled with silicone oil is implemented to mimic
the environment of the passive mammalian cochlea. Arnold et al.
[1] designed a piezoresistive silicon microphone for aeroacous-
tic measurements that has small size, high dynamic range, large
frequency bandwidth, and low power consumption. The micro-
phone consists of four dielectrically isolated, single crystal silicon
piezoresistors mounted on the top surface of a circular, tensile
silicon nitride diaphragm. Several devices were tested for lin-
earity, frequency response, drift, noise, and power. The sensors
exhibit a Sound Pressure Level (SPL) response characterized by
a noise floor of 52dB, linearity up to 160dB, and power con-
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sumption of 15mW when operated at 3V. Horowitz at al. [2]
developed a micromachined piezoelectric microphone for aeroa-
coustic measurement applications. The microphone was fabricated
by combining a lead zirconate-titanate (PZT) deposition process
on a silicon-on-insulator wafer with deep reactive ion-etching. An
experimental setup in a plane-wave tube was used to character-
ize the microphone. The device exhibits a sensitivity of 0.75 pV/Pa,
a dynamic range of 47.8-169dB and a resonance frequency of
50.8 kHz. Wang et al. [7] built a PZT-based microacoustic sensor
that employs interdigitated electrodes and in-plane polarization
instead of commonly used parallel plate-electrodes and through-
thickness polarization. The sensitivity is greatly improved because
of the small capacitance of the interdigitated capacitor and the large
and adjustable electrode spacing, as well as the advantage of the
relatively larger piezoelectric stress constant g33.

The piezoelectricity of Polyvinylidene Fluoride (PVDF), first
observed by Kawai [8], has been widely used for sensor devel-
opment in a wide range of military, industrial and biomedical
applications. PVDF can generate voltages 10-25 times higher than
piezoceramics for the same pressure input. These polymers are
quite stable because they can resist moisture, most chemicals,
oxidants and intense ultraviolet and nuclear radiation. PVDF is syn-
thesized by addition polymerization of the CH2=CF2 monomer, and
exhibits «, B, 'y and 8 phases. The o phase is non-piezoelectric. The
v and & phases are not common. The (3 phase form, which has a
net dipole moment pointing from the electronegative fluorine to
the electropositive hydrogen, produces a net dipole moment nearly
normal to the polymer chain [9]. Defect groups of head to head and
tail to tail are believed to be responsible for the formation of 3 phase
and hence for the piezoelectric properties [10].

Sensors based on PVDF film are attractive due to their high sensi-
tivity and low cost. For example, a PVDF film pressure sensor is used
for in-sleep cardiorespiratory monitoring [11]. Uncooled infrared
(IR) sensors using PVDF thin film are used to detect temperature
changes from low levels of incident IR radiation [12]. Wang et al. [13]
developed a PVDF sensor array for measurement of the impulsive
pressure generated by cavitation induced by bubble collapse. Alaser
micromachining technique was used to fabricate the PVDF sensor
array and each sensor has a sensing area of 4.8 mm x 4.8 mm and a
height of 25 pm. The capacitance is determined by overlapping iso-
lated electrodes from both sides, which forms the sensing area. It
was shown that this sensor can measure gas dynamic shock as fast
as 31 ns, while measurements of impact signals from a dropping
ball show an insignificant crosstalk level of less than 2%.

The voltage produced by a capacitive sensor is given by the
ratio between charge and capacitance. The proposed microphone
exploits the key advantages of PVDF as a sensor material by means
of two key design elements aimed at increasing the charge and
decreasing the effective device capacitance (Fig. 1). The first design
element is a stress amplification mechanism through the area ratio
between the overall surface exposed to acoustic waves and the area
of the individual micro-pillars. Because PVDF responds to stress,
this mechanism increases the amount of charge for a given pres-
sure level. A rigid membrane placed between the micro-pillars and
the acoustic medium ensures high mechanical coupling. The sec-
ond design element is a top electrode patterned to cover only the
surface of the micro-pillars. The design with patterned electrodes
reduces the capacitance of the sensor by excluding the capacitance
of the air between micro-pillars. The individual round electrodes
above each micro-pillar are interconnected by means of thin con-
ducting tabs. A continuous, flat electrode is placed underneath the
array.

The sensitivity of the proposed microphone is analyzed in Sec-
tion 2 and compared against the sensitivity of flat continuous
PVDF film and micro-pillars with full flat electrodes. The optimiza-
tion algorithm for minimization of the microphone’s footprint is
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Fig. 1. Schematic diagram of the proposed acoustic pressure sensor based on PVDF
micro-pillars and patterned electrodes. A rigid membrane placed above the micro-
pillar array acts as a pressure amplifier. The patterned electrode reduces the device
capacitance, thus increasing its sensitivity.

presented in Section 3. Details on the fabrication of the micro-
pillars and characterization experiments aimed at understanding
the coupled electromechanical response of the PVDF micro-pillars
are presented in Section 4.

2. Sensitivity analysis

The static sensitivity is defined as the ratio of the output voltage
over the stress acting on the PVDF material,

K=V,/o. (1)

The sensitivities of three PVDF sensor designs are compared: flat
continuous film, micro-pillars with full electrodes, and micro-
pillars with patterned electrodes.

2.1. Flat continuous PVDF film

Fig. 2 shows the open circuit of a flat PVDF film sensor. According
to the linear piezoelectric constitutive equations, the open circuit
voltage developed across the film thickness is

Vo=-g33-0-h, (2)

where gs3 is the piezoelectric stress constant in the x3-direction,
o = P is the applied acoustic pressure, and h is the thickness of the
PVDF film. In this case, the stress induced in the material is equal
to the pressure. Substitution of Eq. (2) into (1) gives the sensitivity
as

K1 =-g33-h. (3)
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Fig. 2. PVDF film open circuit.
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Fig. 3. Schematic diagram of PVDF micro-pillar sensor with full electrodes.

2.2. PVDF micro-pillars with full electrodes

Fig. 3 illustrates the case when an array of micro-pillars is placed
between two continuous, flat electrodes. The charge output by the
sensor corresponds to the charge generated by the micro-pillars,

Q=Q =G Vp, (4)

where Q is the total charge collected at the electrodes, Q, is the
charge generated by the micro-pillars, C; is the total capacitance of
the micro-pillars, and V,, is the potential across the micro-pillars.
The total capacitance is, by definition,
2

Cp =¢- % =&- W’
where ¢ is permittivity of PVDF, M is number of pillars in the x-
direction, N is number of pillars in the y-direction, A is the total
cross-sectional area of the micro-pillars, and d is the diameter of
each micro-pillar. The voltage across the micro-pillars is propor-
tional to the stress,

(5)

Vp=—gs3-h o (6)

The stress on each pillar due to the application of normal pressure
on the sensor surface is

(d+g1)-(d+8)
=-—2"" °°°.P 7
7 wd? /4 ’ )
where g is the gap between pillars in the x-direction and g, is the
gap between pillars in the y-direction. Substitution of (7) into (6)
gives

(d+g1)-(d+g2)
wd? /4

The total capacitance is the sum of the capacitance of the micro-
pillars and the capacitance of the air gap,

Vp :—g33-h- -P. (8)

Ct = Cp + Co, 9

in which the air capacitance is

M- N-[(d+gi)d+g)—7wd*/4]
A .

Since the two capacitances are connected in parallel, the voltage
drop is the same across the micro-pillars and air gap,

Q
Vo=V = c (11)
Combination of Egs. (4), (5) and (8)-(11) gives the sensitivity of
PVDF micro-pillars with full electrodes as

Co=¢60- (10)

_ er(d+g1)(d + &) .
- wd?/4-(er — 1)+ (d +g1)(d + &2)

K (—g33 - h), (12)
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Fig. 4. Relative sensitivity of the proposed PVDF micro-pillar sensor with patterned
electrodes compared to PVDF film and fully electroded micro-pillars. The gaps are
assumed equal (g = g1 = &2).

where ¢&; is the relative permittivity of PVDF. Assuming without
losing generality that g, = g» = g, the sensitivity of the micro-pillar
array based on full electrodes relative to the sensitivity of solid PVDF
film is

Ky er(1+g/d)

Kip=-—>== .
27K n/a (e 1)+ (11 g/d)?

(13)

The relative sensitivity of the micro-pillar sensor is limited by the
relative permittivity of PVDF film, and the upper bound is K, = &
as g/d goes to infinity.

2.3. PVDF micro-pillars with patterned electrodes

In this case both the capacitance and the charge are due solely
to the micro-pillars, hence the sensitivity has the form

(d+g1)-(d+g)
K3 = —2—"—°=*.(-g33-h). 14
3 <@ /4 (-g33-h) (14)
Assuming as before g; = g = g, the sensitivity of the pillar sensors
based on patterned electrodes relative to the sensitivity of PVDF
film is

K3 (1+g/d)
K= =g (15)

which increases monotonically with the ratio of the gap between
pillars and the pillar diameter, g/d. The effect of the air gap between
pillars is to increase the stress on the sensing material and therefore
to increase the sensor’s output voltage and sensitivity.

A comparison of the sensitivities of the two micro-pillar designs
relative to that of solid PVDF film is shown in Fig. 4. The micro-pillar
sensor with patterned electrodes theoretically has an unlimited
sensitivity with increasing geometry ratio g/d (assuming g = g1 =
£2)-

To simplify the design of the micro-pillars with patterned elec-
trodes, we assume that the width of the connecting tabs is negligible
compared with the diameter of the micro-pillars. The smallest tab
width allowed by our current fabrication techniques (Section 4) is
about 2 pm. If the diameter of micro-pillars is not high enough, this
factor needs to be included in the calculation of sensitivity.



J. Xu et al. / Sensors and Actuators A 153 (2009) 24-32 27

3. Optimization

Nonlinear programming (NLP) techniques are used to find a min-
imum or maximum of an objective function in Ny dimensions which
satisfies arbitrary complex constraints [14]. Many algorithms have
been developed for solving such problems. We utilize an algorithm
based on the interior-reflective Newton method described in [15].
Each iteration involves the approximate solution of a large linear
system using the method of preconditioned conjugate gradients
(PCG). The optimization problem can be expressed in the form

minimize f(x)

hi(x) <0 i=1,...,m
gi(x)=0 i=1,...,k
l,vngfuj j=1,...,n

(16)

Here, x is an Ny-dimensional list of design variables; f(x) is
the objective function; h;(x) are inequality constraints; g;(x) are
equality constraints; and [; < x; < u; are constraints for all design
variables.

The functions f(x), h;(x) and g;(x) can be any linear or nonlinear
combination of the design variables. In this case, a constrained NLP
optimization algorithm was developed to obtain the sensor’s geo-
metric parameters (M, N, d, g1, g2 and h) needed to achieve 100x
the sensitivity of existing commercial sensors, dynamic range up to
181 dB, and frequency bandwidth of 100 kHz. The objective function
to be minimized is the total sensor area,

fX)=M-N-(d+g1) (d+g2) (17)

The NLP optimization algorithm was implemented in Matlab.

The design variables that were optimized are M, N, d, g1, g2,
h and R (total input resistance of the amplifier). The design vari-
ables can be treated as independent of one another, while the
dependent variables are related by the equality constraints. The
total input resistance of the amplifier cannot be chosen arbitrarily
as it depends on the actual specifications of available operational
amplifiers, although it usually is very high. The height of the pillars
is dictated by manufacturing constraints and usually takes values
such as 10 wm or 20 wm.

Bounds on the design variables are affected by the ability of the
manufacturing process and amplifier input resistance. For this case,
they are defined by

1<M <200

1 <N <200

1pm < d <1000 pm

1pm < gy <1000 pm (18)
Tpm < g <1000 wm

1pm <h <500 um

100MQ2 <R < 1TS2.

The theory presented here incorporates no mechanisms to
account for edge effects, though in practice the electrode edges
may induce field leakage. In the limit when there is only one pil-
lar (M = N = 1), the sensor can still be conceived so long as g; and
g are defined. In this case, the gaps between pillars do not exist
as such but they can be defined at the edge of the sensor. In prac-
tice, the number of pillars in each direction must be much bigger
than one to minimize edge effects. The determination of geometric
parameters that satisfy the various design constraints is presented
next.

3.1. Resonance frequency

The basic sensing element, i.e., a PVDF micro-pillar, can be mod-
eled as a continuous rod fixed at one end and free at the other
end, as shown in Fig. 5. Assuming a slender rod and ignoring iner-

Cross-section area
h
S
o [T 71 o+
— ox
T T~ Displaced
u w+a  p=0+P)p,
Oox

Fig. 5. Schematic of a continuum rod model.

tias and electromechanical coupling, the governing equation for the
longitudinal vibrations of arod is a partial differential equation [16]
u 1 d%u

— - =+ =0 19
ox2 2 ot2 ’ (19)
where u denotes the axial displacement at position x and time t, and
¢ = E/po, where E and pq are the Young’s modulus and mass den-
sity of the material, respectively. Considering fixed-free boundary
conditions, the natural frequencies of Eq. (19) have the form [17]

=%,/%, r=1,2,3,... (20)

A PVDF rod can be modeled as a system comprising a second-
order mechanical system (Fig. 6(a)) and a first-order electrical

+

able —© o—1—0

Charge generator
R]eak CP _T_Ccablgr_ Camp Ramp

T 3 T

q:Kqu

Current generator o

XN

Lpypr = Kqu (b)

Fig. 6. PVDF rod model and equivalent circuit. (a) Second-order mechanical rep-
resentation of a micro-pillar array. (b) First-order electrical representation of the
sensor system.
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system (Fig. 6(b)). The system transfer function is expressed by

Eo(s)  Gits G,
Fi(s) — ts+1 [ (1/w})s?) +((26/wn)s +1) |

in which 7 is the time constant of the first-order system, wy is the
natural frequency of the second-order system, £ is damping ratio,
and G; and G, are the gains of the first order system and second-
order system, respectively.

The frequency response associated with Eq. (21) is shown in
Fig. 7. If the sensor is operated in the flat magnitude range of the
frequency response function and the passband error is +5%, the
bandwidth of the system will be from 3 /7 to wy /5. The desired fre-
quency bandwidth of the acoustic sensor is 20 Hz to 100 kHz, which
implies

(21)

wn/5 > 100 x 103 x (27). (22)

From Eq. (20), the first natural frequency of the PVDF rod (letr = 1)
is

T E
wn = ﬁ %. (23)
Substitution of Eq. (23) into Eq. (22) and solution for h gives,
h <530 wm, (24)

which represents the natural frequency constraint.

3.2. Cutoff frequency

According to Fig. 7 and the bandwidth requirement, the cutoff
frequency constraint is

3/1 <20 x (27). (25)

From Fig. 6(b), the time constant is T = RC;. For the case of micro-
pillars with patterned electrodes, the total capacitance of the
system is the capacitance of the pillars (note that the capacitance
of the cable and the amplifier is relatively small compared to the
capacitance of the pillars), so that C; = Cp. Combining Egs. (5) and
(25), one obtains the cutoff frequency constraint,

Usable range
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Fig. 7. Bode plot associated with the electromechanical system shown in Fig. 6.

3.3. Dimensional limits in the x and y directions

The acoustic sensor is designed to be packaged in a9 mm? enclo-
sure, which requires that the dimensions in the x and y directions
cannot be greater than 3 mm. The dimensional constraints in the x
and y directions thus are:

M-(d+g1)-3x1073 <0, (27)
N-(d+g)-3x103<0. (28)
3.4. Sensitivity

Based on the specifications of existing commercial products, the
acoustic sensor must have a sensitivity of no less than 0.3 V/psi,
i.e., 4.35 x 1073 V/Pa, before amplification. A gain of 1000 would
increase the sensitivity to about the same level as the most sensi-
tive commercial microphones. According to Eq. (14), the sensitivity
constraint has the form

(d+gd+g) , o (29)

4.35x107° — (—g33) -
x (—&33) 22 /4 <

3.5. Yield strength

If the sensor is assumed to have a pressure limit equivalent to
a sound pressure level of 181 dB, the maximum allowable acoustic
pressure (Pmayx ) is given by

2010g (55

The constraint to avoid surpassing the yield strength of PVDF is

(d+g1)(d+8) _
wd2 /4 -

where oy is the yield strength.

) — 181dB. (30)

Pmax'

(31)

3.6. Buckling load

The Euler formula for columns is

2
Frnax = 08 (32)
(rh)

where Frhax is the maximum or critical force (vertical load on a col-
umn), E is modulus of elasticity, I is area moment of inertia, h is
unsupported length of column, and r is column effective length fac-
tor. For both ends pinned, r = 1.0; for both ends fixed, r = 0.50; for
one end fixed and the other end pinned, r = 0.70; for one end fixed
and the other end free to move laterally, r = 2.0. For the micro-pillar
sensor, the buckling load condition is

Pmax(d 4+ g1)(d + &2) < Fmax. (33)

Substitution of Eq. (32) into Eq. (33) and consideration of the area
moment of inertia of a round pillar gives,

2 2
w4 -E-md* /4 <0
(r-hy

Figs. 8-11 show design curves calculated with the optimization
procedure described above. Specifically, the figures show calcula-
tions of pillar diameter, pillar gap, g/d ratio and aspect ratio versus
pillar height based on various practical amplifier input resistances
ranging from 1G €2 to 1000G 2. These plots provide information
on the selection of the amplifier input resistances and the pillar
height and diameter. Fig. 8 shows that for R < 10G 2 the calcu-
lated optimal pillar diameter monotonically increases with pillar
height. For higher input resistance values the optimal pillar diam-
eter is approximately constant (2-4 um), i.e., it is approximately

Prmax(d+g1)(d + g2) - (34)
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Fig. 8. Optimal pillar diameter versus pillar height as a function of amplifier input
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Fig. 11. Optimal aspect ratio versus pillar height as a function of amplifier input
resistance.

independent of pillar height. Fig. 9 shows that the optimal g/d ratio
monotonically decreases with pillar height. Fig. 10 shows that if the
amplifier input resistanceisR > 100 G €2, an overall sensor footprint
of less than 1 mm? can be achieved. According to Fig. 11, if aspect
ratios of g/d = 4 could be manufactured as is expected to be the
case in the near future, any amplifier input resistance from 1G
to 10G 2 would be suitable. The pillar height should be less than
15 pm if the amplifier input resistance was greater than 100G .
A limit on the pillar ratio of 2 implies either R = 1G €2 combined
with arbitrary pillar heights or increasingly higher input resistances
combined with increasingly lower pillar heights.

4. Fabrication and characterization of electroactive PVDF
micro-structures

Polyvinylidene fluoride (PVDF) micro-structures were fabri-
cated using a procedure which is described in detail elsewhere [18].
Previously patterned polydimethylsiloxane (PDMS) stamps molded
from photolithographically fabricated masters were used to obtain
arrays of PVDF micro-pillars with designed dimensions (Fig. 12(a)).
A 10%PVDF solution in dimethylacetamide/acetone was spin coated
on the PDMS stamps at 1000-2000 rpm for 1 min. The stamps were
placed on a hot plate at 100° C for 5 min in order to drive off resid-
ual solvent and anneal the PVDF. The spin coated PVDF film was
then transferred onto the adhesive side of copper tape using slight
pressure. Fig. 12(b) and (c) shows scanning electron micrographs
of PVDF pillars with two different micro-pillar dimensions.

Preliminary experiments were conducted with the goal to char-
acterize the piezoelectric response of the PVDF micro-pillars. These
proof-of-concept experiments were conducted on a non-optimal
micro-pillar array (d =5 pm, g =5um, h = 6 um, N = M = 1000).
A gold-coated glass slide was placed on top of the micro-pillars
(top electrode), and an electric field of ~120MV/m was applied
across the electrodes (top positive and bottom negative) at
160° C for 3 h, and then at room temperature for an additional
hour to pole the PVDF micro-structures. The direct and inverse
piezoelectric responses were characterized using a Hysitron Tri-
bolndenter nano-mechanical test instrument equipped with the
nanoECR package (Fig. 13) [19]. A boron-doped diamond 14.5 pm
flat punch indenter probe was used in the experiments.

The inverse piezoelectric effect was tested by measuring the dis-
placement of a micro-pillar when it is subjected to simultaneous
force and voltage inputs. Running the instrument in load-control
mode to ensure that a constant preload force of 3 N was preserved
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(a)
PDMS stamp

Spin coated PVDF

Array of PVDF micro-pillars

Fig. 12. (a) Fabrication schematic of PVDF micro-pillars. SEM micrograph of (b) ~ 5
x5 m pillars and (c) ~ 10 x20 pwm pillars (bottom).

throughout the test, a 40 V pulse was applied across the electrodes.
The preload was gradually applied on a pillar from ¢t = 0-5s and
maintained for 60 additional seconds as shown in Fig. 14(a). The
40V pulse was applied for 5s intervals at t = 35, 45, and 555,
as shown in Fig. 14(b). The sample was subjected to a preload to

Input/output

Fig. 13. Schematic of the indentation test conducted with a nano-mechanical test
instrument.
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Fig. 14. Load-controlled nano-indentation inputs of (a) 3 wN force and (b) 40V
square wave.

ensure a good flat contact between the tip of the instrument and
the top of the pillar before starting each test. As shown in Fig. 12(b),
the top surface of the PVDF pillars is not completely flat, due in
part to the crystalline nature of the polymer. Fig. 15 shows dis-
placement versus time results. The five lines correspond to five

Displacement (nm)

Time (s)

Fig. 15. Plot of displacement versus time from the 40V square wave tests.
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Fig. 16. Plots of (a) force versus time and (b) voltage versus time for the 4 um
displacement-controlled indents.

different tests conducted on the same sample. There are two distinct
sets of lines, which correspond to two separate sets of tests (con-
ducted 4 days apart). We note that the static displacement differs by
about 10 nm for the five measurements. This difference is insignif-
icant considering the dimensions of the pillars (5000 nm). What is
important is that the relative change in displacement caused by the
40V input was very consistent for all five tests. The curves show
an average displacement change of approximately 4.4 + 0.56 nm
(strain of ~0.001) with the applied 40V pulse. The direct piezo-
electric effect was tested by measuring the voltage generated by
a micro-pillar in displacement-controlled nano-indentation tests.
Fig. 16 shows force and voltage versus time results. A voltage of
roughly 0.025 + 0.0026 V was generated during each test. A total
of 5 measurements (represented by 5 different lines) were taken in
both characterizations. The results confirm a piezoelectric response
of the PVDF micro-pillars under an applied voltage or mechanical
input.

The piezoelectric constants d33 and g33 estimated from the data
are —110 pC/N and —1092 mV/m/N, respectively [20]. These two
values are nearly 3 times greater than those typically reported
for flat PVDF films, approximately —33 pC/N and —330 mVm/N,
respectively [21]. The high values of these coefficients are consis-
tent with results obtained from micro-fabricated PVDF from AFM
results reported in the literature [22,23]. The large coefficients
could be attributed to several factors including potential effects of
micro-structure and electrode geometry and expected differences
in mechanical compliance between the PVDF micro-pillars and flat
PVDEF. The micro-pillars are subjected to lower mechanical loading
as they are not constrained by surrounding material, hence they are
expected to deform more than solid film for a given electric field
input [24].

5. Discussion and future work

Micro-electromechanical MEMS technology has traditionally
been focused on silicon based fabrication techniques. With the
development of sacrificial layer micro-molding (SLaM) and pat-

terned substrate micro-molding (PSM), the micro-fabrication of
polymer micro-structures is becoming increasingly promising
[25,26]. An acoustic sensor with small size, high sensitivity, wide
dynamic range and high frequency bandwidth is of great need due
to the special requirements of aeroacoustic and clinical applica-
tions. The small size, high stiffness, and reduced mass of MEMS
sensors are of great interest because such devices can signif-
icantly improve both the temporal and spatial measurement
bandwidth. This article presents the design, theoretical analysis,
micro-fabrication and proof-of-concept characterization of a new
type of millimeter-size acoustic sensor using PVDF micro-pillars
and patterned electrodes, with the potential to achieve 100x the
sensitivity of existing commercial sensors in combination with a
dynamic range of 181dB and a frequency bandwidth of at least
100 kHz. A constrained optimization algorithm has been developed
as a function of geometric parameters and electrical parameters of
the sensor and conditioning amplifier. A micro-fabrication process
based on PVDF micro-pillars and patterned electrodes is described.
In order to determine the piezoelectric properties, a PVDF sample
that consists of a uniform pattern of 5 um pillars was manufac-
tured and tested on a Hysitron Tribolndenter nano-mechanical test
instrument. The nano-indentation testing results show that the
PVDF micro-pillar sample exhibits obvious piezoelectric responses
under an applied voltage or strain.

One potential application of the proposed micro-acoustic sensor
would be vehicle positioning. Like animal echolocation, the vehi-
cle would emit ultrasonic waves and an array of micro-sensors
placed on the vehicle skin would measure in real time the echo of
the emission (both magnitude and direction). The time difference
between the emitted and reflected waves would provide localiza-
tion of objects around the vehicle and would create safer driving
conditions. Spatial location requires pointpoint accuracy, hence
sensor dimensions much smaller than possible to fabricate with
conventional designs.

Optimal sensor manufacturing and testing is out of the scope
of this paper and will be addressed in future work. Future work
will be focused on the fabrication of optimal micro-pillar sensors,
amplifier circuit design for the device and acoustic tests. Special-
ized amplifier circuit design is crucial for acoustic tests of the
micro-acoustic sensor. There are three amplifier options for this
application: DC coupled amplifier, AC coupled amplifier and DC
servo loop amplifier. The advantages and disadvantages of the three
amplifier designs will be analyzed. Frequency response analysis,
sensitivity calibration, linearity measurement and power spectrum
analysis will also be investigated.

The preamplifier circuit is very important for the signal condi-
tioning of the PVDF sensor based on micro-pillars and patterned
electrodes. There are two types of integrated circuits generally
used in piezoelectric sensors: charge and voltage amplifiers. For
the charge amplifiers, the output voltage is equal to Q/C; (where
Cr is the capacitance of the feedback capacitor), which means that
the output voltage is independent of the sensor capacitance. Using
a small Cr can lead to a very large voltage output. However, it is
impractical to use charge amplified systems above 50kHz since
the feedback capacitor exhibits filtering characteristics above this
range. Therefore, the voltage amplifier is employed in our circuit
design. A PVDF microphone behaves as a capacitor, hence it gen-
erates output voltages with a high impedance level. The source
impedance combined with the load resistance provided by the
amplifier generates a voltage divider. As the ratio of the load resis-
tance to the source impedance decreases, the output voltage also
decreases, which is known as the loading effect. This issue can be
addressed by a buffer circuit using an operational amplifier such as
the Analog Devices AD7xx. This amplifier has very high input resis-
tance (from 2 G 2 to 300 G 2) and small output resistance (around
10 2). The buffer circuit converts the high output impedance of
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the microphone into a low impedance signal which eliminates the
loading effect and thus minimizes the signal loss.
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