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Abstract: The poymer piezoelectric pavinylidene fluoride has found widespread use in
sensors and actuators. The bending mode of piezoelectricity offers very high sensitivities
and low mechanical inpu impedance, but has nat been studied in as much detail for sensor
applications. We report the dynamic electromedhanical properties of millimeter size
cantilevers made from electroded films of PVF,. All devices tested had a single polymer
layer. Several resonances are found lelow 1 kHz and the experimentally observed resonance
frequency dependence on cantilever thickness and length are seen to agree well with
pubished models which take the properties of the electrodes into acourt. It is foundthat
bending resonances are also moduated by the width of the cantilever. Therefore, though the
length and thickness control the resonance frequency most strongly, the actual realized
value can be fine-tuned by changing cantilever width and the dectrode material and its
thickness. Further, all resonances display high piezoeledric couging coefficients (Kef),
ranging between 0.2 - 0.35. The data presented here will be extremely useful in the design
of sensors and aduators for a number of applications, since the combination d milli meter
size scales and high piezoelectric sensitivities in the low audio range can be realized with
this marriage of polymeric materials and cantil ever geometries. Such an array of sensors can
be used in cochlear implant appli cations, and when integrated with aresonance interrogation
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circuit can be used for the detedion d low frequency vibrations of large structures. If
appropriate mass/elasticity sensitive layers are coated onthe electrodes, such a sensor can

be used for the detection o a wide range of chemicds and hochemicads.
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I ntroduction

Since the discovery of piezoelectricity in the poymer payvinylidene fluoride (PVF,) [1], this
material and its copdymers have made possible alarge number of new transducer applications [2],
including widespread use in structural active-passve damping applications. Polymer piezoeledrics
offer a number of advantages over their ceramic courterparts, chief among them being ease of
fabricaion into films, flexibility, high voltage sensitivity (piezoeledric g-coefficient), high delectric
breakdown strength (enabling high powver devices) and better acoustic impedance matching with air
and water. They have been used in novel configurations to extract larger displacements. At present
there is an increasing need for small sized high sensitivity devices for various applicaions. The
feasibility of a piezoelectric device based cochlea implant has recently been discussed by two o the
authors [3] and pdymer piezoelectric devices utilizing bending (flexure) mode piezoelectricity have
been propased [4,5]. Bending mode piezoelectricity [4,6,7] offers very high sensitivity and the dfectis
described by the following equation [4,7]:

D; = 3%"'%% @

where D3 and E; are the dieledric displacement and the dedric field, respectively, in the thickness
direction, e; the dieledric constant, R is the radius of curvature for bending deformation, and bss; is
defined as the bending piezoelectric constant. If a cantilever film of thicknesst, length I, width h and
capadtance C, is bent by x distance at the tip, and the voltage generated is Vs, then bssiisgiven as|[7]:
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where both Equations 1 and 2 are in CGS units. The performance daracteristics of poymer
piezoel edric flexure mode devices under dynamic condtions have been evaluated theoreticdly [8], but
no experimentally determined modal models or modal dependence on materia properties of
piezoeledric and electrode materials are avallable. Such data will be of grea significance in
facilitating the design of small size amustic sensors, since the relatively soft nature of the paymeric
material combined with the nature of bending vibrations implies resonance frequencies well below 1
kHz in even millimeter sized devices. This study was condicted to determine the nature of bending
vibration modes in small lengths (2 - 20 mm) of cantilever single layer PVF, devices and their
eledromedhanical cougding. It is of importance to understand the dfect of film parameters (length,
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width, and thickness), and electrode parameters (stiff ness, thickness), on the frequency and damping
behavior of the system. Experimental modal analysis has been employed for this purpose. The fina
goal of this work is to enable future design of sensors and actuators in many applications, including
cochlear implants [3]. It is seen that though the experimental data agrees well with pubished
theoreticd equations [8], certain inconsistencies are observed and can be ascribed to the complex
nature of bending piezoelectric cougding in pdymers [6,9-13], and the dynamics associated with the
small scde of the device. Eledrode parameters are dso seen to significantly aff ect the resporse of the
cantilever.

Experimental Details

Polymer piezoeledric films with Nickel-Copper electrodes and d thicknesses 28mm and 52rm
were obtained from Measurement Specialties Inc., USA. Electrode thickness was of the order of 7007
for bath the films, being the same on bdh sides of the film. Strips of film of appropriate dimensions
were ait from the sheds supgied, in al cases the long axis of the strips coinciding with the film
rolling/stretching diredion, i.e., the "1' direction [11]. The width of the strips coincided with the 2’
direction and the thickness the "3' direction. Strips were mourted as cantilevers in a base st from
Lecoset 7007 (acrylic powder plus liquid) self-curing mixture (Figure 1). The propation o liquid
was intentionally kept high in the mixture to fadlitate lower curing temperatures (< 60°C) and prevent
heat damage to the piezoeledric film. Electrical connedions were made to the film electrodes using
SPI, Inc. high puity Silver Paste Plus™. Copper wires were soldered to the silver paste & the ends of
the acrylic base.

Figure 1. Photograph and schematic of experimental setup.



Sensors 2003 3 26¢€

The excitation signal (burst-randam) was generated in Matlab and a MB Dynamics amplifier was
used to drive a Ling Dynamics model V203 shaker. A calibrated accelerometer (PCB Piezotronics)
was placed at the tip of the shaker to measure the inpu driving signal (Figure 1). A HP-VXI
mainframe 8084A was used for data acquisition. The sampling rate was chosen to oltain the desired
frequency resolution d 0.5 Hz in arange of 0 to 800Hz. The device was mourted onthe shaker for a
driving point measurement, such as to excite the bending modes. The voltage generated by the film
was introduced into a DL Instruments 1259. unity-gain impedance transfer pre-amp and was the
resporse signal for the driving point measurement. The maximum voltage resporse from the devices
ranged between 100- 500mV, and dd na vary with cantilever length. Figure 1 shows a phaograph
and schematic of the experimental set-up.

A typical modal analysis experiment on a nonpiezoeledric material would involve the

measurement of mecdhanicd displacements of the spedmen. In the present case, the piezoelectric
activity of the samples enabled the direct measurement of the electrical voltage generated across the
film eledrodes in resporse to the randam mecdhanical energy inpu. The inpu was the excitation
voltage to the shaker and the output was the piezoelectric voltage generated by the cantilever device.
Such an experiment serves the dual purpose of enabling the measurement of both modal parameters
and electromedhanicd energy conversion parameters smultaneously, the caveat being that medanical
resonances in the frequency range of measurement shoud have dedromechanical couging.
Modal parameters are estimated frequency response measurements. These frequency resporse function
(FRF) measurements H(w)=X(w)/F(w) within the frequency domain correspondto an autoregressive
moving average model that is developed from a set of finite difference euations within the time
domain. To reduce the dfect of noise onthe output, an H; algorithm [14] is used to compute the modal
frequencies and mode shapes. This algorithm results in uncderestimates of damping and amplitudes at
resonance & well as anti-resonance. The FRF is computed as a ratio o the crosspower spedrum and
auto power spectrum computed at input point p and ouput paint q.

_GFX,,

Hoq = ©)
" GFF,

The ordinary coherence is defined as the rrelation coefficient describing the linear relationship
between any two spectra.

2
qq pp
The excitation signal used was burst randam, which is neither a cmpletely transient deterministic
signal nor a mmpletely ergodic, stationary randam signal but contains properties of both signal types.
The frequency distribution d this signal type has randam amplitude and randam phase distribution and
contains energy throughou the frequency spedrum, reducing leakage. Force and exporential windows
used onthe inpu and ouput signals, respectively, reduce noise and improve coherence. Also used in
this analysis was the Complex Mode Indication Function (CMIF) [15], an algorithm based onsingular
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value decompasition methods, which, when applied to multiple reference FRF measurements yields
the correspondng mode shapes and modal participation vedor. For modal parameter (frequency and
damping) estimation, X-Moda™ software [16], developed by the Structural Dynamics Research
Laboratory at University of Cincinnati was used. The datawas first observed using a CMIF plot so that
the well excited modal frequencies could be identified. An estimate of the modes was found wing the
poly-reference time domain algorithm (chasen because of its short computation time) with a modal
order of 2to 5[15].

The films used for the experiments were not straight cantilevers for large lengths, but curved
beams. This can create a norinearity in the resporse, and is due to the inherent nature of the films.
Further, the dfed of the mourt is to crede a stiff boundary condtion which actually leads to the
intended cantilever type cnfiguration (fixed-free). Limitations of modal testing arise due to: 1) The
inability of the shaker to input energy at high frequencies [17], and; 2) The fact that modal parameter
estimation techniques do nd lend themselves well to the very low frequency range [17]. Other device
nonlineaities can arise due to the asped ratio, the viscoelasticity of the material, and the
microscopically heterogeneous nature of semicrystalline paymers (amorphows phase + crystalline
phase).

3. Results and Discussion
Modd Frequency Dependence on Cartilever Length andThickness

This experiment was performed to oltain the frequencies and damping of the modes of interest, and
study the dfect of various geometric parameters on pgezoelectric properties. A typicd FRF (raw data)
over the frequency range of measurement (65 - 800 Hz) is shown in Figure 2(a). Two dstinct
resonances, correspondng to modes Il and 11l are observed in this plot. The first mode only became
visible (i.e.,, > 65 Hz) at smaller lengths, and is hence not seen in Figure 2(a). A sharp peak at 60 Hz
arises due to electromagnetic noise and its tail is visible in Figure 2(a). Most of the resonances
displayed a damping of < 2 percent.

It was observed that as the cantilever length was decreased (all other parameters being kept

constant), the resonance frequencies sifted to higher values. Typical behavior is shown in Figure 2(b),
where the resonance frequency is seen to shift from ~ 220 Hz to ~ 380 Hz as the cantilever length is
changed from 20.75 mm to 155 mm. All three modes observed displayed this type of behavior.
This dependence of the frequencies of the first three bending modes on cantilever length is plotted in
Figure 3. Figure 3(a) shows the behavior of 28mm thick films and Figure 3(b) that of 52mm thick films.
In bah the plots, the experimental data (resonance frequency versus cantil ever length) are depicted by
symbals. The roundset of symbad's represent first mode resonances, the square set of symbals scond
mode resonances, and the third mode is represented by the triangular or third set of symbds. In the
case of each film, four diff erent devices of diff erent widths were tested, as noted by Sample 1 through
Sample 4 within each set of symbads. The eror in the measurement of the cantilever length is
estimated to be + 0.25 mm, and is depicted by error bars in the plots. The error in the measurement of

@
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Figure 2. (a) A typical raw data FRF of a PVF, cantilever devicein the frequency range 65 - 800Hz.
(b) FRF s showing the shift in resonance frequencies with cantilever length.

frequencies is estimated to be + 1 Hz and is nat depicted in the plots. The curves observed in these
plots are those obtained from theoretical models and are discussed below.

It is observed from Figures 3(a) and (b) that the experimental data obtained from diff erent devices
are quite similar. A width dependence on modal frequencies is observed, however, and is discussed in
the next sedtion. The thickness dependence of modal frequenciesis made evident by re-plotting the 11™
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mode from Figures 3(a) and (b), as shown in Figure 4. It is sen that decreasing thickness lowers the
resonance frequencies, in a manner similar to that predicted by theoretical models described below.
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Figure 3. The resonance frequency dependence of the first three bending vibration modesin PVF;
cantilevers. (@) for 28mm thick films; (b) for 52nm thick films. Several devices of varying
widths were tested as indicaed. Dotted curves represent theoretical behavior not
incorporating the eff ect of the dedrodes (Equation 5). Solid curves represent theoreticd
behavior(Equations 6 — 8).
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Figure 4. The dependence of resonance frequency onthe film thickness. The spedfic mode shown
hereis Mode II.

In the following, the experimental data obtained is compared with theoretical models available in
literature. In the simplest model, the natural frequency of a cantilever beam can be determined by the

following equation [18]:
v,=A /%rad /sec (5)

where E isthe Young's moduus, | isthe moment of inertia, mis the massper unit length of beam, | is
the length, and A is a coefficient which changes with the mode number (A = 3.52 for Mode |; 22 for
Mode II; 617 for Mode Il [18]). Substituting the gpropriate material properties of PVF,, the
theoreticd modal frequency dependence on cantilever length can be determined and are plotted as
dashed curves in Figures 3(a) and (b). It is seen that the measured data and the theoreticd curves do
not match. However, this difference is due to the presence of the metallic eledrodes on either side of
the PVF; film, eff ectively making the device a three layered compasite. The large diff erence between
the elastic moddii of the poymeric film and the metallic dedrodes result in the dectrodes
significantly modifying the resonance frequency, despite their thicknessbeing small compared to that
of the film. In amore advanced model, taking the properties of the electrodes into accourt, Marcus [8]
derived the fundamental (mode I) resonance frequency of a piezoelectric unimorph cantilever to be:



Sensors 2003 3 271

fl

_ 0_323q\/Et [n3 - (n- a)3]+ Ep[(n- a)- (n+b- 1)3]+ Em[(n+b- 1)°- (n- 1)3] ©

|2 r.b+ra+r (1-a-b)

where h is the thickness | is the length, E;, E, and E, and r, r, and r, are the dastic moddii and
densities of the upper electrode, polymer and lower electrode, respedively, n defines the paosition o
the neutral plane (as fradion d total thickness, measured from the lower eledrode), a and b are the
fractional contributions to the total thickness made by the upper and the lower eledrodes, respectively.
In the present case, the dedrodes are of the same material and thickness on bdh sides. Therefore, E; =
Em n=0.5;a=b;andr;= rp, and Equation 6reduces to,

¢ =032 4.10°E, +0.246E 0
' 12 \5.10°r, +0.995r
for 28mm devices (since, a= b= 2.5 x 10°%), and,
032 | 210°E, +0.248, ©
' 17 \27.10°r,+09973

for 52mm devices (since, a= b = 1.35 x 10°).

Substituting the relevant dimensions and material parameters (E, = Epyro = 2.5 GPa[2];E; = Enicke =
207 GPa[19]; rn = reves = 1.78 x 16 kg/m® [2]; It = I niskes = 8.903 x 16 kg/m® [19]) in the dove
equations, the fundamental (I¥ mode) resonance frequencies can be calculated and are plotted as lid
curves in Figures 3(a) and (b). These curves are seen to match the experimental data (roundsymbals)
quite well. Since the Nickel-Copper alloy electrode was primarily Nickel (actual composition
proprietary), the elastic moduus of pure Nickel has been used in the above. The frequencies for the
11" and the 111" modes can also be determined by knowing the factors relating the modes (see
Equation 5 [1§]:

f, =6.25f,; f, =17.53f, )

The 11" and 111" modes, thus calculated, are also plotted as solid curves in Figures 3(a) and (b).
These curves are also seen to fit the experimental data quite well in the cae of the 281m devices but
not agree as well with the data obtained from the 52mm devices, though similar trends are observed in
experiment and theory. This discrepancy may arise because the actual factors relating the modes may
be diff erent than thase used here (Equation 9.

Thus it is ®en that the behavior observed experimentally can be explained by Equations 6 - 9.
However, this model does nat fit the data quite & well in some @ses andis also na ableto predict the
width dependence of modal frequencies. Overall, the length and thickness of the cantilever control the
resonance frequency most strongly, but small changes can be brought about by choasing an eledrode
of appropriate Y oung's moduus and moduating its thickness. These findings are of importanceto the
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device designer. The dfect of the cantilever width also, however, neals to be taken into accourt, as
described rext.

The Effect of Cantil ever Width

The equations of pure bending vibrations of cantilever beams do nd predict a modal frequency
dependence onthe width of the cantilever (seeEquation 6). In the data presented above, however, such
a dependence is clearly evident (see Figures 3(a) and (b)). Increasing the width leads to an olserved
increase in the modal frequencies. This dependence is observed to be stronger in the cae of the 28
thick films. In this regard, it shoud be mentioned that though the data presented above were aquired
from devices with widths ranging from approximately 2 mm to approximately 0.75 mm, several
devices with width approximately 5 mm were also tested. In this case the observed spedra were much
more complicated, with several resonances occurring, many of which dd na shift as the length was
decreased. Physicdly, this width dependence is believed to be due to the couding between pue
bending vibration (primary mode of excitation) and transverse vibration d the cantilevers, inherently
unavoidable in multilayered media [20]. The devices tested were, from an acoustic perspedive, three
layered composites (electrode + poymer + eledrode). Further, the lamellar morphdogy of
piezoeledric (b phase) PVF, [21] suggests that the polymer itself may not behave whaly as a
homogeneous continuum for acoustic purposes. Transverse vibrations generated in the film plane in
the direction perpendicular to the length, i.e., in the A20 direction, will be sensitive to the width of the
cantilever and are the likely physicd cause of this dependence. The reason the Marcus model is unable
to account for the width dependence is because it uses the equations of bending of beams; models
based on equations of bending of plates are likely to better predict the width dependence Thisis a
significant experimental finding, since in some caes the change in modal frequencies with small
changes in sample width is quite substantial (see Figure 3(a)). Also, millimeter length devices with
widths much larger than approximately 2 mm are likely to display complicated frequency spectra,
making it difficult for them to be used in resonator type appli cations. Thus, the width of the cantilever
is also an important parameter and must be accourted for during the design of sensors and actuators.

Piezoelectric Couging Coefficient

The dectromechanicd couding coefficient (kef) IS a measure of the amourt of total energy
transduced at resonance and is used to quantify the piezoelectric ectivity of devices at resonance. The
resonance parameters of an equivalent eledricd circuit are usually used to determine kg [22]. In the
present case, the frequency of maximum FRF amplitude (frax) and frequency of minimum FRF
amplitude (fmin) (seeFigure 2) have been used to approximately determined ke, using the following
equation:

keff » fmax fmin (10)
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The ke values for typicd samples are plotted versus the cantilever length in Figure 5. The values are
seen to be in the 0.20to 0.35range and more or lessconstant as the cantilever length is changed. This
is ggnificant, since it implies that the piezoeledric couging does not diminish as the sample length is
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Figure 5. Effective bending piezoeledric couding coefficient (k) versus cantilever length. High
values between 0.20 - 0.35 accur for all three modes and sustain throughout the range of
length tested.

decreased (stiff ness increased). Also, compared to ather piezoeledric materials and vibration modes
[22], these values are high, indicating a strong cougding in the bending mode.

Conclusions

Experimental vibrational analysis of the piezoelectric polymer PVF, has been performed. Devices
tested were of cantilever geometry, electroded with Nickel-Copper on bdh sides, of length 2- 25mm
and width 0.75 — 2 mm. The eperimental data confirms, as predicted by theory, the existence of
several resonances below 1 kHz, and the modal frequency dependence on cantilever length is also
similar to that predicted by theoretical equations. It was observed experimentally that the width of the
cantilever modu ates the resonance frequency. Thisisthought to be due to the couging of bending and
transverse vibrations in multilayered media. All resonances were observed to have reasonably high
piezoeledric couding coefficients, between 0.20 to 0.35, which dd na change appreciably with
cantilever length. This data will be useful in the design of small piezoelectric sensors and aduators
with enhanced performancein the low audio frequency range. For instance, an array of these sensors
can be used for quick detedion d low frequency vibrations of large structures. If appropriate
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mass/elasticity changing polymers are cated onthe dedrodes, these type devices can be used as
chemical sensors.
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