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ABSTRACT

In this study, we propose a novel plate-like sensor which uti-
lizes curvature-based stiffening effects for enhanced nanometrol-
0gy. In the proposed concept, the stiffness and natural frequen-
cies of the sensor can be arbitrarily adjusted by applying a trans-
verse curvature via piezoelectric actuators, thereby enabling res-
onance amplification over a broad range of frequencies. The
concept is validated using a macroscale experiment. Then, a
microscale finite element analysis is used to study the effect of
applied curvature on the microplate static stiffness and natural
frequencies. We show that imposed transverse curvature is an
effective way to tune the in-situ static stiffness and natural fre-
quencies of the plate sensor system. These findings will form the
basis of future curvature-based stiffening microscale studies for
novel scenarios in atomic force microscopy.

INTRODUCTION

Measuring structural and material properties at the
nanoscale is an important concern for the metrology commu-
nity at large, as materials can exhibit different behaviors at the
nanoscale when compared to their bulk characteristics [1,2]. In
recent years, Atomic Force Microscope (AFM) has become an
indispensable tool to accurately predict material properties at
the nanoscale [3,4]. Some operating modes of AFM, including
Scanning Joule Expansion Microscopy (SJEM), Electrochemical
Strain Microscopy (ESM) and Piezoresponse Force Microscopy
(PFM), have been utilized to measure minute surface displace-
ments at particular excitation frequencies. To enhance microelec-
tronic and nanoelectronic system capabilities, SJEM has been
used to measure the thermal conductivity of thin films [5] and
single walled carbon nanotubes [6]. SJEM has been further em-
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ployed to assess the energy storage capability of various strains
of Streptomyces bacteria [7]. In order to improve energy stor-
age and generation in fuel cells and batteries, researchers have
focused on electrochemical processes in different types of ma-
terials using Electrochemical Strain Microscopy (ESM). ESM
is also used to measure surface deformations caused by ionic
flows in a material, see [8—10]. Finally, Piezoresponse Force Mi-
croscopy (PFM) has been used to investigate piezoelectric and
ferroelectric materials in oscillating electric fields [11] and to
conduct surface displacement measurements on these materials.
Each of the aforementioned techniques can be enhanced by uti-
lizing the resonance behavior of the tip-sample system.

Contact resonance (CR) spectroscopy [12-19], a dynamic
mode of AFM, uses resonance frequencies of the tip-sample sys-
tem to accurately measure nanomechanical material properties.
CR spectroscopy operates at or near the discrete natural frequen-
cies of vibration of the permanently coupled tip-sample system.
CR spectroscopy techniques can be combined with the aforemen-
tioned advanced AFM contact modes to produce higher fidelity
measurements. For instance, pairing CR with PEM [20-22]
has demonstrated considerable performance enhancement due to
resonance amplification. Despite advantages of CR methods,
the amplification bandwidth of the measurement is limited to
the bandwidth of the discrete natural frequencies of the system.
These natural frequency locations can also change due to changes
in sample topography and local material properties. In other
words, in traditional resonance amplification techniques, mea-
surement of frequency-dependent data can only be acquired in
narrow frequency bands, in proximity to the system resonances.
In contrast, if controlled modulation of the resonance frequencies
(and thus of the narrow sensing bands) is achievable, one will be
able to accomplish resonance amplification in wide frequency
bands.
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Resonance amplification at arbitrary frequencies can be ac-
complished by regulating the stiffness of the sensor in-situ. Me-
chanical or electromechanical methods can be implemented to
obtain the adjustment of the sensor stiffness. Some mechanical
methods include: changing the effective length of the resonat-
ing beam [23-25], using thermal input to change the temperature
dependent Young’s modulus [26], applying thermal stresses on
the structure [27], and altering the shape of the device. Kawai et
al. [28] applied a shape-changing strategy by designing a com-
plex, fold-able device geometry using piezoelectric structures to
vary the device stiffness. They folded a MEMS beam, which
changed the second moment of area of the beam, and recorded a
14% difference in the static stiffness between the un-folded and
folded states.

In arecent study by Aureli et al. [29], a plate sensor has been
implemented to increase the sensor bandwidth, when compared
to traditional narow beam sensor geometries. In this paper, we
propose combining the method of Aureli et al. with curvature-
induced in-plane straining on a continuous plate geometry. This
will enable us to adjust the in-situ static and dynamic stiffness of
the sensor across a wide range of frequencies. This work is in-
spired by the Theorema Egregium [30] of Gauss which states that
the initial Gaussian curvature of a surface, defined as the product
of two principal curvatures of the surface, remains the same when
the material is undergoing a transformation that does not result in
compressing or stretching of the structure. This phenomena can
be observed in uniaxial bending of a narrow beam experiencing
small displacement. Contrary to uniaxial bending, biaxial bend-
ing generates in-plane straining. Pini et al. [31] observed that the
stiffness of a cantilevered plate is dramatically increased due to
an applied transverse curvature and induced in-plane straining.

In the remainder of the paper, the concept of curvature-based
stiffening is investigated in the context of nanometrology appli-
cations. First, to validate and demonstrate the feasibility of the
concept, a macroscale experiment on a steel plate deformed by a
bi-morph piezoelectric actuator is performed. Then, the effect of
imposed transverse curvature via piezoelectric materials on the
natural frequencies and static stiffness of the microplate sensor
is analyzed in a FEM study.

EXPERIMENTAL STUDY
Macroscale Experiment

In this section, we describe a macroscale experiment per-
formed to validate the effects of transverse curvature on the vi-
bration characteristics of a cantilever plate. The schematic of this
experiment is depicted in Fig. 1. Experiments are conducted on
a carbon steel (AISI 1080) plate with a total length L, = 154 mm,
effective length L = 104 mm, width b = 104 mm, and thickness
h =0.254 mm. To enforce proper cantilever boundary condi-
tions, two rigid aluminum plates are used to cover one end of
the test plate. The cantilever plate is mounted on an electromag-
netic shaker which provides base excitation to the plate. Trans-
verse curvature is imposed by a bi-morph actuator built from two
Macro-Fiber Composite (MFC) piezoelectric actuators, model

MFC Actuator

Computer Accelerometers

FIGURE 1. Schematics of experimental setup with the primary plate
dimensions.

M38528-P1, produced by Smart Material Corp., at the free end
of the cantilever plate. This bi-morph is used at a constant in-
put voltage of 1500 V or with no actuation input which is re-
ferred to “Actuator ON” and “Actuator OFF” cases respectively,
in the remainder of the study. Two accelerometers are mounted
at the base and the tip of the plate to measure transverse vibra-
tion of the cantilever plate. Signals from the accelerometers are
collected by a digital acquisition system (DAQ) and further post-
processed to estimate the frequency response function (FRF) of
the system between the tip acceleration and the base acceleration
of the plate. The vibration excitation, for both Actuator ON and
Actuator OFF cases, consists of 40 consecutive sweeps over a
period of 10 s each of an input chirp sine excitation with a fre-
quency range between 0.1 Hz and 100 Hz. Data are acquired
with a custom VI in LabVIEW a sampling frequency of 2000
Hz.

The FRF of the system is generated with the “Dual Chan-
nel Spectral Measurement” routine block in the custom VI. The
FRFs obtained from each of the 40 runs are averaged and the re-
sults are demonstrated in Fig. 2. The peak values in the FRF
are used to identify the natural frequencies of the plate. The
first prominent peak in the response reveals a global cantilever-
like first bending mode for both the Actuator ON and Actuator
OFF cases. A blue shift from 12.2 Hz to 12.8 Hz can be seen in
the natural frequencies which results in an increase of approx-
imately 4.9% in the value of the first natural frequency. The
main reason behind this frequency shift can be attributed to the
imposed curvature from the bi-morph actuator. Image analysis
of pictures of the bent plate demonstrates that the actuator can
impart a radius of curvature of approximately R, = 1192 mm
and non-dimensional curvature parameter of x = b/R, = 0.087.
Although the magnitude of the imposed curvature is not large,
the blue shift in natural frequency is significant and establishes
a macroscale proof-of-concept for the tunability of AFM sensors
via externally imposed curvature.
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FIGURE 2. FRF between the cantilever plate tip and base excitation
acceleration, for the actuator ON and actuator OFF cases.

NUMERICAL STUDY

A three-dimensional finite element analysis of the proposed
micro-sensor is performed in place of actually fabricating the de-
vice and performing AFM experiments. For the analysis, a mi-
croscale silicon plate with aspect ratio (length/width) 1 is taken
and three strips of lead zirconate titanate (PZT) are placed at the
free end of the plate for actuation. The PZT strips are placed in
such a configuration that maximizes curvature in the desired di-
rection and minimizes curvatures in the competing directions of
the plate. The geometry and the properties of the elements used
in the model can be found in Fig. 3 and Table 1.

Three-dimensional brick elements are used to mesh both the
silicon plate and PZT strips. A fixed boundary condition (no dis-
placement and rotation) is assumed at the left edge of the plate (at
x = 0), and the remaining edges are free. To perform actuation,
various input voltages are applied on the top faces of the PZT
strips normal to the xy-plane, while the contacting faces between
the plate and the PZT elements are kept at zero voltage. A linear
spring element is assumed to model the sample contact, and it is
placed on the optimum tip location of the plate. The optimum tip
location in terms of optimal measurement sensitivity and modal
density is given by Aureli et al. [29]. The sensitivity is defined
by the rate of change of the contact natural frequencies for a unit
increase in nondimensional sample stiffness. The optimum tip
location is x = 0.91L and y = 0.4b, where x = 0 is the fixed end
and y = 0 is the center line of the plate.

In the first phase of the numerical study, we determine the
static stiffness k. of the cantilever plate by applying a small nor-
mal load F at x = L and y = 0 on the deformed plate sensor
and measuring the static displacement d. The static stiffness is
then calculated using the relation k. = F/d. Next, a static input
voltage is applied on all three PZT strips to obtain the deformed
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FIGURE 3. Geometry of the plate sensor used in the finite element
analysis.

static equilibrium configuration of the plate. This deformation
leads to a transverse curvature and a longitudinal curvature in
the plate. Moreover, due to these curvatures, the plate experi-
ences a deflection in the z-direction. The direction of the trans-
verse curvature is dependent on the polarity of the input voltage,
and therefore, so is the deflection in the z-direction. The sec-
ond phase of the numerical study includes performing a modal
analysis on the static equilibrium configuration of the deformed
(PZT active) system with a varying external sample spring stiff-
ness (including zero stiffness) at the optimum tip location. These
springs emulate contact with a measurement sample that would
be experienced in actual contact resonance AFM experiments. In
our study, we nondimensionalize the stiffness as o = k/k where
« is the nondimensionalized stiffness, k is the assigned sample
stiffness (linear spring), and k¥ is the static stiffness of the unde-
formed plate (see also [29]).

PZT Coefficients

The piezoelectric and dielectric properties of PZT materi-
als dictate their stress and strain responses. These properties
depend on numerous factors such as manufacturing techniques,
grain size, film thickness and orientation, operating temperature,
operating time, operating voltage, and the dimensions and ge-
ometry of the material [32-35]. Without experimental study, it
is difficult to estimate piezoelectric stress and strain coefficients
required for the FEM simulation as the values of the coefficients
change nonlinearly as the transition from a PZT thick film to a
thin film occurs. However, Shen et al. [32] introduced a calibra-
tion factor to compare the variation of theoretical piezoelectric
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TABLE 1.
4=xy,5=xz,6=yz.

Device material properties and dimensions.

Here, the subscripts represent the material coordinate system, where 1 =x, 2 =y, 3 =z,

Stress Strain Young’s |Poisson’s| Shear Geometry
Coefficient| Coefficient |Modulus| Ratio |Modulus| Length Width Thickness
[N/Vm] [m/V] [GPa] [-] [GPa] [m] [m] [um]
e;3 -7.21 |di3 -1.85E-10|E; 61 |vi2 035Gy 22.6
pzT |13 13 1 12 12
exs 121 |dyz -1.85E-10|E; 61 |vi3 0.38|G3 21.1
250 25 3
ez 15.12 |d33 3.87E-10 |E3 53.2 |vo3 0.38 |Gasz 21.1
(Each Strip) (Each Strip) (Each Strip)
es; 12.33 |ds; 5.84E-10
€62 12.33 d62 5.84E-10
Silicon E 169 | v 025 250 250 1
coefficients from the experimental values on the basis of sub-
strate materials, boundary conditions, specimen size, thickness S 2500
ratio, and specimen thickness. The largest deviation (250% in- ﬁ
crease) in the calibration factor found was due to the change in g 2125 -
the thickness ratio (where the substrate thickness to PZT thick- g
ness ratio was 1:0.0029). The effect of changing the other param- 7 1750 -
eters was not significant (less than 7%). In our FEM study, the §
silicon substrate to PZT thickness ratio is 1:3, so the calibration E 1575
factor/deviation of the strain coefficient from the experimental 2 ’
values becomes negligible, and the bulk property values of PZT T
can be reasonably used during the simulation [32]. @ 1.0001
-50 -25 0 25 50
Voltage [V]

FEM Convergence

Meshing is performed using “ADINA” software [36], with
27 nodes per element and mapped or rule-based meshing. We
performed the mesh convergence study by monitoring the fol-
lowing three aspects: a) the first eigenfrequency of the system,
b) the static tip displacement of the device due to curvature, and
c) the static tip displacement of the device due to an applied nor-
mal load. The convergence study has been conducted for the
50 V case, and convergence is considered to be achieved when
changes in the aforementioned parameters are less than 0.25%
upon doubling the number of elements. At the end of the study,
for the silicon plate, we found the converged values (meeting
the mentioned criteria) of length, width, and thickness subdivi-
sions to be 50, 11, and 7, respectively, resulting in 3850 solid
elements. For the PZT strip, the subdivision numbers are 5, 11,
and 7 along its length, width, and thickness, respectively, result-
ing in 385 solid elements.

RESULTS AND DISCUSSIONS
Static Stiffness and Midpoint Deflection

The curvature applied through the piezoelectric strips con-
tributes to the strain energy in the plate sensor, which changes
the static stiffness of the plate. Figure 4 shows the numerically
determined normalized static stiffness of the sensor versus input
voltage to the piezoelectric strips. The normalized static stiffness

FIGURE 4. Static stiffness (bending) of the plate sensor, normalized
by the stiffness of the undeformed plate, for different applied voltages.
The stiffness of the device is increased approximately 2.5 times.

has been calculated by dividing all the static stiffness data by the
0 V static stiffness. For a £50 V input range, the static stiffness
of the sensor is increased approximately 2.5 times the stiffness of
the undeformed plate. Slight asymmetry can be observed in the
dependence of the static stiffness for positive versus negative ap-
plied voltages. This asymmetry can be ascribed to a few causes.
First, for plates undergoing longitudinal bending in a fixed direc-
tion, the change in the stiffness is dependent on the sign of the
transverse curvature, see also [31]. Additional asymmetry might
be introduced due to the one-sided placement of the piezoelectric
strips, see Fig. 3.

The midpoint deflection is defined as the relative vertical
displacement between the centerline and the free edges of the
plate as shown in the inset of Fig. 5. Figure 5 also shows the
nondimensional curvature kK of the sensor versus input voltage
to the piezoelectric strips. Similar to the static stiffness, a small
asymmetry can be observed in the midpoint deflection data for
a positive versus negative applied voltage. The explanation of
this midpoint deflection asymmetry is similar to that for the ob-
served static stiffness asymmetry, that is, the direction of the cur-
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FIGURE 5. Midpoint deflection & (not to scale in the inset) and cor-
responding nondimensional curvature parameter x of the plate sensor
for different applied voltages.

vature and the asymmetric placement of the piezoelectric actu-
ators. The nondimensional curvature k = b/R, has been calcu-
lated following the approach of Ahsan and Aureli [37], assuming
a circular geometry of the curvature profile of the free end of the
plate. With this assumption, the radius of curvature R, can be
defined as R.0 = b/2, where b is the width of the plate and 0
is the sweep angle. Next, the midpoint deflection & can be de-
fined as R.(1 — cos@) = 8. Using both relationships, we obtain
(1/x)(1 —cos(x/2)) = 8/b, which can be further simplified by
using a Maclaurin series and keeping terms up to second order.
The final simplified relationship can be written as k ~ 86 /b. Us-
ing this relation we can compare the x values obtained from nu-
merical simulation and experiment. The maximum nondimen-
sional curvature observed in the simulations is approximately
Kk = 0.25 for the —50 V case. The macroscale experiment pro-
duces k¥ = 0.087. Approximately 34% of the total curvature in
the experiment has been applied in the simulation.

Eigenfrequencies and Stiffness Sensitivity

In this section, we study the change in the natural frequency
of the plate sensor with increasing applied curvature produced
by applying an external voltage to piezoelectric actuators. The
natural frequencies of the plate are calculated via modal analy-
sis in the finite element software package. Figure 6 shows the
corresponding natural frequencies of the first six eigenmodes of
the plate as a function of the applied piezo voltage. Bending
mode 1, 2, and 3 are identified in Fig. 6 as branch (a), (c), and
(f), respectively. Both branch (b) and (d) are torsional modes
and branch (e) is an eigenmode that resembles bending mode 3.
Figure 6 also shows that each mode responds differently to the
statically applied curvature and for some modes this change is
significant. The most affected modes are better candidates for
resonance amplification or dynamic stiffness tuning operations.
Examining Fig. 6, we see that bending mode 1 displays a maxi-
mum frequency change of approximately 46%, bending mode 2
displays a maximum frequency change of approximately 198%,
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FIGURE 6. Calculated natural frequencies of the sensor for various
input voltages (applied curvatures). Here bending mode 1, bending
mode 2, and bending mode 3 is defined as branch (a), branch (c), and
branch (f) respectively.

and bending mode 3 displays a maximum frequency change of
approximately 73% for the voltage range tested. Table 2 shows
the calculated natural frequency changes for the first three bend-
ing modes as a function of representative applied PZT voltages.

TABLE 2. Calculated natural frequencies vs. applied PZT voltage for
bending mode 1, bending mode 2, and bending mode 3.

Voltage [V] | Bl [kHz] | B2 [kHz] | B3 [kHz]
-50 13.04 233.22 504.61
-25 11.39 150.61 393.29
0 8.90 78.19 291.55
25 11.08 150.35 386.66
50 12.38 232.60 476.73

Figure 7 shows the mode shapes of different bending modes
for 0 and +50 V cases. Here, PZT voltage refers to the external
input to the piezoelectric actuators attached to the plate sensor.
It is clear from Fig. 7 that the change in curvature changes the
mode shape in a complicated way. It is necessary to know which
eigenmode the sensor is operating in for AFM applications, as
the eigenmodes can affect the measurement significantly. In gen-
eral AFM applications, the mode shape of the sensor is not de-
termined and is assumed based on natural frequency values. If
the mode shape is changed while applying different curvatures
to the plate sensor, then the calculations will be erroneous. Thus,
it is an absolute necessity to identify mode shapes at each voltage
and corresponding natural frequency. An effective mode track-
ing method is needed to track the eigenmode which can compare
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FIGURE 7. Mode shape of bending mode 1, bending mode 2, and
bending mode 3 for 0 V and 50 V cases. Here, the clamped end is on
the left edge of the plate and marked with a coordinate frame. The color
bar depicts the maximum and minimum normalized z-eigenvector.

the mode shapes at each applied voltage to the 0 V case eigen-
mode and determine the current eigenmode for every voltage.
This approach could be pursued by following for example the
line of argument in [38]. However, this determination is outside
the scope of the present exploratory study.

To use the proposed sensor in the context of contact reso-
nance atomic force microscopy (CR-AFM), we study the effect
of natural frequency change and natural frequency stiffness sen-
sitivity df /da as a function of sample stiffness and applied volt-
age. Sample stiffness is represented by a single linear spring in
the z-direction and placed in the aforementioned optimal tip lo-
cation. The natural frequency and natural frequency sensitivity
have been calculated for the non-dimensional stiffness range of
a=10"%to a = 10° where a = k/k", k is the assigned sample
stiffness, and kg is the static stiffness of the undeformed plate and
the superscript 0 denotes the undeformed configuration.

Figure 8 shows the natural frequencies and natural frequency
stiffness sensitivities vs. sample stiffness for two applied PZT
voltages (0 and 50 volts) and three bending modes of the system,
at the optimal sensor tip location mentioned above. It is clear
from Fig. 8 that applied voltage, and thus sensor curvature, can
be used to effectively tune the natural frequency of the device
across a wide range of frequencies and sample stiffnesses. The
sensitivity parameter d f /da is a good indicator of the sensor per-
formance for a specific sample stiffness, see for example the dis-
cussion in [29]. It is observed that the 50 V case has an increased
sensitivity range, which enables us to capture stiffer sample prop-

erties. This effect can be used to achieve resonance amplification
at desired frequencies and optimize the sensor static stiffness for
a given sample stiffness. The effective stiffness detection range
can be increased with applied curvature via external voltage ap-
plication in the piezoelectric actuators, which can be controlled
effectively. As seen from the Fig. 8 at PZT voltage of 50V, the
stiffness detection range is extended significantly.

As the voltage is increased, the optimal tip location is ex-
pected to change position. In future studies, we would like to
explore the evolution of optimal tip location for a given device
curvature. Additionally, as seen in Fig. 8 (b), it is possible for
the tip location to coincide or get close to a nodal vibration line
and reduce the stiffness sensitivity. This is observed in the 50 V
actuation case for bending mode 2 at the optimal tip location.

Finally, as the sensor stiffness is increased, the overall stiff-
ness sensitivity df /do of each bending mode decreases with re-
spect to the undeformed sensor. This is expected, and predicted
by a simple one-dimensional model. Let the natural vibration

frequency be given by f = % ,]:fffi, where ke and meg are
€l

the effective stiffness and mass of the lumped-parameter model.
Then, the frequency sensitivity with respect to stiffness is given
df _ 1 1

L . .
Y dhr = 37 \/ e | / T’ As the effective stiffness or mass of the

system increases, the frequency sensitivity to stiffness decreases.
Therefore, we do not expect that making the sensor as stiff as
possible is an optimal strategy. Rather, the value of our work is
to allow arbitrary adjustment of the sensitivity of the system.

Practical Limitations

Determining the allowable stresses in different directions of
the plate and the PZT strips is one of the major challenges in a
practical implementation of the device. The structural limit of
the system is determined by the following aspects: a) the max-
imum axial stress in the plate and PZT, and b) the maximum
shear stress between the plate and the PZT. The axial stress must
be less than what the silicon or PZT material can withstand. Sim-
ilarly, the interfacial bond strength between the PZT and silicon
must be higher than the shear stress between the PZT strips and
silicon plate to prevent delamination of the PZT elements from
the plate. Therefore, to determine the maximum stresses expe-
rienced by the device, three-dimensional structural FEM simula-
tions are performed for 10 V to 50 V applied voltages with 10 V
increments. Table 3 shows the maximum axial and shear stresses
in the device at various input voltages. The stress distributions of
the silicon plate under the applied voltage of 50 V can be found
in Figure 9. Here, oy, and oy, represent the axial stress of the
plate and PZT and o, and o), represent the shear stress between
the plate and the PZT strips. The ultimate tensile strength of
monocrystalline silicon is well known (7 GPa) [39], suggesting
that the silicon plate is safely operable to the maximum range
of the applied voltage (Table 3). Determining the property for
PZT ceramics is more complicated, especially within the range
of our operating thickness (3 um). Therefore, there should be an
optimization between the required actuation from the device and
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FIGURE 8. Natural frequencies and natural frequency stiffness sensitivities vs. sample stiffness for various PZT voltages at the optimum tip location.
Inset images depict the eigenmodes of vibration at OV. The spring location is indicated by the black dot in the inset images.

structural endurance of the PZT material in terms of allowable
voltage input. The maximum allowable voltage across the PZT
strip is dependent on the dielectric breakdown strength of the
PZT material. The dielectric breakdown strength can be adjusted
by using different fabrication techniques. For instance, recently,
Ko et al. [40] reported a method of adjusting the amount of Pb
excess in PZT thin film actuators and improved the dielectric
breakdown strength from 300 kV/cm to 1 MV/cm facilitating a
range of allowable input voltage for actuation. The measurement
of interfacial bond strength between the PZT and silicon of the

device is a very difficult task especially for the thin films [41].
From our FEM analysis, we found the maximum shear stress de-
veloped between the plate and PZT strips is o, = 102.85 MPa
for a 50 V input voltage (see Table 3). The value of the devel-
oped shear stress will vary depending on the voltage applied to
the device. Experimental study must be conducted to assure that
the interfacing method used in fabricating the device is capable
of providing the required interfacial bond strength to prevent de-
lamination of the PZT strips from the silicon plate. For instance,
Berfield et al. [41] used a non-contact laser spallation method to
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FIGURE 9. Numerically calculated system stresses at +50 V. (a) Ax-
ial stress Oy, in the x direction, (b) axial stress Oyy in the y direction, (c)
shear stress 0y, in the yz direction, (d) shear stress Oy in the xz direction.
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deposit PZT sol-gel thin films on a silicon based substrate. They
found the substrate-PZT interfacial strength to be in the range of
460 to 480 MPa. Therefore, we can reasonably assume that the
plate-PZT interface is physically realizable, regardless of exper-

imental challenges.

TABLE 3. Axial and shear stresses acting on the device components.

Axial Stresses

Axial Stresses

Shear Stresses

Voltage

Silicon PZT Whole Device

[V] [MPa] [MPa] [MPa]
Ox Oyy Oxx Oyy Oxz Oy,
10 63.93 51.62 | 50.05 51.74 | 21.25 10.61
20 [ 134.80 102.73| 99.72 102.65| 42.64 23.43
30 |211.43 154.65|149.49 152.62| 63.54 38.50
40 |291.22 207.11[199.52 201.41| 83.65 55.66
50 | 372.58 259.72|249.87 248.84|102.85 74.79

CONCLUSIONS

In this work, a curvature-based, in-situ stiffness tunable,
AFM plate sensor has been presented. A macroscale experiment
has been conducted to demonstrate the effects of curvature on
the resonance frequencies of the plate and a 4.9% shift in the
first natural frequency has been observed. A finite element anal-
ysis was then conducted with a microscale sensor system to show
the curvature induced stiffening effect on the plate sensor and the
effect of the applied curvature on the resonant frequencies. We
observed that the curvature applied to the sensor via microscale
piezoelectric actuators changes the resonance frequencies and al-
lows us to increase the static stiffness of the sensor by approxi-
mately 2.5 times. This work is the first step to formulate and con-
struct a novel plate-like sensor based on the curvature stiffening
effect. This effect can be used to significantly improve nanoma-
terial characterization and thus advance several nanometrology
applications.
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