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An SOI-MEMS Piezoelectric Torsional Stage with
Bulk Piezoresistive Sensors
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Abstract—This paper presents a micro-electromechanical stage
for out-of-plane positioning of microcantilevers designed for
atomic force microscopes. The stage produces an out-of-plane
displacement using a torsional mechanism that exploits piezoelectric clamped-guided beams as actuators. To measure the torsional
displacement of the stage, novel differential piezoresistive sensors
are implemented. These sensors feature clamped-guided beams
that exploit the bulk piezoresistivity of silicon. Using this sensing
concept eliminates the requirement to fabricate highly-doped
regions on the flexures. An analytical model is provided that
describes the sensor’s linearity. The sensor, the microcantilevers,
and the mechanical features of the stage are experimentally
characterized. The first resonance frequency of the stage is
located at 7.8 kHz, and a static out-of-plane displacement of more
than 1.2 µm is obtained. In addition, the piezoresistive sensor
captures the dynamics of the stage within a bandwidth of 13 kHz
with a 1σ-resolution of 3 nm.
Index Terms—MEMS nanopositioner, Piezoelectric actuation,
Piezoresistive sensing, Cantilever probe, Atomic force microscope.

I. I NTRODUCTION
Achieving a precise out-of–plane displacement is a necessity
for numerous applications in a variety of fields in science
and technology. Optical systems and atomic force microscopes
(AFMs) are amongst the most prominent applications for these
types of stages. Spectroscopy and interferometery are the most
common examples of optical systems which make extensive
use of macro-sized single axis positioning stages [1], [2].
In AFMs, the out-of–plane nanopositioners have the crucial
role of precisely positioning the probe with respect to the
sample. These positioners should be initially used to land the
probe on the sample. Then, depending on the imaging mode,
a nanopositioner may be used by the feedback controller to
precisely position the probe above the sample in order to
generate the topography [3]. To perform this task, numerous
state-of-the-art macro-scale nanopositioners are proposed in
the literature and are also available in the market [4].
Micro-electromechanical systems (MEMS) technology has
been extensively used for implementation of out-of-plane
stages predominantly for the realization of micromirrors requiring a piston-like out-of-plane motion. Electrothermal [5]–
[8], electromagnetic [9], and piezoelectric [10], [11] actuation
methods have been used to realize these devices [5]–[8]. A
few sensing techniques such as LC circuits [12] have also
been implemented for measuring the vertical displacement of
micromirrors.
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MEMS stages can also be used for in-plane or out-ofplane positioning of AFM probes during imaging [13]–[15].
The MEMS stages designed for such a task should normally
operate in closed loop in almost all AFM modes of imaging.
This necessitates the incorporation of a sensing mechanism to
measure the out-of-plane displacement of the MEMS nanopositioner. In addition, as the AFM is typically used for imaging
micro- and/or nano-sized specimens, the vertical displacement
range of approximately ±1 µm is adequate for most imaging
applications assuming the initial landing of the probe has been
performed by another positioner. The required mechanical
bandwidth of the stage, on the other hand, can be determined
based on the intended imaging speed [16], [17].
In [18], we reported an XY stage for lateral positioning of
an AFM microcantilever. The device features a microcantilever
which is excited to vibrate in the out-of-plane direction using
a sputtered aluminum nitride (AlN) piezoelectric layer. The
piezoelectric transducer is used for simultaneous sensing and
actuation and the device is implemented for AFM imaging
in tapping mode. No out-of-plane mechanism, however, is
incorporated to vertically position the microcantilever relative
to the sample. Hence, the device relies on an external Zpositioner for AFM imaging. In the device reported in [15],
out-of-plane positioning is achieved through electrothermal
actuation. This, however, limits the bandwidth and increases
power consumption of the device.
In this paper, we present an out-of-plane MEMS nanopositioner with built-in microcantilevers. The mechanism is
intended to be ultimately used in a miniaturized AFM. A
torsional mechanism incorporating piezoelectric actuators is
implemented to produce out-of-plane displacement. Piezoelectric actuation mechanism is selected as its realization
is straightforward in a standard silicon on insulator (SOI)
microfabrication process. In addition, the process allows us
to deposit a layer of AlN on the microcantilever, enabling its
future use in dynamic mode AFM.
The bulk piezoresistivity of the silicon is exploited to
measure the out-of-plane displacement of the MEMS nanopositioner. We previously reported on the use of the bulk piezoresistivity of silicon in tilted beam flexures for measuring inplane displacement of a 1-degree of freedom (DOF) MEMS
stage in [19], [20] and in a 2-DOF MEMS nanopositioner
in [21]. The sensor relies on the axial mechanical stress for
displacement measurement and is expected to be insensitive
to out-of-plane motions. In this paper, the measurement of the
out-of-plane displacement of the stage in differential mode
is made possible through a novel sensor design. The sensing
mechanism is realized by employing the bulk piezoresistivity
of silicon through the implementation of double-sectioned
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clamped-guided beams.
The paper continues as follows. In the next section, design
and fabrication of the out-of-plane nanopositioner is presented.
The physical concept and the readout circuit configuration of
the piezoresistive sensors are discussed in Section III. Here,
by proposing an analytical model, the linearity of the sensor
is also investigated. The MEMS stage and the sensors are
fully characterized in the time and in frequency domains
in Section IV. The characterization of the microcantilevers
are detailed in Section V. Finally, the conclusion and the
future work are presented in Section VI and in Section VII,
respectively.
II. NANOPOSITIONER D ESIGN AND FABRICATION
A scanning electron microscope (SEM) image of the stage
and its schematic are shown in Fig. 1a and Fig. 1b, respectively. The stage is designed to provide an out-of-plane
displacement for AFM microcantilevers incorporated on its
opposite sides. Each microcantilever comprises two sections
with different widths. An AlN layer is deposited on both
sections, enabling simultaneous actuation and sensing [22].
Straight beam flexures are exploited on both sides of the stage,
three on each side, functioning as the mechanical suspension.
These beams also provide paths for electrical routing to
the piezoelectric layer on the microcantilevers and electrical
ground connection to the stage. The straight beams connected
at the middle of the stage have a width of 19 µm and are called
torsion bars as the stage is designed to rotate around them.
Two double-sectioned beams with AlN layers are fabricated
on either side of the stage that serve as actuators. The AlN
layers are deposited only on the wider section of these beams
so that by applying an electrical voltage, the beam produces
an out-of-plane displacement. Thus, by applying actuation
voltages with opposite polarities to the actuators on the top
and bottom of the straight beams, the stage rotates around the
torsion bars. The torsional mechanism, in fact, amplifies the
out-of-plane displacement of the actuators at the base of the
microcantilevers.
To measure the torsional displacement of the stage and,
as a result, the out-of-plane displacement at the base of the
microcantilevers, two piezoresistive sensors are implemented.
Each sensor consists of two double-sectioned beams located on
opposite sides of the torsion bars. These beams are designated
by S1 and S2 in Fig. 1b. When the stage rotates, the electrical
resistance of the beams varies oppositely due to the piezoresistivity of the silicon. These variations are translated to an
output voltage using a readout circuit. On the contrary to the
conventional piezoresistive sensors where the implementation
of highly-doped regions on the flexures are required, this
sensing mechanism relies on the bulk piezoresistivity of the
silicon. Further details on the design of the sensor and its
associated readout circuit are provided in Section III. The
geometrical properties of the stage are summarized in Table I.
The standard microfabrication process known as
PiezoMUMPs provided by MEMSCAP is used to implement
the nanopositioner [26]. As shown in Fig. 2, the fabrication
process starts with a silicon-on-insulator (SOI) wafer with

TABLE I
T HE GEOMETRICAL AND MATERIAL PROPERTIES OF THE PROPOSED
MEMS NANOPOSITIONER .

Young’s modulus

Cantilever
Stage
Flexure beams
Torsion bar
Piezoelectric
actuation beams
Piezoresistive
sensing beams

Silicon [23]
Es = 169 GPa
Aluminum [24]
Ea = 25 GPa
AlN [25]
Ep = 300 GPa
Narrow section
Width:30 µm, Length:180 µm
Wide section
Width:50 µm, Length:200 µm
Width 700 µm to 1134 µm, Length: 1097 µm
Width: 11 µm , Length: 1050 µm
Width: 19 µm , Length: 1050 µm
Narrow section
Width:5 µm, Length:115 µm
Wide section
Width:260 µm, Length:935 µm
Narrow section
Width:3.5 µm, Length:222 µm
Wide section
Width:11 µm, Length:398 µm

10 µm-thick device layer. The doping at the top surface
of the device layer is further enhanced by deposition of a
phosphosilicate glass layer followed by an annealing process.
A 0.2 µm thermal oxide is grown and patterned to function
as an insulating layer. The 0.5 µm-thick AlN layer is then
deposited by reactive sputtering and patterned using the wet
etch process. Afterwards, a metal stack consisting of 20 nm
chrome and 1 µm aluminum is deposited and patterned to
obtain electrical routing. The mechanical structure is then
realized by patterning the device layer using the deep reactive
ion etching (DRIE) process. The back-side of the wafer is
then etched via reactive ion etching (RIE) and DRIE. Finally,
the buried oxide layer underneath the moving structure is
etched and the device is released.
As visible in Fig. 1, double-sectioned clamped-guided
beams are used to realize both piezoelectric actuators and
piezoresistive sensors. The analytical model for these beams
is discussed in the next section, which is followed by a finite
element modeling of the MEMS stage.
A. Double-sectioned Beams
Fig. 3 shows the schematic of a clamped-guided beam
with the total length of L experiencing an out-of-plane displacement. The guided end displacement (v) is assumed to
be known. The beam comprises two sections with the first
section having a length of a and Young’s modulus of E1 and
the second area moment of I1 . Corresponding parameters of
the second section, with the length of b, are designated as
E2 and I2 . The mechanical moments along the beam in the
first section (M1 ) and in the second section (M2 ) obey the
following:

M1 = M0 − F0 x1

(1)

M2 = M0 − F0 (x2 + a)
where F0 and M0 are the unknown reaction force and
moment at the clamped end, respectively. These unknowns
as well as the deflection functions of both beam sections
(i.e. y1 (x1 ) and y2 (x2 )) are obtained in the appendix using
Euler-Bernoulli beam theory. Considering the beam’s curvature, it is expected that the bending moment becomes zero at a
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Fig. 1. a) SEM image of the 1-DOF piezoelectric MEMS nanopositioner. Double-sectioned structure of a sensing beam and the narrow section of an actuator
beam are highlighted in the close-up views. b) A schematic of the stage. Two sensors are incorporated, each comprising of two piezoresistive sensing beams
annotated by S1 and S2 . Green areas on the wider section of piezoelectric actuator beams and microcantilevers show the AlN layer.

point along the beam and changes its sign. This point is in-fact
the inflection point of the beam’s deflection function, and we
denote its distance from the anchor point by linf . As a design
criterion for both piezoelectric actuator and piezoresistive
sensor, the lengths of the beam’s sections, a and b, should
be determined such that the inflection point coincides with
the point where the two sections are met i.e. a = linf . Using
the analytical model presented in the appendix, this condition
leads to a quadratic equation with respect to a, which has the
following solutions:
a=

L
√
1± X

(2)

E2 I2
E1 I1

(3)

where
X=

while only the plus sign is acceptable. Equation (2) is
employed for the design of the piezoelectric actuators and the
piezoresistive sensors, which are explained in the next section
and Section III, respectively.

B. Piezoelectric Actuators
In the MEMS device, double-sectioned beams, with a
piezoelectric layer on their wider section, enable the actuation.
The structure of one of the actuation beams is schematically
shown in Fig. 4a. The beam is comprised of silicon, AlN,
and aluminum layers, thus it can be considered as a multimorph piezoelectric structure [27]. The actuation voltage is
applied between the silicon and the aluminum layers as top and
bottom electrodes, respectively. As is clear in Fig. 4b, upon the
application of the actuation voltage to a piezoelectric actuator,
a mechanical moment is produced that bends the beam in the
out-of-plane direction [28], [29]. In order to increase the output
displacement of the actuator, the length of the first section
with piezoelectric layer (i.e. a) should be selected so that the
sign of the mechanical moment along this section remains
unchanged. Here, this criterion is met by exploiting the result
of the analytical model presented in (2).
Dimensions of the piezoelectric actuators and the Young’s
modulus of their structural materials are presented in Table I.
To achieve a higher actuation force, the width of the first
section, accommodating the piezoelectric layer, is chosen
much larger than the second section. Since the first section also
features a composite structure with three layers, the equivalent
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Fig. 4. (a) The top view of one piezoelectric actuation beam is schematically
shown. (b) An actuation voltage (Vact ) is applied to the aluminum layer which
generates an electrical field along AlN thickness. The polar axis of the AlN is
along its thickness (designated by 3), thus, the AlN layer produces mechanical
stress along its length, denoted by 1, in the wider section of the beam in its
31-actuation mode.
(6)

(5)

Fig. 2. The fabrication process sequence. Thermal oxide and AlN layers are
deposited and patterned using wet etch process in (1) and (2), respectively.
Metal layer is patterned by lift-off in (3). DRIE of the device layer is
performed in (4). Patterning of the substrate using RIE and DRIE and releasing
of the device are respectively shown in (5) and (6).

E2 , I2

y

E1 , I1
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a
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(a)

x
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Fig. 3. The schematic of a double-sectioned beam enduring a known out-ofplane displacement. x1 and x2 are denoting the coordinate systems for the
first and the second section, respectively. The free-body diagram of a segment
of the beam is also presented.

bending rigidity of the section (EIeq ) is used instead of E1 I1
in (3). Obtaining EIeq is straightforward while the equivalent
area method is used [30].
Note that, due to the limitations imposed by the microfabrication process [26], the width of the AlN and aluminum layers
are selected to be 10 µm and 16 µm smaller than the silicon
beam’s width, respectively. Since the thickness of these layers
is also much smaller than silicon, they have an insignificant
effect on the first section’s bending rigidity. Further analytical
analysis of the piezoelectric actuator is performed using the
similar approach for modeling of cantilevers with piezoelectric
actuator layers previously discussed in the literature [28], [29].
Other parameters such as the resonance frequencies of
the stage should also be considered in the design of the
piezoelectric actuators. In addition, the Euler-Bernoulli beam
theory becomes less accurate due to the large width size
of the first section. Hence, an iterative method is employed
between the analytical and finite element models to perform
more accurate dimensional tuning. The results of the finite
element modeling are explained next.

(b)

Fig. 5. (a) shows the first resonant modes of the stage. A high-frequency
resonant mode of the microcantilever is also presented in (b). In both mode
shapes, the color codes show the magnitude of the modal displacement.

C. Finite Element Model
The CoventorWare software is used to construct the finite element model (FEM) of the MEMS stage. Since the
device generates out-of-plane displacement via a torsional
mechanism, the dimensional tuning is performed such that
fundamental mode of the stage is torsional. Consequently, this
mode will be fully observable from the displacement sensors.
As shown in Fig. 5a, the torsional mode of the device is located
at 9.8 kHz.
When used in tapping mode, the microcantilever is forced
to oscillate at or near a resonance frequency [3]. The resonant
mode located at 95.2 kHz, depicted in Fig. 5b, can potentially
be used for this purpose.
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Fig. 6. (a) The top view of the sensing beam and the direction of electrical
current (Ie ) are schematically presented. (b) The schematic of a sensing
beam enduring an out-of-plane displacement. The close-up view presents
the direction of the mechanical stress and an approximate distribution of the
dopant concentration along the thickness.

In time domain analysis, actuation voltages with opposite
polarities are applied to the piezoelectric actuators above and
below torsion bars inducing stage rotation. The FEM shows
an out-of-plane displacement of more than 1 µm at the tip of
the microcantilevers with an actuation voltage of 3.1 V.
III. P IEZORESISTIVE S ENSORS
In this section, we describe the piezoresistive sensors, and
investigate their linearity.
A. The Sensor
In the MEMS device, although the doping level of the
top surface of the device layer is enhanced, the exact depth,
concentration and profile of the doping is not strictly controlled. In addition, no extra fabrication steps for implementing
highly-doped regions on mechanical flexures are available
through the microfabrication process used here. Therefore, the
proposed piezoresistive sensor is designed to utilize the bulk
piezoresistivity of the top surface of the device layer, where
it is doped, in a differential configuration.
The sensor consists of two double-sectioned beams located
on either side of the torsional bars. One of these beams is
schematically shown in Fig. 6. The double-sectioned beam
features a wide aluminum covered section and a narrower
“sensing segment”. Due to the aluminum layer, the wide
section has a negligible electrical resistance and it is shortcircuited to the electrical ground via the stage.
As the stage rotates around the torsion bars, the guided end
of the sensing beam displaces in the out-of-plane direction.

To achieve the sensing functionality with a high signal to
noise ratio, the dimensions of the beam should be selected
such that the polarity of the mechanical moment along the
sensing segment remains unchanged for a given guided-end
displacement. This is performed by employing the result of
the analytical model presented in (2). The equivalent area
method is also used to obtain the equivalent bending rigidity
for the aluminum covered section using the material properties
in Table I.
For the selected dimensions it is expected that the mechanical moment has the same polarity along the entire sensing
segment as the beam’s guided end undergoes an out-of-plane
displacement as schematically shown in Fig. 6. Mechanical
stress distribution and an approximate estimate of the dopant
distribution in a cross section of the sensing segment are
also presented in the close-up view. Assuming pure bending,
mechanical stress above the neutral axis (N.A.) in the doped
area is unidirectional. This stress results in a change in the
electrical resistance of the sensing segment. The beam on
the opposite side of the torsion bar experiences a mechanical
moment and consequently a mechanical stress of opposite
polarity. Hence, its electrical resistance changes in the opposite
direction allowing the sensor to function in the differential
mode.
B. Readout circuit
A variety of approaches may be used to convert the
electrical resistance change of the sensing segments to an
output voltage [31]. The V-I transimpedance and Wheatstone
bridge (in a half-bridge configuration) are amongst the most
straightforward methods that ensure adequate sensitivity. The
transimpedance circuit is used here due to its better linear
response [31].
The schematic of the readout circuit is shown in Fig. 7.
The electrical currents flowing into the sensing resistances
(Ie1,2 ) are initially converted to the voltage using operational
amplifiers (op-amps). The output of the op-amps are then
differentially amplified using an instrumentation amplifier. The
magnitude of the change in the current flowing into the sensing
segment is designated by δIe and is assumed to be equal due to
the device symmetry. The output of the readout circuit shown
in Fig. 7 can be easily written as:
Vout = 2ARf δIe

(4)

where A is the gain of the instrumentation amplifier and
Rf is the feedback resistor. As is visible, the output of the
circuit is a linear function of the current changes in the
piezoresistors. For the realization, the high-precision low-noise
op-amp, OPA2227 [32], and the instrumentation amplifier
INA128 [33] are used.
C. Analytical model
In this section, we are investigating the linearity of the
sensor by obtaining the current change in the sensing segment
(δIe ) as a function of the displacement of the beam’s guided
end (v). The doping depth is assumed to be smaller than the
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Fig. 7. The transimpedance readout circuit used to convert the resistance
change in the sensor to an output voltage.

half of the beam’s thickness. In Fig. 6, d indicates the distance
from the neutral axis, above which the doping and consequently the electrical current becomes significant. Derivations
are based on an Euler-Bernoulli beam in pure bending, while
the unknown reaction force (F0 ) and the moment (M0 ) at
the beam’s clamped end are obtained in the appendix. By
replacing M0 and F0 respectively from (27) and (26) in (1),
the mechanical moment along the sensing segment is found
as a function of v as:


E1 I1
2ab + b2 + a2 X
M1 (x1 ) =
v
− x1
(5)
H
2 (b + aX)
where H is defined in (28). In the sensing segment, the
neutral axis is located at the center of the cross section, and
thus, the bending stress at the distance z from this axis is [30]:
σb (x1 , z) =

M1 z
.
I1

(6)

To obtain the resistance change of the doped layer while
undergoing a mechanical stress, Ohm’s law is written along
the sensing segment in (7) assuming a unidirectional current.
Ex1 = ρJx1 .

(7)

Here, ρ is the resistivity of the doped silicon, and Ex1 and
Jx1 are the electrical field and the current density along x1
direction, respectively. Due to the silicon’s piezoresistivity, ρ
is a function of mechanical stress as:
ρ = ρ0 [1 + σb (x1 , z) πl (z)]

(8)

where πl (z) is the piezoresistivity coefficient of the silicon
along the beam (along the current direction) and ρ0 is the
initial resistivity of the silicon in the absence of mechanical
stress. The coefficient πl can vary as a function of the
crystallographic orientation, doping concentration, and the
temperature of the silicon [34]. Due to the diffusion procedure,
the doping concentration is expected to be variable along the
beam’s thickness, thus for the piezoresistivity we have:
πl = π0 × f (z).

(9)

In (9), f (z) is a function accounting for the variation of the
piezoresistivity with the dopant concentration along z, while
π0 is the piezoresistivity coefficient at the top surface of the
beam. Since silicon is n-type and the device is fabricated in
(100) plane, the maximum π0 which can occur along the beam
in this plane is −1.02 × 10−9 P a−1 at room temperature and at
low dopant concentration (Fig. 2 in [34]). Also, the magnitude
of f (z) can vary between 1 at low dopant concentration level
(about 1015 cm−3 ) to about 0.35 at high concentrations (about
1020 cm−3 ) [34]. Note that, by assuming a small bias voltage
(Vc ), the joule heating in the sensors is ignored. By replacing
(8) and (9) in (7) we have:


M1 z
π0 × f (z)
(10)
Ex1 = ρ0 1 +
I1
where the bending stress is replaced by (6). To calculate the
current density along the sensing segment (jx1 ), we may use:
Z a
Vc =
Ex1 dx1 .
(11)
0

Replacing (10) in (11) and integrating, jx1 is obtained as
follows:
jx1 =

Vc
aρ0 [1 + vzT × f (z)]

(12)

ab + b2
b + aX

(13)

where:
E1
T =
2H




π0 .

Having the current density (jx1 ) the electrical current in the
doped cross section of the sensing segment (Ie ) is:
Z ts/2
Ie =
jx (z)ws dz
(14)
d

Equation (14) is rewritten in (15) by replacing jx1 from
(12).
Z ts/2
1
ws Vc
dz.
(15)
Ie =
aρ0 d
[1 + vzT × f (z)]
Using the geometrical dimensions reported in Table (I), T
can be evaluated from (13). Since both v and z are in the
micrometer range while 0.35 . f (z) 6 1, we conclude that
vT zf (z)  1 and we may use:
1 ∼
(16)
= 1 − x.
1+x
Hence, the integral in (15), can be approximated by:
Z ts/2
ws Vc
∼
Ie =
[1 − vzT f (z)] dz
(17)
aρ0 d
or equivalently:
ws Vc (ts/2 − d) ws Vc
−
v
Ie ∼
=
aρ0
aρ0

Z

ts/2

T zf (z)dz.

(18)

d

The first term in (18) is the initial current in the sensing
segment before the stage displacement, while the second
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Z

ts/2

T zf (z)dz.

(19)

d

In order to calculate the sensor sensitivity in (19), knowing
the doping profile is necessary. Note that, in the case where
the doped area extends below the neutral axis (i.e. d < 0), the
sensor is still expected to function linearly. However, this can
degrade the sensor’s sensitivity, and, in a special case, even
makes it insensitive to the displacement.
For this design, the condition vT zf (z) ≤ 0.1 will be valid
provided that the displacement (v) remains below 10 µm1 .
Note that, the pure bending condition is valid for small
displacements. Other loading conditions such as generation
of an axial force [35] can become dominant above a certain
displacement range leading to a deviation from linear at the
sensor’s output. This can also impose an additional limitation
for the sensor’s measurable displacement range.
IV. C HARACTERIZATION
Adjustment of the bias voltage in the readout circuit (Vc
in Fig. 7) is carefully performed as a large voltage can cause
overheating and possible buckling of the sensing segment. The
bias voltage of 1.4 V is chosen for all experiments, and the
measured initial electrical resistance of each sensing beam is
approximately 400 Ω.
A. Static Response
In order to test the dc-level displacement, the stage is
torsionally driven by applying up to 9 V actuation signals
with opposite polarities to the piezoelectric beam actuators
above and below the torsion bars. The bottom layer of the
piezoelectric layers are electrically grounded via the stage.
All displacement measurements are performed using a Polytec
Microsystem Analyzer MSA-100-3D.
The out-of-plane displacement of the stage at the microcantilever’s base as a function of the actuation voltage is presented
in Fig. 8a. A linear trend is observed between the actuation
voltage and the microcantilever’s base displacement. The base
and the tip displacements of the microcantilever are also measured while the stage is being torsionally actuated. As shown
in Fig. 8b, these displacements are linearly dependent as
expected. The stage at the cantilever’s base reaches more than
1.2 µm of peak-to-peak (Pk-Pk) displacement, which translates
to about 2.1 µm for the tip. At the maximum displacement
1 For the calculation, f (z) = 1, z = 5 µm, and | π |= 1.02×10−9 Pa−1
0
are assumed.
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term represents the current variation (δIe ) due to the guided
end displacement (v). This term also indicates that δIe is a
linear function of v, regardless of the doping profile (f (z)).
Revisiting the output of the readout circuit presented in (4),
the sensor output is a linear function of the electrical current
change (δIe ) and consequently is a linear function of v.
The sensitivity of the sensor (S) is defined as the absolute
value of the rate of the change in the sensor output (Vout ) with
respect to the guided-end displacement (v). Using (18) in (4),
the sensitivity is obtained as follows:

Base Displacement (µm)

7

-2

Base Displacement (µm)

(b)
Fig. 8. a) The out-of-plane displacement of the microcantilever base is shown
versus the actuation voltage. b) The piezoresistive sensor output and the outof-plane displacement of the microcantilever tip are shown as a function of
the microcantilever’s base displacement. The slope of the tip displacement
line is 1.598.

range of the stage, the tilting angle of the microcantilever
is calculated to be 0.06◦ . This angle is infinitesimal, and its
possible effect on the AFM imaging can also be canceled out
due to its deterministic property.
The output of the piezoresistive sensor is also recorded using
the same test method, and is presented versus the displacement
of the stage at the microcantilever base in Fig. 8b. The
calibration factor defined as the slope of a fitted rectilinear
line obtained using the least squares method is calculated
as 0.37 V /µm. To estimate the linearity of the sensor, the
percentage of the mapping error (M ) is defined as [36]:
max | er |
(20)
FSR
where the FSR is the full-scale range of the sensor output
and | er | is the distance between each experimental point
and the fitted line. M is obtained as 0.47 % for the sensor
output versus input displacement indicating the highly linear
behavior of the sensor. Since, a linear relationship also exists
between the displacement of the microcantilever base and its
tip, the sensor output may also be used as a measure of the
microcantilever tip displacement.
M = ±100

B. Dynamic Response
The out-of-plane displacement of the stage is also tested in
the frequency domain using the MSA-100-3D. The measurement is performed at the base of the top microcantilever. The
frequency response is presented in Fig. 9 indicating that the
fundamental torsional mode of the stage is located at about
7.8 kHz.
We recorded the frequency response of the piezoresistive
sensor and compared it with the stage displacement response
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Fig. 9. Frequency response of the stage obtained by the MSA and the
piezoresistive sensor. The sensor completely captures the fundamental mode
of the stage while the feedthrough from the actuation becomes dominant at
higher frequencies. For the sake of clarity, the dc-gain of both responses are
adjusted to unity.
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Fig. 10. The PSD of the piezoresistive sensor in a bandwidth of 100 kHz.

in Fig. 9. The sensor precisely captures the dynamics of
the stage up to about 13 kHz of bandwidth. Beyond this
bandwidth, however, the feedthrough signal originating from
the actuation becomes dominant. The parasitic impedances
between the actuation and sensing tracks are most likely
leading to this phenomenon. The feedthrough behavior in
in-plane bulk piezoresistive sensors is further investigated in
[19], [21] by proposing an analytical model based on parasitic
impedances. Methods such as modifying the design of the
sensor’s signal routing [21] and/or implementing external feedforward compensation [37] can be employed to alleviate the
feedthrough and consequently expand the sensor bandwidth.
C. Noise Performance
The power spectral density (PSD) of the noise in a bandwidth of 100 kHz is obtained as shown in Fig. 10. As clear, the
low frequency flicker noise is dominant at the sensor’s output.
This characteristic is also previously reported for the output
noise of the electrothermal displacement sensors in [38] and
piezoresistive sensors in [19], [39].
The output noise of the piezoresistive sensor was recorded
in the time domain for 12.8 s with the sampling frequency
of 390 kHz. The noise is filtered using two SR560 lownoise preamplifiers each of them featuring a first-order bandpass filter with the lower and upper cutoff frequencies of
0.03 Hz and 30 kHz, respectively. Using the recorded data,
the 1σ-resolution of the sensor is obtained as 3 nm for the
displacement of the base of the microcantilever and 4.8 nm
for its tip. The sensor’s calibration factor is used to convert
the resolution to the displacement. Since the bias voltage of

the sensor simultaneously affects its calibration factor and the
noise level, further tuning may be performed on this voltage
to improve the sensor resolution [21], [40].
V. M ICROCANTILEVER P ERFORMANCE
The microcantilevers in the device are characterized by
applying actuation signals to their piezoelectric layers. The
actuation can be performed either in-phase or in opposite
phases. In the in-phase method, the same actuation signal is
applied to the top and bottom microcantilevers, while voltages
with 180◦ phase shift are used on the microcantilevers for
actuation with opposite phases.
The frequency domain behavior of the top microcantilever
is shown for the in-phase and the opposite phase actuation
methods in Fig. 11a and b, respectively. During the test,
piezoelectric beam actuators are connected to the electrical
ground while the displacement of the tip of the microcantilever
is measured by the MSA. In-phase actuation method results in
a larger number of resonant modes with the first resonant mode
located at 48.9 kHz. In the opposite phase actuation, however,
the fundamental mode of the system, i.e. the torsional mode
of the stage, can also be excited. Hence, this mode becomes
observable in the microcantilever frequency response shown
in Fig. 11b. Fewer number of modes are also observable here
within the tested frequency range.
Using the in-phase actuation, the mode shape of the resonant
mode with 126 kHz frequency is determined and presented
in Fig. 11c. The MSA is used to record the out-of-plane
displacement of many test points scattered on the stage and
the microcantilevers. The same experiment is also performed,
while the microcantilevers are actuated in opposite phases at
the resonant frequency of 91.8 kHz. The mode shape obtained
via this experiment is shown in Fig. 11d. In both mode shapes,
the microcantilevers achieve the largest displacement while
the stage shows a negligible motion. This indicates that the
selected mode shapes can be suitable for tapping mode AFM
imaging.
The microcantilevers’ tip displacement for the same mode
shapes are reported in Table II. More than 200 nm displacement is obtained with both actuation methods and with
relatively small actuation signals. This displacement range is
larger than the oscillation amplitude required for tapping mode
AFM which is ranging from 20 nm to 100 nm [3]. Note that, in
order to implement the microcantilevers in the feedback loop
for tapping mode imaging, the self-sensing method should also
be used [22].
VI. C ONCLUSIONS
An out-of-plane MEMS nanopositioner is presented in this
paper. The device is realized using a torsional mechanism
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Fig. 11. a) The displacement of the top microcantilever tip in the frequency domain while the microcantilevers are actuated a) in in-phase, and b) in oppositephases. In (c), the stage mode shape at the resonance frequency of about 126 kHz is presented, while the microcantilevers are actuated using in-phase method.
d) shows the mode shape of the stage while the microcantilevers are actuated in opposite phases at the resonance mode 91.8 kHz.

with piezoelectric actuator beams to vertically position two
piezoelectric microcantilevers. A sensing mechanism based on
piezoresistivity of silicon is also proposed to measure the outof-plane displacement of the stage. The sensing mechanism
functions based on the bulk piezoresistivity of the silicon
eliminating the need for additional microfabrication steps.
The proposed sensors can be implemented in various MEMS
devices where an out-of-plane displacement measurement is
required and the use of a standard microfabrication process
is also a must. More than 1.2 µm dc-level displacement is
obtained by the stage with the resonant frequency of 7.8 kHz.
The sensor shows a highly linear behavior with a bandwidth
of 13 kHz limited due to the feedthrough signal from the actuation. The MEMS stage is designed to precisely position two
piezoelectric microcantilevers. The microcantilevers are also
characterized with two different actuation methods showing
a promising performance for potential use in tapping mode
AFM.





y1 =

M0
2
2E1 I1 x1

−

F0
3
6E1 I1 x1

+ C1 x1 + C2
.

y2 =

(M0 −F0 a) 2
2E2 I2 x2

−

F0
3
6E2 I2 x2

(21)

+ C3 x2 + C4

The deflection functions contain four unknown constants i.e.
Ci (i = 1 to 4). Taking the reaction forces into account, there
are six unknowns in (21), which should be obtained by using
boundary conditions. The first condition is written in (22) for
the clamped end where the slope and the displacement of the
beam are zero.
y1 =

dy1
= 0 ⇒ C1 = C2 = 0
dx1

(22)

The continuity of the beam where two sections are met is
also used to obtain two extra boundary conditions as follows:
y1 |(x1 =a) = y2 |(x2 =0) &

dy1
dy2
|(x1 =a) =
|(x =0) . (23)
dx1
dx2 2

VII. F UTURE WORK
The behavior of the piezoresistive sensors can be studied for
various bias voltages. In addition, the fabrication of a sharp tip
at the end of the microcantilevers is required to utilize them
as an AFM probe. This can be performed by employing the
focused ion beam technique. A self-sensing method should
also be implemented for the piezoelectric microcantilevers to
incorporate them within a feedback control system to realize
the tapping mode AFM imaging.

For the boundary conditions at the guided end (i.e. x2 = b)
we have:

A PPENDIX
Considering the schematic of the beam shown in Fig. 3, the
deflection functions for each section of the beam are obtained
in (21) using the Euler-Bernoulli beam theory [30].

dy2
= 0.
(25)
dx2
Using (25), the remaining unknowns, i.e. F0 and M0 , can
be easily obtained as:

Using (23), the unknown coefficients C3 and C4 are obtained as function of F0 and M0 .

M
F
2
 C3 = E1 I01 a − 2E10I1 a
(24)

M0
F0
2
3
C4 = 2E
a
−
a
6E1 I1
1 I1

y2 = v &
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E1 I1
v
H

(26)



F0 2ab + b2 + a2 X
2
b + aX

(27)

F0 =
and
M0 =

where X is defined in (3) and H is:


2ab + b2 + a2 X  2
H=
b + aX (2b + a) −
4X(b + aX)
 3

b + 3ab (b + aX) + a3 X
. (28)
6X
The inflection point of the beam’s curvature should coincide
with the point where two sections are met i.e. a = linf . Hence,
using (27) and the moment distribution equation in (1) we
have:

2ab + b2 + a2 X
= a.
(29)
2 (b + aX)
Knowing b = L − a, the solution of (29) is calculated
and presented in (2), which is used for the design of the
piezoelectric actuator and the piezoresistive sensor.
R EFERENCES
[1] I. Debecker, A. K. Mohamed, and D. Romanini, “High-speed cavity ringdown spectroscopy with increased spectral resolution by simultaneous
laser and cavity tuning,” Optics Express, vol. 13, no. 8, pp. 2906–2915,
Apr 2005.
[2] Y. K. Yong, S. P. Wadikhaye, and A. J. Fleming, “High speed singleand dual-stage vertical positioners,” Review of Scientific Instruments,
vol. 87, no. 8, 2016.
[3] N. Jalili and K. Laxminarayana, “A review of atomic force microscopy
imaging systems: application to molecular metrology and biological
sciences,” Mechatronics, vol. 14, no. 8, pp. 907–945, Oct. 2004.
[4] Y. K. Yong, S. O. R. Moheimani, B. J. Kenton, and K. K. Leang, “Invited
Review Article: High-speed flexure-guided nanopositioning: Mechanical
design and control issues,” Review of Scientific Instruments, vol. 83,
no. 12, 2012.
[5] K. Jia, S. Pal, and H. Xie, “An Electrothermal Tip-Tilt-Piston Micromirror Based on Folded Dual S-Shaped Bimorphs,” Journal of
Microelectromechanical Systems,, vol. 18, no. 5, pp. 1004–1015, 2009.
[6] S. T. Todd, A. Jain, H. Qu, and H. Xie, “A multi-degree-of-freedom micromirror utilizing inverted-series-connected bimorph actuators,” Journal of Optics A: Pure and Applied Optics, vol. 8, no. 7, 2006.
[7] M. A. Helmbrecht, M. He, C. J. Kempf, and M. Besse, “MEMS DM
development at Iris AO, Inc.” in Proc. SPIE 7931, MEMS Adaptive
Optics V, vol. 793108, February 14, 2011.
[8] S. R. Samuelson and H. Xie, “A Large Piston Displacement MEMS
Mirror With Electrothermal Ladder Actuator Arrays for Ultra-Low
Tilt Applications,” Journal of Microelectromechanical Systems, vol. 23,
no. 1, pp. 39–49, Feb. 2014.
[9] I.-J. Cho and E. Yoon, “A low-voltage three-axis electromagnetically
actuated micromirror for fine alignment among optical devices,” Journal
of Micromechanics and Microengineering, vol. 19, no. 8, 2009.
[10] Z. Qiu, J. S. Pulskamp, X. Lin, C.-H. Rhee, T. Wang, R. G. Polcawich,
and K. Oldham, “Large displacement vertical translational actuator
based on piezoelectric thin films,” Journal of Micromechanics and
Microengineering, vol. 20, no. 7, 2010.
[11] Y. Zhu, W. Liu, K. Jia, W. Liao, and H. Xie, “A piezoelectric unimorph
actuator based tip-tilt-piston micromirror with high fill factor and small
tilt and lateral shift,” Sensors and Actuators A: Physical, vol. 167, no. 2,
pp. 495–501, Jun. 2011.
[12] V. F. G. Tseng and H. Xie, “Resonant Inductive Coupling-Based Piston
Position Sensing Mechanism for Large Vertical Displacement Micromirrors,” Journal of Microelectromechanical Systems, vol. 25, no. 1, pp.
207–216, Feb. 2016.

[13] P.-F. Indermuhle, V. Jaecklin, J. Brugger, C. Linder, N. de Rooij, and
M. Binggeli, “AFM imaging with an xy-micropositioner with integrated
tip,” Sensors and Actuators A: Physical, vol. 47, no. 1-3, pp. 562–565,
Mar. 1995.
[14] A. G. Fowler, M. Maroufi, and S. O. R. Moheimani, “Note: A siliconon-insulator microelectromechanical systems probe scanner for on-chip
atomic force microscopy,” Review of Scientific Instruments, vol. 86,
no. 4, 2015.
[15] N. Sarkar, D. Strathearn, G. Lee, M. Olfat, and R. R. Mansour, “A
0.25mm3 Atomic Force Microscope on-a-chip,” in 2015 28th IEEE International Conference on Micro Electro Mechanical Systems (MEMS),
18-22 Jan. 2015, pp. 732–735.
[16] Y. K. Yong and S. O. R. Moheimani, “Collocated Z-axis Control of a
High-Speed Nanopositioner for Video-rate Atomic Force Microscopy,”
IEEE Transactions on Nanotechnology, vol. 14, no. 2, pp. 338–345,
2015.
[17] B. J. Kenton, A. J. Fleming, and K. K. Leang, “Compact ultra-fast
vertical nanopositioner for improving scanning probe microscope scan
speed,” Review of Scientific Instruments, vol. 82, no. 12, 2011.
[18] M. G. Ruppert, A. G. Fowler, M. Maroufi, and S. O. R. Moheimani, “Onchip dynamic mode atomic force microscopy: A silicon-on-insulator
mems approach,” Journal of Microelectromechanical Systems, vol. 26,
no. 1, pp. 215–225, Feb. 2017.
[19] M. Maroufi, A. Bazaei, A. Mohammadi, and S. O. R. Moheimani,
“Tilted Beam Piezoresistive Displacement Sensor: Design, Modeling,
and Characterization,” Journal of Microelectromechanical Systems,,
vol. 24, no. 5, pp. 1594–1605, Oct. 2015.
[20] A. Bazaei, M. Maroufi, A. Mohammadi, and S. O. R. Moheimani, “Displacement Sensing With Silicon Flexures in MEMS Nanopositioners,”
Journal of Microelectromechanical Systems,, vol. 23, no. 3, pp. 502–504,
June 2014.
[21] M. Maroufi and S. O. R. Moheimani, “A 2DOF SOI-MEMS Nanopositioner With Tilted Flexure Bulk Piezoresistive Displacement Sensors,”
IEEE Sensors Journal,, vol. 16, no. 7, pp. 1908–1917, April1, 2016.
[22] M. G. Ruppert and S. O. R. Moheimani, “Novel Reciprocal SelfSensing Techniques for Tapping-Mode Atomic Force Microscopy,” IFAC
Proceedings Volumes, vol. 47, no. 3, pp. 7474–7479, 2014.
[23] M. Hopcroft, W. Nix, and T. Kenny, “What is the young’s modulus of
silicon?” Microelectromechanical Systems, Journal of, vol. 19, no. 2, pp.
229–238, 2010.
[24] T. D. Read, Y.-W. Cheng, R. R. Keller, and J. D. McColskey, “Tensile
properties of free-standing alumnium thin films,” no. 45, pp. 583–589,
2001.
[25] V. Mortet, M. Nesladek, K. Haenen, A. Morel, M. D’Olieslaeger,
and M. Vanecek, “Physical properties of polycrystalline aluminium
nitride films deposited by magnetron sputtering,” Diamond and Related
Materials, vol. 13, no. 4-8, pp. 1120–1124, Apr. 2004.
[26] A. Cowen, G. Hames, K. Glukh, and B. Hardy, PiezoMUMPs Design
Handbook, 2014.
[27] D. L. DeVoe and A. P. Pisano, “Modeling and optimal design of piezoelectric cantilever microactuators,” Journal of Microelectromechanical
Systems, vol. 6, no. 3, pp. 266–270, Sep 1997.
[28] M. Maroufi and M. Shamshirsaz, “Dynamic behavior of resonant
piezoelectric cantilever as liquid level detection sensor,” Microsystem
Technologies, vol. 18, no. 18, pp. 1779–1789, Nov. 2012.
[29] S. Basak, A. Raman, and S. V. Garimella, “Dynamic Response Optimization of Piezoelectrically Excited Thin Resonant Beams,” Journal of
Vibration and Acoustics, vol. 127, no. 1, pp. 18–27, Mar. 2005.
[30] J. M. Gere, Mechanics of Materials. Thomson Canada Limited, 2006.
[31] A. Mohammadi, A. G. Fowler, Y. K. Yong, and S. O. R. Moheimani, “A
Feedback Controlled MEMS Nanopositioner for On-Chip High-Speed
AFM,” IEEE Journal of Microelectromechanical Systems, vol. 23, no. 3,
pp. 610–619, June 2014.
[32] High Precision, Low Noise Operational Amplifiers,"OPA227, OPA228",
datasheet, Burr-Brown Products from Texas Instruments, May1998Revised Jan. 2005.
[33] Precision, Low Power Instrumentation Amplifiers, "INA128, INA129"
datasheet, Burr-Brown Products from Texas Instruments, Oct. 1995,
Revised Feb. 2005.
[34] Y. Kanda, “A Graphical Representation of the Piezoresistance Coefficients in Silicon,” IEEE Transactions on Electron Devices, vol. 29, no. 1,
pp. 64–70, Jan. 1982.
[35] R. Frisch-Fay, Flexible Bars. London: Butterworth & Co (Publishers)
Limited, 1962, pp 83-91.
[36] A. J. Fleming, “A review of nanometer resolution position sensors:
Operation and performance,” Sensors and Actuators A: Physical, vol.
190, pp. 106–126, Feb. 2013.

1530-437X (c) 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JSEN.2017.2686643, IEEE Sensors
Journal
11

[37] M. G. Ruppert and S. O. R. Moheimani, “High-bandwidth multimode
self-sensing in bimodal atomic force microscopy,” Beilstein Journal of
Nanotechnology, vol. 7, no. 287–295, pp. 284–295, 2016.
[38] A. Mohammadi, M. R. Yuce, and S. O. R. Moheimani, “A Low-FlickerNoise MEMS Electrothermal Displacement Sensing Technique,” Journal
of Microelectromechanical Systems, vol. 21, no. 6, pp. 1279–1281,
December 2012.
[39] O. Hansen and A. Boisen, “Noise in piezoresistive atomic force microscopy,” Nanotechnology, vol. 10, no. 1, pp. 51–60, 1999.
[40] M. A. Lantz, G. K. Binnig, M. Despont, and U. Drechsler, “A micromechanical thermal displacement sensor with nanometre resolution,”
Nanotechnology, vol. 16, no. 8, pp. 1089–1094, May 2005.

Mohammad Maroufi (M’16) graduated with the
B.Sc. degrees in Mechanical Engineering and Applied Physics as a distinguished student from Amirkabir University of Technology (Tehran Polytechnic)
in 2008. He continued his studies in a Masters in
Mechatronics at the same university, and graduated
in 2011. He finalized his PhD in Electrical Engineering at the University of Newcastle, Australia
in 2015. He is currently a Research Associate in
the Department of Mechanical Engineering at the
University of Texas at Dallas. His research interests
include the design and control of MEMS nanopositioning systems, MEMS
based sensing and actuation, on-chip atomic force microscopy, and modeling
of smart materials and structures.

S. O. Reza Moheimani (F’11) currently holds
the James Von Ehr Distinguished Chair in Science
and Technology in Department of Mechanical Engineering at the University of Texas at Dallas. His
current research interests include ultrahigh-precision
mechatronic systems, with particular emphasis on
dynamics and control at the nanometer scale, including applications of control and estimation in
nanopositioning systems for high-speed scanning
probe microscopy and nanomanufacturing, modeling
and control of microcantilever-based devices, control
of microactuators in microelectromechanical systems, and design, modeling
and control of micromachined nanopositioners for on-chip scanning probe
microscopy.
Dr. Moheimani is a Fellow of IEEE, IFAC and the Institute of Physics,
U.K. His research has been recognized with a number of awards, including
IFAC Nathaniel B. Nichols Medal (2014), IFAC Mechatronic Systems Award
(2013), IEEE Control Systems Technology Award (2009), IEEE Transactions on Control Systems Technology Outstanding Paper Award (2007) and
several best paper awards in various conferences. He is Editor-in-Chief of
Mechatronics and has served on the editorial boards of a number of other
journals, including IEEE TRANSACTIONS ON MECHATRONICS, IEEE
TRANSACTIONS ON CONTROL SYSTEMS TECHNOLOGY, and Control
Engineering Practice. He currently chairs the IFAC Technical Committee on
Mechatronic Systems.

1530-437X (c) 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

