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Abstract—We address design, implementation, and
characterization of semiconductor strain gauges as
stage displacement sensors with small footprint for
piezo-driven nanopositioners in differential actuation
mode. The strain gauges are not collocated with the
stage of the nanopositioner. They are attached to piezo
stack actuators in both longitudinal and transverse di-
rections. We address two differential configurations for
the displacement sensing. The first configuration uses
all strain gauges and provides three output signals. Two
of them are proportional to the length variations of the
piezo actuators, which are considered as conventional
non-differential sensing method. The last output in
the first configuration is the first proposed differential
sensor. In the second configuration, we propose an al-
ternative differential sensor using only the longitudinal
strain gauges and a simpler readout circuit. The results
indicate that in the differential actuation mode, a differ-
ential sensing strategy provides much better accuracy
than the conventional non-differential schemes. Using
a laser interferometer as an independent collocated
sensor for stage displacement, we obtained constant
calibration factors both proposed differential sensors
and characterized their sensing accuracies.

Index Terms—Displacement sensor, Semiconductor
strain gauge, Piezoresistive sensor, Nanopositioner,
Piezoelectric actuator, Differential actuation

I. INTRODUCTION

An efficient method to increase the range of motion
in piezo-driven nanopositioners without sacrificing the
mechanical bandwidth is to include actuators on opposing
sides of the stage [1], [2]. This method provides bilateral
displacement of the stage along the axis of excitation when
the opposing actuators are driven by signals that are 180°
out of phase and biased by an identical positive voltage
value. The method, which is known by several names such
as dual-stack, push-pull, and differential actuation, has
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been proven to improve the stroke and blocking force of
the actuation mechanism compared to the conventional
one-sided actuation scheme |[3]. However, application of
semiconductor strain gauges in displacement measurement,
has not been addressed for piezo-driven nanopositioners in
the differential actuation mode.

A conventional method to measure displacement in
flexure-based macro-nanopositioners is to utilize capaci-
tive sensors |4]—(7]. Such sensors are generally expensive,
need additional space and parts for physical installa-
tion, and require bulky electronic modules to generate a
real-time signal proportional to the target displacement.
Other conventional displacement sensors, such as laser
interferometers and Eddy current sensors also suffer from
the foregoing issues [8]—[10]. Piezoresistive strain gauge
elements have also been used to measure displacement in
nanopositioners |11]-|13]. To do this, one normally needs
to glue multiple strain gauges to the suspension beams,
configure them in a Wheatstone bridge, and use DC power
supplies and amplifiers to generate an output signal [14]—
[16]. In addition, installation of conventional gauges on
suspension beams is usually manual and can introduce
undesirable asymmetry in the nanopositioner structure
(especially for those with smaller dimensions), which is
normally designed symmetrical (to reduce cross-coupling)
and is fabricated by high precision automated machines.
Automatic installation of piezoresistive strain gauges on
flexure hinges is also possible by micromachining pro-
cesses, however, it requires to fabricate the nanopositioner
from fragile materials such as silicon [2]| or fabrication of
the gauges on additional non-conductive flexible structures
117], [18].

In the differentially actuated mechanisms reported in [3]
and [1], a commercial fiber optic instrument and strain-
gauges were used for displacement measurement, respec-
tively. However, the fiber-optic instrument needs bulky
signal conditioning facilities and the strain-gauge sensing
technique was not addressed in |1]. To measure the stage
displacement in the differentially driven nanopositioner
reported in [2], piezoresistors were embedded into the side
walls of the suspension beams in the monolithic silicon
structure. However, most of the piezo-driven nanoposi-
tioners, including the prototype reported in this paper,
are fabricated from commercial metals such as aluminum
or iron alloys, where deposition of piezoresistive zones



into the metallic structure is difficult. In addition, for
nanopositioners with small dimensions such as the one
proposed here, it is difficult to properly install commer-
cial piezoresistive strain-gauges on the side walls of the
suspension beams.

An alternative place to attach strain-gauges for stage
displacement measurement in piezo-driven nanoposition-
ers is the side walls of the PZT actuator. This method has
been applied to many commercial PZT stack actuators
with metal foil strain gauges. The sensing method has
also been applied to piezo-driven nanopositioners, which
are actuated from one side of the stage only , . In
, we presented an earlier version of this sensing method
for piezo-driven nanopositioners in differential actuation
mode. This performance is investigated with more details
in this paper using semiconductor strain gauges, which
are more sensitive than the metal foil counterparts. Com-
pared to the differential sensor configuration presented in
, we also propose an alternative differential sensing
configuration, which is more compact and provides more
displacement sensing accuracy. We also characterize noise
and resolution of both proposed differential sensors and
clarify dependency of the sensor noise level on the actua-
tion signal magnitude.

II. EXPERIMENTAL SETUP

We designed a flexure-based nanopositioner symmetri-
cally with respect to the x and y axes to incorporate dual
piezo stacks for differential actuation of each axis. The
monolithic structure of the nanopositioner was fabricated
by wire-cut EDM (Electrical Discharge Machining) from
304 stainless steel as shown in Fig. . The square stage
in the middle can be driven along x and/or y axes by
piezo stack actuators via slender suspension beams. Figure
(a) shows the schematic diagram of x-axis structure in
the differential xy-nanopositioner along with an electrical
excitation mechanism to differentially drive the piezo-
electric actuators. We used a commercial dual channel
voltage amplifier equipped with a phase inverter to drive
the opposing piezo stacks by out-of-phase high voltage
signals. The piezo stacks have the specifications reported
in (Model PK4DLP2). The external dimensions of the
nanopositioner had to meet stringent limitations, espe-
cially in the vertical direction. The limitations are mainly
due to restricted space available on a 6-DoF positioning
platform in a SEM (Scanning Electron Microscope) re-
ported in 7, where the proposed nanopositioner is
to be installed. The nanopositioner after installation of
all piezo stacks is shown in Fig. [1] (b). We have reported
some attributes of the proposed nanopositioner and a few
commercially available high-speed and/or low-profile x-
y stages in Table [l This comparison reveals that the
proposed nanopositioner is an exceptionally low-profile
and high-speed flexure-based stage.

We also equipped the piezo stacks with semiconductor
strain gauges, as indicated in Fig. [2] (b). To obtain maxi-
mum sensor sensitivity, the gauges are unbacked (naked)
and have been attached to the free side walls, where

Table 1
SUMMARIZED SPECIFICATIONS OF THE PROPOSED NANOPOSITIONER
COMPARED TO COMMERCIAL HIGH-SPEED AND LOW-PROFILE
FLEXURE-BASED STAGES. THE ABBREVIATIONS "COMMER.", "W" "L"
"H", "RANGE", "FREQ.", "TECH.", "SSG", AND "CAP" REFER TO
"COMMERCIAL", "WIDTH", "LENGTH", "HEIGHT", "TRAVEL RANGE",
"RESONANCE FREQUENCY", "TECHNOLOGY", "SILICON STRAIN
GAUGE", AND "CAPACITIVE", RESPECTIVELY.

Commer. w L H Range Freq.  Sensor
Stage (mm) (mm) (mm) (um) (kHz)  Tech.

50.8 50.8 29.2 10 1.5 SSG

30 30 28 6 4.2 CAP

120.8 120.7 28.5 75 3/2 SSG

190 152.5 18.5 75 1.5/1 SSG

150 150 16.5 60 1.55 CAP

This work 46 46 4 3.7 21 SSG

Figure 1. (a) CAD view of the monolithic structure of the nanoposi-
tioner before installation of actuators.(b) Completed nanopositioner
after installation of piezo stack actuators. (c) Closeup view of the
unbacked silicon strain gauges attached to top side wall of a piezo
stack.

actuation electrodes do not present. On each free side wall
of each actuator, two U-shaped silicon chip gauges have
been attached, one in longitudinal direction and the other
one in transverse direction as depicted in Figures [2| (b)
and |1 (¢). After attaching the gauges and bonding pads
to the stacks and soldering the gauge wires, a thin silicone
layer covers them to be more rugged for handling. For each
actuator, the four gauges are matched and each one has
a nominal resistance of 540 €2, gauge factor of 140, length
of 1.53 mm, width of 0.41 mm, and thickness of 15.3 um.
The gauge part number is SS-060-033-500PU with more



details reported in . Experiment shows that resistances
of longitudinal and transverse gauges vary oppositely
when the actuator is excited. Hence, each piezo stack is
equipped with four strain gauges that allow to form a
full Wheatstone bridge for each individual actuator. Since
the piezoresistors are sensitive to temperature, we excited
the bridges by a low DC voltage level and amplified each
bridge output by an instrumentation amplifier (INAMP).
For the first proposed sensor configuration, the schematic
of readout circuit of x-axis is as shown in Fig. 2| (c), where
the gauge resistors in the top and bottom bridges are
associated with the 2T and x~ actuators, respectively.
We have included small potentiometers in each bridge for
null shift compensation after application of 70 V electrical
bias to the actuators. To further assist in zero balancing,
we used switches to provide possibility of including the
potentiometers in the left lower leg of the bridges. In
this way, signals v, and v_, in the readout circuit are
proportional to variations in the length of x* and z~
actuators, respectively. The final INAMP in the readout
circuit provides an output proportional to v, — v, with
a smaller gain, which is considered as a differential output
for stage displacement sensing. The nominal voltage gain
of each INAMP is 1 + % with the value of external gain
resistance R, in k().

A valid measurement of the stage displacement is also
required for characterization of the piezoresistive sensors.
One side of the middle stage is vertically extruded about
2 mm to provide direct displacement measurement by a
laser interferometer .

A. A More Compact Differential Sensing Configuration

We also consider an alternative differential sensing strat-
egy that involves only one INAMP and smaller number
of strain gauges. To measure stage displacement in this
method, we apply only the longitudinal strain gauges in
a full-bridge configuration and amplify the bridge output
by an INAMP, as depicted in Fig. [3| In this configuration,
the strain gauges in the transverse direction are left open
circuited and not required in the readout circuit. The
differential strategy in this case is achieved by the fact
that the output voltage of the full-bridge is proportional
to the difference between the variations of the longitudinal
gauge resistance values on the x* and 2~ piezo actuators.

III. SENSOR BANDWIDTH

Using the differential actuation method mentioned in
Sec. [, we obtained the frequency responses from the
input signal of x-axis (vi;) to the stage displacement
along x-axis (measured by the laser interferometer) and
the differential outputs vg, in the readout circuits of x-
axis, as shown in Fig. ] Using the laser interferome-
ter, the stage displacement in the differentially driven
nanopositioner has a dominant resonance mode along x
at 21.3 kHz. The dominant resonance frequency measured
by the first proposed differential sensor in Fig. 2] (c¢) is

A400DI
Module

‘\\ 7 4
& Ac’ruo’ror.

.

Bonding pod Longitudinal
Strain Gauge

Transverse
Strain Gauge (b)

Figure 2. (a) Schematic of differential actuation of PZT stack
actuators for x-axis of the nanopositioner. The A400DI module is
a dual channel voltage amplifier with a built in phase inverter. (b)
Schematic of strain gauges attached to the top side of each actuator.
Similar gauges are attached to the bottom side whose resistances are
denoted by r;, and 74, along longitudinal and transverse directions,
respectively. (c) PZR readout circuit of the first proposed configura-
tion used for stage displacement sensing along x-axis.

about 1 kHz smaller than that of the stage displacement.
Both displacement and differential sensor exhibit almost
flat magnitude and phase responses up to 4 kHz. As
frequency increases beyond this limit, the magnitude for
stage displacement grows more rapidly than that of the
differential sensor and so is the absolute difference between
the two phase responses. Hence, the proposed differential
sensor has an approximate bandwidth of 4 kHz for direct
measurement of the stage displacement. For the second
sensor configuration described in Fig. the measured
frequency response to differential actuation is also included
in Fig.[4] exhibiting almost the same phase and magnitude
variation as those of the first sensor.

IV. CHARACTERIZATION OF SENSOR OUTPUTS

Considering the almost flat frequency responses of the
stage displacement and the differential sensors, it is de-
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Figure 3. An alternative differential sensing approach using only
the longitudinal strain gauges attached the driving piezo stacks. The
symbols used for the gauge resistors are as described in Fig. [2] (b,c)
with + and — superscripts indicating that the gauge is attached to
2T and 2~ actuators, respectively.
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Figure 4. Frequency responses of the x-axis in the differential

actuation mode to the stage displacement (Laser) and the differential
outputs of the first and the second proposed sensor configurations.

sirable to obtain constant calibration coefficients for each
of the outputs in the readout circuits to measure stage
displacement during the differential actuation.

Since the nanopositioner is lightly damped, we applied
a large signal sinusoidal input to the differential actuation
mechanism of the x-axis at a frequency which is well
within bandwidth of the proposed sensor. The sinusoidal
waveform is the best choice for calibration as it has minor
high frequency components and is less likely to excite
resonance modes of the nanopositioner, which are out
of the sensor bandwidth. Figure |5| (a) shows the stage
displacement along x-axis (measured by the laser) while
the x-axis differential actuation mechanism is excited by
a 400 Hz large signal sinusoid input. The figure also in-
cludes the actuation and sensor outputs of the first circuit
configuration after multiplying them by scale factors and
and adjusting their DC levels so that their extrema levels
match those of the stage displacement. The legends also
quote the scale factor values associated with each output
in the first readout circuit, which are considered as the
calibration coefficients of the proposed differential output
vsz and the non-differential outputs v, and wvg,. The
errors associated with each calibrated output shown in
Fig. [5| (b) indicate that the proposed differential sensor
provides a better accuracy than the non-differential ones
during the differential actuation mode. It has also a better
3o-resolution of 2.4nm with respect to the non-differential
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Figure 5. Calibration of the outputs in x-axis readout circuit de-
scribed in Fig. [2| (c) for stage displacement measurement, using a
400 Hz large signal sinusoidal excitation of x-axis in the differential
actuation mode. We have also indicated the average magnitude (AM)
of error for each sensor in figure (b). The signals were collected by
dSPACE with a sampling rate of 45 kHz, simultaneously. To increase
the graph resolution, the data from many successive periods have
been displayed in one period.
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Figure 6. Examination of the differential sensor of x-axis in Fig. |2|(c)
in the differential actuation mode by a large signal 200 Hz triangular
excitation using the calibration coefficients obtained in Fig. [f]

T and v, respectively).

outputs (7.7 nm and 5.3 nm for v, o

We have also examined the outputs of the readout cir-
cuit in the differential actuation mode by a non-sinusoidal
large signal actuation at a different frequency value within
the sensing bandwidths using the calibration coefficients
obtained earlier, as shown in Fig. [f] The average error
magnitude for the differential sensor is around 1.96% of
the 3.67 um displacement range, whilst those associated
with v}, and vy, are 5.21% and 2.9%, respectively.

A. Characterization of the more compact differential sen-
sor

We also calibrated the sensor proposed in Fig. [3] by
driving the stage along x-axis in the differential actua-
tion mode using a large signal sinusoidal excitation. The
measured waveforms after applying the scale factors and
the resulting sensor error are shown in Fig. [7] Note that
the displacement sensing error in this case is smaller than



—
1

¢ o
»n O
T

—d (LASER)
~ v (0.5436 pm/V)

Displacement (um)
- <)
[S,]
T

-2+ — v (0.7963 um/V)
2.5L ) ) : ) ) ) ) ) ) )
150 (el

—100 — d-v. (AM =35.6 nm)
€50
6 0
w50
-100 &, ) ) ) ) ’ ) ) ) ) ,
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Time (ms) (b)

Figure 7. Results of the calibration test of the differential sensor in
Fig. B using a 140 Vy,;, sinusoidal excitation of piezo stacks in the
differential actuation mode.

that of the original differential sensor depicted in Fig.
(b) with 38% reduction in the average magnitude of the
error (AM). Compared to the original differential sensor,
the scale factor of the new differential sensor has now
increased by a factor of 3.5, which means sensitivity of the
differential sensor has decreased by the same factor. This
decrease in sensitivity is mainly due to smaller voltage
amplification gain and using only one full Wheatstone
bridge in the readout circuit.

Considering that the value of gain resistor R, in the
new version of the differential sensor is almost equal to
the gain resistors in the first stage INAMPs in Fig. [2] (c),
the voltage gain of the INAMP used in the new sensor
is almost equal to the gain of each first stage INAMP in
the readout circuit of the original sensor. The magnitudes
of the scale factors associated with the outputs of the
first stage INAMPs in Fig. |2 (¢) (v, and v,) are around
1.128 4t Hence, the sensitivity of the full bridge used in
the new differential sensor has been improved by a factor
of 1.42 with respect to each individual full bridge used in
the originally proposed sensor.

Using the constant scale factor of 0.7963 42 obtained
during the calibration test, we also examined the new
sensor by a large signal 100 Hz triangular waveform ex-
citation. The measured signals and sensor error are shown
in Fig.[8] Comparing with the validation test results of the
original sensor reported in Fig. [] the average magnitude
of the displacement sensing is reduced 43% with the
new configuration of differential sensing. Figure [J] shows
the hysteresis curves associated with this validation test,
where the sensor output closely follows the deviation of
displacement from a straight line due to hysteresis nonlin-
earity of the piezo actuators. Hence, the new differential
sensing strategy provides a more sensitive Wheatstone
bridge and a more accurate displacement measurement.
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Figure 8. Results of the validation test of the differential sensor in
Fig. [3] using a 140 Vy, triangular excitation of piezo stacks in the
differential actuation mode.
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Figure 9. The hysteresis curves associated with the time domain

signals in Fig. [§] (a).

B. Sensor Noise and Resolution

In this section, we characterize noise and resolution
of the proposed differential displacement sensors during
differential actuation mode. To clarify dependency of noise
level on the actuation signal, we extracted the noise
component from measured responses of the sensors while
driving the nanopositioner by a large signal sinusoidal
excitation. The noise extraction was carried out by cal-
culating moving average of the measured time domain
data and subtracting it from the measured data. We chose
Savitzky-Golay filtering in the moving average for better
handing of the endpoints.

For the original differential sensor in Fig. [2] (c), the
measured data form the sensor output and the input signal
along with their moving averages are shown Fig. [I0] The
close of views indicate that the calculated moving average
has produced almost noise free signals with respect to
the collected data. Figure shows the calculated noise
component of the differential sensor output along with
that of the measured input signal. A signal proportional to
the actuation signal is also included in Fig. [[I] Note that
the noise level of the sensor output varies with the level of
actuation. The noise level of the collected input signal is
almost invariant with the actuation level, which confirms
validity of the selected method for noise extraction. Using
the standard deviation of the calculated sensor noise, the
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Figure 10. Differential sensor output of the readout circuit in Fig.
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Figure 11. Calculated noise in the recorded input signal and differ-
ential sensor output of the readout circuit in Fig. [2] (¢). Symbol "std"
refers to standard deviation.

3o-resolution of the originally proposed differential sensor
is 12.2 nm.

To measure sensor noise for the differential sensor using
the readout circuit in Fig. [3] we applied a low frequency
large signal sinusoidal excitation to the actuators. The
actuation input and sensor output signals along with their
calculated moving averages are shown in Fig. The
resulting noise signals along with the scaled actuation
input are depicted in Fig. [[3] The noise level of the
differential sensor again varies with the magnitude of input
signal. The calculated 3o-resolution of the sensor output
is 12.9 nm.

V. CONCLUSIONS

Differential actuation of piezo-driven nanopositioner
provides bilateral motion for the stage and improved
displacement range compared to the non-differential ac-
tuation modes. During the differential actuation, appli-
cation of a differential sensing strategy can provide 62%
improvement in the average measurement accuracy with

respect to the non-differential sensing method (%
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Figure 12. Differential sensor output of the readout circuit in Fig.
[3 and the input signal while driving the stage by a large signal
sinusoidal excitation in the differential actuation mode. The data was
collected by a sampling rate of 70 kHz, and the moving average span
is 600 data points.
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Figure 13. Calculated noise in the recorded input signal and differ-
ential sensor output of the readout circuit in Fig. @ Symbol "std"
refers to standard deviation.

from Fig. [6[b)). The proposed differential sensors em-
ployed commercial semiconductor strain gauges that are
not only very small in size but also have large gauge
factors. This resulted in a sensitivity of 5 2272 = 44;711?
3o-resolution of 12.2 nm, and bandwidth of 4 kHz for the
first proposed differential sensor in Fig. 2| (¢). The second
proposed differential sensmg conﬁg\lflration in Fig. 3| has a

smaller sensitivity of 5=ge5 7963 = and a 3o-resolution
of 12.9 nm. However, it is more compact and provides more
accurate displacement sensing. Both differential sensors
exhibit considerable variation of noise level as magnitude
of input signal to differential actuation increases. Table
[[M] summarizes the main the experimental results for both
differential sensors.

The stage has been tested in atmospheric conditions
only. In vacuum conditions, we expect to see a slightly
larger resonance frequency with a larger Q factor, due to a
large reduction of air resistance. The sensor resolution may
degrade due to lack of convective heat transfer between
the piezoresistive strain gauges and ambient environment
and larger thermal noise. The lack of convection may



Table II
SUMMARIZED CHARACTERIZATION OF SENSOR OUTPUTS IN THE FIRST
AND SECOND READOUT CIRCUITS IN FIGURES |2| (C) AND
RESPECTIVELY. THE ABBREVIATIONS "DIFF OuUT", "NONDIFF",
"S.F.", "CALIB.", "VALID.", "RES.", AND "SENS.", REFER TO
"DIFFERENTIAL OUTPUT", "NON-DIFFERENTIAL OUTPUT", "SCALE
FACTOR", "CALIBRATION TEST", "VALIDATION TEST",
"RESOLUTION", AND "SENSITIVITY", RESPECTIVELY.

Physical Sensor 2 Sensor 1 Sensor 1 Sensor 1
Attribute Diff Out  Diff Out  Nondiff v,  Nondiff vy,
SF. (&%) 0.8 0.23 1.1513 —1.104
Calib. Error 0.93% 1.52% 3.52% 2.34%
Valid. Error 1.05% 1.96% 5.2% 2.9%
Res. (nm) 12.9 12.2 13.6 11.9
Sens. (l) 1.3 4.4 0.87 ~0.91
jraesy

also restrict the operating speed of the nanopositioner
during large signal actuation. This is due to hysteresis
nonlinearity, which determines the energy dissipated in the
piezo stack in each cycle.
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