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Abstract—This article describes a new method for estimating
the tip displacement of piezoelectric benders. Two resistive strain
gauges are fabricated within the top and bottom electrodes using
an acid etching process. These strain gauges are employed in a
half bridge electrical configuration to measure the surface resistance change, and estimate the tip displacement. Experimental
validation shows a 1.1 % maximum difference between the strain
sensor and a laser triangulation sensor. Using the presented
method, a damping-integral control structure is designed to
control the tip displacement of the integrated bender.

I. I NTRODUCTION
Piezoelectric actuators are used in a wide range of positioning applications such as micro-manipulating [1], vibration
control [2], and Atomic Force Microscopy [3]. Piezoelectric
benders are a sub-type that are widely used in industrial and
commercial applications. [4]. Bender actuators can primarily
be classified as either pinned benders or bonded benders. Disk
benders are an example of a pinned type bender [5], [6]. They
consist of one or two circular piezoelectric elements glued to
a non-piezoelectric layer. The outer edge of the disk is pinned
to a stationary base while an electric field is applied to the
bender developing a net displacement and force at the center
of the disk.
Unimorph and bimoph benders are examples of bonded type
benders [4], [7]. Unimorph benders have one piezoelectric
plate bonded to a non-piezoelectric layer. Bimorph benders,
which are employed in this study, consist of two piezoelectric
plates that are bonded together. In order to provide reinforcement, a third elastic plate is sandwiched between the
piezoelectric plates. In the cantilever configuration, an electric
field is applied so that one plate expands while the other one
contracts, which develops a net force and displacement at the
tip.
Control of the tip displacement is a challenging task due
to the lightly damped resonance and hysteresis [7], [8].
Feedback control techniques such as, positive position feedback [9], damping-integral control [10], and integral resonant
control [11], measure the tip displacement using an external
displacement sensor. The displacement can also be estimated
by bonding a strain gauge to the actuator surface, which is
attractive due to the small form factor and low cost. Strain
gauges can be used as displacement sensors for controlling
piezoelectric stack actuators [12].

This article1 describes a new method for measuring the
tip displacement of piezoelectric benders by integrating strain
sensors into the top and bottom electrodes. The surface strain
is shown to be directly proportional to the tip displacement.
The strain gauges are configured in a half bridge circuit
which requires a bipolar excitation and avoids the need for an
instrumentation amplifier. The performance of the proposed
method is validated by employing the integrated bender in a
damping-integral tracking control structure.
In the remainder of the article, the experimental setup
is described in Section II, an electromechanical model is
derived in Section III, open-loop performance is demonstrated
in Section IV, the controller is designed in Section V, and
conclusions are provided in Section VI.
II. E XPERIMENTAL S ETUP
The piezoelectric bimorph actuator is a Y-poled T220A4-503Y from Piezo Systems [13]. The dimensions are
63.5 × 31.8 × 0.51 mm. It has a free displacement of ±1 mm
and a blocked force of ±0.35 N. The internal construction
is illustrated in Fig. 1. The layers include a 0.1 mm thick
brass reinforcement layer shown in orange, two 0.2 mm thick
piezoelectric plates shown in yellow, and two 5 µm thick
Nickel electrodes shown in blue. Fig. 1(a) illustrates the
process used to create the integrated strain gauges. First, a
0.1 mm thick resin mask is printed on the electrode using a
Form 2 Desktop 3D printer with 5 µm resolution. Then 30%
nitric acid is applied to etch the electrode area not covered
by the mask. After removing the resin mask, the desired Ushaped feature, with an effective length of 40 mm and a width
of 1 mm, is isolated from the rest of the electrode. This process
is carried out on both the top and bottom electrodes. The Ushaped Nickel features are then employed as resistive metal
foil strain gauges, while the rest of the electrode is used to
drive the bender.
Fig. 1(b) describes the experimental setup. The bender is
cantilevered with a free length of 57 mm. It is driven in a
parallel electrical configuration where the middle brass layer
is grounded and a ±90 V signal Vu is applied to the external
1 An earlier version of this paper was presented at the 2017 IEEE Sensors Conference and was published in its Proceedings. DOI: 10.1109/ICSENS.2017.8233951
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is proportional to the surface strain. In benders, surface strain
is also related to the tip displacement. Hence, the tip displacement of a bender can be estimated by measuring its surface
resistance change. Subsection III-A derives a proportionality
between surface strain and tip displacement. Subsection III-B
relates the resistance change to tip displacement.
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Fig. 1: Experimental setup.
electrodes using a PiezoDrive PD200 amplifier. It is noted
that the strain gauges are isolated from Vu . An alternative
configuration is to ground the external electrodes and drive
the middle brass layer. However, as described in Appendix A,
this approach creates direct feed-through between the driving
voltage and strain measurement, which is undesirable.
The strain gauges are excited in a half bridge configuration
by applying a DC voltage to the top and bottom strain gauge Vt
and Vb respectively. By tuning either Vt or Vb , the voltage
at the center of the half bridge Vc can be set to zero. Vc is
then amplified by a gain K, which provides a voltage Vg that
is proportional to the tip displacement. The sensitivity Ks is
found experimentally using the reference sensor. The estimated
tip displacement is ỹ in Fig. 1(b).
A block diagram of the setup is depicted in Fig. 2 where, W
represents the linear amplifier dynamics, P represents the
bender dynamics, Hl represents the laser dynamics, and H sg
represents the strain gauge dynamics. Therefore, the open-loop
transfer function of the integrated bender is
G(s) =

ỹ
= W (s)P (s)H sg (s)Ks .
u

(1)

III. E LECTROMECHANICAL MODEL OF THE
PIEZOELECTRIC BENDER

The proposed method uses the same principle as a resistive
metal foil strain gauge. That is, the electrical resistance change

Fig. 2: Block diagram of the piezoelectric bender system with
integrated strain sensors. The tip displacement of the bender
is also measured using the laser (y laser ) for sensor calibration
and comparison purposes.

In this study, Euler-Bernoulli beam theory is used. Tip
displacement is considered to be relatively small, no external
forces are exerted on the bender, and the driving voltage Vu
is assumed to be effective across the thickness h of each
piezoelectric plate. In Fig. 3, ls is the nominal length of the
strain gauges and t is a 0.5 mm gap which provides isolation
from the high-voltage electrode. Using the constitutive equation for the inverse piezoelectric effect [14], the stress σ in
each piezoelectric plate is,
σ = d31 E

Vu
+ E(x),
h

(2)

where, d31 is the piezoelectric constant, E is the Young's
modulus, and (x) is the strain along the neutral axis. For
relatively small tip displacements, (x) in (2) is replaced with
d2 y
(x) = −y dx
2 , where y is the vertical distance from the
neutral axis. The moment due to the external forces M (x)
can then be calculated by taking the integral of σy, over the
cross-sectional area of the bender [4], that is
M (x) = d31 EVu w

h
d2 y
− EI 2 .
2
dx

(3)

In (3), I is the moment of inertia and w is the width of the
bender. Given that external forces are assumed to be absent,
M (x) = 0, which simplifies (3) to,
d2 y
h
= d31 Vu w ,
2
dx
2I

(4)

which indicates that the bender is experiencing a pure bending
due to the applied driving voltage. Solving for y, at x = L,
the tip displacement is,
y tip =

d31 Vu whL2
.
2I

(5)

Fig. 3: Electromechanical model of the bender.
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Using (4), the average surface strain ave,t along the top sensor
length ls is
Z
1 ls +t
−d31 Vu wh2
ave,t =
(x) =
(6)
ls t
2I
Comparing (5) with (6), the tip displacement y tip and the
average strain ave,t are proportional. The proportionality is
y tip
L2
=− .
ave,t
2h

(7)

B. Surface Resistance change Measurement

ave ∝

∆Rt
∆Rb
∝
.
Rt
Rb

(9)

Using a gain of K, this voltage is amplified to Vg = KVc .
From equations (7-9),
(10)

The proportionality (10), is experimentally derived in the next
section. The estimated displacement ỹ is then
ỹ = K s Vg .

(a) Electrical connections of starin gauges

2 mm,

(11)

(b) Strain gauge circuit

Fig. 4: The electrical connection of the strain gauges (a) and
the equivalent circuit (b).
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∆Rb
∆Rt
∝
.
Rt
Rb

Vg ∝ y tip .

180 V,

(8)

Using (7) and (8), the tip displacement can be estimated by
measuring the resistance change, which is proportional to Vc .
The excitation voltages Vt and Vb are tuned so that the nominal

Rt
value of Vc is zero. When this is achieved, VVbt = − R
.
b
In the presence of strain, assuming that the strain gauges
are identical (Rt = Rb ), the voltage Vc is
Vc ∝

Fig. 5: The tip displacement versus driving voltage, when
the actuator is driven by a triangular voltage with increasing
amplitude.

Error (%)

Fig. 4(a) illustrates the electrical connection of the integrated strain gauges. A conditioning circuit provides the top
and bottom strain gauges with constant DC voltages of Vt and
Vb . The equivalent circuit is shown in Fig. 4(b) where the
nominal resistance of the top and bottom gauges is Rt and
Rb respectively. When the bender moves, the top and bottom
gauges experience a change in resistance ∆Rt and ∆Rb .
Assuming that the top and bottom sensors experience identical strain, ave = ave,t = −ave,b ,

(b) Nonlinearity

Fig. 6: The recorded time signals (a) and difference between
the reference ylaser and proposed sensor ỹ (b). In (a), the
peak-to-peak values are provided for the actuator voltage Vu ,
the reference sensor ylaser , and strain sensor ỹ.

IV. VALIDATION OF THE PROPOSED METHOD
A calibration experiment is first carried out where the
maximum available driving voltage range Vu = +/-90 V is
applied to the bender and the tip displacement is measured
using the laser sensor. The sensitivity gain is then calculated
as Ks = ylaser /Vg = 0.9 mm/V.
The performance of the proposed strain sensor is further
evaluated by applying a triangular driving voltage Vu to the
actuator at 33%, 67%, and 100% of the full-scale voltage
(±90 V). The resulting tip displacements measured by both
the reference and strain sensor are plotted in Fig. 5. The
voltage-displacement hysteresis can be clearly observed in
both signals.
Time signals are plotted in Fig. 6(a). A peak-to-peak driving
voltage of 180 V results in a full-range of 2 mm of the
displacement. A close agreement between the reference and
strain sensor can be observed. In Fig. 6(b), the output of
the reference and strain sensor are plotted against each other.
The difference between the two sensors is calculated as a
percentage of full-range, based on a least-squares fit for the
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Fig. 7: The normalized open-loop frequency response in blue,
measured from u to ỹ, in mm/V. The closed-loop frequency
response with damping-integral control, measured from r to
ỹ, in mm/V. Normalizing the open-loop frequency response is
achieved by multiplying the measured data by a gain of 7.9.
sensitivity and offset. The maximum difference is 1.1 % of
the full-range displacement. A polynomial calibration function
could be used to significantly reduce the residual error.
V. C ONTROLLER D ESIGN
In this section the performance of the proposed strain
sensor is evaluated in a closed-loop. A damping-integral
controller [10] is designed and implemented in the feedback
loop where the strain sensor measurement is used.
A. Damping-Integral Controller
The normalized open-loop frequency response from u to
ỹ, measured using a Quattro Data Physics signal analyzer,
is plotted in Fig 7. Investigating the frequency response, the
first resonance occurs at 57 Hz. A damping-integral controller
is designed to damp this resonance. Fig. 8 shows the block
diagram of the closed-loop system with the damping-integral
control strategy that includes an integral action
ki
,
(12)
s
a reconstruction filter Fr , and an anti-aliasing filter Fa . Both
filters are second-order low pass Butterworth filters [10].
ω
√ c
Fr = Fa =
.
(13)
2
s + 2ωc s + ωc2
Ci =

Fig. 8: Block diagram of the closed-loop system with the
damping-integral controller. The strain sensor output is the
measurement in the feedback loop.
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Fig. 9: Reference and measured closed-loop step response of
the integrated bender using a damping-integral controller.

The controller design criteria is to maximize the closed-loop
bandwidth without destabilizing the closed-loop system [10].
The closed-loop transfer function is
T =

Ci Fr Fa G
.
1 + Ci Fr Fa G

(14)

Employing the Nelder-Mead optimization algorithm [15], the
cut-off frequency of the filters ωc as well as the integral control
gain ki are optimized to fulfill the design criteria. The optimal
parameters are summarized in Table I. The resultant loop gain
and phase margin is 6 dB and 61◦ respectively.
TABLE I: Parameters of the damping-integral controller.
Parameter
Value
ωc
123 Hz
ki
406
B. Performance of the closed-loop system
The measured closed-loop frequency response of the bender
with a damping-integral control is plotted on top of the openloop frequency response in Fig. 7. It is observed that the first
resonant peak is substantially suppressed by 33 dB and the
resultant 3-dB closed-loop bandwidth of the system is 60 Hz.
The step response of the closed-loop system is plotted
in Figure 9. A settling time of 0.06 s is recorded with no
noticeable overshoot.
VI. C ONCLUSION
The article presents a new method for measuring the tip
displacement of piezoelectric benders by integrating resistive
strain gauges into the top and bottom electrodes. The change
in surface resistance is shown to be proportional to the tip
displacement in the absence of external forces. The strain
gauges are employed in a half bridge configuration to measure
the resistance change and tip displacement.
The presented method is experimentally compared to a
reference sensor. The maximum difference between the two
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sensor outputs was 1.1% of full range. The performance of
the presented method for control applications is experimentally
demonstrated by employing the method in a damping-integral
control structure. The proposed sensing method has limitations for high frequency applications due to the capacitive
coupling between the driven surface electrodes and the strain
gauges, which is in the tens of kilohertz. Future work includes
validating the high frequency performance of the proposed
sensing method. The sensor geometry will also be optimized
for external force measurement.

(a) Configuration 1

(d) Configuration 2

(b) Equivalent circuit

(e) Equivalent circuit

(c) Simplified circuit

(f) Simplified circuit
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A PPENDIX A
E LECTRICAL CONFIGURATION
Parallel poled benders, such as the Y-poled T220-A4-503Y
bender, can be driven in two configurations:
• Configuration 1: The driving voltage Vu is applied to the
middle brass layer and the external electrodes are ground.
• Configuration 2: The middle brass layer is grounded
and Vu is applied to the external electrodes.

Fig. 10: Two electrical configurations for driving the bender.

Configuration 1 is recommended by the manufacturer since it
is convenient to have grounded external electrodes. However,
this increases dynamic measurement errors. Figure 10 shows
both configurations and their equivalent electrical circuits.
The electrical connections in Configuration 1 are described
in Section II and depicted in Figure 10(a). The electrodes
are grounded and Vu is applied to the middle layer. The top
and bottom electrodes are electrically modeled as distributed
resistances in series, while piezoelectric layers are modeled
as distributed capacitors. piezoelectric layers are modeled as
capacitances. The electrical equivalent circuit is described
in Figure 10(b). Assuming that the resistances are equal, the
simplified circuit in Figure 10(c) is a high-pass filter which
allows direct feed-through from Vu to Vc at high frequencies,
which is highly undesirable.
In Configuration 2, the equivalent circuit and simplified
circuit is depicted in Figures 10(d) and (e) respectively. In this
configuration the direct feed-through is eliminated. In practice,
there still exists a small capacitive coupling between the driven
surface electrode and strain sensor; however, this is deemed
to be negligible in the frequency range of interest.
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