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Piezoelectric benders are widely used in industrial applications due to their low-cost and compact size.
However, due to the large relative size and cost of displacement sensors, bender actuators are often op-
erated in open-loop or with feed-forward control, which can limit positioning accuracy to 20% of full-scale.
To improve the positioning accuracy of piezoelectric benders, this article proposes integrating resistive
strain gauges into the electrode surface by chemical etching or laser ablation. These strain sensors are then
used to measure and control the tip displacement. The proposed sensors are shown to suffer from sig-
nificant cross-coupling between the actuator voltage and measured signal; however, this can be mitigated
by judicious choice of the sensor location and actuator driving scheme. In addition to position sensing, a
method is also presented for simultaneous estimation of the contact force between the actuator tip and

load. The proposed methods are validated experimentally by controlling the tip position of a piezoelectric
bender while simultaneously estimating the force applied to a reference load cell.

Crown Copyright © 2022 Published by Elsevier B.V. All rights reserved.

1. Introduction

The low cost, compact size, and large displacement of piezo-
electric bender actuators is well suited to applications such as buz-
zers in alarm devices, braille heads [1], needle actuators for knitting
machines [2], fiber optic switches [3], positioning of hard drive
heads [4], pneumatic proportional control valves [5], and cantilever
detectors in atomic force microscopy (AFM) [6].

Position and force control of piezoelectric benders can be
achieved by using feed-forward control using hysteresis models
[7,8], charge amplifiers [9,10], or feedback control using either po-
sition self sensing [11-13] or traditional sensors such as proximity
sensors, strain gauges, or laser interferometers.

Strain gauges are commonly used for estimating displacement or
force in piezoelectric systems [14-17]. To save space and cost, strain
gauges have also been integrated into the bender electrodes for
measuring bender tip displacement. However, previous work based
on strain sensors can measure the tip displacement, or contact force
but not both simultaneously [18,19]. Recently, a special strain gauge
geometry was proposed, whose sensitivity between strain and po-
sition is identical for excitations by tip forces and actuation voltages
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[20]. This allows for large tip forces when measuring displacement.
This new displacement measurement can also be augmented with a
simple first order model for estimating tip forces.

In this article, we develop a detailed electromechanical lumped
parameter model for the strain based displacement sensor in [20]. In
addition to strain response, the model also includes capacitive
feedthrough from the actuation electrodes, and the induced piezo-
electric voltage from the piezoelectric layer underneath the strain
gauge. Thus, the model provides insights into design parameters that
govern the magnitude of the unwanted feedthrough and induced
piezoelectric voltage. This model will also be employed to design a
position feedback controller that is robust to disturbance forces and
sensor cross-coupling.

The remainder of this article is structured as follows: In Section 2,
a lumped parameter model relating strain to position is developed.
Section 3 outlines a simple displacement control scheme. In Section
4, the performance of the control system is experimentally verified.
Finally, conclusions are provided in Section 5.

2. Modeling strain response

Two resistive strain gauges were created on the outside elec-
trodes of a T220-A4BR-2513XB piezoelectric bender from Piezo
Systems using a factory etching process. The mechanical properties
are listed in Table 1. The bender is rigidly clamped at the strain gauge
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Table 1

Bender Specifications.
Parameter Value
PZT Material PZT 5A
Center Electrode Material Brass
Bender length L, 63.5 mm
Bender width W 31.75 mm
Bender thickness t 0.51 mm
PZT Thickness 0.19 mm
Center electrode thickness 0.13 mm
Spring constant k 0.388 N/mm
Resonant frequency fo 88 Hz
Unclamped bender length L 57 mm
Strain gauge connector location x; 0 mm
Strain gauge end location x; 38 mm

2/3L

Resistive F

Strain =V

Gauge Z
x

Fig. 1. Bender geometry with resistive strain gauges embedded into outside elec-
trodes. Strain gauges span 2/3 of the bender length, which provides equal sensitivity
to actuation voltage V, and tip force F.

connectors as indicated in Fig. 1. The unclamped portion of the
bender has a length of L. The bender deflects in response to a tip
force F and an actuation voltage V, applied to the outside bender
electrodes. To achieve equal sensitivity between strain and tip dis-
placement for the two excitation mechanisms, the length of the
strain gauges spans two thirds of the length of the unclamped por-
tion of the bender [20].

2.1. Sources of feedthrough

The bender consists of two piezoelectric layers (PZT 5A) which
are separated by a grounded center electrode (Brass) and sand-
wiched between two outer electrodes (Nickel) as schematically
shown in Fig. 2. This configuration reduces unwanted capacitive
feedthrough from the driving voltage electrodes to the strain gauges
compared to the more conventional configuration with grounded
outer electrodes [19]. The remaining feedthrough is modeled as a
parasitic capacitance Cr between the strain gauges and the actuation
electrodes. In addition, the piezoelectric layers underneath the strain
gauges will induce a voltage Vp that is coupled into the strain gauges
through the piezoelectric capacitance Cp. Both of these couplings
lead to significant feed through at high frequencies.

If the parasitic and piezoelectric capacitances are equal for the
top and bottom layer, the unwanted feedthrough voltages can be
canceled using the half bridge configuration depicted in Fig. 3. The
circuit is biased with a voltage Vp and the change in strain A is
measured by the differential bridge voltage Vs. The active strain re-
sistors Rs; and Rs, are balanced by bridge completion resistors Rg;
and Rp,. When measuring Vs, only the difference between the
feedthrough components from Cr; and Cg, are seen. Similarly, only
the difference between the induced piezoelectric voltages coupled
into the bridge circuit through Cp; and Cp, are seen in Vs. Since the
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Brass center electrode

Fig. 2. Feedthrough model of the bender. Actuation voltage V4 and induced piezo-
electric voltage Vp couple into the bridge voltage Vs through Cr and Cp respectively.
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Fig. 3. Equivalent circuit diagram of Wheatstone Bridge. The active strain resistors Ry
and R, are balanced by bridge completion resistors Rg; and Rg;. Feedthrough from V,
and Vj distorts the bridge voltage Vs.

top and bottom layers are almost identical, the feedthrough and the
induced signals are expected to be small. However, due to the ca-
pacitive coupling, these components will increase with frequency.
The capacitive nature of the feedthrough is confirmed by mea-
suring the frequency response of tip displacement Z and bridge
voltage Vs shown in Fig. 4. The measurements shown in solid lines
are obtained with a Polytech PSV-Z-040 laser Doppler vibrometer.
The bender is excited with a linear chirp function containing fre-
quencies between 10 Hz and 200 Hz. Measurements are averaged
over 1024 chirps to reduce noise. The narrow peak at 50Hz is a
result of the line frequency in the lab. Second order models are su-
perimposed using dots. The tip displacement has alternating re-
sonance poles and anti resonance zeros that correspond to the
mechanical modes of the cantilever beam. The strain measurement
is obtained from a custom built bridge circuit followed by a 1Khz
analog lowpass filter. It is scaled to provide the same DC-gain as the
displacement Z. To separate the strain response from the feed-
through responses, the bias voltage V3 is set to zero for the red line,
resulting in the response of the two feedthrough components only.
The resonance peak is caused by the induced piezoelectric voltage.
As expected, the feedthrough magnitude increases with frequency
due to the capacitive coupling with Vs. When a biasing voltage of V;
=2.5V is applied, the sensor response due to tip displacement is
added to Vs, leading to a flat magnitude response at low frequencies
as indicated by the yellow line. However, feedthrough becomes
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Fig. 4. Frequency responses of the piezoelectric bender. G(s) and Gs(s) are the fre-
quency responses measured from the actuation voltage V4(s) to the tip displacement Z
(s), and bridge voltage Vs(s) respectively. Measurements are shown in solid lines;
Second order models are superimposed using black dots. For Vz =0V, only feed-
through components are present in V(s). When V = 2.5V the sensor response due to
tip displacement is added to the feedthrough response.

dominant well before the first resonance and drowns out strain, the
actual signal of interest.

All three responses show identical resonance frequencies.
However, the frequencies of the resonance zeros are unique for each
measurement. The remainder of this section is dedicated to deriving
a lumped parameter model that links the three responses in Fig. 4.
The model will be derived for the first resonance frequency only, but
could easily be extended to higher order modes by including addi-
tional poles and zeros in the transfer functions of displacement and
strain. The resulting model will be used in Section 3 for designing
displacement controllers.

2.2. Modeling tip deflection response Z(s)/Va(s)

The transfer function from actuation voltage to tip displacement
is characterized by alternating pole and zero pairs. In this study, the
displacement analysis is limited to a dominant single pole pair:

_ Z(S) _ Kz

G = =
z(8) Vals) (win)z_’_%{ns_'_l (1)

where wy,, ¢, and K are the natural frequency, damping ratio, and
DC gain respectively. The lowest resonance frequency of a bender is
caused by the first bending mode. It can be determined analytically
from [21]:

3
wp = 3.52 % 2)

where E, I, L, and m are the Young’s modulus, the second moment
of area, the length of the beam, and the mass of the beam. The
bender in this study has a natural frequency of 78 Hz with a damping
ratio of {=0.01. The DC gain of the bender is K, =0.008 mm/V. This
model fits the measurements in Fig. 4 well and for comparison it is
superimposed on the measurement using black dots.

2.3. Modeling the bridge voltage response Vs(s)/Va(s)

The deflection of the bender is accompanied by strain in the top
and bottom layer. This strain is detected by the resistive strain
gauges etched into the electrodes. The transfer function between
applied voltage and measured average strain along the strain gauge,
A(s), has the same poles as the deflection transfer function, but a
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different DC gain, Ka. That is, the transfer function from applied
voltage to strain is

A(s) Ky
Ga(s) = = .
Va(s) sV, 2%
W) R (3)

The strain, A(s), is transformed to a measurable bridge voltage Vs
(s) using the bridge circuit shown in Fig. 3. Unfortunately, the in-
duced piezoelectric voltage Vp(s) and the actuation voltage V4(s) are
also coupled into Vs(s). An expression relating bridge voltage Vs(s) to
actuation voltage V,(s) is derived in the Appendix and is found to be:
_Vs(s) _ K

= 55(Cs + Gul5)(Vp — as)).

G =9, 7 2 @)

The difference in parasitic capacitance between top and bottom
layer causes a feed-trough from the actuation voltage that is de-
scribed by C. The difference in induced piezoelectric voltage is
characterized by a. Both of these parameters are obtained by fitting
(4) to the experimental response of Vs to excitations from the ac-
tuation voltage V4. The gain Ks is introduced to adjust the scale of the
bridge voltage. The DC magnitude of the bridge voltage is adjusted to
match the DC magnitude of the tip deflection:

2K
AN (5)

The fitted second order models in Fig. 3 correspond well to the
measurements. However, the negative sign of the induced piezo-
electric voltage results in a dominant pair of non-minimum phase
zeros whose frequency is well below the first resonance frequency.
This is shown graphically with the pole zero map in Fig. 5, where the
zero locations of xj—g are plotted for three values of Vj that represent

the typical range of bridge bias voltages for commercial strain
gauges.

Non-minimum phase zeros in the plant transfer function reduce
the stability margins of closed loop control systems. Since it is not
possible to invert a plant with non-minimum phase zeros, these
ultimately limit the bandwidth of a closed loop controller.
Unfortunately, the presence of these non-minimum phase zeros is
difficult to avoid. They are the result of geometry and material var-
iations between the top and bottom layer strain gauges. Fig. 5 il-
lustrates that increasing the bridge bias voltage Vp increases the
frequencies of the non-minimum phase zeros towards the first re-
sonance frequency. However, the resulting higher current through
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Fig. 5. Pole zero map of Gs(s) =Vs(s)/Va(s). The frequency of non-minimum phase
zeros increases with bridge bias voltage V. The location of the lightly damped poles at
78 Hz is unaffected by the magnitude of V.
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the strain gauges dissipates more heat. Any resistance differential of
the two strain gauges would then lead to a temperature difference
between top and bottom electrodes and drift in the strain mea-
surement.

2.4. Modeling contact force, Fc

From the previous section, a position controller that uses etched
strain gauges for position feedback is limited by the non-minimum
phase zeros below the first resonance frequency. Thus, a model for
estimating contact forces at the tip of the bender can be quasi static
as the effect of inertial forces is negligible. By also neglecting hys-
teresis, a simple linear model for contact force Fcis ([22]):

Fc =nVy — kZ (6)

where n is a piezoelectric coupling parameter, k is the bender
stiffness, and the tip displacement Z is estimated from the strain
sensor. Both n and k are fitting parameters obtained from fitting the
model (6) to the experimental data. Even though the lack of a hys-
teresis term in this model leads to force estimation errors of 10%, this
simplification is sufficient for many practical applications ([20]).

3. Controller design

Pick and place operations for bender type actuators typically
require step position changes. An ideal transient response between
steps should minimize settling time and overshoot.

A block diagram of the position control system in this study is
shown in Fig. 6. The plant consists of a transfer function for dis-
placement, G(s), and a transfer function for the bridge voltage Gs(s).
The controller bandwidth is limited by the dominant non-minimum
phase zeros of Gg(s). Since Gs(s) shares the same DC gain and
dominant pole pair with Gs) (see Figure Fig. 4), controlling the
bridge voltage V(s) will also control bender position Z(s). The two
signals will differ during transients but they will approach each
other during steady state.

The bode plot of the plant transfer function Gs(s) shown in yellow
in Fig. 1 illustrates the rising magnitude response with frequency
that is a result of feedthrough from V4(s) and the induced piezo-
electric voltage Vp(s). This causes instability due to positive feedback
at high frequencies when using a simple proportional feedback
controller. An integral controller stabilizes the control loop:

_K
T s (7)

However, the simple integral controller leads to a slow closed
loop response since the resonance peak limits the loop gain K; re-
quired to achieve sufficient phase margin. Adding a notch filter in
series with the integral controller allows for higher loop gain which
results in a faster closed loop response:

G(s)

Controller Plant
v, Z
7R(s) >@—> C(s) 46s) > Gz(s):é((ss)) H— (S)>
'
Vs
! GS(S)ZVA((?) I
Vs(s)

Fig. 6. Position control loop. G(s) and Gg(s) share the same poles but they have dif-
ferent zeros.
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Fig. 7. Modeled closed loop step response with 20 dB gain margin. Bridge voltage Vs
and tip displacement Z have a time constant of approximately 0.05s.
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NS S 4 2wps + w2 (8)

In an atomic force microscope with a bender tapping a sample,
the contact of the bender tip with the sample would increase the
resonance frequency. If the bender were used in a micro gripper, the
added mass of an object being held by the gripper would reduce the
resonance frequency. Thus, in a practical application it can be ne-
cessary to widen the stop band of the notch filter in order to ensure
sufficient damping for the expected range of resonance frequencies.
Fig. 7 illustrates the modeled step response of the integral controller
and notch filter with a 20 dB gain margin. The transient responses of
Vs(s)/R(s) and Z(s)/R(s) differ slightly due to different zero locations,
but they approach the same final value with a time constant of ap-
proximately 0.05 s

4. Experimental validation

The performance of the position controller is evaluated experi-
mentally using the setup shown in Fig. 8. A MicroLabBox from
dSpace is utilized to perform data acquisition and control. It is
connected to the strain gauge on the bender through a custom
bridge circuit and a Krohn-Hite 3384 anti aliasing filter. The control
voltage is amplified by a PiezoDrive PD200 amplifier and then

E] > Amplifier ‘—l
Filter
Control T

and DAQ Bridge
system Cireuit

Load Cell

Laser
Sensor

Vibration Isolation Table

Fig. 8. Experimental setup. The position of the loadcell can be adjusted to provide
different levels of contact force.
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Fig. 9. Experimental step response with blocking forces. The bender is driven against a load cell. The load cell is stationary during contact, but is moved closer each cycle.

applied to the bender electrodes. A Di-Soric LAT61 Laser triangula-
tion sensor with a resolution of 1.5 ym and a bandwidth of 2.5 kHz is
also connected to the MicroLabBox. The laser sensor is not utilized
by the control system but provides a ground truth for evaluating the
accuracy of the strain sensor. To study the effect of disturbance
forces, a Forsentek FC10C-5 kg strain based load cell with a max-
imum load rating of 5kg is positioned relative to the tip of the
bender with a single axis positioning stage from Thorlabs.

During the experiments, the bender is tasked to follow cyclic step
changes between + 0.6 mm which represents approximately 75% of
the bender’s displacement range. During the first cycle, no dis-
turbance forces are present. During each subsequent cycle, the load
cell is moved closer to the bender leading to progressively larger
disturbance forces.

Displacement and force are shown in rows one and two of Fig. 9
respectively. During transients, the difference between the strain
sensor and the laser sensor increases, but they approach each other
during steady state. This is a result of the feedthrough components
that are present in the strain measurements but absent in the laser
measurements. During steady state, the position measurement error
drops to less than 2% even in the presence of considerable dis-
turbance forces, that are caused by the load cell blocking the
bender’s tip displacement in cycles two, three, and four.

The second row of Fig. 9 compares the tip force measured by the
reference load cell to the tip force estimate obtained from (6). The
large transient oscillations seen in the latter measurement originate
from the strain based position measurement feeding into (6). The
resulting transient force measurement errors can reach up to 80% of
full scale when the bender looses contact with the load cell as seen
at 1.5s. Furthermore, since the force estimation does not take into
account hysteresis, errors of up to 10% are observed during the quasi
static portions of the experiment. This error could be improved by
adding a hysteresis model, but this is not the focus of the current

study since most pick and place operations only require rough es-
timates of force.

5. Conclusions

This article describes a position controller for a piezoelectric
bender with strain gauges etched into the outer electrodes. A
lumped parameter model reveals that the strain measurements are
dominated by a pair of non-minimum phase zeros at a frequency
slightly lower than the first mechanical resonance frequency of the
bender. Thus, the bandwidth of the position controller is limited by
the frequency of the non-minimum phase zeros. Nevertheless, step
responses with a time constant of approximately 50 ms and steady
state errors of less than 2% are achieved experimentally. A linear
model for estimating contact forces is also presented and results in
less than 10% error. Given the promising results in this study, the
authors will expand the control scheme to a setup with two benders
that can perform simultaneous force and position control for an
object held between the benders’ tips.
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Appendix A. Appendix: Derivation of the Expression for Bridge Voltage

The transfer function between actuation voltage V4(s) and bridge voltage V(s) is derived from Fig. 3. The superposition theorem is applied
to include piezoelectric voltage Vp(s) and feedthrough from the actuation voltage V4(s). We first analyze the resistance change of the strain
gauge R(1 + A(s)). In this case, the response from capacitive feedthrough and induced piezoelectric voltage are removed by setting V4(s), Vpi(s),
and Vpy(s) to zero. Further, assuming perfectly matched parameter values between the four bridge branches (R = Rs; = Rs» = Rgy = Rpp, Cr = Cgy
= Cp, and Cp = Cpy = Cpy) the bridge voltage V(s) is described as a function of the changes in strain A(s) of the strain gauges:

Vs(s) | - Ve ZS+ef

AGS) lypg 2 (5 + wp)?
Vpo=0 (9)
where w, = —2 The scale factor of V/2 is a result of the half bridge configuration employed in this setup. The lead and quadratic lag

R(CF+Cp)” i .
term are a result of the coupling capacitances Cr and Cp.

For perfectly matched parameters between the two piezoelectric layers, the bridge configuration results in a complete cancellation of
feedthrough originating from Vj(s), Vp(s), and Vpy(s). In practice, this cannot be achieved.

We will first study the effect of actuator feedthrough caused by an imbalance between Cr; and Cg,. By setting Vi, Vp((s), and Vpy(s) to zero,
the transfer function between Vg(s) and Vj4(s) is obtained:

Vs (s) o = Cr1— G2 wps _
Va(s) vsl;o 2 wp+S
Vp2=0 (10)

Modeling the induced piezoelectric voltage proportional to strain, Vp(s) = — a;A(s) and Vp(s) = - apA(s), the transfer function between Vi(s)
and strain A(s) due to the induced piezoelectric voltages is derived as

_ Cp1on — Cppay wpS

V4=0 2 wp+ S’
V=0 (11)

In practice, o, is much larger than the frequencies of the non-minimum phase zeros of Gg(s). Since the controller bandwidth is limited by
these non-minimum phase zeros, (9), (10), and (11) can be combined into a compact transfer function of the bridge voltage Vs(s) over actuation
voltage Va(s):

Gs(s) = B56) _ L 4 Gu(s) (Vs — as))

S Vals) 2 (12)

where C =Cg - Cr and a=Cpraq — Cpraz.
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