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ABSTRACT
The aim of this paper is the estimation of force in a two degrees of freedom (2-DoF) piezoelectric actuator
devoted to microrobotic manipulation tasks. Due to the limited space and to the small sizes of the actuator,
the use of external sensors to measure both the displacement and the force played into role during the tasks are
impossible. Therefore the deal in this study consists to propose observer techniques to bypass the use of force
sensors. Based on the unknown input observer (UIO) technique, force along the two directions (y and z axes)
of the actuator can be estimated precisely and with convenient dynamics. Additionally to the force, the state
vector of the actuator is also estimated. Experimental tests are carried out and demonstrate the eectiveness of
the method.
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1. INTRODUCTION
Piezoelectric cantilever actuators are widely used as precise positioners thanks to their high bandwidth and high
positioning resolution 13 . One of their principal applications in precise positioning is microrobotic tasks such as
micromanipulation or microassembly 3 . Microrobotic tasks mainly involve real-time displacement measurement.
However, knowing in real-time the force played into role potentially increases the performances and the success
rate of the tasks. Measuring both the displacement and the force is however a great challenge in these applications
due to the limited space and to the lack of performant but embeddable sensors to carry out the measurement.
In fact, within the range of force played into role during a micromanipulation or a microassembly that we are
dealt with (from 1mN to tens of milliNewton) 3, 4 , it is shown that there is a lack of convenient sensors. Indeed
sensors that have the necessary performances in term of bandwidth, resolution and precision such as those based
on capacitive sensors 5 are not embeddable and could not be used in real-time tasks situation. On the other
hand, embeddable sensors like strain gage 6 do not often have the required performances, for instance in term
of range or precision. It is also possible to equip a piezoelectric cantilevered actuator with an end-eector that
has a force measurement feature, such as that presented in 7, 8 . Based on silicon and piezoresistive materials, the
end-eector was microfabricated in clean-room which may be costly and time-consuming. Finally, a promising
work regarding the measurement of signals in a piezoelectric device working in microrobotic application consists
to use the actuator as sensor at the same time. Called self-sensing 9, 10 , this technique has an interesting
packageability feature but requires a conveniently designed electrical circuit. To bypass the use of force sensors,
a way consists in combining observer techniques with the available sensors, mostly displacement sensors, which
permit to provide an estimate of the force in real-time thanks to mathematical algorithms. Observers present
not only a packageability feature but also a low cost of the nal device.
Observer techniques have been introduced as complementary measurement tools in piezoelectric actuators and
proved their eciency to track the force or the displacements with enough precision and/or enough bandwidth
these last years. The challenge in estimating force is the fact that it is an exogenous signal in a piezoelectric

cantilevered actuator, and thus standard state estimation cannot be directly used. In addition, similarly to
classically sized manipulators, micromanipulators such as piezoelectric cantilevered actuators have their force
models strongly dependent on the manipulated objects characteristics 12, 13 . In 11 , the force has still been
considered as state and a Luenberger state-observer has been applied. To make the observer calculable, the
force dynamics equation had to be imposed, which in this case was imposed equal to zero ( dF
dt = 0). In order
to avoid the consideration of the force dynamics which needs to be modeled for every object manipulated, an
inverse dynamics based force estimator (i.e. observer) was proposed in 13 . The aim consists in directly extracting
the force from the initial model that links the input force, the input voltage, and the output displacement of
the piezoelectric actuator. However since the estimation is 'open-loop', this technique is sensitive to model
uncertainties. In addition, a direct inversion of the dynamics (transfer function) is carried out which requires
some conditions on the model: bi-causality and non-minimum phase. Later on 14 , the force was considered as
unknown input and then an unknown input observer (UIO) was applied.This approach has multiple advantages
relative to the previous techniques: i) there is no need to have the force dynamics model, ii) the observer is 'closedloop' (i.e. there is a real-time correction gain inside the osberver) making this more robust than the open-loop
estimation in 13 , iii) and the whole state of the actuator is also estimated additionally to the force. Furthermore,
the UIO based force estimation can be combined with a self-sensing technology to have a fully packageable device
where the force and the displacement measurements do not require external sensors 15 . Nonetheless, all these
existing works were limited to single degree of freedom (1-DoF) piezoelectric actuators and are well convenient
for monovariable force control 16, 17 . They cannot be applied to multi-DoF actuators which are increasingly
developed and used these last years 1823 .
This paper deals with the estimation of force in a 2-DoF piezoelectric actuator. For that, the unknown input
observer (UIO) based on inverse dynamics is proposed which permits to avoid the force dynamics modeling.
Furthermore, the fact that the observer encloses a correction gain permits it to be more robust than 'open-loop'
estimation technique. The main advance relative to the previous existing force estimation works in piezoelectric
actuators is that we deal several degrees of freedom in this paper and the actuator exhibits strong cross-couplings
that should be carefully modeled and accounted for in the observer synthesis. Experiments were carried out and
demonstrated the eciency of the approach.
The remainder of the paper is organized as follows. In section-2, we present the piezoelectric actuator and
the experimental setup. Section-3 is devoted to the experimental modeling of the piezoelectric actuator and the
parameters identication. The synthesis of the force observer as well as the experimental validation are developed
in section-4. Finally, section-5 provides the conclusion of the paper.

2. PRESENTATION OF THE EXPERIMENTAL SETUP
The principle of the piezoelectric actuator used in this paper has been patented in 22 and employed as microrobotic
device in 24, 25 . Fig. 1 pictures the actuator used which has active dimensions of: 22mm × 1mm × 0.9mm. It
can perform a bending along two directions (y and z axes) thanks to two independent input voltages Uy and Uz .
For each axis, the voltage input can range between ±10V and the output displacement between ±50µm. The
whole experimental setup is composed of:
• the piezoelectric actuator (piezocantilecver) itself,
• two displacement sensors used to measure the actuator bending along the y and z axes. The displacement
sensors are inductive sensors from IBS -company and tuned to have in excess of 1.5kHz of bandwidth which

is sucient for the experiments carried out,

• two force sensors from

femtotools -company used to measure the forces along the two axes. It is important
to mention that these force sensors are only used to identify the model parameters and to validate the force
observer technique proposed. Each of the two force sensors is mounted on a manual precise positioning
table. Hence, it is possible to push the sensors towards the actuator permitting to simulate a manipulation
force,

• a computer with Matlab-Simulink software which is used for to generate the voltages, to acquire the output
signals (displacement, force) and to implement the observer. The sampling time is set equal to Ts = 50 µs.

This is suciently small to account for the dynamics of the actuator and for the performances of the
sensors,

• and a dSPACE-board which serves as interface between the computer and the external (sensors, actuator).

Figure 1: Presentation of the experimental setup.

3. MODELING THE 2-DOF PIEZOELECTRIC ACTUATOR
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be the force vector that acts at the tip of the actuator. Assuming that the creep nonlinearity is
Fz
neglectible, the relation that links the displacement δ with the voltage U and the force F is given by 25 :

(1)

δ(s) = Γ(U (s))D(s) − (sp ◦ D(s))F (s)

where s is the Laplace variable, Γ(U (s)) is a rate-independent hysteresis operator, D(s) is a normalized
dynamics (Dij (s = 0) = 1, Dij (s) being the elements of D(s)) and sp is the compliance of the actuator.
Notation sp ◦ D(s) indicates the Hadamard product between the two matrices sp and D(s). We have:
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stand for the cross-couplings

(3)

where spii (i ∈ {y, z}) indicate the direct transfers compliances, and spij (i 6= j ) indicate the cross-coupling
compliances,
and


Γyy (Uy (s))
Γyz (Uz (s))
Γ(U (s)) =
(4)
Γzy (Uy (s))

Γzz (Uz (s))

where Γij (Uj (s)), with i ∈ {y, z} and j ∈ {y, z}, is the hysteresis operator that links the output i with the
input Uj . When i = j , we have the direct transfers, whilst when i 6= j , we have the cross-couplings.

3.1 Identication of the dynamics D(s) parameters
To identify the dynamics D(s) parameters, step responses are used. First a step input voltage Uy of 5V amplitude
is applied to the actuator whilst the voltage Uz is left equal to zero. The output displacement y is recorded and
the direct transfer Uyy is identied from the experimental data by using the ARMAX technique (Auto Regressive
Moving Average with eXternal inputs) and the Matlab software 26 . In the meantime, the output displacement
z is also recorded and the cross-coupling transfer Uzy is identied. Afterwards, we set Uy = 0 and apply a step
voltage Uz = 5V . The resulting output y permits to identify the cross-coupling transfer Uyz while the resulting
output z permits to identify the direct transfer Uzz . The identication yields:


D(s) = 

214.5s2 +1.147×107 s+1.633×1011
s3 +2991s2 +1.02×107 s+2.957×1010

s3 +1201s2 +1.018×107 s+1.147×1010

−6.622s2 −3.29×105 s−3.732×109

253.4s2 −7.05×105 s−2.342×108
s3 +356.6s2 +1.01×107 s+3.283×109

332.3s2 +1.536×107 s+1.074×1011
s3 +2802s2 +7.945×106 s+2.156×1010





(5)

Fig. 2 pictures the experimental step responses and the simulation of the identied model which shows a
good adequacy, in particular for the direct transfers. Notice that the choice of the models orders during the
identication was carried out as a compromise between the models simplicity and their precision.

Figure 2: Experimental step responses and model simulation for the dynamics D(s).

3.2 Identication of the hysteresis operator

Γ(U (s))

parameters

There are several hysteresis modeling approaches used for smart materials, for instance: the Bouc-Wen approach
27, 28 , the polynomial 29 , the lookup tables 30 , the Preisach 3136 , the Phase-Preisach combined approach 37 and
the Prandtl-Ishlinskii approach 3844 . The classical Prandtl-Ishlinskii is based on the superposition of elementary
operators called hysterons. It has an interesting precision feature and is well adapted to real-time applications.
The hysteron in the classical Prandtl-Ishlinskii model is the play-operator or backlash. We choose this model for
each of the transfer Γij (Uj (s)). We rst remind the backlash operator before presenting the classical PrandtlIshlinskii model. We shall use the time-domain notation Γij (Uj (t)) instead of the Laplace domain notation
Γij (Uj (s)) for the hysteresis model.
A backlash (or play-operator) γ(U (t)) is dened by:
s(t) = γ(U (t)) = max {U (t) − r, min{U (t) + r, δ(t − Ts )}}

(6)

where Ts is the sampling time, r is the threshold, U is the input and s is the output of the backlash.
Thus, a complex hysteresis Γij (Uj (t)) is dened as the superposition of several backlashes:

δi (t) = Γij (Uj (t)) =

nij
X
k=1

wijk · γijk =

nij
X

wijk · max {Uj (t) − rijk , min {Uj (t) + rijk , sijk (t − Ts )}}

(7)

k=1

where δi ∈ {y, z} is the output, indix ij stands for the transfer that links the input Uj with the output δi ,
nij is the number of backlashes in the model, wijk is the weighting of the k th backlash, rijk is the threshold of
this latter, and sijk is its elementary output.
The characterization of the hysteresis and identication of the model parameters are as follows. We rst
apply a sine input Uy with an amplitude of 5V and a frequency of 0.1Hz to the actuator, Uz being set equal to
zero. We record the resulting output y and output z . Fig. 3-a (green) depicts the hysteresis of the direct transfer
Uy → y and Fig. 3-c (red) depicts that of the cross-coupling Uy → z . Then we apply a sine input Uz with the
same amplitude and frequency, Uy being set to zero. The resulting output y and output z permit to plot the
cross-coupling Uz → y (see Fig. 3-b (green)) and the direct transfer Uz → z (see Fig. 3-z (red)) respectively.
After imposing the number of backlashes nij = 15, ∀i and ∀j , the identication of the models parameters wijk
and rijk follows the procedure in 42 . The simulation of the identied models is afterwards plotted in the same
gures (see Fig. 3 (blue)) which well ts with the experimental hysteresis. Notice that the cross-couplings are
almost linear.

3.3 Identication of the compliance sp
The compliance sp is identied as follows. First a constant force Fy is applied along the y axis by pushing the
force sensor towards the actuator thanks to the manual precise positioning table. The resulting bending of the
actuator along the two axes are measured and the compliances spyy = Fyy and spzy = Fzy are calculated. Then,
the force Fy is set equal to zero and a force Fz is applied by pushing the second force sensor along the z axis
towards the actuator. Then, with a similar way, the compliances spyz = Fyz and spzz = Fzz are calculated.

4. FORCE ESTIMATION USING THE UNKOWN INPUT OBSERVER
We present in this section the estimation of the force F . The principle consists in considering the force as unknown
input and in applying an unknown input observer to provide an estimate F̂ . An advantage of such structure is
that there is no need to know the dynamics of the force which is strongly dependent on the manipulated object.
In addition, the state of the actuator can also be estimated thanks to the observer.

(a)

(b)

(c)

(d)

Figure 3: Experimental hysteresis and model simulation.

4.1 Transforming into state-space representation
Let us rst transform the model into a state-space representation. Applying similar way than for the monovariable
case in 14 , the bivariable piezoelectric model in Eq. 1 can be transformed into state-space model as follows:


ẋ(t) = Ax(t) + β(U (t), δ(t)) + BF (t)
(8)
δ(t) = Cx(t)

where x ∈ R2n is the state vector, β(U (t), δ(t)) is a nonlinear function including the eects of hysteresis,
A ∈ R2n×2n is the state matrix, C ∈ R2×2n is the output matrix and B ∈ R2n×2 is the disturbance input matrix.
The number n is the state number for the model of each axis. We have: n = 3.

4.2 Observer principle
The UIO technique uses an estimation of the state of the system to generate an estimation of the unknown input
(which is in our case the manipulation force). The UIO technique is therefore composed of two observers: a
Luenberber observer which provides an estimate of the state, and the input observer which provides the estimate
of the force. First, assume that the force F is known. Thus the Luenberger observer is described by:


˙
x̂(t)
= Ax̂(t) + β(U (t), δ(t)) + BF (t) + K(δ(t) − δ̂(t))
δ̂(t) = C x̂(t)

(9)

where x̂(t) is the estimate state, δ̂(t) is the estimate of the output displacement derived from x̂(t), and K is
the state-observer gain which correct in real-time the estimation.
Then, based on the newly known signals, i.e. the input U (t), the displacement δ(t) and the estimate state
˙ , a force observer is constructed:
x̂(t) as well as its derivative x̂(t)
˙ + G3 β(U (t), δ(t))
F̂ (t) = H1 δ(t) + H2 δ̇(t) + G1 x̂(t) + G2 x̂(t)

(10)

where H1 , H2 , G1 , G2 and G3 are the gains of the force observer.
The estimate force F̂ (t) is afterwards used for the state-observer in Eq. 9. Notice that in the force observer
˙
in Eq. 10, it is preferable to use the derivative δ̂(t)
of the estimate displacement instead of the derivative δ̇(t) of
the measured displacement in order to avoid the amplication of noise. Based on these elements, the unknown
input observer composed of Eq. 9 and Eq. 10 becomes:




˙
x̂(t)
= Ax̂(t) + β(U (t), δ(t)) + B F̂ (t) + K(δ(t) − δ̂(t))
δ̂(t) = C x̂(t)


˙
˙ + G3 β(U (t), δ(t))
F̂ (t) = H1 δ(t) + H2 δ̂(t) + G1 x̂(t) + G2 x̂(t)

(11)

The calculation of the state-observer gain K is based on the classical poles-assignment while the calculation
of the force-observer gains H1 , H2 , G1 , G2 and G3 is eectuated using the inverse dynamics technique in 45 .
Fig. 4 depicts the block-diagram of the UIO observer and of the piezoelectric actuator. As we can see, a lter
F(s) has been added inside the observer. This lter is used to avoid algebraic loop error that may occurs when
the dynamics played into role is very quick, which is the case for piezoelectric systems. In order to not modify
the functioning of the observer however, the lter is chosen to be as fast as possible. After dierent trials, the
lter is chosen as:
F(s) =

1
1+τf s

0

0

!

(12)

1
1+τf s

where τf = Ts = 50µs.

piezoelectric
actuator

state-observer

force-observer

ﬁlter

Figure 4: Structure of the unknown input observer.

UIO

4.3 Experimental results
The synthesized observer has been implemented in Matlab-Simulink and run in real-time thanks to the dSPACE
board. To verify the eciency of the observer, we carried out two experimental tests.
   
F
0
First, the estimation of a null force is carried out. For that, the force is left equal to zero: F = y =
.
Fz
0
Then, we apply a series of steps of voltage Uy and Uz . Fig. 5-a depicts the resulting displacement along y axis
(green) and along z axis (red) and Fig. 5-b depicts the estimate force F̂y (blue) and estimate force F̂z (black).
As we can see from these results, whatever the displacements y and z are, the maximal error estimation in the
force is 0.8mN for Fy and 0.55mN for Fz , except during the transient part where we can observe a peak in
excess of 1mN and of 0.6mN respectively. These peaks are due to the uncertainties in the dynamics D(s) which

therefore cause higher errors at high frequency.

(a)

(b)

Figure 5: Estimation of a null-force.

We now leave the voltages Uy and Uz equal to zero and apply varying forces Fy and Fz by pushing the
manual precise positioning tables that support the force sensors towards the actuator. In the meantime, the
force sensors are used to measure the real force permitting to validate the estimates F̂y and F̂z . Fig. 6-a depicts
the displacement y (green) when Fy is applied and Fig. 6-c depicts the corresponding force Fy (green) and the
estimate force F̂y (blue). On the other hand, Fig. 6-b depicts the displacement z (red) when Fz is applied and
Fig. 6-d depicts the corresponding
force Fz (red) and the estimate force
F̂ (black). These results clearly show
 
 y
that the estimate force F =

F̂y
F̂z

well tracks the real force F =

Fy
Fz

which demonstrate the eciency of the

observer even in presence of the hysteresis nonlinearity and of the strong cross-couplings that typify the actuator.

(a)

(c)

(b)

(d)

Figure 6: Estimation of a non-null force.

5. CONCLUSIONS
This paper presented the estimation of the force in a piezoelectric cantilever actuator. The actuator has two
degrees of freedom (2-DoF) and the force to be estimated is along two axes. Furthermore, the actuator exhibits
hysteresis nonlinearities and strong cross-couplings to be accounted for. For all that, we proposed to use an
unknown input observer which permitted to provide an estimate of the force without knowing its dynamics. The
observer also permitted to provide an estimate of the full state of the actuator. Experimental tests were carried
out and conrmed the eciency of the approach. As future works, the results in this paper will be implemented
for real-time micromanipulation tasks based on piezoelectric microgripper and with force and position control
strategy.
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