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Abstract—At the microscale, small inertia and high dynamics
of microparts increase the complexity of grasping, releasing and
positioning tasks. The difficulty increases especially because the
position, the dimensions and the stiffness of the micropart are
unknown. In this paper, the use of a microgripper with inte-
grated sensorized end-effectors with high dynamic capabilities is
proposed to perform stable and accurate grasps of multistiffness
microcomponents. A dynamic nonlinear force/position model of
the complete microgripper while manipulating a microcomponent
is developed. The model takes into consideration not only free mo-
tion and constrained motion, but also, contact transitions which is
a key issue at the microscale due to the predominance of surface
forces. It enables to estimate the position of the microgripper’s
end-effectors, the contact position of the microcomponent and
the force applied on the microcomponent. Using the proposed
microgripper and its model, both of the gripping forces are
measured and the position of each of the microgripper’s end-
effectors is estimated. This enables to perform a stable grasp
of the micropart by providing force and position feedback.
Moreover, using the developed microgripper and its model, the
characterization of the microcomponent can be performed by
estimating its dimensions and its stiffness.

Index Terms—Micromanipulation, microassembly, grasp,
piezoelectric actuator, force sensing, piezoresistive force sensor,
position estimation, stiffness measurement, model, characteriza-
tion, force control.

I. INTRODUCTION

URING the last decade, the need of micro and nano-

technologies has grown [1]. Recent works have shown
that microassembly is a possible approach to fabricate com-
plex hybrid 3-D microsystems [2], [3]. They also show the
need of high speed manipulation [4] where pick-and-place
tasks were performed in 1 s. Nevertheless, manipulation of
microcomponents is a challenging task due to microscale
specificities. These specificities are mainly manifested by
the difficulty of sensors integration at this scale, the very
small inertia of microsystems, their high dynamics and the
predominance of surface forces (such as capillary, electrostatic
and van der Waals forces) and contact forces (such as pull-off
forces), but also, the lack of precise models. Therefore, the
interaction between micromanipulation tools and the micro-
components is less predictable and much more complex than
at the macroscale. In literature, it has been shown that force-
guided microassembly [5], large displacement range and high
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bandwidth for both sensing and actuation constitute relevant
approaches to perform complex microassembly tasks [6]. The
measurement of microscale forces is critical to obtain local and
useful information like contact and adhesion forces. Previous
works have shown the importance of measuring both of grip-
ping forces to guarantee the stability of the component during
microassembly [7], [8]. Sensing and actuation bandwidths are
notably critical especially for contact transition. Indeed, when
a micropart is placed between microgripper fingers, a contact
may appear between one finger and the micropart before the
other which can lead to the loss of the micropart due to the
high dynamics of the microparts. Therefore, actuation and
force measurement with high bandwidth from both sides is
critical to succeed the grasping of the micropart by stopping
the movement of the finger in contact with the micropart if
the other finger has not reached the contact yet. Consequently,
innovative handling tools and strategies that ensure gripping,
releasing, and precise positioning of microparts using force,
including contact detection and position measurements, are
very promising topics and are investigated in this paper.
Many researches have concentrated on the design of novel
microgrippers due to their importance for handling micro-
objects. The state of the art of two-fingers microgrippers is
focused on three points: the actuation and sensing principles
[3], [7]-[13], the number of active (actuated) fingers and
sensing fingers [14]-[20] and their control [21]. Thus, several
existing microgrippers with force sensing are compared in
Fig. 1. The comparison between the microgrippers concern
the number of active fingers, number of force sensors, force
sensing range and displacement range. Fig. 1 shows that
there is a lack of microgrippers with two active fingers and
two integrated sensors with big sensing range including both
microscale forces and contact forces (from hundreds of nN
up to hundreds of puN) with high bandwidth for sensing and
actuation. Specific microgrippers are required to achieve com-
plex, stable and dexterous microassembly tasks [24]. Previous
work shows the importance of having microgrippers with
two multi-DOF actuated fingers to perform a complex and
dexterous microspectrometer assembly [25]. Regarding the
sensor and actuation bandwidth, few works provide dynamic
characterization of the microgrippers. Hence, it is difficult to
compare between the dynamic performances of existing micro-
grippers. Nevertheless, it is known that piezoelectric actuation
and piezoresistive sensing present high dynamical capabilities
when they are compared to electrostatic or electrothermal
actuation and capacitive force sensing. Indeed, very high
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Fig. 1: Comparison between existing microgrippers with inte-
grated force sensors in terms of displacement range and force
sensing range.

bandwidth up to 100 kHz can be achieved using piezoresistive
force sensors [26] where much lower bandwidths appear using
other techniques such as 45 Hz [27] and 2.2 kHz [28].

The objective of this paper is to propose a microgripper
which can be used to perform more a complex, stable and dex-
terous microassembly by providing large and precise sensing
and displacement ranges as shown in Fig. 1. Indeed, a two-
smart-fingers-microgripper (TSFM) is proposed. Each of the
two fingers is an active finger (based on piezoelectric actuator)
with an integrated force sensor (exploiting the piezoresistive
effect). In order to detect contact/non-contact transitions and to
improve positioning of manipulated components, the position
of the microgripper’s end-effectors have to be measured or
online estimated. To tackle the technological challenge of inte-
grating both force and position sensors, we propose to estimate
the position of the microgripper end-effectors online through a
dynamic nonlinear model of the TSFM. The developed model
enables the use of the TSFM for both dynamic and static
applications by tracking both of the forces and positions.

To reach the objective of the paper which is to develop a
new and characterized TSFM, the following paper organization
is proposed. The specifications and the implementation of the
Two-Sensing-Fingers-Microgripper (TSFM) are presented in
Section II. The complete dynamic nonlinear model of the
TSFM is developed in Section III leading to develop an
estimator for the position of the microgripper’s end-effectors.
The model parameters are identified experimentally in Section
IV. In section V, the model developed is tested experimentally
up to potential use. Finally, Section VI concludes the paper.

II. SPECIFICATIONS, DESIGN AND IMPLEMENTATION OF
THE TWO-SMART-FINGERS-MICROGRIPPER (TSFM)

The objective of this section is to present the specifications,
the design and the fabrication of the proposed TSFM. The
microgripper should be able to move with a large range and
small resolution in order to be able to cover wide range of

microassembly tasks. The microgripper displacement range is
fixed to be from several nm to hundreds of um as shown
in Fig. 1. The force sensor should measure forces which
are predominant at the microscale. These forces are between
hundreds of nN and hundreds of uN [29], [30]. In addition,
in microassembly context, previous works show that during
microassembly, forces can reach several mN [8]. The dynamic
behavior of both actuation and sensing is an important issue
at the microscale. Indeed, interactions exist between the mi-
crogripper and microcomponents with small inertia leading to
very high dynamics of microcomponents. Nevertheless, Most
of the microgrippers use actuation and sensing techniques
enabling small bandwidth. This fact limits the use of these mi-
crogrippers for high dynamics applications and for high speed
microassembly. Consequently, and to satisfy the actuation, the
sensing ranges and high bandwidth, the solution proposed in
this paper is to develop a two-fingered microgripper where
each finger is composed of a piezoelectric actuator [13] and
MEMS based piezoresistive force sensor with doped silicon
strain gauges [31]. Piezoelectric actuation and piezoresistive
force sensing techniques are used to provide high bandwidth
actuation and sensing. The monolithic fabrication of such
microgripper with piezoelectric material and silicon based
piezoresistive force sensor stills a challenging task. In order to
prevent high complexity of fabrication, piezoelectric actuator
and piezoresistive force sensor are assembled. The force sensor
is small where its dimensions are Immx100umx10um and
has a resolution of 60 nN, a sensing range of 2 mN and a
bandwidth of 8 kHz. The design of the whole TSFM is shown
in Fig. 2.
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Fig. 2: Integration of the sensorized end-effectors into a
piezoelectric actuator to realize the TSFM.

The force sensor is fixed on a rigid 350 um thick silicon
layer called socket. A principle scheme of the TSFM is
presented in Fig. 3 where the actuator, the rigid part and the
sensing parts are shown. The two fingers are supposed to be
identical.

Several steps and precautions have to be considered in
order to realize the TSFM. First, the components are very
fragile, so special care needs to be done in order not to break
the components. Second, mechanical fixation should be done
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Fig. 3: Complete scheme of the two-smart-fingers microgrip-
per (TSEM).

between the actuator and a fixed support on the one hand
and between the end-effector and the actuator on the other
hand. Third, electric connections are required to apply voltage
to the actuator and to retrieve the force sensor signal to an
electronic circuit. Fourth, an electronic circuit needs to be done
to condition the signal of the force sensor. The final result of
the assembly is the packaged TSFM shown in Fig. 4, showing
the piezoelectric actuators, the sensorized end-effector and a
zoom on the piezoresistive force sensors.

Fig. 4: Two-smart-fingers microgripper (TSFM).

The proposed TSFM has presented interesting actuation
and sensing performances when it is compared to existing
microgrippers with integrated force sensors. Each finger of
the TSFM is composed of an actuator and force sensor. The
characteristics of the actuators and sensors are summarized in
Table I. The stiffness of the force sensor is much smaller than
that of the actuator. This is due to the need of flexibility in
the force sensor in order to measure small forces.

Resolution 10 nm

Displacement | Displacement range 100 um
Stiffness 1100 N/m

Resolution 60 nN

Force sensing | Sensing range 2 mN
Stiffness 130 N/m
. Actuation > 1 kHz
Bandwidth Sensing 8.52 kHz

TABLE I: Performances of the TSFM fingers.

III. DYNAMIC NONLINEAR MODEL OF THE TSFM

The objective of the proposed TSFM is to perform complex
micromanipulation and microassembly tasks. The microgrip-
per is composed of active materials with integrated force
sensors and has interactions with the microparts to be manip-
ulated. Thus, the voltage, the force and the displacement are

three critical parameters which should be known at the same
time to succeed the task. The voltage is known because it is the
input of the TSFM and the force is measured through sensors.
However, the displacement of the end-effectors is unknown
and has to be estimated online. For this reason, a dynamic
model has to be developed to complete the required infor-
mation of voltage, force and displacement which is critical to
predict the dynamic behavior of the TSFM and later to control
the TSFM. Therefore, a dynamic nonlinear model is developed
in this section to estimate the position of the end-effectors. The
microgripper being composed of three elements (actuator, rigid
part and force sensor), each will be modeled separately, then
the whole model of the TSFM will be developed.

A. Manipulation scenarios

Two scenarios can be faced during the modeling of the
whole TSFM:

« free motion step where the two fingers of the TSFM move
without contact,

« constrained motion step where there is a contact between
each finger and the manipulated micropart.

One model will be developed for both cases in the following.

In a typical micromanipulation case, the microgripper’s fin-
gers move until they enter in contact with the microcomponent.
The considered scenario is that one of the fingers of the
microgripper enters in contact with the micropart and brings
the micropart towards contact with the second finger in order
to manipulate the micropart. The force measured by the force
sensor increases once a contact appears (F; # 0). Fig. 5 shows
four different cases for the system:

(a) initial state where no motion of the finger and no applied

voltage (V =0 and U =0),

(b) free motion of the actuator without any contact,

(c) just at transition between free and constrained motion

of the finger (Fy = 0),
(d) constrained motion which happens after the contact
(Fs #0).

Notice that the deflection of the actuator is always consid-
ered to be in a simple deflection mode as shown in Fig. 5-(d).
This assumption is done because the actuator is 10 times stiffer
than the force sensor which means that the deflection due to
contact force will be mainly at the force sensor.

The method to determine the model of the system is summa-
rized in Fig. 6. First, the model of the piezoelectric actuator is
presented alone taking into consideration the voltage applied
on the actuator, the force and the moment as inputs of the
system and the actuator’s tip displacement y4 and bending
angle oy as outputs. Then, the end-effector is modeled as
a lever system with length L = L, 4+ L; with a mass-spring-
damper-system (see section III-C) where the outputs of the
model are the displacement of the end-effector’s tip C, yc,
and gripping force Fy at the force sensor’s tip C. The last two
outputs (i.e. yc and Fy) are then transformed using lever system
to the actuator as force and moment. Indeed, an applied force,
F; = —F, on the force sensor tip C induces reaction force and
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Fig. 5: Equivalent dynamic scheme of the TSFM in four cases:
(a) initial state (Fy =0 and U = 0) (b) free motion with an
applied voltage to the finger (F; =0 and U # 0), (c¢) just at the
transition between free motion and constrained motion (F; = 0)
and (d) constrained motion after contact (F; # 0).
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Fig. 6: Block diagram to show the method to determine the
free motion model of the TSFM. Index i refers to each of the
two fingers: i = 1 referes to finger 1 and i =2 refers to finger
2.

a moment on the actuator’s tip A as follows:

{ Fy = —F, +mgjc = F +mgjc

ey
My = —LF, = LF,

where F; is the gripping force applied by the force sensor
on the micropart and F; is the force measured by the force
sensor. In the following, the model of each part of the TSFM
is developed according to Fig. 6.

B. Dynamic nonlinear model of the piezoelectric actuator

Extensive researches have been made in the past years on
the piezoelectric actuators including their design [10], [32],

models [33] and control [34], [35]. Several models have been
developed for the piezoelectric actuators in literature [36]-
[40]. The main differences between the models are the method
to model the nonlinearities and the dynamics of the system. In
this section, a nonlinear dynamic model of the piezoelectric
actuator is developed based on models presented in the state-
of-the-art.

The model of the piezoelectric actuator developed in this
paper consists of developing the expressions of the two outputs
of the actuator (y4 and a4 shown in Fig. 5) where the applied
voltage, force and moment on the tip A will be considered the
inputs of the model (U, F4 and My).

In this paper, several assumptions will be considered to
develop the model of the piezoelectric actuator:

1) the dynamic behavior of the actuator is modeled by a
linear second order transfer function D(s) with a static
gain of 1 (i.e. D(0) = 1). Although the linear part of
the actuator can be described by a higher order transfer
function, a second order transfer function is sufficient to
represent the dynamics and its use is popular in several
applications [39], [41], [42];

2) the model of nonlinearities will be limited to the rate-
dependent hysteresis of the piezoelectric actuator. Con-
sequently, the creep will not be modeled because its
action occurs only in static domain. Moreover, the force
sensing of the system provides some feedback to the
system leading to taking the creep into consideration in
the model when the object is manipulated;

3) the rate dependent hysteresis is modeled by a nonlinear
static part (using Bouc-Wen hysteresis model) followed
by the dynamics of the actuator as proven in [41], [43].

Based on these assumptions (issued from trade-off choices),
the resulting model of the rate-dependent nonlinearities of the
piezoelectric actuator, I'(U,s), can be given as follows:

[(U,s) = H;(U) - D(s) )

where s is the Laplace variable, U is the applied voltage
and H(U) is an operator to represent a static hysteresis of
the piezoelectric actuator modeled using Bouc-Wen hysteresis
model. Bouc-Wen hysteresis model consists of a nonlinear
first order differential equation mathematical model to describe
the hysteresis of the system. The Bouc-Wen model has been
modified in [39] to fit to the hysteresis of the piezoelectric
actuator. It can be represented in the time domain by the
following equation:

Hy(U) = Au(t) — B [i(t)| H(t) — ya(t) |Hy()] - (3)

where H;(t) is the operator of the Bouc-Wen hysteresis, u(r)
is the applied voltage on the actuator, A is a parameter which
determines the amplitude of the hysteresis and B and 7y are
parameters which determine the shape of the hysteresis.

Based on models developed in [40], [41], [43], [44] and
using (2), the model of the piezoelectric actuator can be written
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in the frequency domain as follows:

ya(s) = [de —H(U) —s,Fs — ZiaspMA} -D(s)

2 3 3
aA(S) = |:La (de —HS<U)) — ESPFA — I%SPMA:| D(S)
1
D(s) = ————
(5) as?+bs+1

“4)
where s is the Laplace operator, y4 and oy are respectively
the displacement (deflection) and the bending angle at the tip
of the actuator A; U is the applied voltage on the actuator;
F4 and M, are respectively the applied force and the applied
moment on the tip A; d,, is the piezoelectric constant; s, is
the elastic constant; L, is the length of the actuator; a and b
are two parameters of the transfer function D(s) which models
the dynamic behavior of the actuator; Hy(U) is an operator to
represent the Bouc-Wen hysteresis as shown in (3).

C. Model of the sensorized end-effector

The end-effector is composed of two parts: a rigid part made
of 350 um thick silicon layer (called socket) and the force
sensor which has 10 um of thickness. The rigid part tip of the
end-effector is the point B (see Fig. 3) and the force sensor
tip is the point C (see Fig. 3).

The rigid part can be considered as a lever system with a
length of L,. Between points B and C of Fig. 3, there exists a
flexible zone to measure the force. Then, the structure between
B and C is modeled as a lever system with length L; and a
mass-spring-damper system with mass mg, damping ds; and
stiffness k. Ls is the length of the force sensor between B
and C.

Then, the complete sensorized end-effector is modeled as a
lever system with length L = L, + L, and a mass-spring-damper
system. The tip D is the tip of the lever system with length
L =L, + L,. The end-effector equivalent system is represented
in Fig. 7 showing the tips A, B, C and D and the mass-spring-
damper.

Lever system with length L,

/'

Mass-spring-damper system C

Fig. 7: Equivalent scheme of the sensorized end-effector.

D. Model of the whole TSFM

In the case considered in this document, the force is applied
at the tip of the force sensor C. Replacing (1) in (4), the

following can be deduced:

3L
Ya(s) = [d,,U —H,((U) - <1 + 2L> spFy — mss,,szyc} D(s)
a
2 3 3L
(XA(S) = |:La (de *Hy(U)) — (2Lu + Lg) Sngf
3
oL msspszYC] D(s)
(5
The position of the point D, yp, is calculated as follows:
yp =ya+Lsinoy ~ ys+ Loy (6)

because we are working with small deflections and then
sinay ~ a4. Replacing (5) in (6), the following can be
deduced:

2L 3L 312
Yp = |:(1 +La) (de*I'Is(U)) — (1+La +Lg> SpEg*
— (1 + 23[[‘;> msspszYC] D(s)
(N
In this case, as a force is applied at the tip of the force sensor
which is modeled as a mass-spring-damper system, the applied
force at the tip of the force sensor can be given as follows:

F,= _Fg = msyC(t) +bsAL+ksAL 3

where AL = yc —yp. Then, replacing AL in (8), the following
can be deduced:

Fy = —F; = mgyc +bs (yc — yp) + ks (yc —yp) &)

On the other hand, using (9), the following can be deduced:
bgs + kg 1
mys2 - bys+ky D mgs? +bys + ks 6 (10)
Replacing (7) in (10), the displacement Y- can be given as
follows:

Yc

Yo = Gu(s) (dpU — Hy(U) — G (s)Fy) (11)
where:
bis+bg
Gy(s) =
u(s) ass* +azs3 +axs® +ays+ag
2
Cc28”+ 18+ ¢o (12)
G ==
7(5) bis+bo
Hy(U) = AU — B|U|Hy(U) —yU |H,(U)|
where:
ap = ks, a; = bky+ by, ay = am
3L
ay = aks+bby+mg+ | 1+ — | bgnysp
2L,
3L
a3 = bmg + abg + (1 + ZLa) bgmys,
2L 2L
bo=|14+— ks, by=(1+—|b
0 (+La)s,1 (+La)s 13)
3L 37
C()lJr(lJrL(lJrL%)Spks
3L 317
=b 14+ —+— b
“ *( +L¢,+La>s'”
C)=a
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The models defined in (11) is developed to estimate the
position of the microgripper’s end-effectors without adding
additional external position sensors.

IV. IDENTIFICATION OF THE MODEL PARAMETERS OF THE
TSFM

In order to identify the parameters of the TSFM, the
experimental setup used will be firstly introduced. Then, the
parameters of the sensorized end-effectors will be identified
followed by the parameters of the piezoelectric actuator.

A. Experimental Setup

Several scenarios are tested in this section. Thus, different
experimental setups are used. However, experimental setups
generally include a TSFM, position and force sensors and
positioning stages. TSFM has a displacement range of 100
um for each finger and force sensing range going from
60 nN to 2 mN for each force sensor. Position sensors are
two laser Keyence sensors with 20 nm of resolution and
250 um of sensing range. They are used to measure the
displacements of the TSFM fingers (points A and B). A force
sensor FT-S270 from FemtoTools with a measuring range of
2000 uN and a resolution of 0.4 uN is used as reference
sensor to measure the stiffness of the actuators and to calibrate
the force sensors integrated in the TSFM. It comprises a probe
tip of 3 mm in length and 50 uN in thickness that moves
along its main direction once a force is applied at its tip. The
displacement is converted into a voltage thanks to a capacitive
variation measured by a dedicated circuit. The force sensor
is mounted on a microrobotic structure composed of a fine
positioning stage and a rotation stage. The fine positioning
stage is a P-611.3 NanoCube with 100 um range and 1 nm
resolution. The rotation stage, a SmarAct SR-3610-S with 1.1
U° resolution, is used to adjust the perpendicularity of contact
between the reference force sensor and the force sensors
of the TSFM. These two motion devices are equipped with
internal position sensors and are closed loop controlled. The
reference force sensor is moved using the positioning stage
towards the actuators or piezoresistive force sensor in order to
determine the stiffness of the actuator or the characteristics of
the piezoresistive force sensors. All actuators and positioning
stages are controlled and the voltage acquisition of the sensors
are performed via a dSpace 1104 acquisition board with a
sampling frequency of 20 kHz. The experimental setup used
for each identification step will be presented when presenting
the steps.

B. Identification of the sensorized end-effectors parameters

The parameters consist of the length of the lever system
L, the mechanical parameters of the two force sensors my, d;
and kg and their sensitivity coefficients. The parameters of the
two piezoresistive force sensors are identified experimentally
before integrating the force sensors in the microgripper due to
the difficulty of estimating the parameters of the force sensors
after the integration and especially the dynamic parameters.

The length of the end-effector is determined by the designed
mask used for the microfabrication. However, in order to

determine the dynamic behavior of the sensor, a response of
the force sensor is tested in free vibrations. Thus, a rigid object
fixed on a microrobotic positioning stage enters in contact with
the tip of the force sensor and applies a preload force of 150
UN for t >0 and at time ¢ = 0 the positioning stage is taken
off abruptly to separate the contact. The free vibrations of
the force sensor are registered using a sampling frequency
of 20 kHz (which is the maximal sampling frequency of
the dSpacel104 used). Oscillations occur as shown in Fig.
8 before the signal stabilizes to zero. The force sensor can
be modeled as a second order system with damping. A Fast
Fourier Transform (FFT) is applied to the acquisition signal in
order to determine precisely the natural frequency of the force
sensor. The result of the FFT is shown in Fig. 8. The natural
frequency, fp, of the system is then determined to be 8520 Hz
and a damping coefficient £ = 0.006. The force sensor being
modeled as a mass-spring-damper system, the parameters mg,
by and kg are identified and their values are shown in Table
II. Also a sensitivity of 200 uN/V is obtained for the force
sensors (for once refer to [31] which details the experimental
procedure followed to identify it).
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Fig. 8: The time signal and the FFT signal of the signal
measured by the force sensor when free vibrations are applied
to the force sensor.

C. Identification of the actuator parameters

After the identification of the parameters of the two piezore-
sistive force sensors, the parameters of the two piezoelectric
actuators are identified in this section. The parameters are
identified after the integration of the piezoresistive force sen-
sors in the TSFM in order to take into consideration the effect
of adding the force sensor to the actuator which influences the
dynamic response of the actuator. The identification process
concerns the identification of the parameters dp, s,, A, B, 7,
a and b shown in (4) and (3). The first five parameters can
be identified in static mode while the others are identified
dynamically.

1) Identification of the static parameters d,, A, B and y
in free motion:: In this case, a voltage is applied to the
piezoelectric actuator and the displacement of the TSFM tip B
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is measured using Keyence Laser sensor without any contact
between the actuator and the microcomponent (step (b) of Fig.
5). The experimental setup used is shown in Fig. 9-(a). To
identify these parameters, a sine wave with a frequency of
0.1 Hz and an amplitude of 100 V is applied to the actuator.
The frequency 0.1 Hz is chosen in order to minimize the
dynamic part of the actuator [41], D(s), and to identify the
static parameters. The amplitude of the sine wave 100 V is
chosen to identify the parameters for the external loop of
the hysteresis and then the model is validated for the internal
loops. The displacement is measured at the tip B and not at
the tip A due to the too small workspace at point A. For this
reason, the model of the displacement at point B is calculated
by (7) after replacing Yz by Yp and L by L, as follows:

2L, 3L, 312
Yp = |:(1 =+ L. ) (de—HS(U))— (1 +L,1+L‘2:> Sng
3L 5
— (1 + 2L;> S pS YC] D(s)
(14)

Then, the parameters of the actuator, d,,, A, B and 7, defined in
(4) can be identified using the nonlinear least square method
in order to fit the experimental results of the displacement at
the tip B with the model defined in (14) for the hysteresis
external loop. The model is then tested for the internal loops.
A comparison between the model and the experiments after the
parameter estimation is shown in Fig. 9-(b) for three different
amplitudes of the sine waves (30V, 60V and 100V). Fig. 9-
(b) shows that the Bouc Wen hysteresis model used to model
the hysteresis of the piezoelectric actuator is able to model
both internal and external loops of the hysteresis. The maximal
relative error is less than 10% for the internal loop of 30 V and
less than 5% for the external loop. This was expected because
the parameters dj,, A, B and ¥ are calculated to fit the external
loop.

2) Identification of the dynamic part D(s) and the constants
a and b of the actuator in free motion:: In this case, a
step voltage is applied to the actuator and the displacement
of the smart finger’s tip B is measured using a Keyence
sensor. The same experimental setup presented in Fig. 9-(a)
is used to identify the dynamical part of the actuator. The
dynamical response, D(s), is identified using a normalized
second order transfer function with a static gain of 1 as in (4).
The parameters to be identified are @ and b. The normalized
step responses of the model of the displacement of Yp given in
(14) and the experimental measurements are compared in Fig.
10 after the estimation of the parameters a and b. Fig. 10 shows
that the choice of a second order transfer function to model
the first mode of the dynamics of the actuator is sufficient
despite the presence of some errors between the model and
the experiments. The relative error is smaller than 10% which
is an acceptable error of the trade off between the dynamics
and model order.

Moreover, it has been shown in experiments that the pa-
rameters a and b of the second transfer function are quasi-
independent of the amplitude of the applied voltage (several
step responses with different amplitudes have been applied
to the actuator). The maximal variation of parameters is 3%
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Fig. 9: (a) Experimental setup used for the identification of
the static parameters of the actuators showing a displacement
sensor measuring the actuator tip displacement; (b) Com-
parison between the Bouc-Wen static hysteresis model and
experimental results for many sine voltages with three different
amplitudes 30V, 60V and 100V at a frequency 0.1 Hz.
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Fig. 10: Comparison between the normalized step responses
of the model of the displacement of Yz given in (14) and the
experimental measurements of Yp.

which is known in literature. The whole model of the actuator
will be validated in section V.
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Fig. 11: Experimental setup and results of the identification of
the actuator’s elastic constant s,: (a) experimental setup, (b)
comparison between the measurement and the model of the
force relative to the displacement leading to the identification
of sp, (c) comparison between the model and the experimental
results of the displacement of the tip B yp when a force is
applied at the tip B after identifying s,.

3) Identification of the elastic parameter s, of the actuator:
In this case, the reference force sensor from FemtoTools is
mounted on a sensorized NanoCube micropositioning stage to
come into contact with the piezoelectric actuator’s tip B as
shown in Fig. 11-(a). Due to the small operation zone, the
force is applied at the tip B because it is difficult to apply the
force on the tip A directly. Then using (7) (when no voltage
is applied and static behavior is considered), the model at tip
B can be written as follows:

3L, 317
YB: — <1+ La -|-L‘2:> Sng (15)
Thus, according to (15), the elastic constant s, can be

estimated using the measurements of the force applied on
the tip B, F; and the displacement of the tip B, yg. Fig.
11-(b) and 11-(c) compare respectively the measured force
and displacement with the estimated force and displacement
using the model in (15) after replacing the identified value of
sp. The model estimates precisely the position without errors
in Fig. 11-(c). Regarding the force estimation in Fig. 11-(b),
errors up to hundreds of uN appear when the force sensor
approaches to the microgripper finger due to the pull-in
effect. However, the error converges rapidly to zero after
contact and the model is able to estimate precisely the force.

All the identified parameters are summarized in Table II.

Parameters Left Finger | Right Finger
d, (Um/V) 0.77 0.78
s, (m/N) 9.1x10~% 8.5x10~7
A 0.43 0.39
Actuator B 10.8x10~2 11.1x1072
Y 7.5x1073 3.5x1073
a 2.5x107° 2.5%x107%
b 8x 107~ 8§x 10~
my (Kg) 1.8x107° 1.79%107°
Force sensor by (N-s/m) 7x107% 6.98x10~*
ks (N/m) 128 130.8
Sensitivity (V/uN) 6x1073 5.1x1073

TABLE II: The values of the identified parameters of each of
the two fingers.

V. EXPERIMENTAL VALIDATION OF THE MODEL OF THE
TSFM

In this section, the model developed in section III is
compared to experiments. Then several application using this
microgripper will be presented.

A. Validation of the dynamical model of the hysteresis of the
actuator in free motion

In this case, sine waves with different frequencies are
applied to move the TSFM fingers while measuring the dis-
placement of the tip B using the same experimental procedure
in Fig. 9-(a). The experimental measurements are compared
with the model of the actuator after identification of the
parameters. The results of the comparison are shown in Fig.
12 which shows that the model is able to estimate the position
including the dynamic hysteresis of the actuator. The model
can estimate the actuator displacement for several frequencies
with errors less than 10%. The 10% error can be reached for
high dynamics with minor loop hysteresis.
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Fig. 12: Comparison between the displacement model of the
tip B yp and experimental results for sine voltages with an
amplitude of 100V and with different frequencies where no
force is applied: (a) 10Hz, (b) S0Hz, (c) 100Hz and (d) SOOHz.

B. Validation of the model of the whole TSFM

A sine wave is applied to move the TSFM fingers. The
displacement of the TSFM tip C is estimated using (11).
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Initially, no contact exists between the fingers and micropart
(contact force is null and the fingers are in a free motion).
Then, a contact happens at U =44 V (Fig. 13), the system
switches to constrained motion, the force starts to increase and
the shape of the displacement changes after the contact. Then,
at U =50 V, the force starts to decrease until separating the
contact at U = 35 V. The model and experiments are compared
in Fig. 13 where both free motion model and constrained
motion are shown. The model developed in (11) estimates

100y
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=2 ot
N Contact
Free motion
-10-%0 0 50
Voltage (V)
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Z motion ~
= 500f
= .
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Fig. 13: Comparison between the model of the displacement
of the TSFM tips C given in (11) and experimental measure-
ments. The measurement force is also shown.

precisely with errors less 5% for both free motion model
and constrained motion. Thus, the model developed in (11)
to estimate the position of the TSFM fingers is validated
experimentally.

C. Estimation of the location of the micropart between the
fingers of the TSFM and measurement of the width of the
micropart

The location of the micropart is estimated using the model
defined in (11) and the force information. When a non
zero force appears in one of the force sensors signals, the
position of the end-effector corresponding to the non zero
force information corresponds to the location of the micropart
from one side between the fingers of the TSFM. The same
procedure is repeated using the other finger of the TSFM to
locate the micropart form the other side between the fingers
of the TSFM. This position information is of great interest
because it enables to know the initial shape of the micropart
to be able to apply the desired force and to verify the safety of
the micropart after manipulation. Notice that due to the force
sensor noise which is less than 2 uN, a threshold of 5 uN is
fixed to set a non zero force information.

To validate this method, a flexible micropart, with width
300 um, is placed between the fingers of the TSFM. The
width of the micropart is known by the designed fabrication
mask. Using Fig. 13, the location of the end-effector’s tip C
where the force F, becomes bigger than the threshold 5 uN is
62.42 um and using the other finger, the location is 39.4 um.

The initial gap between the two fingers is 400 pum, then the
measured width of the micropart is:

w =400 — (62.42 +39.4) = 298.18 um

The error on the estimation is less than 2 pum. The same
experiment is repeated for several microparts (different sizes,
varying form, different location between the fingers and dif-
ferent stiffness) and the errors on the estimation were always
less than 5 um in the worst case where the model errors are
maximal.

D. Stiffness measurement

Using the TSFM, the stiffness of the micropart can also be
online estimated which is an important issue for manipulation
and automation. Based on the gripping force measurement
from both sides and the end-effectors displacement estimation
from both sides, the stiffness of the micropart can be estimated
using the following equation:

(16)

where IAce is the estimated stiffness of the micropart, F, is the
measured gripping force from both sides and 6 is the total
deformation of the micropart from both sides.

Using this method, three optical microparts made of silicon
with different dimensions, as those presented in [2] where a
spring element exists in the micropart, have been used for
stiffness measurement where the errors of estimation have
been less than 5% as shown in Table III. It enables to cover
wide range of stiffness for microparts.

Stiffness Measured (N/m) | Estimated (N/m) | Error
Micropart 1 12.1 11.7 3%
Micropart 2 72.5 71.05 2%
Micropart 3 469 445.55 5%

TABLE III: Comparison between the measured and estimated
stiffnesses for three microparts.

VI. CONCLUSION

The objective of this paper has been to propose a micro-
gripper for dexterous, accurate, complex and high dynam-
ics microassembly tasks. For this reason, a new integrated
microgripper with sensorized end-effectors is designed and
calibrated. Each finger of the microgripper is composed of
a piezoelectric actuator and a sensorized end-effector lead-
ing to what has been called Two-Smart-Fingers-Microgripper
(TSEM). The performances of this TSFM are very promising
thanks to the actuation range going from nm up to 100 um and
sensing range going from 60 nN and up to 2 mN. These
performances are carried out by each finger. The microgripper
also presents high bandwidth for both actuation (more than
1 kHz) and force sensing (8.5 kHz) which is promising for
dynamic applications. A dynamic force/position model of
the complete microgripper has been developed taking into
consideration the free and constrained motion scenarios as
well as non contact/contact transition. The model provides an
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online estimation of the displacement of the microgripper’s
end-effectors leading to model the contact transition. This
microgripper enables the manipulation of microcomponents
whose size and stiffness are unkown a priori. Some appli-
cations of the microgripper have been tested in this paper
using the measurement of gripping forces and the estimation
of the microgripper’s end-effectors. This estimation enables to
estimate online micropart’s width and stiffness which appears
as a key point for micromanipulation purposes. The error on
the estimation of the micropart width was less than 5 um and
the stiffness was less than 5%.

The presented microgripper can be used for a wide range
of applications starting from teleoperated microassembly and
going to the full automation of the microassembly. It enables
to perform more complex tasks than existing microgrippers
by adding the possibility of measuring both of the gripping
forces and the displacements of the end-effectors which is
of great interest in micromanipulation and microassembly.
Characterization of microparts is another possible application
of the proposed microgripper.

Future works consist of using the microgripper to achieve
automated microassembly tasks.
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