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Design and Realization of a Desktop Micro-manipulation Cobotic
Platform

Abstract: Microrobotics is a fast growing �eld of research and microsystems are in
high demand from across a wide spectrum of our life. Nowadays, mass automation
solutions are already available for large batch production of microsystems, while
small batch production mainly relies on handmade processes due to the lack of �ex-
ible micro-manipulation system. Handmade processes have limited productivity and
accuracy, which make it more and more di�cult for small and medium-sized enter-
prises to conquer their place on the international market. Under such circumstances,
pioneer microrobotics company Percipio Robotics has proposed a desktop cobotic
platform, Chronogrip, which aims to handle �exible micro-manipulation. However,
the solution is not yet complete and there are three main challenges to resolve:

• the dynamics of the piezoelectric stick-slip actuator is not fully understood,
which delays the development of trajectory tracking strategies;

• existing haptic interfaces have limited bandwidth due to their mechanical prop-
erties, consequently there is no available option that is able to render high
dynamic haptic information from the microworld;

• for tweezers-based micro-manipulation in watchmaking process, no existing
haptic interface is able to provide intuitive and e�ective operation.

The objective of thesis is to address these three issues. The �rst part of the thesis
is dedicated to the development of nonlinear dynamic model of the piezoelectric
stick-slip actuator. The result shows that it is the �rst dynamic model which can
describe the actuator dynamics in time and frequency domain, for stepping and
scanning mode, and for both forward and backward motion. The second part of
the thesis is devoted to develop a method to extend the bandwidth of dual-stage
haptic interface by using the signal crossover technique. The result shows that the
bandwidth is uniformly extended to 1 kHz, which makes it possible to reproduce
high dynamic phenomena from the microworld. The third part of the thesis aims to
design an intuitive haptic interface for tweezers-based watchmaking operations. The
design is also compatible with conventional tweezers-based usage. It is expected to
integrate all of the three research results into the cobotic platform Chronogrip to
enhance the productivity and e�ectiveness of micro-manipulation.

Keywords: Microrobotics; Micro-manipulation; Cobotics; Haptics; Nonlinear
Dynamics; Piezoelectric Stick-Slip Actuator; Bandwidth; Signal Crossover; Haptic
Tweezers.
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Conception et Réalisation d'une Plate-forme de
Micro-manipulation Cobotique

Résumé: La microrobotique est un domaine de recherche en croissance rapide et les
microsystèmes sont très demandés par un large éventail de notre vie. Aujourd'hui,
des solutions d'automatisation massive sont déjà disponibles pour la production en
série des microsystèmes, tandis que la production de petites quantités s'appuie prin-
cipalement sur des processus manuels en l'absence de système de micro-manipulation
�exible. Un processus manuel impose des contraintes à la productivité et la préci-
sion, ce qui accroît les di�cultés pour les petites et moyennes entreprises à conquérir
leur place sur le marché international. Dans ce contexte, la société pionnière pour
la microrobotique Percipio Robotics a proposé une plate-forme cobotique, Chrono-
grip, qui vise à gérer la micro-manipulation �exible. Toutefois, la solution n'est pas
encore complète et il y a trois principaux dé�s à résoudre:

• la dynamique de l'actionneur piézo-électrique stick-slip n'est pas entièrement
comprise, ce qui retarde le développement des stratégies de suivi de trajectoire;

• les interfaces haptiques ont peu de bande passante en raison des propriétés
mécaniques, par conséquent il n'y a aucune option disponible qui soit capa-
ble de reproduire des informations haptiques de haute dynamique depuis le
micromonde;

• pour la micro-manipulation à la pince dans l'horlogerie, aucune interface hap-
tique existante n'est en mesure d'assurer un fonctionnement intuitif et e�cace.

L'objectif de la thèse consiste à répondre à ces trois dé�s. La première partie
de la thèse est consacrée à l'élaboration d'un modèle dynamique non-linéaire de
l'actionneur piézo-électrique stick-slip. Le résultat montre qu'il est le premier mod-
èle dynamique qui puisse décrire la dynamique de l'actionneur dans des domaines
temporels et fréquentiels, pour les fonctionnements en sous-pas et en grand déplace-
ment, et à la fois pour les directions vers l'avant et l'arrière. La deuxième partie de la
thèse est consacrée à développer une méthode pour étendre la bande passante d'une
interface haptique en double étage en utilisant la technique de signal crossover. Le
résultat montre que la bande passante est uniformément étendue à 1 kHz, ce qui
rend possible la reproduction des phénomènes de haute dynamique depuis le mi-
cromonde. La troisième partie de la thèse vise à concevoir une interface haptique
intuitive dédiée aux opérations d'horlogerie à la pince. Le design est également
compatible avec l'utilisation conventionnelle d'une pince. Il est prévu d'intégrer
tous les résultats de ces trois sujets de recherches dans la plate-forme de cobotique
Chronogrip a�n d'améliorer la productivité et l'e�cacité de la micro-manipulation.

Mots-clés: Microrobotique; Micro-manipulation; Cobotique; Haptique; Dy-
namique Non-linéaire; Actionneur Piézo-électrique Stick-Slip; Bande Passante; Sig-
nal Crossover; Pince Haptique.
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General Introduction

As a recent research domain, micro-robotics deals with the study and application
where a robot interacts with microscopic objects. The environment where such
an interaction takes place is often mentioned as microworld and it contains ob-
jects whose dimension covers from 1 µm to 1 mm [Régnier 2008]. With the rapid
progress of science and technology, the industrial integration level becomes much
more advanced and the miniature products more popular in our lives [Sun 2002]
[Wang 2007] [Sitti 1998] [Romano 2012]. The micro-mechanics, the microsystems,
the optics, the micro-electronics, and the biologies are all fast developing industries
where e�cient and reliable micro-manipulation (especially microassembly) makes a
critical di�erence.

Nowadays, dedicated systems for massive production of microsystems such as
MEMS are already available in the market. The extensively adopted method to
increase productivity is parallel microassembly: deposit a great amount of micro-
components in a prede�ned matrix pattern on a dedicated pad and then �ip it over
to align the pad to the other one, which carries the matched micro-components
arranged in the same pattern. One example of such technique is �ip-chip bonding.
Such method is e�cient, but restricted to a speci�c type of product. The blossom of
microsystems industry implies a great variety of systems designs and many of them
involve small series of complex products. In the case of small batches, adopting
product speci�c parallel microassembly method gives rise to frequent redesign of
carrying tools and iteration of all related processes such calibration and alignment.
As a result, a more �exible production method must be developed to answer the
market window of small series micro-components manufacturing.

Cobotics, a neologism from the combination of the words "cooperation" and
"robotics" [Peshkin 2001] [Gillespie 2001] [Chanphat 2006], provides a promising
solution to tackle small series of complex production. It refers to a system that
establishes collaboration between people and robots. The objective of cobotics is
to automate a large range of tasks but keep in close collaboration with operators.
Contrary to automation, cobotics emphasizes that people are the source of innova-
tion and should remain central [Vinci-Energies 2014]. Cobotics can be considered
as a method to promote �exibility but maintain a high quality of productivity.

Under the collaboration between the MICROB group of the Institute for Intel-
ligent Systems and Robotics (ISIR) of Pierre-and-Marie-Curie University and Per-
cipio Robotics, the objective of this thesis is to design and realize the �rst desktop
cobotic platform dedicated to micro-manipulation. However, it is not to construct
a new cobotic system but to build upon the existing cobotic platform Chronogrip,
designed and realized by Percipio Robotics. It is focused on the key issues that
arise in cobotics during the interaction between people and robots as well as the
execution of motion command by slave system. A quali�ed cobotic system must
enable desired information �ows in mutual directions between operators and robots:
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without sophisticated knowledge about how robots work behind, operators can in-
tuitively deliver operation commands via the interface of the cobotic system, and
the slave system must be able to realize desired trajectory and convey necessary
information via the interface back to operators. That means, in the aspect of slave
system, the dynamics of the actuator system must be studied and a sophisticated
motion control strategy must be implemented to realize desired trajectory; in the
aspect of user interface, the mechatronic design of interface must be intuitive to
operators for the dedicated application and a set of algorithms must be designed
and implemented to guarantee the quality of information �ows. Concretely, three
speci�c research objectives are de�ned below:

Research objective 1: Nonlinear dynamic modeling for a class of microrobotic

systems using piezoelectric stick-slip actuators. For a teleoperation task of cobotic
platform, velocity control is crucial for �uent operation. This issue concerns the
study of positioning actuator. Piezoelectric stick-slip actuator that used in Chrono-
grip system is promising solution to realize a great range of microrobotic applica-
tions, and many innovation companies have commercialized this kind of product
with reasonable price. However, none of these companies or any research results
is able to propose a complete control strategy for velocity. The main di�culty lies
in the complexity of the dynamics of piezoelectric stick-slip actuators. More pre-
cisely, no research result has been reported to be able to fully describe the dynamics
of such actuator. The �rst research objective is to develop the dynamic model of
the piezoelectric stick-slip actuator, in order to prepare for sophisticated trajectory
tracking strategies for the cobotic platform.

Research objective 2: Developing a method to extend the bandwidth of dual stage

haptic interface to render high dynamic haptic information from micro-environment.

The cobotic platform to realize is dedicated to microrobotic applications. In the
microworld, surface forces are more dominant due to scale e�ect. In such situa-
tion, thermal agitation and other environmental elements cause the micro-objects
to follow high dynamic motions. As a consequence, this will lead to high dynamic
interaction forces between target objects and gripper tools. Taking into account
the mechanical structure and design of the existing haptic interface, no option has
enough bandwidth to render high dynamics arisen from microrobotic applications.
The lack of high bandwidth haptic interface causes the interaction with the mi-
croworld non-intuitive and ine�cient. In this case, the second objective is to develop
a method to extend the bandwidth of haptic interface. The haptic interface used
in the thesis is based on dual stage design. With this method, the cobotic platform
will be able to render high-bandwidth haptic information.

Research objective 3: Design of an intuitive haptic interface for watchmaking

process. One of the target application �elds of our cobotic system is the prestigious
watchmaking industry. In this sector, due to its �exibility of models and small batch
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production, the manufacturing process can hardly be automated. But handmade
process has saturated accuracy and productivity, which makes the watchmaking
players more and more di�cult to conquer their place in global competition. One
most important issue to apply Chronogrip to watchmaking process lies in the design
of interface. Actually the general purposed interface installed in Chronogrip is way
too di�erent from the conventional tools used by watchmaking experts, and hence
they have to be trained very hard to be familiar with the interface. Furthermore,
there is no haptic feedback which makes the process nonintuitive. Nowadays, there
is not yet a haptic interface based on a tweezers form available in prototype. The
combination of realizing haptics and maintaining mechanical properties of tweezers
is a challenging task. The third objective of the thesis is to address issue: design an
intuitive haptic interface for watchmaking process.

The thesis is organized as follows: Chapter 2 is focused on the dynamic model-
ing and development of a novel velocity control strategy for a class of nano-robotic
systems using stick-slip linear actuators. The dynamic modeling of stick-slip linear
actuators is able to describe the dynamics in both frequency and time domain. With
the knowledge of the dynamic model, a sophisticated nonlinear control strategy will
be developed for complete trajectory tracking; Chapter 3 is dedicated to the devel-
opment of a novel method which applies signal crossover to extend the frequency
bandwidth up to 1 kHz. Within the bandwidth, the haptic display can be rendered
uniformly. The method is implemented in a dual-stage haptic interface and �nally
a haptic optical tweezers application is demonstrated; Chapter 4 is dedicated to the
design of an intuitive haptic interface for watchmaker industry. The concept is pro-
totyped, and analyzed in dynamics; The �nal section concludes the thesis, followed
by the bibliography.
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This chapter will �rstly introduce the basic physics of the microworld and the
existing observation methods. Then it describes the available technologies of micro-
manipulation systems as well as what is still missing. To address the need, some
challenges must be handled in terms of actuator and haptic interface for micro-
manipulation. The current development of those two aspects will be introduced in
the second and third sections. Finally, speci�c research objectives of the thesis will
be summed up in the last section.
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involved, the volume of the liquid, the property of the material, the distance
between two solids and their geometry.

As can be seen from the description above, those forces are highly related to
the separation distance. According to the study [Lee 1991], a classi�cation of
forces is listed in the table 1.1 as a function of separation distance.

Interaction range Force type

In�nity gravity
A few nm to 1 mm capillary force

> 0.3 nm electrostatic force
> 0.3 nm van der Waals force
< 0.3 nm molecular interactions

0.1 - 0.2 nm chemical interactions

Table 1.1: A list of forces as a function of distance [Lee 1991].

1.1.2 Observation

The microworld is far beyond human perceptive capabilities. Dedicated tools must
be developed to allow observation in this special environment. For research and
engineering purpose, position measurement and force sensing are two of the most
important perception tasks. They remain, however, di�cult to carry out.

1.1.2.1 Position measurement

In recent years, various technologies have been developed to observe microworld.
They are based on di�erent physical mechanisms and could lead to di�erent op-
eration principles: one could interact directly with the target object and provide
image frame in run time; the other may not ask direct interaction but reconstruct
the desired image in an asynchronous manner. The type of equipment to choose
depends on the speci�c application, where requirement of precision, position range,
time response vary largely from one to the other.

To date, the most common methods of position measurement in the microworld
are visual based. In particular, two methods are widely applied: optical micro-
scope and scanning electron microscope (SEM). Those two methods are both able
to visualize micro objects of size between 1 µm and 1 mm.

• Optical microscope also referred to as light microscope, is a system built with
lenses and mirrors. It provides the user with magni�ed image of small samples.
Typical optical microscope can be very simple to set up, though complex
components can be added to improve image resolution or contrast. Figure 1.3
is an example of AmScope optical microscope [AmScope 2015]. In terms of
performance, there are several limitations:

- resolution, which is limited to 0.2 µm for a classical optical microscope;
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- �eld of view, which decreases when resolution is increased;

- depth of �eld, which degrades the same manner as �eld of view, and can only
cover a very thin layer due to the focus plane.

Figure 1.3: AmScope optical microscope B120C-E1 [AmScope 2015].

• Scanning electron microscope often abbreviated as SEM, provides an alterna-
tive option for position measurement in the microworld. Instead of relying on
photons as the working principle of optical microscope, SEM is based on elec-
trons. Brie�y, streams of electrons, emitted by an electron emitter gun, are
re�ected when they come into contact with target objects. During interaction,
emissions of back-scattered electrons, X-rays, etc. are resulted. Captured by
some speci�c sensors, an image of the target object's surface can be recon-
structed. Figure 1.4 illustrates an example of SEM system designed by FEI
[FEI 2015] and a typical image produced by SEM for material science.

Compared to optical microscope, SEM has in�nite depth of �eld. However,
it has a larger response time in the order of 500 ms. Some other limitations
must also be taken into account. One major consideration is that the electron
beam can also interact with any medium along the space between the tar-
get object and the electron emitter gun. The medium includes air molecules.
As a consequence, SEM requires the sample be placed in a vacuum cham-
ber. Furthermore, the sample must be conductive so that no electric charge
accumulated on them.

1.1.2.2 Force measurement

To �x ideas, the amplitude of generated force in micro-scale is typically in the order
of micro-Newton to milli-Newton. This directly gives rise to the requirement that
the force sensor must be extremely sensitive and be compatible with the microworld
environment, if based on contact approach. Furthermore, the absence of reliable
measurement techniques and the lack of multi-axis sensors with required resolution
lead to impediment to the measurement force applied to micro objects. In addition
to the requirement of force sensor described above, the force measurement system
must also be able to comply with several conditions [Régnier 2008]:
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(a) (b)

Figure 1.4: (a) FEI Verios XHR SEM; (b) An image example for material science
[FEI 2015].

- it must ensure adequate grip. Particularly too much grip can lead to severe
deformation or damage to target objects or even sensor components;

- it may require sophisticated strategy to control insertion strength during assem-
bly process. Position plus force control is a classical challenge in macro environment,
which becomes more di�cult in the microworld context;

- it can faithfully detect if a contact is made when critical vision information is
not available.

The current available force measurement approaches can be classi�ed as indirect
and direct methods.

• Indirect measurement methods: due the space limitation, a range of indirect
approaches have been developed in the literature. Several popular methods
are described below:

- Force measurement by vision system: this kind of method usually requires
no physical contact and can deliver force measurement from remote computa-
tion. To implement such method, a camera or laser sensor must be equipped,
as well as fast and faithful image processing algorithms (e.g. pattern recogni-
tion). Research work can be found in the studies [Greminger 2004] [Anis 2006]
[Wang 2001]. The working principle relies on the prerequisite knowledge of me-
chanical property of the tool. Typically, based on the �exion or deformation of
the tool detected by image processing, the interaction force can be computed
with the knowledge of the tool's mechanical properties [Chang 2009]. This
method liberates additional force sensing equipment on the working site, but
gives rise to complex vision electronic system. Furthermore, the corresponding
algorithm must be able to produce fast and faith processing result, which is
still a challenging issue today. The �gure 1.5 illustrates the vision method.
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Figure 1.12: Chronogrip system by Percipio Robotics.

play, this kind of user interface will be referred to as a haptic interface. For
Chronogrip system, a touch screen is provided as an alternative teleoperation
interface.

• The coupling system refers to the set of electronic and software components
which can enable the bidirectional communication. Concretely, it can convey
the motion command (desired position, velocity, or acceleration, etc.) from
master device to slave device and send back the information of manipulation
(haptic feedback, etc.) from slave device to master device in run time.

• The high resolution vision system zooms viewpoint in the micro-world envi-
ronment which goes beyond the capability of the human naked eyes.

• The robotic positioning system provides multiple degrees of freedom in both
translation and orientation with high resolution and large range. The actuator
implemented in Chronogrip is piezoelectric stick-slip actuator.

(a) (b) (c)

Figure 1.13: Chronogrip components: (a) tablet unidirectional interface; (b) vision
device; (c) positioning system.

• Percipio Robotics has developed their own gripping device called PiezoGripper

(see the �gure 1.14). It is based on piezoelectric benders, each actuated on two
directions (horizontal and vertical). With two benders, it is possible to build
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a two �ngered gripper, with 4 independent degrees of freedom. Horizontal
motion of both �ngers is used to the grasping/release of micro-objects, the
vertical motion is used to align the �ngertips of the gripper.

(a) (b)

Figure 1.14: (a) PiezoGripper mounted on a miniature robotic arm; (b) Fully inte-
grated PiezoGripper.

1.1.5 Flexible Micro-Manipulation Solutions

There is currently a market window between large batch automation and small batch
handmade process. Flexible micro-manipulation solutions are urgently demanded
by small and medium-sized enterprises that want to launch innovative, hybrid and
highly miniaturized components as small- to medium-scale production.

As a starting point, the cobotic platform Chronogrip is a promising solution for
�exible micro-manipulation, but not yet complete. One missing part is the con-
trol algorithm to realize accurate trajectory tracking. Solutions provided today is
limited. This topic is challenging and concerns deep study of actuators for the mi-
crorobotic system. Another issue concerns human-robot interaction. It is believed
that in order to realize intuitive and e�ective interaction, haptic feedback is in-
dispensable. Haptic functionalities are still absent in Chronogrip platform. More
fundamental problem lies in the fact that existing haptic interfaces are general pur-
posed with moderate performance, but they are not able to address the challenges
from micro-manipulation. Much more e�orts are needed for new design and meth-
ods.

In order to understand the challenges, the next two sections will �rstly survey
available actuators and haptic interfaces for microrobotic applications.

1.2 Actuators for Microrobotic Applications

An actuator is one of the central components of a robotic system. It converts other
types of energy, such as electrical, magnetic or thermal energies, to mechanical en-
ergy, so as to provide desired force and displacement speci�ed by a control unit. In
microrobotics, the demand for the development of reliable and precise actuators of
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size compatible with microrobotic applications is urgent and challenging. Potential
applications include wide �elds such as automotive (airbag, microsensors), biomed-
ical, aeronautical and spatial industries. However, technologies of actuator applied
in conventional industries such as hydraulic, pneumatic and electric motor-based are
commonly not suitable to be transferred for micro and millimeter scales. Their prop-
erties such as resolution, e�ciency cannot address challenges in microrobotics when
they are miniaturized. Therefore, it is unavoidable to call on di�erent materials and
innovative working principles to address the needs in microrobotics.

Nowadays, more and more energies are dedicated to development of actuators
for microrobotics. Some popular options are:

• piezoelectric actuators,

• electromagnetic actuators,

• electrostatic actuators,

• thermal actuators,

• shape memory alloys,

• magnetostrictive actuators,

• electro-active polymers,

• electrorheological �uids (ERF) and magnetorheological �uids (MRF).

The criteria for choosing appropriate actuators may depend on the speci�cations
of applications, such as resolution, motion stroke, blocking force, power/weight ratio,
cost of fabrication, and dynamics for control aspect (frequency bandwidth, linearity,
technical feasibility).

In the following text, some of the most widely used options are surveyed.

1.2.1 Piezoelectric Actuators

Piezoelectric actuators can realize bidirectional conversion between electric energy
and mechanical energy. The family of piezoelectric actuators has various working
principle but all based on the piezoelectric e�ect. The physical phenomenon was
�rstly demonstrated by Pierre and Jacques Curie in 1880, in naturally occurring
crystals. The direct e�ect consists of polarization of the material under the e�ects
of mechanical stress. On the contrary, the inverse e�ect refers to a mechanical
deformation on application of an electric �eld. Therefore, piezoelectric materials can
be characterized by electromechanical coupling. Piezoelectric e�ect is illustrated by
the �gure 1.15.

Based on di�erent con�gurations and aimed for various applications, there are
several kinds of actuators as derivatives of piezoelectric materials that are described
below:

• Stack (multilayer) actuators. This type of actuators consists of multiple layers
of piezoelectric materials separated by insulating layers. Power supply of same
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Piezoelectric Thermal bimorph SMA

Physical process
piezoelectricity:
dipole orientation

di�erence in ther-
mal expansion co-
e�cients

solid phase transi-
tion

Operation princi-
ple

electric �eld thermal thermal

Energy density
(J.m−3)

106 (PZT), 103

(PMN)
105 Ni/Si 106 to 107

Bandwidth high (100 kHz)
low, geometry de-
pendent

low, geometry de-
pendent, (102) Hz

Mode of operation
depends on orien-
tation of electric
�eld

�exion
�exion, torsion,
tension, compres-
sion

Deformation 0.12-0.15% 5.23 × 10−4/◦C 1-15%

Conductive poly-
mer

Giant magne-
tostriction

MRF/ERF

Physical process
oxidation and re-
duction e�ect ion
di�usion

magnetostriction:
orientation of
magnetic dipole

particle chains
formed along �ux
lines

Operation princi-
ple

voltage magnetic �eld
magnetic/electric
�eld

Energy density
(J.m−3)

103
104 to 105 (Ter-
fenol D)

Bandwidth low (10 Hz) high (100 kHz) high

Mode of operation
�exion, tension,
compression

depends on orien-
tation of magnetic
�eld

viscosity

Deformation 1-5% 0.58-0.81% �

Table 1.2: Comparison of various materials for micro-actuators [Bellouard 2002].

1.3 Haptic Interface

In the process of human-microworld interaction, operation intuitiveness and e�ec-
tiveness can be achieved by providing haptic display. Actually, versatile micro-
manipulation platforms that have been demonstrated recently often use techniques
from haptic feedback teleoperation for micro-manipulation [Bolopion 2013]. The
purpose of haptics is to give an illusion that the operator directly worked with the
target object without any medium in between. In other words, the haptic interface
can serve as an extension of human body for inaccessible working environment. In
recent years, tremendous studies are dedicated to the development of haptic inter-
faces. The available technologies can be mainly characterized by some properties
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such as: the degree of freedom (DOF) in motion and in haptic space, the geometry
of working space, the maximum rendering forces back to user, the frequency band-
width of haptic information, and etc. In terms of modeling issue, haptic interface
can be e�ciently described as an inertia with a damping component [Diolaiti 2006].
In this section, some popular haptic interfaces that employed in micro-manipulation
are surveyed in the following.

1.3.1 Series-Structure Interface

Inspired by commercialized industrial robots, a range of haptic interfaces based on
series structure can be found, especially in commercial market. Brie�y, such kind of
haptic interface bene�ts from large working space, easier integration of orientation.
Particular issue arises from the actuator distribution along the mechanical structure
in chain. This signi�cantly increases the overall inertia, reduce the resultant sti�ness.
The dynamics must be considered before using in any haptic application. In the
following text, some popular haptic interfaces based on series structure are surveyed.

1.3.1.1 Virtuose

The haptic interface Virtuose is commercialized in 1999 by Haption [Haption 2015],
which is the subsidiary of French public government-funded research organization
CEA (Commissariat à l'énergie atomique et aux énergies alternatives). The Virtuose
6D35-45 provides haptic feedback in 6 DOF with maximum rendering force as 35
N. The geometry of the working space is a sphere with 450 mm as diameter. The
version Virtuose 3D15-25 has 3D haptic rendering with the maximum force as 15
N and the diameter of the working space is 250 mm. The models are shown in the
�gure 1.22.

(a) (b)

Figure 1.22: (a) Virtuose 3D; (b) Virtuose 6D.
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1.3.2 Parallel-Structure Interface

Though having its working space signi�cantly reduced compared to series structure,
the advantage of haptic interface based on parallel structure lies in the fact that the
actuators and sensors can be implemented near the base. This design greatly reduces
the inertia in mechanical chain and enhances the overall sti�ness. As a result, the
dynamic performance, e.g. the frequency bandwidth, is greatly promoted compared
to its series rivals.

1.3.2.1 Omega 7

Originally developed by Virtual Reality and Active Interface group in EPFL (École
Polytechnique Fédérale de Lausanne), the haptic interface Omega is a popular in
many research and industrial domains. In 2001, the design is commercialized by
Force Dimension (Lausanne Switzerland) [ForceDimension 2016]. The interface is
based on parallel structure DELTA and has 3 DOF as translation. The latest version
Omega 7 (see the �gure 1.25) has 3 DOF for haptic feedback, a working space of
160 ×110 mm as translation and 240 × 140 × 180 deg as rotation. The maximum
force it can provide is 12 N.

Figure 1.25: Haptic interface Omega 7 by Force Dimension [ForceDimension 2016].

1.3.2.2 Pantograph

The haptic interface Pantograph (see the �gure 1.26) is �rstly developed in 1994 by
the haptics laboratory in McGill university, Canada [Campion 2005b]. It is based on
a planar parallel mechanism, actuated by 2 motors at base. The linkage is optimized
to be sti� and light. The working space is about 10 × 16 cm2 and the maximum
output force is 10 N.

1.3.2.3 Cable Interface

Ideal haptic interface based on cable transmission can maximum explored working
space with minimum obstacle from mechanical chain. One well known example is
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is �oat due to magnetic �eld. The position and orientation are measured precisely
by optical sensors. This type of interface has very high dynamic performance.

1.3.3 Haptic Interfaces Summary

This section has survey some of the most popular haptic interfaces used in micro-
manipulation. They are based on general-purposed design so as to be applied in a
wide range of applications. However, being general leads to a compromise among
performance properties such as the degree of freedom (DOF) in motion and in haptic
space, the range and geometry of working space, the maximum rendering forces back
to user, the dynamic range (ration between maximum temporary force and friction;
with 1 mN as minimum value as threshold of perception), and etc. A more complete
survey is summarized in the table 1.3.

1.3.4 Dedicated Haptic Interfaces for Micro-Manipulation

Nowadays, the available haptic interfaces are still far from being quali�ed with
respect to the need required by micro-manipulation, which may demand a combi-
nation of the performance properties described above. For example, some advanced
microrobotic applications require large working space and large frequency band-
width. Typical existing solutions employ cantilever structure to augment working
space, however, the frequency bandwidth must be reduced due to the dynamics
of cantilever design. Another example is some special micro-manipulation may re-
quire dedicated interface design to enhance operation intuitiveness, where general
purposed haptic interfaces can hardly ful�ll the request.

In summary, available haptic interface solutions cannot fully address the needs
from micro-manipulation. E�orts are still needed in haptic interface mechanical
design and the development of related algorithms to realize intuitive and e�ective
micro-manipulation.

1.4 Challenges

This chapter has introduced the basics of microrobotics, and the existing technolo-
gies for micro-manipulation. As discussed, there is a blank window for small batch
production of complex microsystems, which demands �exible solution to address the
need. Under such circumstances, Percipio Robotics has proposed its semi-automatic
cobotic platform Chronogrip to bridge the cap between prevailing non-�exible mass
automation and low-yield handmade process. However, the solution is not yet com-
plete, there is still challenges in terms of trajectory tracking and haptic rendering.
Concretely, there are three problems to resolve:

• In the human-robot interaction, control in velocity is crucial. This issue con-
cerns the study of positioning actuator. Piezoelectric stick-slip actuator that
used in Chronogrip system is promising solution to realize a great range of mi-
crorobotic applications, and many innovation companies have commercialized
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this kind of product with reasonable price. However, none of these companies
or any research results is able to propose a complete control strategy for veloc-
ity, let alone acceleration control. The main di�culty lies in the complexity of
the dynamics of piezoelectric stick-slip actuators. More precisely, no research
result has been reported to be able to fully describe the dynamics of such
actuator. To be more general, no control strategy is available nowadays to
address complete trajectory tracking for piezoelectric stick-slip actuator, and
its dynamics is not yet fully understood.

• In the microworld, surface forces are more dominant due to scale e�ect (see
the section 1.1.1.1). In such situation, thermal agitation and other environ-
mental elements cause the micro-objects to follow high dynamic motions. As
a consequence, this will lead to high dynamic interaction forces between tar-
get objects and gripper tools. Taking into account the existing mechanical
structure and design of the haptic interface, no option is able to render high
dynamics arisen from microrobotic applications. The lack of high bandwidth
haptic interface causes the interaction with the microworld non-intuitive and
ine�cient.

• In prestigious watchmaking industry, due to its �exibility of models and small
batch production, the manufacturing process can hardly be automated. But
handmade process has saturated accuracy and productivity, which makes the
watchmaking players more and more di�cult to conquer their place in global
competition. To address this challenge, Percipio Robotics proposes Chrono-
grip to realize cobotic production. However, the most signi�cant issue lies in
the interface. A joystick or tablet is way too di�erent from the conventional
tools (the tweezers) used by watchmaking experts, and hence they have to
be trained very hard to be familiar with the interface. Furthermore, there is
no haptic feedback which makes the process nonintuitive. Nowadays, there
is not yet a haptic interface based on a tweezers form available in prototype.
The combination of realizing haptics and maintaining mechanical properties
of tweezers is a challenging task.

The objective of the thesis is not to construct a new cobotic platform for micro-
robotics, but aimed to address the three challenges described above.

The �rst challenge concerns the issue of the development of trajectory tracking
strategies for piezoelectric stick-slip actuator. Particularly, velocity control is the
subset of this general tracking challenge. In order to handle this issue, a thorough
study of the actuator dynamics must be conducted. Today, modeling methods
have been proposed by various studies, but none of them is able to describe the
dynamics completely, meaning the lack of description in time and frequency domain,
for stepping and scanning mode and for backward and forward motion. In chapter
2, the study of nonlinear dynamic modeling for a class of microrobotic systems
using piezoelectric stick-slip actuators is conducted. It will show that the model can
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describe the dynamics for all the three aspects mentioned above. This result paves
the way for the next development of trajectory tracking strategies.

The second challenge concerns the study of bandwidth of haptic interface. Large
bandwidth is important for the realization of high dynamic interaction for micro-
manipulation. In chapter 3, analytical results show that cantilever interface (what-
ever the material) cannot lead to satisfying bandwidth for micro-manipulation. To
handle this issue, a method is proposed to extend the bandwidth of dual stage hap-
tic interface by using signal crossover technique. With the method implemented,
experimental results show that the dual stage interface has an extended bandwidth
from DC to 1 kHz.

The third challenge concerns design of a novel haptic interface for watchmak-
ing process. The particularity is that the interface must resemble a conventional
tweezers to promote intuitiveness. In chapter 4, it will show that di�culties arise
when providing haptics and tweezers-based characteristics must be satis�ed simulta-
neously. Realization of actuator system is the most challenging part, where several
candidate solutions are proposed and evaluated. A �nal design will be presented as
well as the �rst prototype. Since it is tweezers-based design and is compatible with
conventional usage, the interface is not limited to watchmaking and can be used in
a wide range of micro-manipulations.



32 Chapter 1. State-of-the-Art

Supplier Product

D
O
F

H
-D
O
F

W
or
k
sp
ac
e
(c
m
)

P
ea
k
fo
rc
e
(N

)

C
on
ti
nu
e
fo
rc
e
(N

)

Fr
ic
ti
on

(N
)

D
yn
am

ic
ra
ng
e

P
er
ce
p.

in
er
ti
al
(g
)

St
i�
ne
ss

(N
/m

m
)

St
ru
ct
ur
e

Novint Falcon 3 3 8 9
>
300

8 P

Force dimen-
sion

Omega 3 3 3 11 12 12
0.3-
0.5

40 14.5 P

Force dimen-
sion

Delta 3 3 3 32 20 14.5 P

Force dimen-
sion

Delta 6 6 6 32 20 14.5 P

3D Systems
Phantom
Omni

6 3 11 3.3 0.88
0.3-
0.5

3 45
1-
2.3

S

3D Systems
Phantom
Desktop

6 3 23 7.9
1.5-
2.3

S

3D Systems
Phantom
1.5

6 3 27 8.5 1.4 75 3.5 S

3D Systems Phantom 3 6 3 58 22 1 S

Quanser
5-DOF
Wand

6 5 38 7-9 2-3 6 H

Quanser HD2 6 5 41
14-
20

8-
11

0.35
40-
57

300 3 P

Haption
Virtuose 3D
Desktop

6 3 20 10 3 2 S

Haption
Virtuose 6D
Desktop

6 6 20 10 3 2 S

Haption Virtuose 6D 6 6 84 31 8.5 2 S
Haption Inca 6D 6 6 150 37.5 12.5 C
MPB Tech-
nologies

Freedom 6S 6 6 22 2.5 0.6 0.06 42
100-
200

S

Butter�y
Haptics

Maglev 200 6 6 2.4 40 0 4×104 510 50 P

ACROE
Laboratory

ERGOS
MRK

n n 2 200 60 0.005 4×104 300 40 P

Moog HapticMaster 3 3 36 250 100 2000 50 S
[Campion
2005b]

Pantograph 2 2 10 10 10 55 P

[Mohand-
Ousaid 2012]

dual-stage 1 1 5 5 0.003 6 S

Table 1.3: Comparison of various haptic interfaces. P, S, H and C represent parallel,
series, hybrid and cable. H-DOF is DOF for haptics. Phantom Omni and Phantom
Desktop are now named as Geomatic Touch and Geomatic Touch X respectively.



Chapter 2

Nonlinear modeling for a class of

microrobotic systems using

piezoelectric stick-slip actuators

Contents

2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

2.2 State-of-the-Art . . . . . . . . . . . . . . . . . . . . . . . . . . 36

2.2.1 Microrobotic Actuators . . . . . . . . . . . . . . . . . . . . . 36

2.2.2 Working Principle of Piezoelectric Stick-Slip Actuator . . . . 37

2.2.3 Friction Modeling . . . . . . . . . . . . . . . . . . . . . . . . 38

2.3 Presentation of the microrobotic system . . . . . . . . . . . 40

2.4 Nonlinear dynamic modeling . . . . . . . . . . . . . . . . . . 40

2.4.1 Dynamic Modeling of the PE and the slider . . . . . . . . . . 41

2.4.2 Modeling of the Slider . . . . . . . . . . . . . . . . . . . . . . 42

2.4.3 Modeling of the Friction . . . . . . . . . . . . . . . . . . . . . 43

2.5 Experimental analysis and identi�cation . . . . . . . . . . . 48

2.5.1 Description of the experimental setup . . . . . . . . . . . . . 48

2.5.2 Parameters identi�cation . . . . . . . . . . . . . . . . . . . . 49

2.5.3 Model Validation . . . . . . . . . . . . . . . . . . . . . . . . . 53

2.6 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

2.7 Velocity Control . . . . . . . . . . . . . . . . . . . . . . . . . . 57

2.8 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

In order to develop trajectory tracking strategies for microrobotic systems, the
dynamics of an elementary actuator must be studied and well modeled. This chapter
addresses modeling issues for a class of microrobotic systems using piezoelectric
stick-slip actuators. The modeling of this kind of actuators is complex because:
(i) several parameters of the system (i.e. dynamics of the piezoelectric material
itself, the friction dynamics and the dynamics of the moving slider) are nonlinear
and coupled, (ii) there is no systematic methodology for parameters identi�cation
and (iii) existing friction models are often limited due to the complexity of the
presliding motion. The consequence is that existing models are quite accurate for
a small working range (i.e. input voltage and input frequency ranges). This is not
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su�cient when the microrobotic systems are involved for both large displacements
(e.g. millimeter range) and small displacements (i.e. micrometer range). The main
contribution of this chapter is the proposition of an extended dynamic model for
microrobotic systems using piezoelectric stick-slip actuators. The main issues that
have been addressed are:

• modeling of hysteresis. This is not as simple as for traditional piezoelectric
actuators because here both the hysteresis of the piezoelectric element and the
friction dynamic are involved.

• improving the single-state elasto-plastic friction model. In this study, we show
that several low frequency vibration modes of the stick-slip piezoelectric actu-
ator are not due to the piezoelectric element itself, but it is due to the friction
contact. A multi-state elasto-plastic friction model is then used. Moreover,
we show for the �rst time how the break-away displacement can evolve with
the amplitude and the frequency of an input sawtooth signal. Results show
that this dependence is not the same when the actuator is moving in a forward
direction and in a backward direction.

• obtaining a complete coupled nonlinear model being able to describe the dy-
namics of stick-slip type actuators for both scanning mode and stepping mode
in the time and the frequency domains and for backward and forward direc-
tions of the motion.

Results of this chapter open new perspectives for cinematic and dynamic models
of robotic systems intended to do tasks at the micro scales. Therefore results can
be used for the development of dedicated velocity and/or position control.

The model is validated with experimental data. At last, a velocity control strat-
egy is demonstrated.



•

•

•
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chapter, a velocity control application is demonstrated. The study is based on the
theory of the single state elasto-plastic model and on a series of experiments.

In the next section, some popular microrobotic actuators and modeling ap-
proaches are surveyed. In the section 2.3, the global architecture of the studied
microrobotic system and its main features are presented. The section 2.4 deals with
the nonlinear modeling of the system taking into account the friction contact force
and the hysteresis nonlinearity. In the section 2.5, the experimental analysis and
the model identi�cation are presented. A discussion on the modeling issues is given
in the section 2.6. In parallel with the development of complete dynamic model
(e.g. inverse modeling), a non-model based velocity control scheme is demonstrated
in the section 2.7.

2.2 State-of-the-Art

2.2.1 Microrobotic Actuators

In microrobotics, piezoelectric-based actuators are getting increased market shares
because of their desirable properties such as compact size, high resolution, fast
response and high power to weight ratio. Increasing the actuation range can be
achieved through ampli�cation (bender) or stepping motion [Breguet 2007]. Various
solutions using stepping motion are widely used in many applications such as micro-
biology, neurology, micro-material assembly. So far, piezoelectric-based actuators
which are based on stepping motion principle can be mainly classi�ed into three
categories [Li 2013] [Breguet 2007]: ultrasonic actuators, inchworm actuators, and
inertial actuators. They bear some common characteristics such as their motion
are friction based, the travel range depends only on slider's length, and they have
a holding force without any power consumption. However, they di�er in working
principle and performance.

Typical ultrasonic actuator relies on the excitation of resonance of the sta-
tor. This vibration is generally elliptical and is used to drive the load by friction
[Vasiljev 2007] [Kanda 2006] [Morita 2000]. Motion direction can be controlled by
shifting phase sign among di�erent piezo components. Such actuators are featured
by high speed (> 100 mm/s). In terms of control, they provide a medium control-
lability and are sensitive to variations of loads. The control unit can be complex to
implement due to the need to track resonance [Cedrat 2015].

Inchworm actuator has its slider (load) always in contact with alternate
preloaded piezo stators. The guided motion mainly depends on the driving fre-
quency and the phase shift among stator groups. The accurate synchronization
among piezo stators is the key to guarantee desired motion [Lu 2009] [Moon 2006]
[Kim 2002]. Such actuators can provide much higher forces and resolution, but are
relatively slow (< 10mm/s) with respect to other two options. The corresponding
control unit could also be expensive to realize multi-phases based working principle.

Inertial actuator's working principle is based on the competition between the
inertial force and friction force. It can be operated in either scanning or stepping
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mode depending on the choice between high resolution motion and large range mo-
tion [Belly 2012] [Yang 2011] [�piller 2011] [Fung 2008]. Generally, such actuator
provides medium speeds (10-50 mm/s). Instead of multi-phases based design as de-
scribed from the previous two options, a typical inertial actuator is composed of only
one piezoelectric channel. This simplicity lowers the cost, promotes response speed,
leads to a better miniaturization potential, and greatly reduces the complexity in
control aspect.

Piezoelectric stick-slip actuator is one of the most widely used inertial actuators.
Based on the simplicity described above, it is believed that piezoelectric stick-slip
actuator is a promising choice for microrobotics and it is chosen to build up our
micro-manipulation cobotic system. The comparison among those three actuators
is summarized in the table 2.1.

Ultrasonic Inchworm Inertial

Resolution sub-micron sub-nm sub-nm
Velocity > 100 mm/s < 10 mm/s 10-50 mm/s
Piezoelectric channel multiple multiple single
Travel range < slider's length < slider's length < slider's length
Force < 40 N < 800 N < 10 N

self-locking self-locking self-locking

Table 2.1: Comparison among typical piezoelectric stepping actuators.

2.2.2 Working Principle of Piezoelectric Stick-Slip Actuator

Piezo Position : Stick

Time

(a)

(b)

Stick

Slip

1 step

Slider

Piezo

Slider

Piezo

Piezo Position : Slip

Time

Piezo

Slider

Slider

Piezo

Ff Ff

Friction material

Figure 2.2: The operation principle of the stick-slip actuator. (a) Stick phase; (b)
Slip phase.
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A piezoelectric stick-slip actuator is made of (�gure 2.2) a Piezoelectric Element
(PE), a slider moving along a linear axis and a friction material between the PE
and the slider. The slider is in charge of carrying a load (e.g. robot axis). It is
guided by the deformable PE that converts electrical energy to mechanical energy.
During a slow deformation of the PE, the contact friction force Ff drives the slider
to a linear motion (�gure 2.2(a)). After an abrupt contraction of the PE, the
slider slips and cannot fully follow the sudden motion of the PE because the inertia
force becomes greater than the contact friction force. The slip phase is illustrated
in �gure 2.2(b). An alternate stick and slip sequence produces a displacement of
the slider relative to the PE. By repeating those operations, large range of motion
of the slider can be achieved. This function mode is called stepping mode. The
input voltage signal applied to the PE is a sawtooth sequence so that alternate slow
and abrupt deformations can be realized. If there is only stick motion without any
slip, the slider can be driven with higher precision. This function mode is called
scanning mode. Unlike conventional motors, motion direction cannot be changed by
inverting input power. If input sawtooth sequence is given by repeating slow rise
and abrupt drop, the actuator goes towards one direction, which will be referred to
as forward direction; the opposite direction can be produced if sawtooth sequence
is given by repeating abrupt rise and slow drop, and this direction will be referred
to as backward direction, as shown in the �gure 2.3.

(a)

(b)

Slider

Piezo

Forward direction
Voltage

Time

Slider

Piezo

Backward direction Voltage

Time

Figure 2.3: Simpli�ed scheme showing that the direction of motion of the slider can
be speci�ed by the drive direction of the input sawtooth voltage.

2.2.3 Friction Modeling

Due to the dynamic complexity of the piezoelectric stick-slip actuators, many
research and industrial applications employ static models [Breguet 1998]
[Bergander 2003] [Rakotondrabe 2009] [Rakotondrabe M 2009]. Such typical so-
lution describes the actuator velocity as a linear function of the input sawtooth
frequency and amplitude. It is a simple and e�cient approximation. However, such
models can only be used for stepping mode within a limited input condition range,
and is not suitable for scanning mode. In the research work [Peng 2011], a dynamic
model is developed. But the model is only validated in time domain for several input
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condition and for only one motion direction. The validation in frequency domain is
absent.

As described previously, The phenomenon of stick-slip is determined by the con-
tact friction force in dynamic conditions. As a nonlinear phenomenon, friction is
considered as one of the most di�cult challenges in mechatronic systems and it
can cause control problems such as static errors and limit cycles [Lampaert 2003].
Therefore, friction modeling is considered as the crucial part of the dynamic mod-
eling of piezoelectric stick-slip actuator.

Friction model Continuity Presliding Non-drifting Stribeck Nb. of
(stiction) states

Regularized
Coulomb

√
�

Karnopp
√

�
Dahl

√ √
single

LuGre
√ √ √

single
Single-state
elasto-plastic

√ √ √ √
single

GMS
√ √ √ √

multiple

Table 2.2: Comparison among several friction models.

In the literature, various friction force models can be found, but they are not all
suitable for microrobotic applications. The Karnopp friction model is a combination
between Coulomb and viscous force [Karnopp 1985]. It is a simple approximation
and widely used. Nevertheless, the sign function in the model can cause discontinu-
ity in numerical implementation. The regularized Coulomb model [Threlfall 1978]
made a compromise between friction properties and numerical continuity. Further-
more, if high precision positioning and low velocity tracking are required, those two
models can not give rise to satisfactory results [De Wit 1995]. In order to address
the high precision positioning and tracking in microrobotics, a comprehensive fric-
tion model must be employed to describe the phenomenon of presliding which is the
motion prior the complete slip [Dupont 2002]. The Leuven model [Lampaert 2002]
[Swevers 2000] and GMS model [Lampaert 2003] are multi-state complex models
established in asperity level. The latter one is the most comprehensive and is able to
describe complex behaviors such as presliding regime, Stribeck e�ect, frictional lag,
transition behavior and etc. However, in order to obtain smooth and accurate fric-
tion signals, there must be su�cient number of states (asperities). This complexity
could be a major impediment for real-time applications where computational time
must be strictly controlled. The LuGre model [De Wit 1995] [De Wit 1993], in line
with the Dahl model [Dahl 1968], is a single-state friction model which is based on
the average behavior of the bristles. This model can describe presliding, Stribeck
e�ect and frictional lag [Zhong 2011]. However, its limitation is that it exhibits
undesirable drift behavior [Hayward 2000].
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To tackle this issue, Dupont et al. [Dupont 2002] have proposed a single-
state elasto-plastic friction model that reduces the drift while it preserves the fa-
vorable properties of existing models. This model has been applied in several stud-
ies [Sera�n 2003] [Buechner 2012] [Han 2011]. In particular, the research work
[Peng 2011] [Rakotondrabe 2009] use this friction model to develop dynamic model
for piezoelectric stick-slip actuator. However, none of those research work has rig-
orously investigated how to incorporate this friction model for di�erent motion di-
rections. This seems trivial, but in our study, it will be demonstrated that special
condition must be met in order to address motion direction change. Indeed, in the
original paper [Dupont 2002] it is suggested that some parameters of the model
would be changed in case of direction change. For control purposes, the model must
be able to simulate the dynamic motion of the actuator in a wide operating range
and for both forward and backward motions.

Based on the simplicity and versatility of the single-state elasto-plastic model,
it is chosen as the friction model in our study. As mentioned above, additional
condition of the friction model must be speci�ed so as to address di�erent motion
directions. The comparison of friction models is summarized in the table 2.2.

2.3 Presentation of the microrobotic system

The microrobotic system is designed by SmarAct company. It is composed of a 6
DOF parallel robot and a 3 DOF Cartesian robot (see the �gure 2.4). Each axis of
the microrobot is actuated by a piezoelectric stick-slip actuator of the same reference
(SLC-1720-S-HV). The maximum stroke of each axis in the Cartesian microrobot
is 12 mm, the maximum amplitude of the input driving voltage is 100 V and the
scanning resolution is in submicron range. The study is mainly concerned with
the dynamic modeling of the stick-slip actuator. The actuator of the Y axis in
the Cartesian structure is used for the experimental validation. The motion of this
actuator is measured with a laser interferometer sensor (SP-120 SIOS Mebtechnik
GmbH).

2.4 Nonlinear dynamic modeling

To de�ne the dynamic model of the complete microrobotic system, the dynamics
of each axis must be well modeled. As such, the challenge is to de�ne an accurate
dynamic model of an elementary stick-slip actuator.

The major impediment lies in the fact that the internal structure is no public
information. As such, hypothesis must be made for the modeling. There are three
main assumptions (Fig. 2.5):

(i) the Piezoelectric Element (PE) is attached to the base of the actuator,
(ii) the moving slider is guided by a linear crossed roller guideway and has only

one translational DOF,
(iii) there is a friction material between the slider and the PE without lubricant.
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x1i is the displacement of a vibration mode i. The total displacement of the PE is
x1. U and Ff are respectively the input voltage and the friction force between the
slider and the PE.

In static mode (i.e when t→∞), x1 is given as:

x1 = (
Kact1

Kpa
+
Kact2

Kpb
)U − (

Kpa +Kpb

KpaKpb
)Ff (2.4)

Let us now consider the hysteresis nonlinearity H(U). The dynamic equation of
the PE becomes:

x1 = H(U)Fh(Kact1Gxa +Kact2Gxb)U − (Gxa +Gxb)Ff (2.5)

where

Fh =
KpaKpb

Kact1Kpb +Kact2Kpa
(2.6)

Gxa =
1

Mps2 +Dpas+Kpa
Gxb =

1

Mps2 +Dpbs+Kpb
(2.7)

The PE is also characterized by the creep [Gu 2014]. The creep is a very
slow phenomenon and is therefore not considered in this study. The hysteresis
is analyzed in scanning mode. Experimental results (see section 2.5.2.2 for more
details) have shown that the shape of the hysteresis depends on the input signal
frequency. The hysteresis is therefore rate-dependent (i.e. dynamic hysteresis).
However, the hysteresis does not modify the resonance frequencies. This is why in
equation 2.5 it has been modeled as a static hysteresis H(U) followed by a linear
dynamic part of the PE whose static gain is equal to 1 [Rakotondrabe M 2009].

The Prandtl-Ishlinskii (PI) static Hysteresis model is used to describe H(U).
Each element of the PI model is a backlash characterized by a bandwidth bwi = 2×ri
and a weighting coe�cient ωi as shown in the �gure 2.6. The hysteresis has been
modeled in the same way as in [Rakotondrabe 2010]. The number of backlash used
in the case of the stick-slip actuator and the identi�cation results are presented in
section 2.5.2.2.

2.4.2 Modeling of the Slider

Theoretically, the only external excitation that drives the slider is the friction force
Ff . It is due to the relative motion x1 − x2 between the PE and the slider (see the
�gure 2.5). The dynamic equation of the slider can be governed by the following
equation:

Ms
d2x2
dt2

= Ff (2.8)

Ms is the mass of the slider.
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Figure 2.6: Bloc diagram of the Prandtl-Ishlinskii static hysteresis model.

In the sequel, the dynamic equation of the PE and that of the slider will be
coupled taking into account the friction force Ff .

2.4.3 Modeling of the Friction

In order to de�ne the dynamic transfer function between the displacement of the
slider x2 and the input voltage U , the friction force Ff must be modeled. The
single-state elasto-plastic friction model [Dupont 2002] is used in this work.

The relative motion x = x1−x2 between the PE and the slider can be generally
decomposed into elastic (reversible) and plastic (irreversible) components, denoted
by z and w respectively:

x = z + w (2.9)

The physical representation is illustrated in the �gure 2.7. The black bending
bristle stands for the asperity between the slider and the friction material surface.
In contrast to multiple random asperities representations in multi-states models,
this only one connection stands for the average e�ect and thus gives rise to single
state model.

The elasto-plastic friction force Ff is governed by the following equation:

Ff = ρ0z + ρ1ż + ρ2ẋ (2.10)

ρ0, ρ1 and ρ2 are respectively the contact sti�ness, the damping for the tangen-
tial compliance and the viscous friction constant. The viscous friction force ρ2ẋ is
considered negligible compared to dry friction. This is the case when the frictional
phenomenon is presliding dominant with a small relative velocity ẋ [Landolsi 2009].

The elastic component z is governed by:
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Proof. Consider a general working scenario where x evolves along only one
direction from zero initial conditions. Elasto-plastic presliding begins with
pure elastic, evolves then to mixed and �nally to plastic displacements. In
pure elastic regime, α(z, ẋ) is zero so that ż = ẋ. This equality assures
that the elastic strain is consistent with the motion direction. Once |z| goes
beyond the break-away threshold zba, mixed displacements occur. If zss is kept
constant, there will be one motion direction so that z(t)

zss
< 0, e.g. the motion

is driven in the negative direction (backward) while zss is a positive constant.
Given the condition 0 < α(z, ẋ) < 1 from (2.12) in the mixed regime, it leads
to (2.14):

1− α(z, ẋ)
z(t)

zss
> 1, if sgn(z(t)) 6= sgn(zss) (2.14)

Let us denote C = 1 − α(z, ẋ) z(t)zss
. By taking the derivative of (2.9) and

combining with (2.11), it yields:

ż = ẋ− ẇ = Cẋ (2.15)

ẇ = (1− C)ẋ (2.16)

Since 1− C < 0, thus:

sgn(ẇ) 6= sgn(ẋ) (2.17)

According to [Dupont 2002], this inequality occurs only in the case of elas-
tic super relaxation following motion reversal. This is not in accordance with
the working scenario where the motion evolves along only one direction. As a
result, keeping zss a constant cannot address the need of modeling backward
and forward motions.

From the proof above, it can be seen that the issue arises from the sign di�erence
between z and zss. In our study, a solution is proposed and all zss mentioned above
must be replaced by zss(z) described as:

zss(z) = zss sgn(z) (2.18)

In the sequel, zss only represents a positive constant value. Combined with the
condition that |z| is always saturated to |zss|, for any motion direction it yields:

0 6
z

zss(z)
6 1 (2.19)

By taking into account the equations (2.11), (2.12) and (2.13), it can be derived
that 0 6 dz/dx 6 1. This conforms to the property the model must preserve as
described in the original paper, when super relaxation is precluded and no Stribeck
e�ect is considered.
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x < 0 ẋ < 0 ẋ = ż

z < 0 ż < 0 |z| 6 zba
ω = 0 ω̇ = 0 α(z, ẋ) = 0

Table 2.3: Model variables in elastic phase.

|z| < |zss(z)| and 0 < α(z, ẋ) < 1. Since z is negative and in order to preserve
the property 0 6 dz/dx 6 1, zss(z) must be negative (see equation (2.11)).
This is consistent with the proposed condition (2.18), (see table 2.4 for related
variables).

x < 0 ẋ < 0 ẋ = ż + ω̇

z < 0 ż < 0 zba < |z| < |zss(z)|
ω < 0 ω̇ < 0 0 < α(z, ẋ) < 1

Table 2.4: Model variables in mixed phase.

• Plastic phase: contraction continues (�gure 2.8 (c)), with conditions z =

−zss and α(z, ẋ) = 1. Since z stops evolving, it must satisfy zss(z) = −zss to
keep ż = 0. This is consistent with the proposed condition (2.18), (see table
2.5 for related variables).

x < 0 ẋ < 0 ẋ = ω̇

z < 0 ż = 0 z = −zss
ω < 0 ω̇ < 0 α(z, ẋ) = 1

Table 2.5: Model variables in plastic phase.

• Motion reversal initiated: elongation starts (�gure 2.8 (d)), with z not
fully relaxed. Since sgn(ẋ) 6= sgn(z) and α(z, ẋ) = 0, The condition (2.18) has
no e�ect on friction model, (see table 2.6 for related variables).

x < 0 ẋ > 0 ẋ = ż

z < 0 ż > 0 sgn(ẋ) 6= sgn(z)
ω < 0 ω̇ = 0 α(z, ẋ) = 0

Table 2.6: Model variables in initial motion reversal.

• Elastic displacement fully relaxed: back to relaxed contact undergoing
elongation (�gure 2.8 (e)). z starts to stretch in the opposite direction. Pro-
cedures (a) - (c) of the �gure 2.8 will be repeated (see table 2.7 for related
variables).

• PE fully stretched: the friction is in plastic phase (�gure 2.8 (f)). Afore-
mentioned steps will be repeated for subsequent motion.
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x < 0 ẋ > 0 ẋ = ż

z = 0 ż > 0 |z| 6 zba
ω < 0 ω̇ = 0 α(z, ẋ) = 0

Table 2.7: Model variables in initial motion reversal.

Forward motion can be analyzed in the same logic. From the analysis above, it
can be seen that the proposed condition 2.18 preserves the critical property of the
single-state elasto-plastic friction model and is consistent with the piezoelectric stick-
slip motion. An alternative solution is to relate zss with relative velocity ẋ. It can be
actually reduced to the proposed condition 2.18. However, in real implementation
ẋ is obtained by discrete derivation which could cause numerical errors. Therefore
condition 2.18 is a more robust choice.

The complete form of single-state elasto-plastic friction force Ff can be expressed
by equations (2.9), (2.10), (2.11), (2.12), (2.13) and (2.18).

In the following section of identi�cation, it will be shown that the two dominant
dynamic modes of the stick-slip actuator do not come from the dynamics of the PE.
But the single-state friction coupled with slider can only give rise to one dynamic
mode. In order to deal with this situation, we propose two asperities for describing
friction in our study. Concretely that means:

Ffa = ρ0aza + ρ1aża (2.20)

Ffb = ρ0bzb + ρ1bżb (2.21)

The dynamic models of the PE and the slider, namely equations (2.5) and (2.8)
can therefore be coupled taking into account the friction model. In scanning mode,
the actuator behaves like a coupled oscillator.

2.5 Experimental analysis and identi�cation

2.5.1 Description of the experimental setup

For the model identi�cation, an experimental platform is set up. It is composed of:
(i) the microrobotic system, (ii) the laser interferometer sensor (resolution: 0.1 nm)
for position measurement, (iii) a vibration isolation table and (iv) a controller board
(dSPACE DS1104) with a Real Time Interface (RTI).

The interferometer sensor and the microrobot are set in two di�erent vibra-
tion isolation tables to avoid exciting the laser sensor by the actuator vibrations.
The laser of interferometer is aligned to measure the displacement of the Y axis
of the Cartesian structure, as shown in Fig. 2.9. In our study, measurements are
performed with sampling frequency as 25 kHz and 1 mHz. Megahertz sampling fre-
quency is applied when dominant dynamic modes lie in high frequency band (such
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performed with 1 mHz sampling frequency, see the �gure 2.10. It can be observed
that the PE has two dominant dynamic modes at 64 kHz and 118 kHz. This process
allows decoupling the system and identi�es the parameters for the PE only. The
identi�cation result is shown in the table 2.8.
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Figure 2.10: Step response of the PE (stick-slip actuator without slider) using a 90
V step excitation. Left: PSD of step response; right: simulation and experimental
results in time domain.

A similar identi�cation process is applied to the stick-slip actuator (with slider),
the Y axis of the robot. A 40 V step voltage is applied and the measurements are
performed with 25 kHz sampling frequency. The measured displacement in time
domain and its Power Spectral Density (PSD) are shown in the �gure 2.11. The
PSD shows two resonant frequencies at 595 Hz and 1633 Hz. They, however, do not
result from the dynamics of the PE (as shown from the identi�cation results of the
PE). This situation can be handled if the friction model possesses two asperities (ρ0a,
ρ1a) and (ρ0b, ρ1b), with each gives rise to one dynamic mode. The identi�cation
result is shown in the table 2.8.

2.5.2.2 Step2 - identi�cation of the hysteresis in scanning mode

The PI hysteresis model has been identi�ed as follows: (i) A sine input voltage is
applied to the actuator. The amplitude and the frequency of the sine signal are
40 V and 50 Hz respectively. The position of the slider in response to the sine
voltage is measured experimentally. (ii) The experimental hysteresis curve is shifted
in the positive section of the [U, x2] plane. (iii) n = 35 elementary backlashes are
de�ned. (iv) The input U is split into n+ 1 non uniform partitions. The bandwidth
bwi = 2 × ri of each elementary backlash is therefore de�ned. (v) The weighting
coe�cient ωi (see Fig. 2.6) of each backlash is then identi�ed.

See [Rakotondrabe 2010] for more details about the PI identi�cation method.
Taking into account the dynamic model of the stick-slip actuator and the PI hys-

teresis model, the hysteresis curve of the system x2/U has been simulated. Results
have been compared with experimental measurements as shown in Fig. 2.12.
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Parameter [unit] Identi�ed Values

ρ0a [N/m] 3.517× 105

ρ0b [N/m] 2.62× 106

ρ1a [Ns/m] 64.9651

ρ1b [Ns/m] 15.6125

zba/|zss(z)| 0.667

Mp [Kg] 0.00075

Ms [Kg] 0.0247

Dpa [Ns/µm] 25.86

Dpb [Ns/µm] 82.17

Kpa [N/µm] 1.23× 108

Kpb [N/µm] 4.24× 108

Table 2.8: Identi�ed parameters of the dynamic modeling.

2.5.2.3 Step3 - identi�cation of the break-away elastic strain and the

steady-state elastic strain in stepping mode

The stick-slip actuator is driven by sawtooth signals. The velocity ẋ2 (slope of the
displacement) can be measured given a sequence of sawtooth with varying frequen-
cies and amplitudes in both drive directions. This measurement is used to identify
the break-away elastic strain zba and the steady-state elastic strain |zss(z)| so that
the velocity matches between the model and experimental data.

In the original work, the mixed phase of friction model with sinus implementation
is proposed to ensure continuous transition. The physical motivation about the
ratio between zba and |zss(z)| still needs further investigation. It is suggested by
the authors that the mixed phase should be relatively narrow with respect to the
elastic phase. In our study, the ratio has been kept constant as zba/|zss(z)| = 0.667.
Under this condition, it will be shown in the following part how the break-away
elastic strain zba evolves with respect to various input conditions (amplitude and
frequency of the sawtooth signal).

The �gure 2.13 illustrates the evolution of the identi�ed zba versus the amplitude
of an input sawtooth signal of 50 Hz frequency. In the �gure, zba(−) and zba(+)

denote respectively the identi�ed value for backward and forward motion directions
of the slider (see Fig. 2.3) . The �tted curves are shown for both backward and
forward motion directions.

The �tting result gives rise to a dynamic model for stepping mode with limited
input conditions (�xed frequency as shown in the example). At the time of writing,
we are still working on the identi�cation process to derive a complete �tting, i.e. a
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70, 80, 90 and 100 V, where the sawtooth frequency is �xed at 50 Hz.

�tting surface of zba with respect to all combination of frequency and amplitude.

2.5.3 Model Validation

The model describing the dynamic transfer x2/U is validated with experiments for
both scanning mode and stepping mode. For each mode, the input voltage is a
sawtooth signal. Three input frequencies are used for the validation: 50, 100 and
500 Hz.

In scanning mode, the input sawtooth amplitude is equal to 20 V. Results of
Fig. 2.14 show that the output x2 of the dynamic model returns back at its initial
position after the abrupt drop of the voltage. In other words, there is no accumulated
stepping. For di�erent frequencies of the input sawtooth voltage, the model works
in scanning mode. This is in agreement with experimental data.

In stepping mode, the model is validated for both forward and backward motions
of the slider (Fig. 2.3). For each case, two input sawtooth voltages of 40 and 60
V in amplitude are used. The aim is to study the e�ect of the amplitude voltage
on the velocity of the slider and to show the agreement between experimental data
and simulations. The model is validated in the time domain and in the frequency
domain.

Results of the �gure 2.15 show that for an input voltage of 40 V, the actuator
behaves in a stick and slip operating mode (stepping mode). The velocity of the
slider motion increases with increasing the amplitude of the input voltage. This
can be observed by comparing Fig. 2.15 (a) with Fig. 2.16 (a), Fig. 2.15 (b) with
Fig. 2.16 (b) and Fig. 2.15 (c) with Fig. 2.16 (c). Moreover, experiments show
that the velocity of the slider (slope of the position curve) is di�erent in forward



54

Chapter 2. Nonlinear modeling for a class of microrobotic systems

using piezoelectric stick-slip actuators

0 0.04 0.08 0.12 0.16 0.20

0

0.1

0.2

DynamicVModel
ExperimentalVData

TimeV(second)

D
is

pl
ac

e
m

en
tV(

µ
m

) 0.3

DynamicVModelVVSVExperimentalVDataV(atV20V,VbackwardVdirection)

(a) 20V 50Hz

0 0.02 0.04 0.06 0.08 0.10
Time (second)

0

0.1

0.2

0.3

D
is

pl
ac

e
m

en
t (

µ
m

)

(b) 20V 100Hz

DynamicµModel
ExperimentalµData

0 0.004 0.008 0.012 0.016 0.020

-0.05

0.05

0.15

0.25

Timeµ(second)

D
is

pl
ac

e
m

en
tµ(

µ
m

)

(c) 20V 500Hz

Figure 2.14: Comparison in the time domain between experimental and simulation
data for di�erent input sawtooth condition (a) [20V 50Hz], (b) [20V 100Hz] and (c)
[20V 500Hz].

and backward operating modes. The model describes accurately this �asymmetric"
behavior.

In order to validate the dynamic model in the frequency domain for both scan-
ning mode and stepping mode, the PSD of the model output is computed for two
di�erent input sawtooth signals. The �rst one with an amplitude of 20 V and a
frequency of 500 Hz and the second one with an amplitude of 40 V and a frequency
of 50 Hz. From the �gure 2.17, it can be seen that the dynamic model provides a
comparable match to experimental results in frequency domain.
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Figure 2.15: Comparison in the time domain between experimental and simulation
data for di�erent input sawtooth condition (a) [40V 50Hz], (b) [40V 100Hz] and (c)
[40V 500Hz].

2.6 Discussion

In the dynamic modeling, the Stribeck e�ect [De Wit 1995] is not considered since
no lubricant �lm is assumed to exist between friction surfaces. In the literature,
the steady-state elastic strain is often kept as a positive constant. In this paper,
it has been shown that such an assumption cannot ful�ll the condition to simulate
the motion of the slider subject to direction change. The steady-state elastic strain
must vary to accommodate the speci�c drive direction. The experiments have shown
the asymmetric behavior of the slider in backward and forward directions. This
observation highlights the need of performing a model identi�cation for both drive
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Figure 2.16: Comparison in the time domain between experimental and simulation
data for di�erent input sawtooth condition (a) [60V 50Hz], (b) [60V 100Hz] and (c)
[60V 500Hz].

directions.
Our study applied step response for dynamic identi�cation. In a step sequence,

the actuator will �rstly experience abrupt elongation/contraction, then vibrate un-
til decayed to �nal state. The identi�cation is based on the assumption that the
vibration after applying step signal does not give rise to sliding between slider and
friction material. If the abrupt voltage would cause sliding, static gain of the model
will be a�ected. But this will be compensated by hysteresis identi�cation.

The break-away elastic strain zba must be identi�ed for di�erent amplitudes and
frequencies of the input sawtooth signal. This is due to the fact that the friction
force varies with respect to operating conditions, and ρ0, ρ1 must be kept constant
to comply with dynamic response in frequency domain. The evolution of zba versus
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Figure 2.17: Comparison in the frequency domain between experimental and sim-
ulation data for di�erent input sawtooth condition (a) [20V 500Hz] and (b) [40V
50Hz].

the amplitude of the input signal has been identi�ed through experiments (�gure
2.13) for a �xed frequency. In order to control in closed loop the position of the
slider in stepping mode, the PE can be actuated by a sawtooth signal with controlled
amplitude and frequency. New control strategies can be developed in the future if
the identi�cation of zba is performed in the workspace including the frequency and
the voltage amplitude of the driving signal and the motion direction. This will lead
to the extension of the result of the �gure 2.13 into a surface �tting.

2.7 Velocity Control

As an important subset of trajectory tracking problems, velocity control is indis-
pensable for micro-manipulation cobotic platform to realize tasks such as fast switch
between distant-workspaces, smooth transportation of fragile micro-objects, or other
microrobotic applications where desired velocity must be achieved. From the dy-
namic analysis and model validation of the study, it can be seen that with di�erent
input conditions, response in time domain varies greatly. The di�erence will di-
rectly impact the quality of velocity (amplitude, vibration, etc.) For example, to
obtain smooth velocity for large motion distance, one can tend to employ stepping
mode with increased sawtooth frequency to have a reduced level of vibration. This
actually requires the knowledge of frequency domain analysis of the model. If appli-
cation requires to realize desired velocity within distance that is smaller than a step,
control in scanning mode is an obvious choice. In this case, the actuator is reduced
to a classical continuous coupled system. If the knowledge of inverse dynamics is
known, one can apply strategies such as inverse dynamics or computed torques con-
trol in order to obtain desired velocity. If the motion distance in which velocity
control is required falls in-between, an intelligent control strategy must be derived
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Figure 2.19: Velocity control simulation with partial dynamic model. The sawtooth
frequency is set to 1 kHz. The speed reference is set to 100 micron/s for both
forward and backward motion.

cases.

2.8 Conclusions

Piezoelectric stick-slip is one of the most promising actuation principles for micro-
robotic systems. It allows positioning the microrobotic axis in the millimeter range
with a submicron resolution. This chapter has dealt with dynamic modeling chal-
lenges for this kind of actuator. The result shows that the model is able to describe
the behavior for both scanning mode and stepping mode in the time and the fre-
quency domains, and for backward and forward motion. The dynamic model is
based on a multi-state elasto-plastic friction model. Identi�cation shows how the
break-away elastic strain varies with respect to di�erent input conditions. Results
of ongoing research show that the break-away displacement mainly depends on the
voltage amplitude and less on the voltage frequency. The proposed modeling ap-
proach has been validated with a series of experiments. In our best knowledge, the
validation of stick-slip actuator model in such operating conditions has never been
demonstrated in the literature.

At the end of the chapter, a velocity control strategy for large motion distance
is demonstrated by using partial dynamic model. In the next step, we aim to
develop trajectory tracking strategies for more general microrobotic applications.
In the future, the complete set of modeling and control algorithms is expected to be
implemented in Chronogrip to realize various microrobotic applications.
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The microworld can be characterized by high dynamics, but existing cantilever
based haptic interfaces are not capable of rendering high frequency bandwidth.
This chapter presents an approach to extending the frequency bandwidth of haptic
interfaces so that interface can have a uniform response over the entire human
tactile frequency range. Structural mechanics makes it very di�cult to implement
articulated mechanical systems that can transmit high frequency signals. Here, we
separated the desired frequency range into two bands, where the lower one can
be covered within the �rst structural mode of one mechanism and the higher one
can be transmitted accurately by a fast actuator operating from conservation of
momentum, that is, without reaction forces to the ground. To couple the two
systems, we adopted a channel separation approach akin to that employed in the
design of acoustic reproduction systems. The two channels are recombined at the
tip of the device to give a uniform frequency response from DC to one kilohertz.
In terms of mechanical design, the high-frequency transducer was embedded inside
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the tip of the main stage so that during operation, the human operator has only to
interact with a single �nger interface. In order to exemplify the type of application
that would bene�t from this kind of interface, we applied it to the haptic exploration
with microscopic scales objects which are known to behave with very fast dynamics.
Speci�cally, the novel haptic interface was employed in an optical tweezers scenario
to demonstrate its capabilities. Operators could feel interaction forces arising from
contact as well as resulting from Brownian motion.
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3.1 Introduction

In order to realize intuitive and e�ective teleoperation for microrobotic applications,
a cobotic platform must be equipped with a high-bandwidth haptic interface. The
current Chronogrip user interfaces (joystick, tablet) do not yet integrate haptics
functionality. Actually a more fundamental problem is that all existing cantilever-
based haptic interfaces have limited bandwidth, which is far from the bandwidth of
the physical activities in the microworld [Romano 2012] [Sitti 2004] [Finio 2011].
By using existing haptic interfaces, the spectrum of the communication like force fed
back to the user is signi�cantly truncated from that taking place in the microworld.
As a typical consequence, high frequency vibration is �ltered out.

In fact, vibration transmission is a classical problem in mechanics. Any me-
chanical architectures and materials have their limits of transmission due to their
intrinsic physical properties. The transmission of vibration implies the competition
between elastic recovery and inertia in the material or the structure. The spec-
tral response can be characterized by their mechanical modes directly deduced from
the elastic and inertial parameters of the system. The mechanical modes implies
resonances phenomena which are undesirable for accurate transmission. The range
of vibration transmission are then limited by the intrinsic frequency response of
the materials and structures. Researchers and engineers restrict functional range of
transmission from static to a safety zone before the fundamental mode. In practice,
typical haptic interfaces might be limited in bandwidth using appropriate low-pass
�lters [Campion 2005a]. To �x ideas, the popular interface Sensable PHANTOM
1.0A device has a useful mechanical bandwidth of only 30 Hz. In the section 3.2,
more recent haptic interfaces are surveyed and analyzed.

x

y

L
Cross section

a

a

z A B

Figure 3.1: The cantilever beam has uniform distributed mass and square cross
section. Both ends are �xed. At the position x, the de�ection is denoted as y.

In a simple experiment of a �xed beam, it is straight-forward to analytically
evaluate the ultimate physical limits of mechanical transmission. The �gure 3.1
illustrates the typical scenario. The beam has uniform distributed mass and square
cross section. Each end is �xed to ground. At the position x, the de�ection of the
beam is denoted as y. The general equation for the transverse vibration is:

∂4y

∂x4
+
( ρA
EIz

)∂2y
∂t2

= 0 (3.1)

where ρ is the mass density, A as the cross sectional area, E as the Young's
modulus, and Iz as the area moment of inertia with respect to axis z. By using
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points A and B as boundary conditions, the general equation 3.1 can be solved with
all the natural angular frequencies expressed as:

ω =
(nπ
L

)2√EIz
ρA

n = 1, 2, ... (3.2)

Using the ideal material, with the highest ratio elasticity/inertia, for example
carbon �ber composite, the fundamental mode is just around 611 Hz for a 20 cm-
long beam with 5 × 5 mm2 square cross section. The table 3.1 surveys several
widely applied materials' properties and lists their �rst natural frequency for the
same beam model de�ned above. Parallel structures such as a pantograph helps to
rigidify the transmission with less expansive materials and low increase of inertia.
However, measurements show that it is comparatively di�cult to have bandwidth
higher than 300Hz [Campion 2005b] for a few centimeter deported handle. This
means that it is impossible to transmit faithfully a vibrations over 300 Hz on a
distance of 15 cm through materials, architectures or passive transmissions.

Material type Young's modulus
(GPa)

Density (Mg/m3)
1st natural
frequency
(Hz)

Cast Irons 170 7.15 276

Stainless steel 200 7.85 286

Aluminum alloy (7075-T6) 70 2.7 288

Carbon �ber 200 1.72 611

Table 3.1: Lowest natural frequencies of a beam for various materials. The geometry
of the beam model is 20 cm-long with 5 × 5 mm2 square cross section. Assume
all mechanical properties are evenly distributed. The Young's modulus and density
data in this table are referred from Materials Data Book [Cambridge 2003].

To overcome this problem, in this chapter, an bandwidth-extending method
for a dual-stage architecture is proposed. Since cantilever structure precludes high
frequency information, high frequency vibrations are not transmitted through an
architecture with several degrees of freedom, but directly through a small vibration
transducer in the end e�ector, see the �gure 3.2. Using a rigorous coupling of
mechanical interaction by crossover techniques, this chapter addresses the problem
of mechanical bandwidth of haptic devices that need at least to reproduce stimuli
from 0 to 1 kHz in order to ful�ll human proprioceptive capacities [Gescheider 1988].

One revolutionary research �eld in microrobotics which demands 1 kHz haptic
bandwidth is optical tweezers [Ni 2013a]. This technique requires no direct con-
tact with manipulated object and is therefore favored in physics, cell engineering
and other �elds that need micro-manipulation and micro-scale force measurement
[Neuman 2004] [Ni 2013b]. The working mechanism is that under a tightly focused
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to high frequency band. For the high frequency part, the candidate device cannot
be based on cantilever structure (as analyzed in the introduction) and must be
small enough to be embedded in the other device's handle. Based on this reason, a
vibration transducer such as a voice coil actuator is a natural choice. For the low
frequency part, the candidate device must have frequency bandwidth high enough
to overlap with that of the high frequency component (explained in the crossover
method). Furthermore, large bandwidth allows us to have more �exibility to apply
crossover technique. The next important criteria must be associated with desired
application. In optical tweezers application, the motion and haptics are mostly
studied in plane with translation motion, those along the direction of depth or
orientation have limited range and dynamics [Ni 2013b]. This condition indicates
the application can be realized with a 2D haptic interface. Combined with the
requirement of bandwidth, the Pantograph [Campion 2005b] is the best choice for
the low frequency component of the dual stage method. Each component of the
dual stage interface will be described in the following.

3.3.1 Material description

The �rst stage the Pantograph haptic interface [Hayward 1994, Campion 2005b] is
a planar parallel mechanism of two actuated DOF. It provides a sti� and light set of
linkages as shown in the �gure 3.4 (a). It has desirable features such as light inertia,
high sti�ness, compact design and large operating workspace. It is one of the most
e�cient 2D haptic devices to our knowledge. Our prototype's haptic bandwidth is
up to about 200 Hz (see the �gure 3.10), but is still not su�cient to cover the full
human perception range and our objective up to 1 kHz mechanical bandwidth. This
�rst stage will be responsible in our crossover method of the low frequency haptic
sensations.

The second stage is a vibration transducer called Haptuator [Yao 2010] (see
the �gure 3.4 (b)) developed by TactileLabs. This device is a voice-coil type linear
actuator with a moving magnet. The cylinder magnet is designed to move axially
as a result of the Laplace force relative to the enclosure. The Haptuator is designed
to work at high frequency, it cannot render static forces but it is very e�cient for
texture haptic feedback [Yao 2010] (see the �gure 3.11). This second stage will be
responsible in our crossover method of the high frequency tactile sensations.

In order to have the two stages in parallel and mechanically coupled, Haptuator
is integrated inside the Pantograph handle, as shown in the �gure 3.4 (c). In the
context of our research work, only one Haptuator is installed. The �rst objective is
to validate the dual-stage combination by crossover method in one dimension, i.e.,
the y axis as shown in the dynamic modeling section and the �gure 3.9.

In terms of sensors, a pair of relative angular encoders (Gurley Precision Instru-
ments Inc.) is embedded inside the Pantograph for each motor. They are used to
track run time handle's positions in the joint space based on the kinematics of the
Pantograph. Additionally, inside the handle of the Pantograph, a three-axis ana-
log accelerometer (Freescale MMA7361) is incorporated to measure the resulting
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a b

c

Pantograph

handle

vibration 
transducer

Figure 3.4: Dual-stage haptic interface components. (a) The planar parallel mech-
anism, the Pantograph, has uniform magnitude in the bandwidth until 200 Hz. (b)
The tactile device or Haptuator. This vibration transducer is suitable to work in a
high and large frequency region until 1 kHz. (c) The interface handle, inside which
the Haptuator and the accelerometer are embedded.

acceleration at the handle. This sensor will be used as the source for our system
identi�cation and is essential for evaluating the performance of the whole interface.

In terms of software deployment, the whole haptic device is interfaced to a host
computer via a NI (National Instruments [NI 2014]) DAQmx PCIe 6259 card. The
host computer provides a soft real-time Linux (RTAI) environment. A real-time
application is implemented in this environment to process all algorithms (kinematics,
signal crossover, compensation, and other utilities) and to handle user commands.
The real-time application runs at 10 kHz as sampling rate to guarantee the quality
of signals within demanded bandwidth.

3.3.2 Crossover method

In order to create a large bandwidth haptic system, our idea is to coupled two stages
of mechanical systems, one which respond well to low frequency signals and one to
high frequency signals. The idea is inspired by the techniques used in high �delity
sound management to coupled loudspeakers with di�erent frequency responses. This
coupling is realized with a method called signal crossover that can be fully adapted
to haptic frequency coupling as it is demonstrated later in the section 3.5.

Signal crossover is a class of analog/numerical �lters implemented to split signals
(audio, haptic, etc.) into separated frequency bands [Harris 2013]. It routes them
to corresponding signal transmitters (loudspeakers, haptic interface, etc.) that has
been optimized for those frequency bands. In a typical 2-way audio crossover net-
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Figure 3.8: Magnitude plot of the LR-4 crossover. The blue, green and red curves
represent the LR-4 low-pass �lter LP, the LR-4 high-pass �lter HP as well as the
sum of LP and HP respectively.

3.4 Model and control

3.4.1 Dynamic modeling

To have a better overview of the mechanical interaction, a model of the whole system
is proposed in this section. The �gure 3.9 explicits the mathematical model. This
model highlights the complexity of our mechanical coupling, more complex than a
network of independent loudspeakers. The system is composed of three components :
the vibration transmitter or the Haptuator, the force transmitter or the Pantograph
and the user pressing �nger.

Before proceeding with the mathematic analysis, the modeling scenario must be
presented. During operations, the human operator places one �nger on the surface
of the interface handle as shown in the �gure 3.9(a). She/he applies a light pressure
to assure the contact at all time with the handle. A sequence of numerical haptic
signals are sent to both of the haptic channels : the Pantograph and the Haptuator.
The numerical haptic signal is transformed to the voltage command UF by the
overall computational system.

The dynamic modeling is studied in one axis around a local position, because
apparent masses slightly depend on the Pantograph con�guration. The Haptuator
axis is aligned with the �nger axis in this model. The haptic handle is in the middle
of the Pantograph workspace and the input haptic signal is a one directional force
in the same considered direction, i.e. the y-axis of the world frame. The complete
system is presented in the �gure 3.9 and the overall parameters are listed in Table
3.3.

The principle of operation of the Haptuator is the production a Laplace force,
denoted by fv in Fig. 3.9(a), thanks to the interaction of a electromagnetic circuit
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Parameters Description

mv mass of the Haptuator's moving magnet.

mh mass of the terminal assembly.

m1 apparent mass of links of Pantograph.

m2 combined mass of motor windings

kf , bf sti�ness and the damping of �nger.

kv, bv sti�ness and the damping of the Haptuator.

k1, b1 combined sti�ness and damping of distal links

k2, b2 combined sti�ness and damping of proximal links

yh displacement of the terminal assembly

yv displacement of the moving magnet

yl equivalent displacements of links

y2 displacement of motors

fm equivalent force acted at motor windings

fv interaction pair force due to the haptic signal and the relative
motion between the moving magnet and handle

UF command voltage (the numerical haptic signal)

Table 3.3: Parameters of dynamic modeling.

and mobile magnet (where mv and yv are its mass and its displacement). The
vibration of the magnet is transmitted to the structure by an viscous-elastic mem-
brane, where kv and bv denote its spring-damper properties. The transmitted force
fv is a complex function of the electrical input signal UF , the position of magnet yv
compared to the position of holding structure yh, as described in equation 3.3.

fv = F (UF , yh, yv) (3.3)

As the transmission structures of the distal and proximal links are not fully rigid
in case of high frequency excitations, their contributions in the mechanical model
induce a equivalent system of mass-spring-dampers : k1, b1, m1, k2, and b2 (see
Fig. 3.9(b)).

The variablemh stands for the mass of the terminal assembly which enclosed the
Pantograph end-e�ector, the Haptuator structure, the accelerometer, as well as the
�nger mass. Its displacement is noted as yh. The equivalent force acted at motor
windings fm is a function of UF .

The mechanical behavior of the human �nger has nonlinear complexity but can
be e�ciently approximated by a second order system whose spring sti�ness and
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viscosity factor are kf and bf respectively [Wiertlewski 2012].
Based upon the above analysis, the system dynamic model can be derived in the

y axis of the world frame , as shown in the equation 3.4:

MŸ+CẎ+KY = F (3.4)

where:

M =


mh 0 0 0

0 mv 0 0

0 0 m1 0

0 0 0 m2

 Y =


yh

yv

y1

y2

 F =


−fv
fv

0

fm



C =


b1 + bv + bf −bv −b1 0

−bv bv 0 0

−b1 0 b1 + b2 −b2
0 0 −b2 b2



K =


k1 + kv + kf −kv −k1 0

−kv kv 0 0

−k1 0 k1 + k2 −k2
0 0 −k2 k2


The system input is the electric image UF and the output of the system is the

acceleration of the terminal assembly, ÿh, or equivalently, the �ngers' super�cial skin
layers.

From the above analysis, it can be deduced that the system has four dynamic
modes resulting from the independent masses mh, mv, m1 and m2 and therefore
gives rise to an eighth order system. The distribution of the dynamic modes in the
frequency domain, and how they intersect with the demanded working bandwidth
(from DC to 1 kHz) depend on all related physical parameters.

3.4.2 Identi�cation

As mentioned in the description section, our objective is to design a crossover method
that separates the low and high frequency regions of a haptic image to be displayed.
In order to obtain higher quality of the display, the signal is then sent to two
mechanical channels optimized for their frequency response regions : the Pantograph
and Haptuator respectively (see the �gure 3.6). The identi�cation approach adopted
in our work is to carry out for each channel independently. This means that, without
changing the mechanical coupling presented before, the input signal is sent to only
one device each time for identi�cation purpose.
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Figure 3.10: PSD analysis (Welch) for the low frequency channel. Identi�cation
signals are only sent to the Pantograph. In the frequency band from DC to 200 Hz,
the Pantograph has a uniform magnitude response. Beyond 200 Hz, resonance occurs
and the low-pass component of the crossover must be applied to the Pantograph to
eliminate undesirable magnitude response.

Starting with the identi�cation of low frequency channel, the Pantograph receives
the signal while the Haptuator is electrically disconnected and passive. No crossover
�lter is applied. The model representation in �gure 3.9 remains valid and the
Haptuator receive no force: fv = 0. The power spectral density (PSD) response to
pseudo-random binary sequence input is plotted in the �gure 3.10. A �rst, nicely
damped antiresonance is clearly seen slightly after 200 Hz accompanied by a damped
resonance at 300 Hz. Another resonance-antiresonance pair is seen around 800 Hz,
but this time with a sharp peak. This behavior is explained by the model 3.9 with
three masses connected by two damped springs [Campion 2005a].

Within 200 Hz, the Pantograph can be considered to have a uniform magnitude
response. Therefore, the maximum working frequency band can be extended to 200
Hz. This also indicates that the cut-o� frequency must be chosen within the range
of [0, 200] Hz for the signal crossover. Within the frequency band from DC to 200
Hz, the Pantograph can be identi�ed as static gain. Its transfer function is then
approximated by :

ĜLF (s) = GLF0 (3.5)

For the high frequency region, identi�cation is processed with input signals only
provided to the Haptuator. A PSD curve is obtained with the same method for the
high frequency channel (see the �gure 3.11). Below 100 Hz, the magnitude response
quality is degraded by the nonlinearity of the Haptuator. It is due to the intrinsic
saturation of the motion stroke in low frequency band. Based on this observation,
the cut-o� frequency must be set greater than 100 Hz to avoid the nonlinear band of
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Figure 3.11: PSD analysis (Welch) of the high frequency channel. Identi�cation
signals are only sent to the Haptuator. The full curve stands for the measured
experimental data and the dashed curve represents the identi�ed model. Below 100
Hz, the Haptuator has intrinsic nonlinearity due to stroke saturation.

the Haptuator. As for identi�cation, the model is only supposed to cover the band
between 100 Hz and 1 kHz. The identi�ed model is shown in equation 3.6.

ĜHF (s) =
250s+ 6.406× 105

s2 + 2135s+ 4.559× 106
(3.6)

In the previous modeling section, it has been shown that the theoretical model
gives rise to an eighth order model but the consideration of a limited frequency band
in the low frequency channel made it possible to ignore the high frequency modes,
reducing the model complexity to a second order system.

After identi�cation for both channels, it has been observed that they have over-
lapped frequency band between 100 and 200 Hz. As described in the crossover
section, the cut-o� frequency must be set to maximize the Pantograph's band to
minimize the phase delays. Therefore, the cut-o� frequency is set to be 200 Hz.

It can be observed from the �gure 3.11 that because of the interplay of masses
and elasticities, the high frequency channel begins to roll-o� at 300 Hz. Thus, in
order to achieve a dual-stage haptic interface with 1 kHz bandwidth this channel
must be compensated to achieve uniform magnitude.

3.4.3 Compensation

For �delity of the haptic display, the magnitude of the transmission should not de-
pend on the frequency. The deployment of the signal crossover ensures how to route
signals to the corresponding haptic channel in frequency domain. The Pantograph
works in the frequency band from DC to 200 Hz while the Haptuator is responsible
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3.5 Experimental evaluation

3.5.1 Performances of the haptic crossover method

The previous steps provide a method for a high performance device which is built
with two haptic channels for the low and high frequency transmitters (see the �gure
3.12). They are composed each of three steps:

• a pass �lter to increase the selection of the frequency domain and the quality
of the crossover;

• a compensator that correct the imperfections in the transmitter's frequency
response;

• a mechanical haptic transmitter specialized for a frequency domain.

The two channels sum up on the handle of the haptic device, thanks to a complex
mechanical coupling (see the �gure 3.9 (a)).

In this section, an experiment is conducted with the complete device to test and
verify the �delity and uniform performances of the crossover method in the desired
working frequency band: from DC to 1 kHz. It is important to note that a real-time
data processing is essential to guarantee the deterministic performance especially in
high frequency band. The real-time sampling rate is setup to be 10 kHz.

The experiment consists of the interface frequency response of several functioning
points covering the whole working frequency band. As several sinusoid responses
are tested, a logarithmic frequency progression of one third octave-band type has
been chosen from 63 to 1250 Hz (see TABLE 3.4).

Band Type Center frequencies (Hz)

1/3 Octave-Band 63 80 100 125 160

200 250 315 400 500

630 800 1k 1.25k

Table 3.4: 1/3 Octave-Band.

The mean magnitude responses at each center frequency are plotted in the �g-
ure 3.13. The high frequency and the low frequency channels have been tested
separately by disconnecting the corresponding opposite channel's signal input. The
�gure 3.13 shows that the two channel respond like two complementary low and
high pass-�lters. This results in a impressing �at response when they are both acti-
vated. The complete haptic device has a remarkable uniform frequency response on
all the DC to 1 kHz bandwidth. A special attention is given to the cut-o� frequency
where the two haptic channels contribute evenly to the overall magnitude response.
The analytical �lter and the real-time implementation must be carefully considered
so that the two haptic devices work in phase. The experimental result shows that
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Figure 3.13: Magnitude response of the haptic interface. The interface has a �at
response over the bandwidth.

there is then an obvious increase of the haptic performances in frequency bandwidth
with the signal crossover method.

3.5.2 Optical tweezers application

In order to illustrate the type of application of this extended system, we propose a
challenging experiment. For research and educational purpose, it can be desirable
to explore microscopic phenomena. Under microscope, the motion of microscopic
particles can be observed and their dynamics is in general very fast.

Using of the available installation in the lab facilities for micromanipulation, a
set of phenomena has been recorded using a optical tweezers setup. The recored
data consists in using a trapped micron bead to explore the microscopic world by
simultaneously recording the force interaction in the medium. The controlled probe
records contacts and vibrations like thermal agitations, which are both high fre-
quency mechanical interactions. Integrating an haptic device to teleoperated those
tasks has been achieved in previous works [Pacoret 2009, Ni 2013a, Pacoret 2013].
This kind of application bene�ts directly from higher performance haptic devices.

For the purpose of the present demonstration, recorded data of microscopic forces
have been used with the corresponding videos of the scene. The new haptic device
displays an o�ine recording of the forces at the same time that the video recalls the
performed task under microscope (see the �gure 3.14).

The �gure 3.14(a) shows the demonstrator. It includes the haptic interface
and a computer running a recorded scenario from the optical tweezers application.
The �gure 3.14(b) is a captured image frame during a replay where a microsphere
levitates thanks to the optical tweezers technique.

In the �rst tested case, the probe is far from an obstacles and it is only subjected
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Figure 3.15: Histogram of measured acceleration on haptic handle while a Brownian
motion is displayed from a microprobe. A Gaussian �tting, solid curve, has been
added to highlight the Gaussian shape of the distribution.

perienced the haptic sensations of the di�erent scenarios mentioned above. Their
surveys con�rm that operators perceived and enjoyed the display of real Brownian
motion as well as contact forces from the microscopic world. The haptic sensations
make interaction much more intuitive and help users better understand operation
scenarios and microworld phenomena.

3.6 Conclusion

Due to the intrinsic cantilever property, conventional haptic interfaces have limited
bandwidth which is far from matching human proprioceptive capacities. This paper
presents a method to extend the frequency bandwidth of haptic interfaces from DC
to 1 kHz. Furthermore, the method ensures that haptic signals within the bandwidth
can be rendered in a uniform manner.

The method consists of setting up a parallel structure of a low-frequency and a
high-frequency haptic devices by signal crossover. After identifying haptic devices,
compensations can be designed to make the overall dual-stage haptic interface have
uniform magnitude response in frequency domain. In the presented work, the low-
frequency device is the Pantograph and the high-frequency device is the Haptuator:
a vibration transducer. The dual-stage frequency bandwidth is extended up to 1
kHz, which can satisfy the frequency range of human haptic perception.

The dual-stage haptic interface is able to render both conventional force feed-
back as well as high dynamic impact forces. Through experiences, subjects reported
that the manipulation is rendered more realistic. This con�rms the importance of
extending the bandwidth of a haptic interface. Through teleoperation, the micro-
scopic dynamic vibrations can be rendered by the dual-stage interface, which makes
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One important application domain of Chronogrip platform is high end watch-
making industry, but equipped general purposed use interface cannot lead to in-
tuitive operation for watchmaking process and furthermore no haptic feedback is
provided. This chapter is dedicated to a novel design of intuitive haptic interface
for watchmakers. In this chapter, the speci�cations of this new design TéléTweez
will be �rstly studied. Then in the section of mechatronics design, several concepts
of actuator system will be studied. After evaluation, the �nal design will be de-
scribed as well as the �rst prototype. In section 5, the dynamics will be studied and
a virtual environment application will be demonstrated.
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4.1 Introduction

Watchmaking has long history. Prestigious watch brand has the tradition of hand-
made process and small batch production to express the art of precision and unique
masterpiece. After industrial revolutions, automation prevails. It brought the chal-
lenges to the sector that the watches become more and more complex and accurate,
but handmade process has saturated productivity and accuracy. From the aspect of
manufacturing, high-end watchmaking can hardly be realized by automation for the
reason that small batch production requires much more �exibility where automation
can hardly achieve in a reasonable cost.

Under such circumstances, the Chronogrip cobotic platform was proposed to
address this challenge for the prestigious watchmaking industry. The features such
as high precision, large motion stroke, compact and modular designs are desirable
for watchmaking process. However, one issue arises that the pro�cient watchmaking
operators are not familiar with the user interface, the joystick or tablet. They are
too di�erent in operating principle compared to conventional watchmaking tools,
the tweezers. Furthermore, no haptic feedback is provided in the current cobotic
platform, which makes the operation nonintuitive. As a consequence, the operators
must spend signi�cant time in adapting to it and therefore productivity is decreased.

To address this issue, we propose a novel haptic interface design named
TéléTweez and its �rst prototype in this chapter. It is the �rst realizable haptic
tweezers that can also be used as a conventional tweezers, which ensures that the
usage is familiar to watchmaking operators. Thanks to this versatility, it can also
be used in other tweezers-involved applications.

This chapter is organized as follows: the next section will survey some most
recent user interfaces or tweezers-based tool developed by research institutes or in-
dustrial companies. Tough no other haptic user interface design has been reported
for watchmaking, the survey will discuss research/commercial products with sim-
ilar speci�cations. Then we proceed to study the technical speci�cations of the
TéléTweez interface. After comparison and evaluation several candidate solutions,
a design concept is proposed and the �rst prototype is produced. Finally, an appli-
cation is demonstrated and the subject is concluded.

4.2 State-of-the-Art

The da Vinci Surgical System is a sophisticated teleoperation robotic platform ded-
icated to minimally invasive surgery (MIS) [da Vinci-Surgery 2015]. It consists of
an ergonomically designed user interface to facilitate surgeon's operation. It is con-
structed in a fashion that the experience of teleoperation is very similar to using a
real tweezer. One thing to notice is that da Vinci Surgical System does not provide
haptic display. The �gure 4.1 demonstrates a typical example of operation scenario.

Servomedics company [SERVOMEDICS 2015] developed various models of elec-
tronic tweezers (not teleoperation interface) dedicated to medical, scienti�c and
industrial applications. For the model that they developed for surgery applications:
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Haptics
included

DOF
Operation
principles

Applications

da Vinci surgical inter-
face [da Vinci-Surgery
2015]

No
6 + 1 (grip-
ping)

tweezers MIS

Servomedics elec-
tronic tweezers [SER-
VOMEDICS 2015]

No 1 (gripping)
modi�ed
tweezers

scienti�c, in-
dustrial

Microsurgical tweezers
[Payne 2015]

Yes 1 (gripping) tweezers microsurgery

Haptic tweezers inter-
face [Burdet 2004]

Yes
6 + 1 (grip-
ping)

tweezers
microsurgery
training

Haptic scissors interface
[Okamura 2003]

Yes
1 (trans.) +

1 (cutting)
scissors VR

Haptic tweezers inter-
face [Rizun 2006a]

Yes 1 (gripping) tweezers surgery

Table 4.1: Comparison of di�erent types of smart materials.

tual environment. The �gure 4.3 (a) consists of a tweezers with a rotational motor
installed at the tip of the tweezers. The trainee can perceive the sense of touch pro-
vided by the motor during contact with a virtual object [Burdet 2004]. The interface
is tweezers based. But since a motor is mounted at the tip, inertia is increased and
it cannot no longer operate like a conventional tweezers. The �gure 4.3 (b) is the
design of a haptic scissors. The scissors can provide cutting (rotational) forces as
well as translational forces [Okamura 2003].

The research work [Payne 2015] designed a force-feedback tweezers (not tele-
operation interface) for micro-surgical applications, shown in the �gure 4.4. The
concept is intended to improve human perception of low-level grasping forces in
milli Newton scale (0-300 mN) that is otherwise imperceptible to human touch.
The particularity of the design is that the provided haptic feedback is not aligned
in the grasping direction as the intuitive manner, but perpendicular to the grasping
direction. In other words, it stimulates �ngertip instead of �nger pad in case of
haptic display. The design could avoid problems such as closed loop stability and
spacing constraint in grasping direction. However, operation intuitiveness must be
examined since haptics is not supplied in conventional manner. Furthermore, the
design imposes holding gesture to a prede�ned fashion, which can be incompati-
ble with speci�c applications. For example, various gestures described in 4.3.1 for
watchmaking process cannot be realized by this design.

Another design of haptic tweezers for robotic surgery is reported in [Rizun 2006a]
[Rizun 2006b]. It is a modular and ergonomic single-DOF surgical master device
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but the fast generation of heat from voice coil could prevent it from being commer-
cialized. In the next section, the technical speci�cations of the TéléTweez will be
studied.

4.3 Technical Speci�cations of the TéléTweez

In this section, the geometric and mechanical characteristics of tweezers used in
watchmaking process, as well as their conventional usage will be �rstly studied.
In the next step, the analysis of haptic tweezers will determine what electronic
functionalities the TéléTweez should embed. At last, a conclusion can be derived to
summarize the Technical Speci�cations of the TéléTweez.

4.3.1 Description of Tweezers in Watchmaking Industries

Tweezers are tools used to carry out operations like picking up and placing objects,
where manipulations are usually subject to constrained conditions (small dimen-
sion, extreme temperature, toxic substances, etc.) that cannot be directly handled
by human hands. Typical tweezers have two levers. When force is applied by �ngers
to pinch two levers to clamp target objects, operators can feel mechanical resistance
from the tweezers. In this chapter, we will describe this spring-like resistance prop-
erty as mechanical sti�ness. Di�erent tweezers vary in shapes, sizes, tips, materials
and etc. Figure 4.6 demonstrates some di�erent types of tweezers, designed and
manufactured by Dumont company [Dumont 2015].

Figure 4.6: Di�erent types of tweezers designed and manufactured by Dumont com-
pany [Dumont 2015].

In watchmaking industries, the most used tweezers have sturdy and long tips,
with �at edges that can assist gripping with the side. A typical tweezers used in
watchmaking process, 707 from Ideal-tek [ideal tek 2015], possesses characteristics
as listed in the table 4.2.

The �gure 4.7 illustrates several characteristics of the tweezers 707 from Ideal-
tek.
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The characteristics of the Ideal-tek 707 tweezers

static opening width (tips): 4 mm

max. clamping stroke : 4 mm (per lever)

levers length: 115 mm (70 - 160 mm)

max. width: 11 mm

thickness : 11 mm

material : Delrin, stainless steel

mass: 5 - 20 g

geometric form: �ne-pointed tip, wide �at handle

mechanical sti�ness (clamping) at �ngers: 250 N/m

�nger contact position: 30 - 50 mm from tips

manipulation angle: 5 - 60 deg.

Table 4.2: The characteristics of the Ideal-tek 707 tweezers.

Tweezers length

Contact space 
for fingers

Space of
tweezers 
tips 

Tweezers opening

Figure 4.7: Several characteristics of the tweezers 707 from Ideal-tek.

The gesture of holding tweezers in conventional watchmaking process must be
investigated before proceeding to design rationales. The manner to hold tweezers
depends on the geometry of the object to manipulate, as well as the operation to
realize. In any case, the thumb and index �ngers are always involved to maintain
and drive the two levers of tweezers, while the rest of hand helps support and guide
tweezers to facilitate the manipulation. The manner to hold tweezers in watchmak-
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manipulation along the axis which is perpendicular to the working plane. The
�gure 4.10 illustrates this gesture.

Figure 4.10: The third typical gesture to use tweezers in watchmaking process.

In this subsection, the mechanical and geometric characteristics of tweezers used
in watchmaking industry, as well as their conventional usage have been described.
It is a must to achieve an intuitive design because the added haptic display and
teleoperation function must not be obtained through remarkable loss of conventional
gesture. Otherwise, the design is not intuitive.

In the next subsection, we proceed to the description of haptic interface used in
the watchmaking process.

4.3.2 Description of Haptic Tweezers

A haptic tweezers consists in a tool based on tweezers working principle through
which operators can control slave devices to manipulate targets with haptic display.
This is the basic de�nition of haptic tweezers and the functionalities it describes
correspond to Robotic Control Mode in this chapter. In such a mode, the haptic
tweezers does not physically come into contact with manipulation targets. If the
design allows operators to use it as a conventional tweezers: clamping directly target
objects, the functionalities can be extended to a further level. Typically, the force
of clamping can be precisely adjusted and maintained by the mechatronic system of
the haptic tweezers, instead of human hands. Such a mode is referred to as Manual

Control Mode in this chapter. In the following text, the Robotic Control Mode and
the Manual Control Mode will be described respectively.

4.3.2.1 Robotic Control Mode

In this mode, the �rst issue to address is to control the opening of the slave gripper
via teleoperation. That means the pinching gesture of operators must be copied, via
coupling computational system, to the slave device. Therefore, at least a motion
sensor must be equipped to detect the opening status.

While operator pinches the haptic tweezers, like how he/she were manipulat-
ing conventional tweezers, the slave gripper receives motion command to adjust the
opening of tips. Typically, the opening stroke of the slave gripper is scaled down
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4.3.2.2 Manual Control Mode

The requirement of being a tweezers imposes constraints on geometric and mechan-
ical properties. With those properties more close to a conventional tweezers, more
intuitiveness are promoted. Several speci�cations can be deduced:

• mechanical sti�ness of clamping at �ngers: 250 N/m;

• static opening width at lever tips: typically 7 mm (may subject to change
according to speci�c applications and tips installed);

• static opening width at position of �nger attachment: from 9 to 15 mm;

• length of levers: from 115 to 160 mm;

• width of levers: from 11 to 50 mm;

• total mass: from 5 to 70 gram;

The constraint of being a tweezers sounds trivial but actually excludes many
design options. The haptic interface developed in [Burdet 2004] conforms to tweez-
ers working principle. However, the actuator system installed at the tip is a di-
rect obstruction of manual control mode. Likewise, the da Vinci surgical interface
[da Vinci-Surgery 2015] cannot work in manual control mode by the same reason.
The electronic tweezers designed by [SERVOMEDICS 2015] can work in manual
control mode. However, the way to operate does not conform to conventional usage.

However, the bene�ts are worth the challenge. When target objects are held
steady by the haptic tweezers, the holding force can be maintained and adjusted
precisely by the mechatronic system of the interface, instead of operator's hand.
This can directly reduce fatigue and enhance manipulation e�ciency. Technically
speaking, the actuator system must be able to generate a minimum level of force (at
�nger attachment position) in order to balance the mechanical sti�ness, 250 N/m.
In order to compute this minimum level of output force, the maximum clamping
displacement at �nger position must be considered. Based on geometry, this dis-
placement is slightly (depending on speci�c model) smaller than the static opening
at the tip. For design margin, this value can be set as the static opening: 7 mm.
As a result, the e�ective force generated by the actuator system must be at least:

Fact = 250N/m× 0.007 = 1.75N (4.1)

The force generated by the actuator system must be at least 1.75 N.

4.3.3 Technical Speci�cations of the TéléTweez

The study on the mechanical characteristics of the tweezers used in watchmak-
ing process and their usage provides critical basis for the design of the TéléTweez.
The best way to achieve intuitiveness is to design the mechanical properties of the
TéléTweez being similar to the tweezers used in conventional watchmaking process.
In 4.3.2, two functioning modes are described: robotic control mode and manual
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Technical Speci�cations of the TéléTweez

Robotic
Control
Mode

sensor for opening status

actuator sys. for haptic display

max. input 100 V and 2 A

Manual
Control
Mode

tweezers based structure;

mechanical clamping sti�ness: 250 N/m ;

static opening at tip: 7 mm

static opening at �nger pos. : 9 - 15 mm;

length: 115 - 160 mm;

width: 11 - 50 mm;

mass: 5 - 70 g;

min. output force: 1.75 N.

Table 4.3: Technical Speci�cations of the TéléTweez.

control mode. In the analysis of robotic control mode, several electronic speci�ca-
tions are described. In the analysis of manual control mode, more geometric and
mechanical speci�cations are derived. By combining the studies of the two modes,
the complete set of the technical speci�cations of the TéléTweez can be derived.
They are summed up in the table 4.3.

In this section, the tweezers used in conventional watchmaking process is in-
vestigated and the functionalities of haptic tweezers are described. The technical
speci�cations the TéléTweez are derived. In the next section, the mechatronic design
of the TéléTweez will be presented.

4.4 Mechatronics Design

In the previous section, the speci�cations of the TéléTweez have been derived.
Brie�y, the TéléTweez must be a tweezers and its dimension must be close to the
dimension of a conventional tweezers; besides, it must embed sensor and actuator
address robotic and manual control modes. Central to the challenges of concept
design lies in the choice of actuator and how to use it to render haptic display, given
the limitations of dimension and power input. In this section, the design of actuator
system will be �rstly studied, followed by mechanical and electronic consideration.

4.4.1 Actuator System Design

The actuator system consists of an actuator and a transmission chain. It can convert
electric energy to mechanical energy. The mission of the transmission chain is to
realize the energy �ow between the two levers and the actuator. Since space is
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Smart Material
Type

motion
stroke

force precision bandwidth dynamics

Piezoelectric ma-
terial

limited large high high fast

MRF passive high high nonlinear

ERF passive medium high nonlinear

Shape memory al-
loy (e.g. NiTi)

high high low
nonlinear,
hysteresis,
thermal

Magnetostrictive
alloy (e.g.
Terfenol-D)

medium high

Electroactive
polymers

high low medium

footprint
power
req.

price
commercial-
ization

Piezoelectric ma-
terial

small high medium high

MRF low low low

ERF high low low

Shape memory al-
loy (e.g. NiTi)

low low

Magnetostrictive
alloy (e.g.
Terfenol-D)

Electroactive
polymers

high

Table 4.4: Comparison of di�erent types of smart materials.

They are non conductive materials and can be divided by two categories: crystals
and ceramics. Such materials are applied in many industrial sectors. One appli-
cation example is to embed piezoelectric materials inside cars' airbag system. The
material detects the intensity of the shock and sends an electrical signals to trigger
the airbag in case of considerable accident.

There are also other types of smart materials such as shape memory polymer,
shape memory alloy, magnetostrictive alloy, electroactive polymer, etc. A brief
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Piezoelectric Length L δL Radius e a Trans. exp. Ratio

cylinder (mm) (µm) (mm) (mm) (mm) 2δa (mm) 2δa/δL

PI P-007.40 54 60 3.5 5 3.5+2 0.34 5.7

PI P-010.80 107 120 5 5 5+2 0.97 8

PI P-010.40P 58 60 5 5 5+2 0.29 4.8

PI P-010.80P 111 120 5 5 5+2 1.0 8.3

Table 4.5: Comparison of di�erent types of PI piezoelectric products. The column
2δa denotes the transverse expansion. Refer to the appendix A for details about the
description of each parameter.

order to list potential products which can match the design. Several candidates
from the supply Physik Instrumente (PI) are listed in the table 4.5. From the table,
it can be seen the best transverse elongation can be obtained up to 1.0 mm, with
PI P-010.80P.

From the analysis above, the maximum transverse expansion is about 1 mm.
From zero to 1 mm as transverse expansion, the piston must have precise geometry
to make a di�erence between �uent passage and brake e�ect. Furthermore, the
mechanical ampli�er must be realized with thin and rigid material to satisfy the
hysteresis. To sum up, this concept is theoretically realizable but demands high
fabrication precision and expensive material.

4.4.1.4 Option 3.2: Stack Piezoelectric Materials

The previous concept requires high precision in piston geometry and rigid material
for mechanical ampli�er, which gives rise to di�culties in realization and therefore
high cost. In this part, an alternative concept based on stack piezoelectric materials
is presented.

Being analogous to brake mechanism of bicycle, in this concept, the resistance
force is provided by applying friction to relative motion, and the friction is obtained
by imposing surface contact. The �gure 4.16 illustrates the brake mechanism which
provides resistance. The red thin plate together with the black part are attached to
one lever of the TéléTweez; while the yellow shell with a gray piezoelectric material
are attached to the other lever. When no resistance is needed, the red plate can
go freely through the gap between two yellow parts. If resistance is needed, the
piezoelectric material elongates and results pressure induced friction. Since the
range of deformation of the piezoelectric material is limited, the gap between two
yellow parts must be precisely set up according to the thickness of the red plate and
the deformation capability of the piezoelectric material. In order to avoid frication
complexity due to precision requirement, four �ne screws are used to allow adjust
the gap manually. They are represented by four red long shafts in the image.

In order to evaluate the design, a concrete piezoelectric material must be selected.
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Actuator system
options

Power sup-
ply

Minimum
force out-
put

Active/passive
force rendering

Realization
di�culty

Option 1 (ERF) > 100 V < 1.75 N Passive High

Option 2 (MRF) < 100 V < 1.75 N Passive High

Option 3.1 (PM) < 100 V > 1.75 N Passive High

Option 3.2 (PM) < 100 V > 1.75 N Passive Low

Option 4 (Motor
+ ball screw)

< 100 V > 1.75 N
Passive and
Active

Low

Table 4.7: Evaluation of the Actuator system options.

sensed by �nger) can be controlled within a reasonable level so that the speci�cation
of minimum output force of 1.75 N can be ful�lled.

4.4.1.6 Evaluation of the Actuator System Options

In the previous text, �ve design options are presented for actuator system. Studies
are carried out to analyze the pro and con for each option. A table 4.7 is established
below to summarize essential properties of each option.

From the table, it can be determined that the option 4 (motor and ball screw)
meets the power supply and minimum force output requirement, and it is not di�cult
to realize. Furthermore, it is the only design option which can realize active force
rendering. Therefore, this option is chosen as the actuator system for the TéléTweez.

4.4.2 Mechatronic Design of the TéléTweez

Transmission must be designed so that the output from motor and ball screw can
be converted to tweezers state change and haptic display. Classical solution such as
what is illustrated in the �gure 4.17 leads to an issue that the transmission ratio
depends on the state of the opening or the angle of the pivot, which means the
ratio is not constant during operation. In order to deal with this problem, a contact
mechanism is proposed, as shown in the �gure 4.20. It is composed of a roller and
a arc-surface track (green curve in the �gure 4.20). The roller is attached to the
slider (driven by ball screw) and the arc-surface track is part of lever geometry. The
arc-surface can satisfy the condition that whatever the opening state, the normal
direction of the contact surface must always form the same angle with respect to
the axial direction.

According to the transmission structure, the force ratio is:

FY
FX

=
ηt

tanα
(4.5)



α β

α

α ηt

ηt FX

FY

α

α = 63◦

FY

63◦

α α
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material is used to maximize �ux �ow in limited space. The magnet and ferromag-
netic materials must be in very near proximity, but not in touch in order to prevent
sliding friction during relative motion. Considering the force FY during closing is
1.75 N and the angle as α = 63◦ de�ned above, the minimum attraction force must
be greater than 3.9 N to ensure contact between roller and lever track. Commercial
magnets with compact size are already available to meet this requirement. Another
advantage of the preload attraction is to avoid backlash. This can both favor the
aspects of control and haptics.

The mechanical sti�ness is realized with �exure (thin metallic sheet) as indicated
by the �gure 4.20. This choice can also help reduce backlash.

In terms of electronics, motor driver and ampli�cation circuits are embedded
into the TéléTweez. For position sensing, strain gauges are glued on the �exure
for each lever; an infrared sensor is installed to measure the translation of slider; a
magnetic rotary encoder is mounted on the rear shaft of the motor to measure the
rotation. An accelerometer of 3 axes is mounted on the base. For force sensing,
a resistive polymer is installed at the �nger pressing position, and force can also
be estimated from current of motor. The total power requirement is dominated by
motor, the maximum power input is 4.5 V and 1.3 A.

Figure 4.22: TéléTweez CAD and prototype.

The �nal CAD and the �rst prototype is shown in the �gure 4.22. The table
4.8 summarized the comparison between the technical speci�cations and real per-
formance of the prototype. It is important to mention that the real mechanical
sti�ness is less than expected. This is mainly due to the limited material choice
used in 3D printing for levers. This can be solved by using stronger �exure and
sti�er material for levers (if by other process than 3D printing). Static opening is
slightly di�erent, that might not in�uence operation intuitiveness. If so, it can be
easily corrected in fabrication process. Apart from those, it can be seen that the
prototype of TéléTweez meets the requirement from speci�cations.
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Technical Speci�cations TéléTweez prototype

Robotic
Control
Mode

sensor for opening status

pos. (strain gauge, in-
frared, magnetic rotary en-
coder, accelerometer) +
force (resistive polymer)

actuator sys. for haptic display
reversible ball screw + DC
coreless motor

max. input 100 V and 2 A 4.5 V and 1.3 A

Manual
Control
Mode

tweezers based structure compatible

mechanical clamping sti�ness at �nger:
250 N/m

190 N/m

static opening at tip: 7 mm 10 mm

static opening at �nger pos. : 9 - 15 mm 22 mm

length: 115 - 160 mm 144 mm

width: 11 - 50 mm 14.5 mm

mass: 5 - 70 g 39 g

min. output force: 1.75 N 2.2 N

Table 4.8: Comparison between desired technical Speci�cations and the performance
of the TéléTweez prototype.

4.5 Dynamics Analysis and Virtual Environment Appli-

cation

In the previous section, various options about actuator system are studied and
the �nal complete design as well as the prototype are presented. In this section,
the linear dynamic model of the TéléTweez will be �rstly developed. Then the
haptic bandwidth will be identi�ed. At last, a virtual environment application will
be demonstrated. Those studies allow for a better understanding of the system
dynamics and pave the way for future sophisticated control strategies.

4.5.1 Dynamic Modeling

The dynamic modeling to develop corresponds to the working scenario that haptic
signal, which is represented by input motor torque, is sent to the TéléTweez and the
overall interface responds with two �ngers holding each lever. In this preliminary
study, we focus on the establishment of the dynamic modes, which will be essential
for future haptic control applications. Before proceed to dynamic modeling, several
assumptions and conditions are made:
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- cl: cantilever structure
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•
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The TéléTweez is a complex and highly coupled system. The dominants dy-
namic modes result from �exible structures. As shown from the �gure 4.23 (a), the
components we consider in this study are the DC motor; the elastic coupling be-
tween the DC motor and the ball screw; the ball screw; the support structure �xed
with the nut of the ball screw; the �ngers of operator; the �exure which generates
the mechanical sti�ness of the levers; and the long stretched-out cantilever structure
(tip of the TéléTweez). Except the ball screw, all other �exible components can be
modeled as a second order spring-damping system. As for the ball screw, generally
it can be characterized as a system with three dynamic modes: axial, rotational
and �exural. Typically the �rst axial and rotational mode dominate the ball screw
dynamics [Frey 2012] [Henke 2014]. Therefore, a discrete model of the ball screw
with the �rst axial and rotational mode is established in our study.

The �gure 4.23 (b) illustrates the bloc diagram. The parameter Jm denotes
rotary inertia of the DC motor, θm and Tm are respectively the rotation angle and
the torque of the motor. The Jcp, kcp and ccp stand for the rotary inertia, sti�ness
and damping of the elastic coupling component. The axial and rotational mode of
the ball screw are considered separated. The parameters Jbs and mbs represent the
rotary inertia and mass of the ball screw. The parameters krot and crot stand for
the dynamics of the �rst rotational mode; while kax and cax are for the �rst axial
mode. The parameter Rbs is the rotation-translation ratio (Rbs = lead/2π) of the
ball screw. The parameters mss, kss and css represent the dynamics of the support
structure. Rss is the transmission ratio between the axial motion and the opening
of levers. For each lever, ml represents the mass which is rigidly attached to the
�exure, while kl and cl are sti�ness and damping parameters of the �exure. The
out stretched cantilever structure can be considered as a rigid mass mcl connected
to the rest of the lever with sti�ness kcl and damping ccl. At last, �nger dynamics
can be represented by sti�ness kf and damping cf .

The general matrix form of the linear dynamic model can be written as

MẌ+CẊ+KX = F (4.6)

For the TéléTweez, each term is expressed below:

X =
[
θm θcp θbs xbs xss xl xcl

]T
M = diag(Jm Jcp Jbs mbs mss ml mcl)

F =
[
Tm 0 0 0 0 0 0

]T
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C =



ccp −ccp 0 0 0 0 0

−ccp ccp + crot −crot 0 0 0 0

0 −crot crot 0 0 0 0

0 0 0 cax + css −css 0 0

0 0 0 −css css + 2cl − 2cl
Rss

0

0 0 0 0 0 cf 0

0 0 0 0 0 −ccl ccl



K =



kcp −kcp 0 0 0 0 0

−kcp kcp + krot −krot 0 0 0 0

0 −krot krot 0 0 0 0

0 0 0 kax + kss −kss 0 0

0 0 0 −kss kss + 2kl − 2kl
Rss

0

0 0 0 0 0 kf 0

0 0 0 0 0 −kcl kcl


The linear model above described dominant dynamic modes of the TéléTweez

in analytical form. It can help understand the overall dynamics, and is essential
for developing sophisticated control strategies for future haptic applications. Since
the parameters of the model are not known, it cannot be determined which �exible
structure results the most dominant dynamic mode or what is the frequency infor-
mation about the dominant dynamic modes. Instead of identifying the dynamics of
each �exible component, in the next subsection, we aim to examine the overall fre-
quency of the TéléTweez. That will help determine the frequency bandwidth within
which the haptic display is uniform in magnitude.

4.5.2 Frequency Bandwidth Identi�cation

The purpose of this subsection is to de�ne the frequency bandwidth for haptic
application. The input is the haptic signal, which is realized by the torque or
current of the DC motor. The output is the acceleration produced at the contact
position between the two levers and �ngers. The acquired acceleration is considered
as the perception of the haptic signals for human operator. In order to realize this
signal acquisition, an 3-axis accelerator is attached at the position of �nger contact,
as shown in the �gure 4.24. The acceleration signal that we are interested in is
which aligns with the opening direction.

The input signal for identi�cation must spread its energy evenly in frequency
domain. For this purpose, the pseudo random binary sequence (PRBS) is taken as
input signal. An analytical signal generator algorithm is directly implemented in the
embedded controller so as to avoid memory restriction to store large precomputed
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Figure 4.24: Accelerator setup to measure the bandwidth of the TéléTweez.

PRBS data. The sample frequency is set to be 10 kHz, so the range of inspection is
from DC to 5 kHz.

101 102 103

10-2

10-4

10-6

Frequency (Hz)

PS
D

 (
V

2
/H

z)

Working bandwidth

100 Hz

Figure 4.25: Frequency bandwidth of the TéléTweez: 100 Hz.

Same as the working scenario of dynamic modeling, one operator holds steady
the TéléTweez with index and thumb �ngers. During identi�cation, PRBS is sent
to the motor from the embedded real-time controller, and the acceleration signal is
measured by AI channel of the NI DAQ card in 10 kHz. The result power spectrum
density (PSD) against frequency is shown in the �gure 4.25. From the �gure, it
can be observed that the most dominant dynamic mode is located at about 150
Hz, an anti-resonance occurs at around 390 Hz. The frequency bandwidth can be
determined as 100 Hz, within which the haptic rendering has almost �at magnitude.

4.5.3 Virtual Environment Application

A virtual environment application is realized in order to demonstrate the haptic
display of the TéléTweez. The electronic setup is illustrated by the �gure 4.26.
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investigate whether haptic display of the TéléTweez can help enhance watchmaking
productivity and e�ectiveness. The TéléTweez will be implemented in the cobotic
platform Chronogrip for tweezers based manipulation.

In the future, identi�cation for each �exible component can be conducted to
identify the source of the most dominant dynamic mode. That can be used to
enhance the mechanical design and furthermore improve the frequency bandwidth.
Based on the dynamic model, sophisticated control strategies will be studied and
implemented to achieve versatile watchmaking applications. Though the TéléTweez
is designed for watchmaking process, it can be potentially applied for a great variety
of applications since the design is based upon a general purpose tweezers.





Conclusions and Future Works

Nowadays, there is a market window between large-batch automation and small
batch handmade production for microsystems. The need for �exible micro-
manipulation solutions is urgently demanded particularly par small- and medium-
sized enterprises. For this purpose, microrobotic company Percipio Robotics has
proposed a pioneer semi-automatic cobotic platform Chronogrip to address this
need. However, the solution is not yet complete. Much e�orts are needed to handle
critical challenges in terms of trajectory tracking and haptic feedback. The objective
of this thesis is thus not to design and realize a brand new cobotic platform, but to
handle these challenges for the existing platform Chronogrip, which are concluded
as follows:

Research 1: As the elementary positioning unit of Chronogrip, piezoelectric
stick-slip actuator is a promising choice and widely applied for micro-manipulation
for its high precision and speed, compact size, high energy/weight ratio, ease of
integration, relative low cost, etc. But today the lack of fundamental study on
its dynamics delays the development of trajectory tracking strategies. Commercial
products and research results provide limited options for control aspect, which sig-
ni�cantly constrains the development of microrobotic applications. The modeling
of this kind of actuators is complex because: the system is coupled and involves
nonlinearity (dynamics of the piezoelectric material, the friction dynamics and the
dynamics of the moving slider); there is no systematic methodology for parameters
identi�cation; and existing friction models are often limited due to the complexity
of the presliding motion. The consequence is that existing models are quite accurate
for a limited working range, which is not su�cient when the microrobotic systems
are involved for hybrid displacements (from micro- to milli-meter range). Chapter
2 proposes an extended dynamic model for microrobotic systems using piezoelectric
stick-slip actuators. In the study, it is underlined that the modeling of hysteresis
results from the coupled behavior between piezoelectric element and friction. Thus
it cannot be dealt with by traditional identi�cation method. The friction model is
based on single-state elasto-plastic friction model. However, from the result of fre-
quency analysis of piezoelectric element and the coupled actuator, we proposed two
asperities to match the observed dynamics. At the same time, some conditions are
emphasized in the friction modeling when di�erent motion directions must be con-
sidered. Moreover, we show for the �rst time how the break-away displacement can
evolve with the amplitude and the frequency of an input sawtooth signal. Results
of ongoing research show that this dependence relies more on amplitude rather than
frequency, and is not the same when the actuator is moving in a forward direction
and in a backward direction. Finally, we managed to obtain a complete coupled
nonlinear model being able to describe the dynamics of stick-slip type actuators
for both scanning mode and stepping mode in the time and the frequency domains
and for backward and forward directions of the motion. The model agrees with
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experimental data and the validation of stick-slip actuator model in these operating
conditions has never been demonstrated in the literature. At the end of the chapter,
a velocity control strategy for large motion distance is demonstrated by using partial
dynamic model. Results of this chapter open new perspectives for cinematic and
dynamic models of robotic systems intended to do tasks at the micro scales. At the
moment of writing, the identi�cation for complete model is still on the way, when it
is �nished, results can be used for the development of dedicated trajectory tracking
strategies (e.g. velocity and/or position control).

Research 2: The human sense of touch is exquisitely sensitive to vibrations,
and this is over a signi�cant band of frequencies reaching one kilohertz in healthy
adult individuals. Although the displacement detection threshold is function of nu-
merous factors, people remain through their lives extraordinarily sensitive to small
oscillatory and transient mechanical perturbations, especially when applied to the
hand. Human evolves to rely on wide range of sense of touch to make decisions
and conduct intuitive operations. In the microworld, due to the complex physics,
the motion and force in this environment are characterized by high dynamics in
frequency domain. As a result, haptic interfaces applied to micro-manipulation
cobotic platform ought to be able to transmit high frequency signals from DC to
kilohertz range to a user's hand, lest the information that these signals contain be
lost or tainted. Nowadays, available haptic interfaces have limited bandwidth much
lower than kilohertz, which obstructs the development and implementation of micro-
robotic applications. The fundamental problem behind is by including cantilevered
segments to achieve mobility, bandwidth is reduced. Hardly can any haptic interface
option have its �rst dynamic mode higher than 1 kHz, unless a comprise must be
made to reduce workspace. To overcome this problem, in Chapter 3, we describe
a method for a dual-stage haptic interface design that can achieve a �at frequency
response in the whole tactile range. Low frequency movements are transmitted by
a parallel mechanism the Pantograph up to its �rst resonant mode 200 Hz. Since
above a few hundred Hertz vibratory amplitudes become small, higher frequency
oscillations are reproduced by an inertia-based, ungrounded actuator the Haptuator
at the tip operating on the basis of conservation of momentum. Using a crossover
technique borrowed from audio engineering combined with dynamic modeling, iden-
ti�cation, and frequency compensation, a �rst haptic interface with an overall �at
response over 1 kHz was achieved. The interface is applied in the experiment of hap-
tic optical tweezers replay. It is reported that users can feel low frequency contact
force as well as high frequency Brownian motion. A key advantage of this approach
is to enable to use of conventional force feedback devices for applications were high
bandwidth response is desired. Furthermore, it is the �rst kilohertz haptic inter-
face with large working space and it opens new perspectives that with this method
high dynamic phenomena in the microworld can be faithfully transmitted in order
to enhance understanding of physics and conduct intuitive and e�ective operations.
In the next step, the method is expected to be implemented in closed loop (mo-
tion control plus haptic feedback) in the cobotic platform, and sophisticated control
strategy would be developed to maintain stability.
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Research 3: High end watchmaking industry is featured by small batch hand-
made production of complex microsystems. However, handmade process has sat-
urated accuracy and productivity, which makes the watchmakers more and more
di�cult to conquer their place in global competition. To handle this issue, Chrono-
grip is proposed for �exible and accurate watchmaking process. However, a signi�-
cant problem is that the general purposed interfaces (joystick and tablet installed in
Chronogrip) are not intuitive to use for watchmaking, because operators are trained
for years with tweezers and therefore any other unfamiliar operating principle will
not give rise to the same production criterion. Except the di�erence in operating
principle, Chronogrip does not provide haptic display. It is shown in the literature
that with haptic feedback, teleoperated tasks can be conducted with lower aver-
age force, more precision, smaller error rate and thus high productivity. Survey
of available haptic interface options suggest there is no one that can satisfy the
speci�cations of a haptic tweezers applied to intuitive watchmaking process. To
handle this challenge, in Chapter 4, we aim to design and realize a haptic tweezers,
TéléTweez, to meet the needs of intuitive tweezers based operations. Conventional
tweezers are light and compact tools, hence intuitiveness imposes constraints on
design criteria such as dimension, weight and form. Implementing haptics with lim-
ited conditions is challenging. Several actuator options are evaluated and the design
based on DC coreless motor with reversible ball screw is chosen for its capability
of output active/passive force, lower threshold of realization, low level of power re-
quirement, etc. In terms of transmission, a link based on magnetic attraction is
designed to ensure constant force reduction ratio and remove backlash. The �rst
prototype was produced and evaluation shows that major design criteria are met. A
virtual environment application is demonstrated and it is reported that people are
able to operate intuitively as with a conventional tweezers. Moreover, with compen-
sation implemented, they are able to feel hard virtual objects without chatter issue
reported. Though designed for watchmaking process, the tweezers based principle
determines that TéléTweez can be used in a wide range of applications where haptic
tweezers principle is required.

To sum up, the three research programs are dedicated to handling critical chal-
lenges arising in the design and realization of micro-manipulation cobotic plat-
form. In the near future, current research results are expected to implement in
Chronogrip system to enhance micro-manipulation. In the long run, with the com-
plete set of piezoelectric stick-slip actuator dynamic model and trajectory track-
ing strategies, desired complex trajectories can be realized; with haptic-bandwidth-
extending method and necessary control algorithms for closed loop implementation,
high dynamics microrobotic applications can be realized with enhanced understand-
ing of physics and promoted operation intuitiveness; with a further optimization of
TéléTweez, tweezers based micro-manipulation can be realized in the most natural
way. With all combined, �exible micro-manipulation will be achieved.





Appendix A

Geometric Optimization of

Mechanical Ampli�er

This chapter studies the geometric optimization of mechanical ampli�er discussed
in the text 4.4.1.3. The �gure A.1 illustrates geometric parameters. A hypothesis
is made before further analysis: during deformation, the line segment c remains the
same length. This condition must hold to ensure the deformation along the axis
direction can be converted to the transverse expansion.

Figure A.1: Geometry of the concept of mechanical ampli�er. δL denotes the lon-
gitudinal contraction due to the piezoelectric e�ect; two times of δa stands for the
expected transverse expansion. Study the model analytically in order to maximize
the ratio δL/δa.

In the �gure, Le and L denotes the length of the ampli�er and piezoelectric
material respectively without electrical charges applied; e the length of connection
between the poles of the ampli�er and piezoelectric material; δL the contraction;
a, b and c the characteristic length of the triangle without deformation; δa and δb
the elongation and contraction respectively when deformation occurs. Then, the
analytical expression of the transverse expansion will be derived as a function of all
geometry parameters:

δa = F (L,Le, e, δL, a, b, c, δb) (A.1)

For the triangle:
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(a+ δa)2 + (b− δb)2 = c2 (A.2)

a2 + b2 = c2 (A.3)

By combing those two equations above:

δa =
√
a2 + 2bδb− δb2 − a (A.4)

Consider geometric constraints:

b =
L

2
+ e (A.5)

δb =
δL

2
(A.6)

Le = L+ 2e (A.7)

it can be deduced the resulting analytical form of the transverse expansion using
independent variables:

δa =

√
a2 +

LeδL

2
− δL2

4
− a (A.8)

In order to optimize the transverse expansion δa, the geometry parameters a,
δL and Le are examined:

∂(δa)

∂a
=

1√
1 + δL(2Le−δL)

4a2

− 1 < 0 (A.9)

∂(δa)

∂(δL)
=

Le − δL

4
√
a2 + LeδL

2 − δL2

4

> 0 (A.10)

∂(δa)

∂Le
=

δL

4
√
a2 + LeδL

2 − δL2

4

> 0 (A.11)

From the results above, it can be determined that δa is proportional to δL and
Le, but inversely proportional to a. This indicates that a long and thin geometry is
the optimized form. Combined with the hypothesis mentioned before, a schematic
diagram of the mechanical ampli�er can be shown in the �gure A.2. The four orange
parts constitute the skeleton of the ampli�er and are connected by revolve joints.
They must be rigid to satisfy the hypothesis. As stated above, the structure should
be long and thin (but it must abide by geometry constraints) to provide optimized
deformation conversion.
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