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Summary / Abstract

This work deals with the kinematic conception and the mechanical design of ultra-high precision robots, which are at
present costly to develop, both in time and money. The aim of this paper is thus to introduce a new modular concept of
kinematics which allows to significantly reduce the time-to-market and a new double-stage flexure-based pivot.
Regarding the modular concept of kinematics, this ‘robotic Lego’ consists in a finite number of building bricks allowing
to rapidly design a high precision machine and to easily modify its mobility. The realised mock-up of a 4-DOF (De-
grees of Freedom) robot, transformable into a 5-DOF one, validates this concept and the mechanical design of its
bricks. Flexure hinges are used to achieve the aimed sub-micrometer precision; however, existing flexure-based rotary
joints are not able to fulfil the requirements of some applications, as they present a too low angular stroke and a para-
sitic motion of their centre of rotation. Thus, this paper also introduces a new double-stage pivot based on blades
working in torsion; experiments performed on a prototype allow to validate its principle and the simulation model

used for its development.

1 Introduction

The conception of robots capable of performing micro-
manipulation and micro-assembly tasks with a sub-
micrometer precision is becoming a crucial need as the
current trend in numerous industrial domains is to minia-
turise products, mainly microelectronic, optic and bio-
medical devices [1]. The use of flexure-based mecha-
nisms is compulsory to achieve this precision; this paper
thus introduces a new concept of modular kinematics
to design ultra-high precision robots, as well as a new
double-stage flexure-based pivot, which compensates
for the limitations of existing rotary articulations.

At the present time, the R&D process to design and build
ultra-high precision machines is still highly costly, both in
time and money. Therefore, methodologies of conception
have been developed in order to reduce the time-to-
market, for example in [2]. However, if the requirements
of the robot are modified due for instance to a change in
the industrial production line, the whole design process
has to be restarted from the beginning, which consists in a
non-negligible loss of resources. Therefore, the main aim
of this paper is to introduce a new modular concept of
kinematics which allows to rapidly design a parallel
robot and to modify only a small part of the whole
kinematics to change its mobility. This approach can be
compared to a robotic Lego, where a finite number of
conceptual bricks can be chosen, inverted and assembled
within a small amount of time to create the desired ma-
chine. In parallel with the conceptual aspects, the design
of the building bricks is elaborated in order to achieve the
aimed sub-micrometer precision, therefore making use of
flexure hinges [3]. This paper details the realisation of a

mock-up of a sub-micrometer precision 4-DOF (De-
gree of Freedom) robot, easily transformable into a 5-
DOF one. This allows to validate simultaneously the
modular concept and the mechanical realisation of the
bricks needed to build this kinematic solution.

Although many flexure-based joints have already been
designed, for example in [3], these existing solutions are
not always able to fulfil the requirements of the applica-
tion; new high precision flexure-based articulations have
thus to be developed in order to solve this issue. In par-
ticular, micromanipulation tasks cannot be effectively
achieved using existing rotary joints, as they present too
low angular strokes, as well as an upsetting parasitic dis-
placement of their centre of rotation. Thus, this paper also
presents a new double-stage pivot based on blades
working in torsion, which has been elaborated to make
up for these limitations. Experiments performed on a
scaled-up prototype are used to validate the principle of
this articulation and the simulation model used for its
optimisation.

2  Concept of modular kinematics

2.1 Theoretical aspects

This new concept of modular kinematics consists in build-
ing a parallel robot composed of 1 to 3 kinematic chains,
arranged orthogonally according to the faces of a cube. To
do so, a finite number of conceptual bricks are used,
namely the modules and the interfaces. The modules are
active elements which motorise from 1 to 3 degrees of
freedom, making use of linear actuators only. The rota-
tional movements are thus performed by the differential
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motion of two linear motors of the same module; indeed,
in order to preserve the modularity of the concept, the
three kinematics chains are totally uncoupled, i.e. no dif-
ferential motion is performed between them. Moreover,
the position of the actuators is fixed, thus providing a
standardisation of the connexions. As for the interfaces,
they are passive elements whose function is to link the
output of the modules to the robot end-effector, which is
located on a corner of the cube. This configuration allows
several robots to work together in a small volume. Figure
1 illustrates the modular concept. At the present time, the
combination of 7 modules and 13 interfaces allow to per-
form any robot mobility. As a result, a solution catalogue
has been elaborated; independently from any mechani-
cal realisation, it lists between 1 and 9 solutions for
each possible DOF arrangement, therefore offering to
the robot designer the opportunity to choose the most ap-
propriate one according to the specifications.
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Figure 1 Concept of modular kinematics

2.2 Mechanical realisation of the bricks

As aforementioned, the kinematic solutions of the concept
are independent from any technical realisation; the second
step of the conception process therefore consists in devel-
oping the mechanical design of the modules and inter-
faces. As this step needs to be done only once for each
building brick, the concept also provides a mechanical
solution catalogue, in which the robot designer can
choose the best technical realisation for the considered
module or interface. As a consequence, the development
process of modular robots is significantly shortened,
which constitutes a crucial advantage over more tradi-
tional conception procedures. It is also to note that al-
though this work focuses on ultra-high precision ma-
chines, the results of the concept can also be used to build
machine-tools or any other type of industrial robots.

In order to obtain a sub-micrometer resolution, the use of
flexure hinges is compulsory; this type of joints, ma-
chined by Wire-EDM (Wire Electro-Discharge Machin-
ing), indeed presents the advantages of being without
wear and backlash [3]. The flexure-based mechanical de-
sign of some modules and interfaces is detailed in the fol-
lowing paragraphs.

2.2.1 T module

As its name indicates, this module performs a single
translation motion. The most straightforward flexure-
based design consists in a 4-hinge parallel table, detailed
in [3]. Note that the simple hinges can be substituted with
cross pivots in order to compensate for the loss of rigidity
occurring as the translational stroke increases. Figure 2
shows the mechanical principle of this module along with
a flexure-based cross pivot described in [3].

Linear
actuator

Figure 2 Principle of the T module and cross pivot devel-
oped in [3]
2.2.2 2T module

This brick is an extension of the previous one, as it per-
forms two translations whose directions belong to the
plane defined by the module. As the concept imposes that
both actuators are oriented along the same direction, the
solution consisting in using two aforementioned 4-hinge
parallel tables is not adequate. Thus, the chosen mechani-
cal realisation makes use of a lever whose role is to
change the direction of one linear motion. This princi-
ple has been developed in [4] and is illustrated in Figure
3.
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Figure 3 Principle of the 2T module

2.2.3 T-R module

This element performs a translation along an axis belong-
ing to the plane defined by the module, as well as a rota-
tion whose axis is orthogonal to this plane. The actuators
also have to be oriented along the same direction; their
synchronous motion performs the translation, whereas
their differential action performs the rotation. Unlike the
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previously presented modules, a new mechanical realisa-
tion had to be developed to fulfil these requirements. The
main originality of this design is the possibility of choos-
ing the position of the rotation centre. It indeed makes
use of a RCM (Remote Centre of Motion), which de-
ports the rotation centre at a point defined by the intersec-
tion of two flexure blades. The coincidence of the rotation
centre with the end-effector of the robot aims at avoiding
compensatory motions needed to keep constant the posi-
tion of the output during the rotation. This point is crucial
when the working volume of the robot is limited, which is
the case with flexure hinges. Figure 4 shows the principle
of this module and a realised demonstration mock-up.
Note that this brick can easily be transformed into a ‘R
module’, which performs only the rotation around the or-
thogonal axis. Indeed, one actuator has to be removed and
the corresponding mechanical part has to be linked to the
fixed frame of the robot.

RCM — *
(Remote
Center of

Motion)

Figure 4 T-R module with a RCM: principle and mock-
up
2.2.4 T-R-RT interface

Linked to the robot
end-effector

Fixed to the module output

Figure 5 Mechanical principle of the T-R-RT interface

As aforementioned, the interfaces are passive elements
whose function is to link the output of the modules to the
robot end-effector. The realisation of two of these bricks
is detailed here; the first one, the T-R-RT interface, per-
forms 4 passive DOF, 2 translations and 2 rotations. As
its name indicates, one translation is performed in the 1%
direction, one rotation around the 2" direction, and the
two last degrees of freedom in the 3" direction. For ex-

ample, a possible orientation of this interface is Tx — Rz -
Ry Ty. As for its mechanical design, it consists in two
bars arranged in parallel, each of them being composed of
2 universal joints. Figure 5 illustrates the principle of this
interface.

2.2.5 3R-2T interface

Although the mechanical realisation of the previous inter-
face presents a planar design, other arrangements are also
possible. For instance, the 3R-2T interface, which per-
forms 5 passive DOF (3 rotations and 2 translations), is
efficiently realised in the form of an arm. This compact
design thus only jams the translation along the axis of the
arm. Figure 6 shows a possible realisation, developed in
[2]: 2 universal joints are serially arranged, along with a
4-blade torsion pivot, which allows a more controlled ro-
tation motion than the only use of the torsion of the uni-
versal joints.

Linked to w '/71-‘-1:'7 A H Linked to
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Figure 6 Principle (top) and Wire-EDM design (bottom)
of the 3R-2T interface [2]

2.3 4-DOF to 5-DOF high precision robot
2.3.1 Choice of the kinematic solution

In order to validate the concept of modular kinematics
and the mechanical realisation of the modules, the con-
ception process is now applied to a concrete case. The
considered DOF arrangement is a 4-DOF one, presenting
2 translations and 2 rotations around the same axes,
for example Tx, Ty, Rx and Ry. This mobility has been
selected because it constitutes a typical example of mo-
tions requested for a micropositioning task: 2 translations
in a plane, as well as tip and tilt orientations. This consid-
eration directly leads to the addition of the 5™ degree of
freedom, namely the vertical translation (Tz). This par-
ticular 5-DOF mobility, performing 3 translations and the
tip and tilt rotations, is the most difficult kinematics to
design, although it is also one of the most useful for in-
dustrial applications. The high precision robot which will
now be designed with the modular concept will therefore
present two versions: a 4 DOF one and, with as few modi-
fications as possible, a 5 DOF one.

The solution catalogue of the modular concept proposes 8
and 7 possibilities for the 4-DOF, respectively 5-DOF
cases; the most interesting one is selected and summed up
in Table 1. This solution presents the twin advantage of
minimising the number of brick types needed to build
it (3 different modules and 1 interface) and allowing to
rapidly add the 5™ DOF, by only modifying one mod-
ule: the R module has indeed to be transformed into a T-R
one. As described in chapter 2.2.3, these two bricks are
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similarly designed; the addition of the 3™ translation is
thus straightforward. Besides, the 6-DOF version of this
robot is also trivial to achieve, making use of 3 T-R mod-
ules and 3 T-R-RT interfaces (see Table 1). Figure 7 il-
lustrates the kinematic principle of the 4-DOF version of
this machine. Although not noticeable on Figure 7, the
RCM principle described in chapter 2.2.3 is applied so
that the centres of both active rotations are approximately
coinciding with the robot end-effector.

Mobility Modules Interfaces
4 DOF 1 x module T-R,
Ty. Ty, 1 x module T 3 x interface T-R-RT
Rx, Ry 1 x module R
5 DOF )
Ty, Ty, Tz, 2x ]-ﬂﬂd.lﬂE' T-R, 3 x interface T-R-RT
’ 1 x module T
Rx, Ry
6 DOF 3 x module T-R | 3 x interface T-R-RT

Table 1 Modules and interfaces needed to build the se-
lected 4-DOF and 5-DOF solutions

T-R-RT

Module T-R

Module R

Figure 7 Kinematic principle of the 4-DOF version of the
robot

2.3.2 Mock-up realisation

Now that the kinematic solution has been selected, the
second step of the process is to choose in the mechanical
solution catalogue the adequate design for the modules
and interfaces. For the 4-DOF to 5-DOF robot, the re-
quired modules are T, T-R and R, whereas the sole re-
quired interface is T-R-RT; their realisation has been de-
tailed in chapter 2.2. As aforementioned, all active rota-
tions make use of the RCM principle, which allows their
centres to be as close as possible to the robot end-effector.
In order to validate the kinematic concept and the me-
chanical design of the bricks, a mock-up of this robot is
realised. A building scale of 2:1 relative to the aimed ro-
bot size is chosen; as the parasitic motions of the realisa-
tions using flexure hinges are in the order of magnitude of
the micrometer or less, the scaling effect allows to am-
plify these displacements, making them noticeable with

the naked eye. Based on these observations, potential im-
provements could therefore be done before machining the
Wire-EDM prototype. At this scale, the use of real flexure
hinges is not possible; they are therefore replaced by as-
sembled stainless steel blades, which is the most conven-
ient way to simulate real Wire-EDM machined hinges.
Finally, the characteristics of the mock-up are a total vol-
ume of 20 x 20 x 20 [cm?], translational strokes of + 10
[mm] and angular strokes of + 10 [°]. As for the motors,
they are simulated by manual activation. Figure 8 shows
the 5-DOF version of the realised mock-up.

Figure 8 5-DOF version of the realised mock-up

The mock-up of this 4-DOF to 5-DOF robot allows to
validate both the concept of modular kinematics and the
mechanical realisation of the modules and interfaces. In-
deed, its realisation proves that, with only 4 different
building bricks, a 4-DOF robot can be designed within a
very short time. Besides, its transformation into a 5-DOF
one is straightforward thanks to the modularity of the
kinematics.

3 Ultra-high precision double-stage
pivot

3.1 Double-stage principle

Although many flexure-based joints have already been
designed, for example in [3], the existing solutions are not
always able to fulfil the requirements of the application.
In particular, this is the case of rotary articulations, which
present limited angular strokes as well as parasitic dis-
placements of their centre of rotation. Some tasks which
should be performed by high precision robots, for exam-
ple micromanipulation, thus cannot be effectively
achieved. The development of new solutions is therefore
needed to solve this issue. This work focuses on the de-
sign of an original flexure-based 1-DOF rotary joint, i.e. a
pivot.
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Most existing flexure pivots are based on the flexion of
Wire-EDM machined hinges or blades. Two examples of
such realisations are particularly remarkable: a redundant
rotary joint, developed in [3], and a ‘Butterfly pivot’ [5],
present strokes of £15[°] for parasitic motions of 1[um] at
10[°]. Some rare designs take advantage of the torsion of
flexure blades: a ‘treadwheel crane’ joint, described in
[2], makes use of 4 blades in torsion (see also figure 6).
However, the limitation of such a solution is the parasitic
axial displacement of the mobile part during the rotation.
Indeed, concentrations of constraints in the clamping of
the blades create a parabolic deformation of the pivot out-
put. A solution to this issue is proposed in [6], using para-
bolic blade clampings to achieve a constant deformation
of the mobile part. However, this design is practically un-
realisable by Wire-EDM.

The first originality of the articulation presented here
thus consists in the optimisation of the shape of the
blades in order to create a constant deformation of the
whole mobile part of the pivot. Then, the second novelty
of the developed joint is the compensation of the para-
sitic axial displacement by applying the principle pro-
posed in [3] for a translation. It consists in serially arrang-
ing two pivots, (later named ‘stages’), presenting opposite
parasitic motions; each of them is composed of 3 blades
arranged at 120[°]. Then, a control mechanism imposes
that the angular movement of the first pivot is exactly half
the one of the second pivot. This design presents the twin
advantage of totally compensating the axial parasitic dis-
placement and multiplying by 2 the angular stroke, thus
achieving more than +20[°].

The first step of the development of this articulation thus
consists in optimising the shape of the blades for the 1%
stage of the pivot. Then, a 2™ stage, which is similarly
designed, will be added, as well as the control mechanism
which guarantees that the stroke of the 1% stage is half the
one of the 2" stage.

3.2 Optimisation of the flexure blades

shape

Output |

Figure 9 Left: optimised pivot / right: distribution of con-
straints (light gray = highest constraints)

The aim of this process is to find the optimal shape of the
blades, i.e. the one which guarantees that the whole mo-
bile part of the pivot stage performs the same axial dis-

placement during the rotation. In other words, the optimi-
sation has to minimise the deformation of the mobile part,
which is achieved by decreasing the constraints in the
clampings of the blades. The analytic formulation of the
longitudinal normal stresses in the blades subjected to tor-
sion is detailed in [7]; however, conducting a dimensional
optimisation with such equations is not efficient; this pro-
cedure is thus performed in simulation, making use of
SolidWorks 2008. As the blades are very thin compared
to their length, the mesh has to be adapted in order to ob-
tain significant results; a high quality, fine and alternative
mesh is selected, with 36 elements in a circle. A pure tor-
sion couple is applied to the mobile plate, while the fol-
lowing quantities are measured: angular displacement,
mean axial displacement (evaluated on a diameter of the
cylindrical output), difference between the maximal and
minimal axial displacement of the output. The distribution
of constraints resulting from the torsion also constitutes a
point of interest.

As a result, the optimal design of the blades is a triangular
shape, which is shown in Figure 9, left, whereas Figure
9, right illustrates the distribution of constraints in a blade
when the torsion couple is applied.

3.2.1 Single-stage prototype

A prototype of the optimised single-stage pivot is realised
in order to validate its concept and the simulation model
previously used. Although this articulation is supposed to
be made of steel, the aluminium alloy AIMgSil T6 is pre-
ferred for the prototype for economical aspects. However,
as the ratio between the limit of elasticity and the Young
modulus is smaller for aluminium, the angular stroke will
also be reduced. Then, the prototype will be scaled-up
relatively to its desired size; this creates an amplification
of the parasitic displacements and allows their measure-
ments with inductive probes. The dimensions of the
blades are thus: 50 [mm], 25 [mm], 0.5 [mm] (length,
breadth, thickness). The angular stroke is limited to +4 [°]
for this realisation, under an applied couple of 0.15 [Nm];
for this value, the simulation predicts a mean axial dis-
placement of 41 [um], as well as a difference between the
maximal and minimal value of this displacement of 40
[nm]. Figure 10 shows the Wire-EDM machined proto-

type.

Figure 10 Wire-EDM machined aluminium prototype of
the single-stage pivot
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3.3 Experiments

The conducted experiments aim at validating the concept
of the rotary articulation, as well as the simulation model
used for its optimisation. To do so, the measurement setup
is composed of two parts: an activation mechanism and a
measurement system.

The aim of the activation mechanism is to apply a pure
torsion couple to the mobile part of the pivot. To realise
it, a system of pulleys and calibrated weights is used,
which creates highly repeatable couples; both directions
of rotation can be tested by changing the positions of the
pulleys. As for the measurement system, its function is
to evaluate the angular motion of the pivot, thus its tor-
sion rigidity, as well as the axial displacement of the mo-
bile part. Two Tesa GT22 inductive probes are used to
measure the tangential motion of the pivot output, with a
resolution of 1 [um]. A simple trigonometric equation
then returns the rotation angle with a resolution of 20
[urad]. Concerning the parasitic motion, a vertically ori-
ented Tesa GT22 inductive probe measures the axial dis-
placement of the rotation centre with a resolution of 100
[nm]. Figure 11 shows a picture of the experimental
setup.

& i L] - - -
Figure 11 Experimental setup with pulleys and inductive
probes

3.4 Results
3.4.1 Torsion rigidity

The measure of the natural rigidity of the articulation is
obtained by applying a pure couple, whose value is com-
prised between 0 and 0.16 [Nm]. The tangential dis-
placement of the cylindrical mobile part is evaluated with
the probes; a simple trigonometric relation then returns
the rotation angle, with a resolution of 20 [urad]. Figure
12 shows the obtained imposed couple / angle of rotation
characteristic for one direction of rotation, as well as the
simulated one; the slope of the line represents the compli-
ance of the pivot, whereas the inverse of this quantity
evaluates the torsion rigidity.

Couple / angle characteristics
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Figure 12 Measured and simulated compliance character-
istic for one direction of rotation

The average of the measured rigidity is 2.01 [Nm/rad],
whereas the mean simulation value is 1.93 [Nm/rad];
these two values are separated by an error of approxi-
mately 4 %. Moreover, as both the simulation and the
measurements return a rigidity value which varies with
the rotation of the pivot, Figure 13 illustrates the evolu-
tion of this value with the applied torsion couple, evalu-
ated with both procedures.

Couple / rigidity characteristics
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Figure 13 Measured and simulated rigidity in function of
the torsion couple

The maximal error between the simulated and the meas-
ured characteristics is around 5 %. It is besides to note
that the presented characteristics take into account the tor-
sion couple created by the probes, as well as their rigidity.

3.4.2 Parasitic displacement

The axial parasitic displacement of the articulation during
the rotation is evaluated at the centre of rotation; the ver-
tically oriented probe performs this measurement with a
resolution of 100 [nm]. As the design of the articulation is
symmetrical, the parasitic displacement of the centre of
rotation can be considered as a good estimation of the av-
erage value of this motion over the whole mobile part.
The comparison of the value at the centre, measured with
the probe, and the average displacement over the mobile
part, evaluated with the simulation, is illustrated in Figure
14.
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Couple / axial displacement characteristics
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Figure 14 Measured and simulated axial displacement in
function of the torsion couple

It can be noticed on figure 14 that the error between the
mean simulated displacement value and the measured one
grows with the torsion couple; besides, its maximal value
is approximately 13 %. The direction of this axial dis-
placement always tends to approach the mobile part of the
pivot to its fixed part, independently from the direction of
the rotary motion.

3.5 Discussion

The results of the torsion rigidity and rotation angle
measurements under a varying couple match the simu-
lated values, as they only present an error of 5 % com-
pared to the simulation. As for the mean parasitic axial
displacement of the pivot, the behaviour of this parameter
is similar for the simulated and the measured values, pre-
senting a paraboloic evolution with the rotary motion. The
error of 13.5 % between these values is relatively high,
but can be easily explained: the simulation model assumes
a perfectly symmetrical pivot, which is in reality not the
case because of the machining tolerances; these indeed
cause a non-symmetrical behaviour of the articulation
during the rotation motion. Thus, the average value of the
mobile part deformation does not exactly match the value
of this parameter measured at the rotation centre, which
explains the obtained error.

This observation directly leads to the need of a more
dedicated setup in order to locally measure the deforma-
tion of the pivot mobile part. However, the difference be-
tween the maximal and minimal values have been esti-
mated to be 40 [nm] by the simulation; as this resolution
is not achievable with the probes used for the setup de-
tailed in this paper, strategies using other measurement
principles are currently under study. The first one consists
in using an interferometer combined with an autocol-
limator for local measurements of the pivot output; the
first returns the linear axial displacement, whereas the
second evaluates the parasitic inclination of the mobile
part. However, this method requires the use of mirrors,
which have to be glued on the top of the pivot. Even by
making use of 3 spheres in order to obtain an isostatic and
precise gluing, it is highly probable that the measurements

will evaluate the orientation defects of the mirrors rather
than the desired parameter. Thus, a second strategy con-
sists in applying the principle of the Moiré interferome-
try: a pattern of lines is projected on the upper side of the
pivot output; making use of a CCD camera, the analysis
of the resulting pattern, which is deformed by the axial
displacement caused by the rotation motion, returns the
desired value along the whole mobile part. Although this
technique is frequently used to control machined optical
components, its application on aluminium parts leads to
an estimated achievable resolution of 1 [um], which is not
sufficient here. The third strategy, which is now under
study, is the use of the Fizeau interferometry, which is
based on the difference of optical paths caused by irregu-
larities on the measured surface. The achievable resolu-
tion would thus be sufficient; however, the upper side of
the pivot output should be chemically polished in order to
avoid that the measurements evaluate the roughness of the
surface rather than the desired parameter. Besides, the fu-
ture setup will also feature classical interferometers in or-
der to evaluate the transverse and compression rigidities
of the pivot.

To conclude, the results presented in this paper validate
the simulation model for the rotation angle and torsion
rigidity of the pivot; as for the axial parasitic displace-
ment, the behaviour predicted by the model is conform to
the measurements, whereas the absolute value of this
movement is underestimated because of the assumed per-
fectly machined articulation. These observations allow to
make the reasonable hypothesis that the behaviour of the
deformation of the whole pivot output is correctly pre-
dicted. As for the absolute value, the simulation estima-
tion is valid for a perfect pivot; for the real articulation, it
is reasonable to consider that the measured value will be
of higher magnitude. Besides, the value computed by the
simulation is of the same order of magnitude as the digital
computation precision. These two points confirm the need
of a second measurement setup, which will allow to vali-
date once and for all the simulation model concerning this
parameter, as well as to evaluate the influence of the ma-
chining errors on the behaviour of the articulation.

4  Conclusion

First, this paper has presented a concept of modular
kinematics which allows to build any possible robot mo-
bility with only a finite number of active and passive ele-
ments. A conceptual solution catalogue has been elabo-
rated, which proposes at least one possibility for any DOF
arrangement. The mechanical conception of the building
bricks, based on flexure hinges, has also been established,
constituting a solution catalogue of possible designs. A
scaled mock-up of a 4-DOF robot, transformable into
a 5-DOF one, has been realised; the conception proce-
dure as well as the design of the bricks has been detailed.
The viability of the proposed concept has thus been
proved, as well as its capability of significantly short-
ening the time-to-market of high precision robots. In
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addition, it has been shown that the concept offers a con-
venient way of rapidly modifying the mobility of the
robot during or after the development process; it thus
avoids restarting a whole procedure from scratch if the
industrial needs were to change.

The next step now consists in realising the real 4-DOF
to 5-DOF robot by Wire-EDM; this will allow to char-
acterise its dynamical performances and will thus prove
that they are at least similar to the ones of robots which
are conceived with more traditional methods. Then, in or-
der to achieve an absolute precision of around 10 [nm],
the calibration of the machine will be performed, mak-
ing use of the thermal and forces compensation procedure
developed in [8].

Then, this paper has also introduced a new double-stage
flexure-based pivot, which has been developed in order
to achieve a high angular stroke, as well as to avoid para-
sitic displacement of the centre of rotation. A scaled-up
Wire-EDM machined prototype has been realised in
aluminium, allowing to perform measurements of these
two parameters; the results have validated the concept
of this new pivot, as well as the simulation model used
for its optimisation.

The future work on this flexure-based articulation consists
in optimising the double-stage version, in order to to-
tally compensate the axial displacement of the 1% stage
output. Then, the control mechanism which guarantees
that the stroke of the 1% stage is half the one of the 2™
stage will be designed. Lastly, a steel Wire-EDM real
size pivot will be realised; its characterisation will allow
to prove the principle of compensation of the parasitic
motion. This articulation will then be integrated in the de-
sign of the interfaces of the concept of modular kinemat-
ics.
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