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Abstract. The models used in the conceptual phase of the mechatrosigndghould not be
too complicated, yet they should capture the dominant systehaviour. This includes the
computation of natural frequencies and mode shapes in aatefrequency range. For the
control system synthesis the low frequent behaviour upéactbss-over frequency needs to
be known. Furthermore, the closed-loop system can be uesthi® to parasitic modes at
somewhat higher frequencies.

In this paper we demonstrate the applicability of a multipododelling approach based on
non-linear finite elements for the mechatronic design of mmgiant six DOF manipulator. A
kinematic analysis is applied to investigate the exact tamsed design of the system. From
dynamic models the natural frequencies and mode shapesatdiefed and a state-space model
is derived that describes the system'’s input-output retesti The models have been verified with
experimental identification and closed-loop motion expents. The predicted lowest natural
frequencies and closed-loop performance agree suffigiergll with the experimental data.
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1 INTRODUCTION

In high precision equipment the use of compliant mechanisrfes/ourable as elastic joints
offer the advantages of no friction and no backlash. For tmeeptual design of such mecha-
nisms there is no need for very detailed and complex modaisitke time-consuming to analyse.
Nevertheless the models should capture the dominant systd@viour which must include
relevant three-dimensional motion and geometric noraliies, in particular when the system
undergoes large deflections. More specifically, we disistgtwo phases in the modelling ap-
proach of which a kinematic design is the first phase. Typiesign considerations for this
phase aim at avoiding overconstrained or underconstraiasign in line with so-called Exact
Constraint Design principles [1, 2, 3]. The dynamic systesrfgrmance is considered in the
second design phase. It involves the computation of theadtequencies and the accompany-
ing mode shapes, which are closely related to the requitsidtoop bandwidth and stability
of the mechatronic system [4, 5].

In [6, 7] we discussed the use of tseACAR software for these design phases. It offers a
multibody approach based on non-linear finite elements.sbi@d inclusion of the non-linear
effects at the element level [8] appears to be very advaategyeOnly a rather small number
of elastic beam elements is needed to model e.g. wire flexamgdeaf springs accurately. In
particular for the kinematic analysis to check the constsanly a single flexible beam element
is used for each flexure. In a dynamic analysis the naturgl&ecies are computed and more
beam elements may be used to obtain more accurate resuighet frequencies or for larger
deflections. The non-linear model can be linearised in a murabconfigurations throughout
the complete operational range of the mechanism to obtaenessof locally linearised models
in terms of the independent degrees of freedom, e.g. statesmodels for control system
design [9]. Numerically efficient models are obtained astimaber of independent degrees of
freedom is rather small. Consequently, the approach iscpéatly well suited during the early
(mechatronic) design phase, where time consuming compusatvould severely hamper the
design progress.

In this paper the modelling approach will be applied for tmalgsis and MIMO control
system synthesis of a parallel kinematic precision maatpulwith six kinematic degrees of
freedom (DOF) as is described in the next section. Numeresallts are presented in Sect. 3
and are verified with experimental data. Finally conclusiare drawn.

2 SIX DOF MANIPULATOR

Figure (1) shows a six DOF hexapod-like flexure-based maetipu[10]. It is an scaled-up
version of a micromanipulator originally designed to be ofantured with MEMS technology.
It has to translate and rotate the end effector in all dioedti It is difficult to accurately measure
the motion of the small micromanipulator which is not morartla few mm in size. Sensors
can be integrated much easier in the scaled-up manipuldichvaas a largest outer dimension
of 540 mm. The large version should give insight in the dynamic beha of the microma-
nipulator and therefore the restrictions resulting from BhEMS fabrication method have been
preserved.

In the scaled-up manipulator six voice coil actuators (VG &Ie applied to drive the position
and orientation of the end effector. A straight guidanceigssthat the motion of each VCM is
exactly in one in-plane direction. Each VCM is equipped wittontact-free optical incremental
encoder to measure the actuator displacement for colotaeetback control. The motions of
a pair of VCMs are transferred via in-plane leaf springs tonéermediate body, such that this
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Figure 1: Six DOF hexapod-like manipulator with flexiblerjts [10].

body can move in the in-plane directions. In total three esSthintermediate bodies support
three slanted leaf springs that are connected to the encta@ffén this way the three times two
in-plane actuated translations of the intermediate bagheble translations and rotations of the
end effector in all six DOF. E.g. the horizontal translaiarsf the end effector are realised
with identical motions of all three intermediate bodies. da@omplish a vertical translation
of the end effector, the three intermediate bodies movalgdowards the centre of the set-
up. These motions and the rotations are outlined in morealdstaBrouwer et al[10]. In
general, the relations between the linear VCM displaceshantl the position and orientation
of the end effector are highly non-linear. These relatiarslze measured with a sensor system
that is mounted on the end effector. This sensor system fmtrsin Fig. (1)) includes an
optical sensor to measure the displacement in one longestizection, while the parasitic
displacements in the perpendicular directions and theioogare measured with capacitive
Sensors.

3 NUMERICAL MODELLING

A numerical model of the manipulator needs to account fofltheires in the system. More
specifically each straight guidance consists of leaf sgrargl a wire spring. The end effector is
mounted on the three slanted leaf springs. In the modellopgaach implemented iBPACAR
flexible beam elements are used for all flexures.

The location of the beam element is described by the positidrihe end nodes andg,
as well as their orientations. Essential is the definitioploysically meaningful deformation
modes of the element that are invariant for rigid body matiohthe element. As there are
twelve independent nodal coordinates and six rigid bodyekesgof freedom, six independent
deformation modes can be defined. For the spatial flexiblenbmee deformation mode coor-
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Figure 2: Deformations,-¢4 of the spatial beam element (reprinted from [12]).

dinatez, is taken to describe the elongatian for torsion and four modes;—¢ for the bending
deformations of the element [8, 11]. Figure (2) illustrdtes of these deformation modes. The
deformation mode coordinates are defined in such a way tlwamegeically non-linear effects
due to interaction between deformation modes are includamhsequently, accurate models
can be obtained with a relatively small numbers of elemewes éor the case when large de-
flections are considered [8, 11]. Each of the deformationemmmbrdinates can be defined to
be constrained or released. If a deformation mode coorlisatleased, i.e. not constrained,
constitutive equations have to be specified for the stresdtemts, which are the dual to the
deformations. These constitutive equations may expregslgilinear elastic behaviour based
on the element stiffness properties.

Numerical models of the system can be made with a varyind t#veomplexity. With a
kinematicsPACARModel it can be verified that the manipulator satisfies exatsizaint design.
In this model each wire flexure and leaf spring is modelledhaisingle flexible beam element.
All deformation modes with a high stiffness are considereldd rigid, i.e. having constrained
deformation mode coordinates. The deformation modes withdtiffnesses are allowed to
deform. Then it appears that a Jacobian matrix can be assdmwhich must be square and full
rank in order to satisfy exact constraint design: othenthsesystem is underconstrained and/or
overconstrained [7]. The straight guidances of the maatpubre overconstrained by design to
increase the stiffness in the out-of-plane direction. Thisonfirmed in the kinematic analysis
and these parts are manufactured accurately to minimisetéra@al stresses [10]. The six DOF
kinematic model confirms the exact constraint design of titeedfector motion. Note that for
this kinematic analysis the masses and stiffnesses doaypgplole.

Natural frequencies and mode shapes are obtaineddyoramicmodels. The simplest dy-
namic model is derived from the kinematic model outlinedwebim which mass and stiffness
properties are added. In the applied modelling approachdhdinear equations of motion can
be linearised in any valid configuration of the system. Frberhass and stiffness matrices the
(configuration dependent) natural frequencies and modeeshare computed. A state space
model is derived after defining the system’s inputs, the VOKés, and outputs, the colocated
sensor positions. As the simplest dynamic model has six DOI,the six lowest natural fre-
quencies of the manipulator can be obtained from this mood@laatwelfth order state space
model is found.
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Mode 870-DOF 237-DOF Mode EXxp.
1 59.3 59.3 1 553
2 59.9 59.9 2 56.0
3 84.3 84.5 3 79.6
4 86.8 86.8 4 83.0
5 122.0 122.2 5 116.1
6 124.6 125.1 6 120.2

7 225
8 285
7 658 697 9 565
8 844 917
9 908 1001 10 1050
10 1074 1303

Table 1: First ten natural frequencies (in rad/s) of thedasigd reduced models as well as the experimentally
identified natural frequencies.

For control system synthesis also higher natural freqesrend their mode shapes must be
known [5]. These so-called parasitic modes involve defdiona in the directions of the larger
stiffnesses. In the dynamic model they can be accountedyfoeleasing deformation mode
coordinates associated with deformations in these dmesti In the previous six DOF model
these deformations were prescribed zero and now thessedleaformation mode coordinates
give rise to additional degrees of freedom. Furthermorestistem should be evaluated in con-
figurations throughout the manipulator’s workspace. Thealsiormation modes of the flexible
beam element offer only an accurate approximation for adichset of element deformations.
If more complex deformations are expected, the approxonatan be improved by increasing
the number of elements in each flexure. Obviously, both ivgmmeents of the dynamic model
result in an increased number of DOF.

For the considered manipulator a model has been made in Wired or four beam elements
are used for each wire flexure of leaf spring. This model h&B@F which result in many
natural frequencies that are far outside the frequencyerahgnterest. To reduce the number
of DOF the model is first simplified by reducing the number cdiflbeslements that is used for
the flexures. If the lower natural frequencies of the redwmrelér model are identical or close
to the natural frequencies of the 870-DOF model in this ratiye simplification is accepted.
In this way the number of DOF could be reduced to 420. A furiewplification is possible
by constraining deformations. The longitudinal stiffne$she flexures is rather high and it
appears that a model with all elongatiansprescribed zero results in 315 DOF without loss
of accuracy. Similarly also part of the bending deformatioodes with a high stiffness can be
considered rigid and finally a 237-DOF model is obtained.|&#b) lists the numerical values
of the ten lowest natural frequencies of both the extend@d@?F and the reduced 237-DOF
models. As can be seen in the table the lowest six naturalérecjes of the reduced model are
almost identical to the natural frequencies of the large ehoHor the higher natural frequen-
cies somewhat larger differences are found. For the cosysiem synthesis, in particular the
seventh natural frequency is relevant which differs by al68a. In Fig. (3) these natural fre-
guencies can be recognised as the peaks in the graph of thensy/singular values or principal
gains as functions of the frequency. In this analysis the fGides are the system’s inputs and
the colocated sensors are the outputs. The lowest naterpldncies are damped due to the
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Figure 3: Singular values of the transfer matrix of the 233H3PACARmModel near the equilibrium configuration
(from [13]).

actuator’s back-EMF.

The linearised models of the mechanical system are wekd@or control system synthesis.
The following steps are taken. At first the cross-over fremyeof the feedback controller is
determined from performance requirements. Assuming tieisseover frequency will be well
below the unwanted higher natural frequencies, the clés®glperformance can be evaluated
from the controller combined with the low frequent behavioithe mechanical system [5], i.e.
the six lowest natural frequencies. For this purpose allised six DOF model that accounts for
the lowest six natural frequencies in Table (1) is well-aditAs an example we consider a PID-
like feedback controller that should track a third order imoprofile duringl s with an error of
less thard).1% of the amplitude. This can be accomplished with a cross-ogguency of about
300 rad/s. Secondly, the closed-loop performance can be inegraxth feedforward control.
A feedforward control input can be computed by applying alstanverse approximation of a
low frequent model of the mechanical system to the desirettbmprofile.

Finally the robust stability of this closed-loop system danevaluated. In particular the
first parasitic natural frequency may violate stabilityuggments in ar{., controller design
strategy [5]. Obviously for this purpose a model of the meate system like the 237-DOF
model is needed that is sufficiently accurate above the @essfrequency. This model can
also be used in closed-loop simulations to validate therotiet design.

4 EXPERIMENTAL RESULTS

An experimental set-up with the manipulator of Fig. 1 hasnbesalised. As outlined in
Sect. 2 it is actuated with six VCMs. Colocated sensors nrea$ie actuator displacements.
MIMO system identification has been carried out with a blaok-multivariable output error
subspace (MOESP) subspace model identification method #1,3,5]. A21*" order model is
found that identifies the lowest natural frequencies as aslhe first parasitic modes. These
natural frequencies are included in Table (1) and are coatbwith the 237-DOF model in
Fig. (4). Itappears that the six lowest natural frequenagree quite well between the numerical
model and experimental data. Also the natural frequencyheffirst parasitic mode agrees
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Figure 4: Singular values of the transfer matrix of #ié" order identification estimate and ts@acARmodel
near the equilibrium configuration (from [13]).

reasonably well. However, two additional natural frequesi@re found in the identification

that are not included in the models. Probably these modss itaim suspension modes of the
frame that are not accounted for in the numerical models.idn(B) these modes are visible,
but their amplitudes are rather small. Overall it is coneldithat the numerical models provide
an adequate prediction of the experimental results.

The designed feedback and feedforward controller has kested for a motion of the end
effector of6 mm displacements in the horizontal-plane. Figure 5 shows the tracking error
of the actuator displacements during this motion. It app#zat they remain below the desired
0.1% although the signal is quite noisy. This is to a large extemsed by &0 Hz disturbance
from the mains.

—Actuator 1
—Actuator 2
a2k — Actuator 3
——Actuator 4
—Actuator 5

Actuator 6

Tracking errorjim

Figure 5: Measured tracking error of the actuator displaa@sduring & mm displacement of the end effector in
the X ,y-plane (from [13]).
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Figure 6: Measurements of the end effector motion dutimgm (top) and4 mm (bottom)z-displacements of
the end effector. The left graphs show the long stroke matidhe = direction; the right graphs show all three
rotations of the end effector for both displacements (frasj).

Finally, the motion of the end effector has been analyset i€ sensor mounted on the
end effector. This sensor can measure a long stroke in oeetidin and small deviations in the
other directions as well as rotations. Thexis of the coordinate system is aligned with the
direction of the long stroke. The linearised manipulatodeldias been used to compute the
actuator displacements needed for linear displacemetie @nd effector in the direction of
1 mm and4 mm, respectively. Figure (6) shows the actually measuretiomof end effector.

It is found that the real displacement matches reasonalily the intended motion, but it is
somewhat smaller than expected. Furthermore, unwantatian$ are observed. To some
extend both effects can be caused by a small misalignmentbatthe coordinate systems of
the manipulator and the sensor. However, it is also notddtieadeviations increase more than
linearly when the amplitude of the end effector displacetmeimcreased. This could be caused
by the non-linear behaviour of the manipulator which is rettipcluded in the model currently
used to compute the needed actuator displacements.

5 CONCLUSIONS

The design of a mechatronic system of the six DOF compliamijpugator in Fig. (1) demon-
strates the proposed modelling approach for this purpoke.fd@rmulation is based on a non-
linear finite element description for flexible multibody s®s. The flexible beam elements
account for geometric nonlinear effects such as geomdifiersng and interaction between
deformation modes. Flexible joints like wire flexures andflsprings can be modelled ade-
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quately using only a few number of flexible beam elementshisiway, a rather low dimen-
sional system description can be obtained which includesitin-linear behaviour that occurs
at large deflections.

In a kinematic analysis only a single flexible beam elemensed for each flexure and the
exact constrained design of the system is examined. Forythantic analysis a maximum of
four flexible beam elements is used for each flexure. The nuwi@OF is reduced by pre-
scribing deformations with high stiffness and in rigid jgax be zero. The modelling approach
is well suited for mechatronic design, i.e. the mechanieaigh as well as control system syn-
thesis.
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