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Abstract

Performance of precision mechanisms in the high-tech industry is limited by disturbing vibra-
tions. Over the last years, developments have been made in the use of piezoelectric patches,
integrated with exures, in order to actively suppress vibrations in various structures. By
interconnecting the patches with a positive position feedback (PPF) controller, Seinhorst et
al. showed the potential of suppressing parasitic eigenfrequencies. This work aims to extend
this technique to a 6 degrees of freedom problem, where the goal is to suppress the nomi-
nal eigenfrequencies of a exure-based vibration isolation system. The active approach does
not su er from the trade-o inherent to passive damping; where vibrations at eigenfrequency
are suppressed at the cost of deteriorating performance at higher frequencies. In this work a

exure based isolation system is designed with 6 integrated piezoelectric sensors and actua-
tors in the form of a bimorph exure, with the nominal suspending frequencies between 10-22
Hz. Using system identi cation in the frequency domain and structured parameter estimation,
the mode shapes and state-space matrices are derived. Using modal decoupling the 6 DoF
MIMO control problem is transformed to 6 SISO problems. For each nominal mode, a PPF
controller is tuned. The active vibration suppression scheme was implemented successfully,
increasing modal damping from 1% to 13%. The results support and highlight the potential of
implementing piezoelectric damping in many other industrial cases.
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1 Introduction

In precision mechanisms, undesired vibrations are a key performance limiting factor. As a
consequence, a substantial amount of research has been performed with the aim of develop-
ing techniques and solutions to limit the in uence of disturbing vibrations. Active vibration
suppression, where sensors and actuators are used along with control theory to add vibration
attenuation to the structure, is one such area that continues to be studied extensively. In 2022,
Seinhorst et al. proposed a design method for using piezoelectric patches integrated in exures
for the suppression of parasitic resonances using positive position feedback (PPF) [16]. The
technique proved e ective for the case of parasitic resonances in a large range of motion exure
mechanism. The work in this thesis is an extension of the technique, by implementing it in a
multi-degree-of-freedom setting. In a cooperation between ‘DEMCON high-tech systems Delft
B.V.” and the University of Twente, we research how this technique can be adapted and applied
in an industrially relevant setting.

DEMCON high-tech systems Delft B.V. is a company that develops solutions for various
clients in the high-tech industry. In the case considered, performance of the system is limited
by vibrations of the metrology frame. The system is illustrated in Figure 1.1. The system has
to precisely position the short stroke stage with respect to the optics frame, in order for the
machine to be able to perform its function. Hence, the key performance target is to minimise
the positioning error. The metrology frame consists of sensors that measure the position of the
short stroke stage with respect to the optics frame. The metrology frame is rigidly attached to
the optics frame. In order to minimise the impact of vibrations caused by the actuation of the
short stroke stage, the optics frame and metrology frame are decoupled from the force frame by
a six degree of freedom compliant mechanism with an eigenfrequency between 10-20 Hz. The
in uence of oor vibrations is suppressed by isolator legs with an eigenfrequency of 1Hz. In
evaluation of the system performance, the largest error source is found to be due to actuator
to sensor vibrations that excite the metrology frame at the eigenfrequency between 10-20 Hz.
The aim of this work is to demonstrate that the use of piezoelectric patches along with active
vibration suppression is a suitable method for damping these vibrations, thus improving the
performance of the system. The potential performance of this method will be evaluated on a
demonstrator setup, which consists of the short stroke mechanism placed on an optical table.
The design, assembly, control and validation of the metrology frame and suspension mechanism
are part of this thesis.

Piezoelectric patches are used as actuators and sensors for the active vibration suppression
of the metrology frame. Through the piezoelectric e ect, mechanical stresses generate an
electrical charge on the patch [9]. The straining of the patch causes the positive and negative
charge centers of unit cells of the material to move, the material has become polarized. As a
consequence, surface charge is accumulated on opposing sides of the material, which leads to a
measurable voltage di erence across the piezoelectric material. The inverse piezoelectric e ect
is the reverse of this process, a voltage di erence applied over the material leads to a mechanical
strain of the piezoelectric. As such, a piezoelectric patch can function as both a sensor to detect
strain, and as an actuator. A piezoelectric bimorph is created by sandwiching a leaf exure
in between two piezoelectric patches, depicted schematically in Figure 1.2. Contraction of the
piezoelectric patch on one side will cause the leaf exure to bend. The second piezoelectric
patch can be used to sense the bending of the exure. Thus, a piezoelectric bimorph functions
as a collocated actuator-sensor pair. The low build volume and ease of integration make them
naturally attractive to use as actuators and sensors for exure-based mechanisms.

The block diagram, in Figure 1.3, highlights the control problem in which the bimorphs
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Figure 1.1: Overview of the system for which the active vibration control solution is investigated. The
vibrations at the eigenfrequency of the suspension between the base and the optics frame need to be
suppressed.

A

Figure 1.2: Schematic of a piezoelectric bimorph. Contraction of the bottom patch by applying a
voltage causes the leaf- exure to bend and the mass, m, to move upwards. This results in stretching of
the top patch which can be used as a sensor to detect the movement.
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Figure 1.3: Block diagram of the proposed active vibration suppression scheme. Here the suspension
mechanism is represented by the plant, P. The actuator inputs, applied via piezoelectric patches, are
represented by u, the disturbance by d, the output position of the metrology frame by w, and the sensor
reading by y. Ty and Ty are decoupling matrices. The controller, C, is to be designed such that the
resonances of the rst six mode-shapes in the transfer from disturbance to output are damped.

are to be used. The six resonances corresponding to the 6 DoFs of the frame in the transfer
from disturbance, d, to output position of the metrology frame, w, have to be damped. This
requires su cient coupling from the inputs, u, to the output, w, and from the disturbance,
d, to sensor output y. For this, it needs to be ensured that the mode shape of the vibration
couples to a strain in the piezoelectric patch.

It is important to discuss why one would want to use the proposed method in this spe-
Ci c case, as there are a multitude of options to tackle the problem of attenuating parasitic
vibrations. First of all, an option that could be considered is feeding forward the vibrations
in the metrology frame to the controller of the short stroke stage, in order to follow the vi-
brations of the metrology frame. Such a solution can e ectively decrease tracking errors, but
is inherently limited by sensor noise and modelling accuracy. Another typical solution is to
implement a Tuned Mass Damper (TMD) [3]. A TMD is typically placed at the point where
the vibrational energy is highest, adding mass and volume at this point. This can con ict with
the system design as this is often also where key functioning parts of the system are placed,
such as optical elements. It may thus not always be possible to implement a TMD at the
desired location. Additionally, it can be di cult to retro t a TMD into a design if a parasitic
resonance is discovered when testing the system. This is a key advantage of using piezoelectric
patches. The patches can be applied retroactively at locations where there is high strain due
to the mode shape of the vibrations. The active approach using patches also gives greater
adaptability. Resonance frequencies can shift over time or position of the system, this can be
accounted for by tuning the control parameters of the active vibration suppression algorithm.
In the case of a TMD, a resonance shift would lead to decreased damping performance, or the
TMD has to be adapted, requiring a change of hardware. All in all, it can be said that the
active approach using piezoelectric patches provides a solution to suppress vibrations in cases
where other solutions could not be feasible, or not desirable due to their lower adaptability.

The aim of this work is two-fold. First, we want to demonstrate and evaluate the achiev-
able damping of the eigenfrequencies of a 6 degree of freedom suspended frame using piezo-
electric patches as integrated sensor-actuator pairs. Secondly, to provide a framework of the
design steps required to realise the suspended mechanism. Steps in this process include sen-
sor/actuator placement to ensure su cient coupling, system identi cation and structured pa-
rameter estimation, decoupling of the MIMO system and optimally tuning a PPF controller



for each mode. None of the individual techniques used in this work is newly developed, but
the entire framework to achieve this does not exist, as far as the author is aware.

This report is structured into four main sections. Chapter 2 covers the design process of
the mechanical setup that will serve as a demonstrator of this active vibration suppression
mechanism. Chapter 3 covers the validation of the design after it has been assembled. Chapter
4 covers the decoupling and controller design. The performance results of the active vibration
suppression are presented in chapter 5. Finally, the conclusion and recommendations are given
in chapters 6 and 7.



2 Mechanical Design

2.1 Introduction

The following section concerns the mechanical design of the six degree of freedom (6-DoF)
compliant mechanism which will be damped by piezoelectric patches. Looking back at Figure
1.3 the design challenge addressed in this chapter is summarized as follows: \Design the plant,
P, such that a controller, C, can suppress vibrations at the frequencies of the nominal modes of
P." There are more requirements on the designed mechanism, these are listed in the rst sub-
section concerning the design speci cations. Some background research on potential solutions
is provided, before moving on to the concept designs and evaluation thereof. The remainder of
this chapter concerns the chosen concept, and the steps taken to ensure the design speci cation
are met, including the modelling, detailing, and pre-production validation.

2.2 Design Specification

The design speci cations are listed in Table 2.1. Requirement 1 ensures that the demonstrator
setup behaves analogous to comparable industrial systems. Requirement 3 is important as
the bandwidth of the controller of the short-stroke stage is limited by the parasitic resonances
present in the system. The parasitic resonances can lead to stability issues of the controller.
The bandwidth of the short-stroke controller needs to be su ciently high in order to ensure
performance of the short-stroke. The fourth speci cation ensures the system is robust against
accidental impacts or large disturbances, as it will also be taken to conventions, where the envi-
ronment is not always controlled. Due to production and assembly tolerances, it is impossible
to guarantee the exact position of the metrology frame, and sensors. Therefore, requirements
5 and 6 ensure suitable adjustability of the position after assembly, such that sensors can be
brought into the correct range of the short stroke mechanism. The range of the capacitive sen-
sors is 100 micron, thus a resolution of 10 micron is decided such that it can be ensured that the
capacitive sensors can be positioned in the middle of the measuring range. Requirement 7 is a
result of the approved nancial budget for the assignment. Requirement 8 is based on an early
estimate of the expected disturbance. A more thorough calculation of the minimum expected
disturbance is presented in section 2.7. Requirements 2 and 9 are related to the speci ¢ aim of
the demonstrator.

2.3 Literature Review

Compliant mechanisms are widely used in the precision industry due to their high repeata-
bility, predictability, lack of back-lash and their maintenance free nature. Due to the high
industrial relevance much research has been done on 6-DoF manipulators. In 2011, Dunning et
al. published a review on the various designs of 6 DoF precision stages [4]. While the require-
ments of a precision stage and an isolation frame are di erent, the use of compliant elements
in both systems will be similar. In compliant mechanisms motion is achieved through elastic
deformation of so-called exure elements, which is separated into two categories in the work of
Dunnning et al. Lumped compliance refers to exures where motion is achieved due to high
stress concentrations around small and thin sections of the the exure. An example of this
kind of exure are notched hinges. On the other hand, distributed compliance refers to exures
where the motion is achieved through the exibility of the entire element, with a lack of stress
concentrations. Typical examples are leaf and wire exures. The distinction between the two
is important in this work due to the use of piezoelectric patches. Typical sizes for piezoelectric
patches are in the order of 50 mm 50 mm 0.2 mm. As a result piezoelectric patches cannot



Number | Requirement

1 The mechanical suspension needs to have 6 DoF, with eigenfrequencies between 10
Hz and 20 Hz.

2 Piezoelectric patches need to be used to achieve active vibration suppression of the
compliant DoFs.

3 The eigenfrequencies of all higher modes beyond the rst eigenmode per DoF, thus
mode 7 and up, need to be greater than 200 Hz.

4 Stress limits of the exures shall not be exceeded within the range of motion of the
suspension. The range of motion of the suspension will be limited by end-stops.

5 The design needs to include the ability to adjust the distance between the metrology

frame and short stroke. Required adjustability in z-direction: 40% of calculated
de ection due to gravity. The minimum adjustability in x-y direction should be

0.5mm. The minimum adjustability in rotational direction should be 3 mRad.

The adjustability shall be possible with a resolution lower than 10 micron.

Production costs of frame + suspension need to be below 5000 euros.

The production lead time of the design should be approximately 10 weeks.

O 00| N

Vibrations with amplitudes in the order of 10 & meters shall lead to measurable
voltage changes on the piezoelectric patch used for sensing.

Table 2.1: The design speci cations set-up at the beginning of the project.

be used with exure elements with lumped compliance, as the patches can not be applied to
the areas where the stresses and strains are highest. For this work, only designs making use of
distributed compliance will be considered. Speci cally, exures of interest are leaf springs and
folded leaf springs, as their form factors matches well with the use of piezoelectric patches. A
leaf spring constrains three degrees of freedom (2 translations and 1 rotation), while a folded
leaf spring constrains only translation in the direction of the fold line.

Dunning et al. found that a vast number of 6 DoF manipulators are parallel mechanisms,
for example adaptations on the classic Stewart platform. This provides dynamical advantages
at the cost of limiting the workspace of the manipulator. Examples are a MEMS based ma-
nipulator developed by Brouwer et al. in 2010 [2], or the hexablade positioner of Yang et al.
[20]. In the rst case comb drives are used to move the struts connected to the platform. In
the latter case voice coils are used to actuate the position of folded leaf exures which are used
as the struts to control the platform. This kind of set-up has been proven to be able to achieve
signi cant vibration attenuation in 2016 by Wang et al. [19]. While it is possible to design such
a parallel mechanism actuated by piezoelectric patches, it does not o er signi cant advantages
over the use of voice coils. Using this method to achieve the vibration suppression would nullify
the industrial relevance of this work. As such, no concept will be generated where a parallel
mechanism in this form is used.

In order to design a suspension mechanism using leaf- or folded leaf exures, a serial stacking
of parallel mechanisms is considered. As soon as one element is connected between the base
and metrology frame, at least one translation is constrained by the exure element [10]. The
stacking in series is required to release this constraint such that the metrology frame has 6
degrees of freedom. A synthesis method for serial exure mechanisms using Freedom and
Constraint Topology (FACT) is described by Hopkins et al.(2011). A logical approach would
be to stack two 3 DoF stages in series, one planar stage constraining out of plane movement
and rotations, and one tip-tilt-piston (TTP) stage constraining any planar movement. The
serial stacking of these stages releases all constraints from the ground to the metrology frame.



Figure 2.1: A planar stage consisting of three folded leaf exures in parallel, constraining out of plane
translation and rotations. Image from JPE [12].

In the textbook ‘Design Principles for Precision Mechanisms’ a frequently used planar stage
is presented [17]. As can be seen in Figure 2.1, three folded leaf springs are placed in parallel
to constrain all out of plane movements (vertical translations and rotations around the x- and
y-axis). By rotating the folded leaf springs such that the fold lines lie in the same plane, a
TTP stage is created. This could serve as a potential solution for the mechanical design.

Alternatively, it is possible to design a exure element which is exible in all 6 rigid body
directions. By adding a second fold to a folded leaf exure. This idea originated from the work
of Lemmen et al. presented in [13]. This would eliminate the need for an intermediate body as
required for serial stages and could thus be an interesting design path of which the potential
needs to be explored.

2.4 Concept Evaluation and Selection

From the background research two main possible solution paths were identi ed and these are
to be evaluated. A sketch of Concepts 1 and 2 is presented in Figure 2.2. Starting point for the
designs are the required design dimensions of the metrology frame. This is pre-determined by
the location of the sensors which measure the position of the short-stroke. This gives an initial
mass of the suspended payload, meaning that geometrical parameters for the exures can be
determined. From there, design iteration is modelled using SPABS [14], which is an extended
version of the multibody software SPACAR [11]. SPABS requires a much lower computational
time in comparison with conventional volumetric-element based nite element solvers, making
it ideal to use in an iterative design stage, as the e ect of geometrical changes can be determined
quickly in order to explore a design space. In this phase, it is important to keep into account
that the frequency response of compliant suspension mechanisms can simply be modelled as
a mass-spring system. In that case the eigenfrequency in a respective direction is given by
Equation 2.1. Here, Kk is the total sti ness of all exures for the considered direction, m is the
suspended mass and f is the eigenfrequency. For the rotational modes, the mass is replaced
by the moment of inertia, and k represents the rotational sti ness.

r__

1k
f=- — (2.1)

A targeted eigenfrequency for a nominal mode or a parasitic mode can thus be achieved
by changing the mass or the sti ness in the direction of the mode. For any given suspension
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(a) Concept 1 (b) Concept 2

Figure 2.2: Sketches of the two concepts evaluated in the early phase of this project. The piezoelectric
patch locations are marked in orange.

con guration, it is thus important to identify the parameters controlling the sti ness of the
compliant mode and the parameters controlling the sti ness of the parasitic mode. This way,
in the design phase a suspension mechanism with a desired low nominal frequency can be
designed, while also guaranteeing high parasitic frequencies.

Helpful for the design exploration and iteration phase, SPABS provides a state-space model
of the system, from which actuator to end-e ector transfers can be determined. This allows us
to evaluate if there is coupling between the six modes shapes to be damped and the actuators
in the concepts.

As a side note, in concept generation phase more designs were synthesized than the two
concepts that are evaluated below. However, these designs were disregarded in an earlier phase
due to identi ed problems with those designs. As a consequence these designs will not be
discussed in this work.

Concept 1

Concept 1 is a serial combination of two 3-DoF stages, each constrained by three leaf exures
arranged symmetrically. The intermediate body is free to move in all planar directions. The
sti ness for the translation of the intermediate body is independent of the in-plane direction
and is given by [17]

_ 45Ebt3
2413

Parameters are the width of folded leaf spring along the direction of the fold, b, the thick-

ness, t, and the length of the exure L. On the other hand the out of plane sti ness of the

intermediate body scales with th®, k; }_lg Therefore to maximise the parasitic eigenfrequency

while keeping the frequency of the nominal modes low, the ratio % should be maximised, within

reason. The same design rule of thumb holds for the second stage in the concept. Keeping this

in mind, the design space was explored using SPACAR. The resulting system parameters and

frequencies are presented in Table 2.2. Note that while only four low frequent eigenmodes are

mentioned, due to the symmetry of the setup the modes for planar translations, and tip-tilt
rotations are double modes.

(2.2)
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Mass Metrology Frame 5.8 kg

Mass Intermediate Body 14.8 kg
Folded Leaf Dimensions - Planar Stage | L = 70mm, t = 1mm, b = 130mm
Folded Leaf Dimension - TTP Stage | L = 60mm, t = 0.5mm, b = 130mm

Ty 14.8 Hz

f, 11.3 Hz

., 13.1 Hz

f, 17.8 Hz

First Parasitic Frequency 288 Hz

Table 2.2: System properties of concept 1.

Concept 2

Concept 2 utilises a exure concept that constrains zero degrees of freedom. The concept is
built up of out of leaf- exures with 2 folds. As such, no intermediate body is needed to create
a serial chain. A symmetric arrangement of these 6-DoF hinges was chosen. In this case, there
are more parameters in the design that can be varied. The orientation of the hinges, has great
e ect on the coupling of the patches to various mode shapes. The length, Ly, in between the
two folds can be varied as well as the length between the connected body and the rst fold, L;.
However, due to the parallel nature of the structure, the change of one variable has impact on
the frequencies of all mode shopes. It is therefore less intuitive to adjust parameters to reach
the desired speci cation. The system parameters for this concept are presented in Table 2.3.

Mass Metrology Frame 10 kg
6-DoF Hinge Dimensions | L1 = 70mm, Ly = 46mm, t = 1mm, b = 40mm
Ty 12.2 Hz
T, 10.9 Hz
., 19.9 Hz
T, 18.4 Hz
First Parasitic Frequency 204 Hz

Table 2.3: System properties of concept 2.

Concept Comparison

First of all, it is clear that both concepts can lead to a system with the desired frequency
speci cations. However, as can be deduced from Table 2.3, the design of concept 2 is only
marginally within the speci cations. This is noticeable in the frequencies of modes f, and
f . ,. The former is at the bottom of the desired frequency speci cation, while the latter is
at the top of the desired frequency range. The most e ective way to solve this would be to
place the hinges closer to the center of the metrology frame, this is however not possible due to
this being the space in which the sensors of the metrology frame have to be mounted. Other
solutions would be to shift the mass of the metrology frame further to the outside, thereby
increasing the moment of inertia. The extent to which this can be done is limited, as the
rigidity of the metrology frame needs to be guaranteed. Additionally, the frequency will only
shift with the inverse square root of the moment of inertia thereby requiring large mass shifts to
achieve the desired e ect. With more design time a more optimal solution for the parameters
could have been found, but the fact remains that if later in the design phase adjustments to
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bodies or geometries have to be made, it can become quite a challenge to ensure the design
remains within the speci cations. The more intuitive and separately tune-able modes in the
serial mechanism of concept 1 can give an advantage if adjustments have to be made late in
the design process.

The frequency response from position disturbances to position output is plotted in Figure
2.3 for both concepts. The most important di erence that can be noticed from these plots,
apart from the di ering locations of nominal and parasitic resonances, is the high degree of
coupling between rotational and translational modes for concept 1. This is due to the fact that
the planar mechanism of concept 1 is mounted at the center of mass of the intermediate body.
Ideally, it should be mounted at the center of mass of the intermediate body plus metrology
frame. Now, vibrations in the x or y direction also generate a moment on the structure as a
whole, leading to the stronger coupling to the rotational modes. This coupling is not visible
for the responses of concept 2.

The coupling between the patches and the vibrations of the end-e ector can be characterised
by the transfer function from patch voltages to the output position. Figure 2.4 compares the
frequency response of this transfer function between the two concepts, for two displacement
outputs, x and . The results that can be concluded from these plots is that for both concepts
there is su cient coupling between the actuation voltages of the patches and the vibrations
induced at the end-e ector. We see a DC response of approximately 2 10 & m/V for the
translational DoFs. A signal with amplitude of 1 V will lead to vibrations of amplitude 0.02
micron. Patch transducers can handle voltages upwards of 200 Volts. Therefore, there is
su cient coupling between patches and the metrology frame to attenuate vibrations in the
order of micrometers. The conclusion and results for the other modes not shown in Figure 2.4
are the same, and therefore omitted from the main report.

Clearly, both concepts show promise and could be suitable solutions for achieving the aim
of this work. A key advantage of concept 1 over concept 2 is the higher exibility it gives
in dealing with design choices throughout the process. The serial construction seperates the
suspension into two subsystems which can be tuned, and adapted mostly seperately from each
other. It also means that, if in the assembled design certain frequencies are out of spec cation,
it is easier to make changes that bring these frequencies back into speci cation. In the case
of complications in the timeline of the project it also provides the option to implement the
vibration suppression only on one of the serial stages. Concept 1 thus seems a more practical
design to work with, and will be the concept for which a detailed design will be created.

2.5 Design Detalils

The nal detailed design is presented in Figure 2.5. In the following subsection design decisions
and details of the nished design will be highlighted.

First of all, what can readily be noticed is that the majority of the design is achieved using
laser cut pieces of aluminium and stainless-steel. This choice was made for two reasons. First
of all, laser cut pieces are a lower cost solution in comparison to machined components, this is
important for remaining within the allotted budget for the assignment. Second, the production
lead time of laser cut pieces is typically much lower than for milled parts.

2.5.1 Folded Leaf Flexures

The folded leaf exures will not be produced as a monolithic part for the above mentioned
reasons. The folded leaf exures will be assembled by clamping two laser-cut leaf exures at
90 degree angle relative to each other, as illustrated in Figure 2.6. Care has to be taken that

13



(@) Amplitude responses due to base disturbance in x-direction, dy.

(b) Amplitude responses due to base disturbance in y-direction, dy.

(c) Amplitude responses due to base disturbance in z-direction, d;.

Figure 2.3: Amplitude responses for the transmission of disturbing oor vibrations to the output
position of the end-e ector. Concept 1 is given by solid lines, Concept 2 is plotted using dashed lines.

14



(a) Input voltages to x position of end-e ector. (b) Input voltages to x position of end-e ector.

Figure 2.4: Amplitude response of the transfer from patch voltages to the position of the end-e ector
for the 2 concepts. Solid line: Concept 1, Dashed Line: Concept 2.

Figure 2.5: Overview of the nal design. A short-stroke mechanism will be placed below the metrology
frame.
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(@) Side view (b) Isometric view

Figure 2.6: Folded leaf exures created by clamping of two leaf exures.

the position of the leaf exure in the clamped connection is well de ned. As such a backstop
is created against which the leaf exure is positioned. On the other edge the leaf spring is
designed to be perfectly ush with the clamping block. Clamping jaws create a smaller de ned
surface to which the leaf spring is clamped. This ensures a high clamping pressure, and reduces
hysteresis e ects in the clamped joint due to micro-slip [17]. The material from which the leaf
exures are produced is AlISI 301. This stainless steel is utilised for its relatively high tensile
strength. The clamping parts have to be produced by milling, but because a high number of
these parts is required the price per unit is relatively low. This is because the start-up costs
will only have to be payed once, and these are often the cost-drivers for milled components.

2.5.2 Positioning of assembled parts

A design challenge due to the use of laser-cut pieces is ensuring that all parts are positioned as
exactly as possible. The laser-cut pieces will be joined together using bolt-nut combinations.
For this clearance holes are used, which are typically 0.6mm to 1mm larger in diameter than
the bolt. This creates a large range within which pieces can be assembled. This is undesirable.
To solve this problem clear points of contact are implemented that constrain the parts relative
to each other. Two examples of how this is done are shown in Figure 2.7. Figure 2.7a shows
the use of spring-type straight pins, which protrude from the surface in order to create three
de ned contact points. The spring-type straight pins adapt their size to the hole in the laser-
cut part, therefore no tight tolerance requirement is needed for the hole size, which saves in
costs. In Figure 2.7b the three contact points are de ned by laser-cut tabs in the geometry.
These two methods are mainly used to ensure well de ned positioning of the to be assembled
parts. This does not ensure positional accuracy, as there are still production tolerances on the
manufactured pieces. For laser-cut pieces these tolerances will be in the range of 0.15 to 0.6 mm
depending on plate thickness and feature size. With multiple pieces positioned in series, these
tolerances can accumulate throughout the design, and lead to positional inaccuracies. This is
why it is a necessity to have the option to make adjustments to positioning of the suspension.

2.5.3 Adjustment mechanisms

In the design there are three methods with which the position of either the capacitive sensors,
or the metrology frame as a whole can be adjusted, relative to the short-stroke. First of
all, the capacitive sensors can be moved forwards or backwards within their clamps. The
capactive sensors have a measuring range of 0.1mm and need to be placed at 0.25mm from the
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(@) A leaf spring clamping block

is positioned on top of the in-

termediate body side-wall using (b) Three clear contact points have been de ned by the blue arrows for
three spring-type straight pins as positioning a clamping block within the same plane of a part of the metrology
contact points. frame.

Figure 2.7: Two methods to clearly de ne the position of two parts before joining them together.

measurement plate to be in the middle of their sensing range. Releasing the clamping bolt,
can allow the sensor body to be slid closer or further, with continous and ne adjustment to
place the sensors in the correct range. Note that these clamps, were not designed as a part of
this work, and were already in use in the pre-existing set-up for the short stroke.

The clamps cannot be used to adjust the angle of the sensors if the sensors' surfaces are not
parallel to the measurement surface. In this case, the planar position and rotation of the entire
short-stroke mechanism can be moved using three turnbuckles, as depicted in Figure 2.8a. The
turnbuckles provide 2mm of adjustment in x and y direction, and allow for angular adjustment
in ,of 1.

The height, and tip-tilt angles ( x; y) of the metrology frame can also be adjusted. This
is done by changing the height at which the entire suspension mechanism is mounted to the
uprights of the supporting frame. Contact between a spring-type straight pin and the top
surface of the upright determines the mounting height, as illustrated in Figure 2.8b. Shims can
be placed in between this contact point to increase the height. By only adjusting the height
of one of the mounts the tip-tilt angles can be adjusted accordingly. The ordered shim plates
allow the total height of the mechanism to be adjusted up to 1 mm, in steps of 0.1 mm.

2.5.4 End stops

End-stops are implemented to limit the movement of the bodies to within the stress limits
of the exures. The implementation of the end-stops is shown in Figure 2.9. The maximum
de ection will be calculated for the z-direction because due to gravity these exures will be
loaded the most. As movement between intermediate body and the end-e ector is constrained
in the xy-direction, it can be argued that a single folded leaf exure can be modelled as a
guided folded leaf- exure. The maximum stress, max, in a guided leaf exure is given by [17]

_ 9Etu,

max = 772 (2.3)
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(@) Three turnbuckles connected to the base

plate upon which the short stroke is mounted. (b) The height and tip-tilt angles x and  can be
Adjusting the turnbuckles allows the rotation adjusted by placing shims between the pin and the top
and position to be modi ed. surface of the frame uprights.

Figure 2.8: The available methods for adjusting the relative position of the short-stroke and metrology
frame.

(@) Implementation of end-stops limiting the (b) Implementation of end-stops limiting the
movement of the intermediate body. movement of the end-e ector

Figure 2.9: The implementation of end-stops to constrain the movement of the metrology frame to
within the stress limits of the leaf exures.
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Here E is the elasticity modulus, t is the thickness, | the length of each leaf exure, and
u; is the displacement in z-direction. The yield strength of AISI 301 is atleast 276 MPa.
Assuming a safety factor of 2, to account for possible pre-tension in the nished assembly due
to misalignment, the maximum de ection is then given by:

_ yield 412

u; = —

2 O9Et

Using E = 190GPa, | = 70mm, t = 0:8mm, we get a maximum de ection ofu, = 1:9mm. We

have to take into account the de ection due to gravity of the mechanism. This can be derived
by requiring force balance:

(2.4)

kzuz; = mg (2.5)
k, = 9 (2.6)
uz
Substituting this into Equation 2.1 and rearranging we have
_ 9
Uz = 7 22 (2.7)

We can conclude that for a suspension frequency of 13.5 Hz that the de ection due to gravity
will be 1.4mm. Therefore the end-stops will be placed at 0.5mm to limit any further movement
to within the stress limits of the exures.

2.5.5 Patch placement

The location of the patches on the folded leaf exure is important in determining the electro-
mechanical coupling. If for instance in Figure 1.2, the top patch was not placed at the end
of the exure but in the middle of the exure there would be little coupling. This is because

at the middle of the exure the strain changes sign, going from compressive to tensile strain,
as one moves from the left side of the exure to the right side. If one side of the patch is
compressed, and the other half stretched the net result is that the charge movement within the
material is cancelled out, leaving no measurable signal. It is clear then, that the patches have
to be located at the ends of the leaf- exures where the stresses are highest. The mode shapes
of the system are displayed in Figure 2.10. For each mode shape the stresses on the patches
are plotted using color coding. In dark blue are low stress regions and in yellow/orange are
high stress regions. First looking at modes 1,2, and 3, we see that the placement of the patches
is mostly dictated by mode shape 3. For modes 1,2 the patches could be placed on the exure
as close as possible to the clamping point on the frame. This will give slightly better coupling
than the location depcited in Figure 2.10. However, for mode 3, stresses are by far highest near
the intermediate body, giving signi cantly better coupling for that mode. This is the main
reason, the patches were placed as close to the intermediate body as possible. For modes 4,
5 and 6 there are were 2 plausible positions. On the lowest exure at the closest point to the
end-e ector, or the other exure as close to the fold as possible. No signi cant di erence in
coupling between those 2 locations was found. It was therefore decided to place the patches
as close to the metrology frame as possible, as this is a more practical location to manage the
wiring of the assembly.
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