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Abstract—This paper presents an extensive review of
compliant one-degree-of-freedom nanopositioners, focusing
on various mechanisms and flexures employed in these
systems. The study explores strategies to mitigate para-
sitic motion and compares nanopositioners based on key
performance metrics. The results highlight specific mecha-
nisms and their performance, considering translational and
rotational parasitic motions. Noteworthy findings include
the scarcity of literature on compliant nanopositioners, the
benefits of certain strategies in minimizing parasitic mo-
tions, and the promising potential of spatial mechanisms for
nanopositioning, despite increased complexity. The need for
well-constrained, compact designs that leverage parasitic
motion strategies to achieve nanometer-level accuracy and
extensive measurement in all directions is emphasized.

I. INTRODUCTION

Ultra-precision mechanisms with up to six degrees of
freedom (DoF) motion are the foundation for applications
like semiconductor fabrication [1][2], scanning systems
[3][4], medical imaging [5], and fabrication of nano-
devices [6][7]. These industries demand devices that
allow for precision motion guidance with a resolution and
accuracy in the order of micrometers or even nanometers.
For example, in the semiconductor industry the trend is
to make the microchips smaller and faster, with even a
resolution of 20nm leading to a need for more accurate
precision guidance [8]. Parasitic motion and cross-axis

couplings reduce the precision, efficiency and increases
the control complexity. Therefore, there is a high demand
for straight motion technology.

There are many existing technologies for straight mo-
tion. The guideway or bearing separates the moving part
from the fixed part which makes it the most critical part.
Bearings can be divided into two classes, contact and non
contact bearing systems. Sliding bearings and ball bear-
ings are examples of contact bearing systems. Compliant
mechanisms, hydro/aerostatic, hydro/aerodynamic, and
magnetic bearings are examples of non contact bearing
systems. Contact bearings will introduce wear and fric-
tion which implies hysteresis and less reliability which
makes them unsuitable for repeatable ultra-precision
straight motion. Hydrostatic and aerostatic bearings are
well-known for ultra-precision manipulation. Their char-
acteristics are beneficial for precise motion over a long
stroke, as there is no mechanical contact and they can
obtain high accuracy due to the surface averaging effect
[9]. However, they introduce complexities to the system
and usage of liquids in clean environments is unwanted.
An external compressor is needed for the gas or liquid
supply, and the gas supply will introduce pressure ripple
that give a position uncertainty of typically 50nm [10].
Furthermore, vertical applications of aerostatic bearings
face difficulties with straightness. The gravity load work-
ing on the system induces sagging [11]. To overcome
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most of the above described problems, compliant mech-
anisms can be used.

Compliant mechanisms (CM) use elastic deformation
of flexible components to allow a desired motion due to
a force or input motion. There are multiple advantages of
compliant mechanisms which are preferable for precise
positioning. Advantages are that due to elastic deforma-
tion these mechanisms have no friction, backlash, and are
linearly predictable for small motions[12]. Furthermore,
CM benefit from the fact that there are usually no
overlapping pieces which allow a single piece production
[13]. This has a potential for significantly lower costs,
due to less assembly and manufacturing time, resulting
in that they are well-known in positioning stages for
small ranges. However, CM are more challenging to
design due to their inherent coupling between kinetics
and kinematics[14].

There are many known straight-line mechanisms, that
could be transformed to compliant mechanisms. Exam-
ples of these are the Roberts [15], Watt’s [16], and Sarrus
Linkages [17] and the Scott-Russel [18][19], Roberts-
Chebyshev [20], Peaucellier [21], and 13-Hinge mech-
anisms [17]. Furthermore, parallelograms consisting of
leaf springs in a multiple of two in parallel attached to a
body are widely used. In theory, these mechanisms ap-
proximately or exactly describe a straight line. However,
in practice certain deviations along a straight line are
observed.

To reduce possible deviations from a straight line,
certain strategies can be used. The strategies include
symmetry, prevention, compensation, stiffness, and opti-
mization strategies [22]. For positioning stages, the ideal
strategy should reduce both rotational and translational
deviations. Only a few strategies have the potential to
do this. These strategies in combination with known
mechanisms could be helpful in the design of straight-
line mechanisms in the order of nanometers.

Despite the well-known compliant mechanisms, the
accuracy of nanopositioners is rarely discussed. An
overview of the available literature can provide the reader
a starting point.

The goal of this paper is to create a categorized
overview, to find and compare mechanisms that could
be suitable for a particular positioning application in
combination with strategies to reduce deviations. The

condensed results save time for researchers by directing
them to the articles that pertain to their work.

The literature study consists of three parts. To create a
broad view of the literature, first the compliant straight-
line mechanisms retrieved are shown. Second, the state
of the art of one degree of freedom nano-positioners
are given, including mechanisms that can result in 1-
DoF translational positioners. Thereafter, strategies for
handling parasitic motions are given.

In section II, relevant background information is given.
Thereafter, a search plan and classification method is
discussed, in section III. The different types of flexures
and mechanisms, together with the state-of-the-art is
given in section IV. section V will discuss the results
found. The conclusions are presented in section VI.

II. BACKGROUND

In this chapter, relevant background information is
presented for this study.

A. Travel accuracy vs Position accuracy

Any rigid body has six degrees of freedom. These
consists of three translations along the perpendicular
axes X, Y, and Z, and rotations around these axes. A
distinction must be made between travel and positioning
accuracy. Travel accuracy is determined along the way
from point A to B, where positioning accuracy is the
error between the set point and the actual point of
positioning.

B. Parasitic motions

The purpose of a one degree of freedom positioner
is to translate an object in a perfect straight motion. A
parasitic motion is defined as a depended motion which
occurs when an independent input motion is given [23].
The parasitic motions occur at the remaining five degrees
of freedom, in the case of a Z-motion. The five deviations
around the straight line are: translation in the X axis;
translation in the Y axis; rotation around the X axis
(Yaw, Rx); rotation around the Y axis (Pitch, Ry); and
rotation around the Z-axis (Roll, Rz). Pitch and yaw
deviations are also known as flatness and straightness
errors, respectively. In Figure 1, the used coordinate
system and the defined parasitic motions are visualized.



Fig. 1. Definitions of coordinate system [9]

C. Gruebler’s Equation

For the analysis of nanopositioners a short introduc-
tion should be given to kinematic constraint. Kinematic
constraint is concerned with the number of degrees of
freedom possessed by a mechanism geometry. If the
degree of constraint does not exactly match the required
freedom, it is unlikely that the design will function
as expected [12]. The equation used to determine if a
mechanism is kinematic constraint, under constrained, or
over constrained is Gruebler’s equation:

F = 3(n− 1)− 2L−H (1)

This equation is valid for two dimensional linkage sys-
tems where F is the number of DoF, n the number of
links, L the number of lower pairs (one DoF such as
pins and sliding joints) and H the number of higher
pairs (two DoF such as cam and gear joints) [24]. For
spatial mechanism, the degrees of freedom are calculated
differently. There are six degrees of freedom in space and
three degrees of freedom in a plane for any unconstrained
rigid body. The rigid body system’s degrees of freedom
will decrease in direct proportion to the addition of
kinematic constraints between rigid bodies. To determine
the degrees of freedom the kinematic constraints per joint
are investigated and subtracted from the unconstrained
degrees of freedom, according to:

F = 6(n− 1)−
J∑

i=1

ci (2)

, where F is the number of DoF, n the number of bodies,
J the number of joints, and

∑
c the total number of

constraints.

D. Approximate vs exact straight-line mechanisms

An exact straight-line mechanism is a mechanical
system theoretically (i.e. without any mechanical imper-
fections) trace an exact straight line, meaning that the
output motion of the mechanism is a straight line without
any deviation. The straight line is obtained mostly by
more than four bar linkages and complex compliant
joints, such as a prismatic joint. These mechanisms are
usually complex, require precise manufacturing and/or
assembly to achieve the desired result.

On the other hand, an approximate straight-line mech-
anism is a mechanical system that is designed to trace a
path that is very close to a straight line, but not neces-
sarily perfectly straight. These mechanisms often utilize
four bar linkages. These mechanisms are usually simpler
and less precise than exact straight-line mechanisms.
However, they are easier to design and manufacture,
which could lead to less imperfections that results in
better performance than exact straight-line mechanisms,
in practice.

III. METHOD

A. Search Method

To retrieve all relevant literature related to nanopo-
sitioners a search plan is made. The stage is described
within several subjects: Compliant Mechanisms, Transla-
tion Stage, Precision Engineering, and Parasitic Motion.
Keywords and their synonyms, gradually complemented,
related to these subjects are used into SCOPUS. Papers
were stored based on their abstract and pictures. These
papers are reviewed and also their references are used
to obtain relevant literature. The keywords used can
be found in Table I together with the average of the
number of document results. The keywords are inserted
from top to bottom, resulting in eventually combinations
of four keywords and the number of result documents.
This, to show how the literature is becoming more and
more specific per keyword. For instance, the search
string: (TITLE-ABS-KEY(compliant) AND TITLE-
ABS-KEY(linear) AND TITLE-ABS-KEY(nano) AND
TITLE-ABS-KEY(error)); gives 22 results.

B. Classification

To compare the found literature, a classification will
be made. The categories and criteria used for nanopo-
sitioners are found along the way of reading literature.



First, the found flexures and mechanisms are described.
The flexures will be sorted into overarching groups. The
mechanisms will be sorted based on geometry: planar,
spatial, or out-of-plane planar mechanisms, and if they
are or approximate an exact straight line.

The first category to create groups is the distinction
between spatial, planar, and out-of-plane planar geome-
tries. Spatial geometries includes geometries in the 3D-
coordinate system. The flexible elements are not in-plane
with the motion. Opposite to spatial geometries are the
planar geometries where the flexible elements are in-
plane with the motion. A last distinction is made for
out-of-plane planar geometries. These geometries have
an in-plane geometry but an out-of-plane motion, they
are referred to orthoplanar springs.

Several criteria are set to create an overview. Multiple
criteria are dependent on the flexure and mechanism
geometry to visualize the stages, and the other criteria
are based on the performance. Firstly, different types
of flexures are investigated. Secondly, common rigid-
body-links are found in the literature and is used as a
visualization criterion. The last visualization criterion are
the dimensions.

To sort the literature based on performance, the stroke
and the parasitic motions are obtained from the literature.
These criteria represent the most critical requirements
based on performance. These can be combined with each
other and with the building volume, leading to several
ratios. The ratios that are assumed relevant are between
each individual parasitic motion and stroke, ∆x/s ∆y/s,
∆z/s, ∆θx/s, ∆θy/s, ∆θz/s, and the ratio between the
dimension in drive direction and stroke, s/Lz . There are
two assumptions made for these ratios: 1) The parasitic
motion is linear to the stroke ; 2) The dimension in drive
direction is minimized. These ratios give insight how the
found literature relate to one another.

IV. RESULTS

First, a distinction was made about the type of flexure
and mechanism. Second, an overview of the found liter-
ature is given. Thereafter, the highlights of the found lit-
erature will be briefly reported. Lastly, suitable parasitic
motion strategies are shown and linked to the literature.

A. Type of flexures

Different types of flexures are observed during the
literature study. These are briefly described and shown.
Leaf springs

Flexures where the flexibility is distributed equally
over the entire flexible element, are referred as leaf
springs. These springs have a constant cross-section,
resulting in a distributed stress concentration. A leaf
spring has three degrees of freedom, one translation
and two rotations. In Figure 2, an illustration of a leaf
spring is shown. A disadvantage of these springs is there
reduction in support stiffness when curved [26].
Notches
There are many types of a notch profile, such as rect-
angular corner-filleted, circular, parabolic, and spherical
section. In the literature, three notch-types are found: the
rectangular corner-filleted, the circular, and the parabolic
profiled notch. These notches bend only in one degree
of freedom and are shown in Figure 2. The notches have
lumped compliance, meaning that the flexion concen-
trates itself in a small region close to the notch, causing
high stress concentrations in the mechanism [27].

Rotational joints
Compliant rotational joints are designed to create a pure
rotational motion [25]. The two rotational joints used
in the found literature is the compliant cartwheel joint,
and two cartwheel joint in series, referred to a X2 joint,
shown in Figure 2. The rotation axis of these joints
deviates according to the rotational motion causing
small errors and/or internal stresses.

TABLE I
USED KEYWORDS AND THE NUMBER OF RESULT DOCUMENTS

Subject Keywords No. documents
Compliant Mechanism Monolithic, Flexure, Compliant, Lumped, Flexible, Elastic 100000

Translational Stage One-axis, Single-axis, One degree of freedom, (Recti)linear, Straight, Guidance, Stage 1000
Precision Engineering Precision, Accurate, (Sub)nano, nano positioning, Positioning 100

Parasitic motion Parasitic, Ultra-linear, Error, Trajectory, Tracking 20



TABLE II
SORTED TYPE OF MECHANISM

- Exact Straight-Line Approximate Straight-Line

Planar
Mechanism

Peaucellier Watt’s Linkage
Double parallelogram Roberts Linkage

Scott-Russel Mechanism
Roberts-Chebyshev Mechanism

Single parallelogram
13-Hinge Mechanism

Spatial
Mechanism

Sarrus mechanism -
Six folded leaf spring

Out-of-plane planar mechanism Howell’s Ortho-planar spring -

Folded leaf springs
Folded leaf springs constrains one degree of freedom, the
translational degree of freedom in the direction of the
folding line. The stiffness of these springs is determined
by the shear stiffness of the leaf spring, see Figure 2.

B. Type of mechanisms

An overview representation of the straight-line mech-
anisms found are shown in Table II, the table with
schematic representations can be found in Appendix
A. The mechanisms that are found as nanopositioners
consist of parallelograms or is a six folded leaf spring
mechanism.

C. Found Literature

If we focus, in literature, on straight-line mechanisms
that are suitable as a nano-positioner, only a few ref-
erences are left. The references that are left, either
discussed information that can be relevant for nano-
positioners or came close to nanometer accuracy. The ap-
plication, flexure types, mechanism type, performances,
and the way of measuring is described, if known. An
overview of the results of the high accuracy mechanisms
is shown in Table III.

Spatial 1-DoF Mechanisms
Koster et al. have developed ARCADE. It is a calibration

device of GRADIO, which is the core instrument of
the Aristoteles satellite [28]. GRADIO measures the
Earth gravity field. The mechanism is based on a 13-
hinge mechanism. However, the lever that is needed
for such a mechanism is not favorable in terms of
compactness. They have created a more compact design
but is overconstrained, and allows relatively small de-
flections. The mechanism consists of three monolithic
planar mechanisms, symmetrical placed around 120 de-
grees, which together create a large spatial design of
200x200x200mm. The mechanism consists of two types
of flexible elements, rectangular corner-filleted notches
and circular notches in combination with a rigid body
the maximal flexure length is 100mm. Along a stroke of
5mm, ARCADE deviates along axes X and Y two with
15nm and rotates around these axes with 5µrad.

Cosandier et al. created a translational stage for the
watt balance [17][29]. The watt balance is a promising
way to link the kilogram to the Planck constant. A
decisive part is the linear stage. Cosandier et al. designed
a monolithic 13-hinged mechanism. The mechanism con-
sists of a double parallelogram. The maximal length of
the flexible elements is 200mm. Two types of flexible
elements are seen: rectangular corner-filleted notches
with an intermediate rigid body and a rotational X2

Fig. 2. Type of flexure: Leaf spring, folded leaf spring, circular notch, rectangular corner-filleted notch, parabolic profiled notch, cartwheel joint
, X2 joint [25] .



joint. To create a static determined mechanism, they have
added a lever with a ratio of 1:2. The results along a
40mm stroke are impressive. The mechanism deviates
180nm and 40nm along the axes X and Y, respectively,
where rotations did not get larger than 5.3 µrad around
the Y axis, and even 3µrad around the X axis.

Together with the 13-hinge mechanism, they have
designed an assembled Sarrus guide, with dimensions
290mm x 290mm x 150mm. The Sarrus guide consists
of two single parallelograms placed perpendicular to
each other consisting of three rectangular corner-filleted
notches creating a crossed bldes pivot point. The parasitic
motions are promising along the stroke of 40mm. Trans-
lational deviations along the X and Y-axis are 200nm and
500nm, respectively. While the rotations are around X
and Y are 275µrad and 220µrad, respectively. Cosandier
et al. measured their performance making use of a SIOS
interferometer with 0.1nm resolution to measure lateral
positions and an autocollimator to measure the angular
deviation.

The mechanism designed by Haitjema et al. is worth
mentioning, while VDL have designed such a system
[30][31]. The mechanism consists of six folded leaf
springs symmetrically placed around a cylindrical tube
in two layers, three springs at the top and three springs
at the bottom of the tube. The design is large in height
to create certain tip/tilt stiffness. Haitjema et al. only
mentioned their stick/slip accuracy of 0.2nm and a ∆θy

of 3nm. The results obtained by VDL are more extensive.
The mechanism, with a diameter of 195mm and a height
of 115mm, has a stroke of 100µm. Over this stroke, a
parasitic translation of 5nm along the X and Y axes is
measured. Furthermore, the mechanisms rolls around the
Z-axis with 300nrad. The measured yaw and pitch were
6700nrad and 800nrad, respectively. The measurment
equipment used are interferometers with a resolution of
10 nm.

Planar 1-DoF Mechanisms
Duarte et al. built a rectilinear-motion machine based on
flexural principles for X-ray spectrometry purposes [32].
The design has a linear motion of 15mm and is made
monolithically. It is based on the double parallelogram
principle, they used rotational cartwheel joints as pivot
points. Their focus was on the tilt angle. Therefore, only
this result is given and deviates with 1.8 µrad.

Smith et al. designed a monolithic spring mechanism
based on a symmetric 100x100mm double parallelogram
[33]. The flexible elements consist of circular notches
that allow a rotational motion. Their design allowed
a horizontal displacement of 0.05mm. The mechanism
deviated with 5nm and 4000nm along the X and Y-
axis, respectively, measured with a laser measurement
system which exhibited a realisable accuracy of 50nm.
Furthermore, they measured a pitch error of 250nrad with
a two-dimensional autocollimator.

A bench was set up for calibration of line scale stan-
dards by optical microscopy by Pousset et al. [34]. Part
of the bench was a linear table. It is based on a double
parallelogram with parabolic profiled notches as flexible
elements. Along a stroke of 24mm, the mechanism is
designed with a maximal parasitic motion of 1µm in the
translational directions. The allowable parasitic rotation
is below 100µrad.

A linear in-plane motion up to 200 µm was allowed by
the translation stage of Becker et al. [35]. The design is a
symmetrical double parallelogram consisting of circular
notches, and manufactured monolithically. They claim a
smooth translation within one hundredth of a nanometer,
and tilts below 1 nrad over the full range of motion. In
order to reduce the parasitic motions, they have added
additional torques in proportion to the displacement in
the form of magnets. The rotations are measured with a
autocollimator.

The mechanism of Jones et al. consists of four pairs of
leaf springs [36]. These pairs created a mechanism based
on a symmetric single parallelogram. Along a 10mm
stroke, it deviates with 2000nm and 500nm in X and Y
direction. The measured parasitic rotations were 10µrad,
63µrad, and 136µrad as yaw, pitch, roll, respectively.

The article of Alemanni et al. describes the basic
criteria for the translation system design for x-ray inter-
ferometric scanning [37]. They have designed a single
monolithic parallelogram consisting of four parabolic
profiled notches. A rotation of 3.6 µrad around the
X-axis was measured with an autocollimator along a
0.13mm stroke. The autocollimator had a sensitivity of
0.28 µrad.

Tissot-Daguette et al. proposed a new design on a
single parallelogram [38]. Instead of using individual
leaf springs, they used these springs to create Remote



Center of Compliance pivots. By doing this, a maximum
parasitic translation of 65.6 nm was observed in the
FEA along a stroke of 8mm. The occurring parasitic roll
motion was 13.6 µrad.

Out-of-plane 1-DoF Mechanism
Chen et al. designed and optimized a out-of-plane 1-

DoF mechanism, referred as orthoplanar flexure [39].
They have maximized the ratio of the radial stiffness
to the out-of-plane drive stiffness. The geometry has a
radial pattern and had a diameter of 200mm and a height
of 35mm. Moving 0.14mm, t hey observed 2000nm
deviation along the X and Y axis. Around the X and
Y axis a rotation of 26µrad was observed.

The patent of Howell et al. [40] is included in the
results because of their design is a new approach to
rectilinear movement. Their design is an ortho-planar
spring. It is a rotational symmetric double parallelogram
design around 120◦. The design has the ability to create
a relatively large stroke regardless of their small volume.
However, the results regarding parasitic motion have to
be seen in future.

D. Parasitic Motion Strategies

Parasitic strategies are discussed extensively by Mein-
ders [22]. There are only a few strategies that are
suitable for positioning stages, while a suitable strategy
should have the ability to compensate both, rotational
and translational deviations, in a continuous way. The

possible strategies found by Meinders will be briefly
described and linked to the literature of nanopositioners.

Maximize the degree of symmetry
A well-known method to reduce parasitic motion is
to maximize the degree of symmetry. The degree of
symmetry is the amount of perpendicular symmetry
planes a mechanism has. [32][35][33][39][41][40] used
this method to reduce parasitic motion in their 1-DoF
stages.
Make use of rotational symmetry
In line with previous strategy, this method is also based
on symmetry. This time on rotational symmetry. Du
studied the influence of rotational symmetry for planar
mechanisms [42]. It turned out that a multiple of 2 or
3 symmetry axes around the end effector resulted in a
diagonal stiffness matrix, and is thus free of parasitic
motions at its center point, [28][30][41][40] are found
examples.
Compensate with module in series
This strategy adds a module to the mechanism with the
same parasitic motions but than in opposite direction. By
doing this the parasitic motions eliminate each other and
creates a perfect motion. This method is well-known in
literature in the form of the double parallelogram mech-
anisms [29][32][34][33], which are described earlier.
Compensate within the mechanism
This method aims on the parasitic motion within the

TABLE III
CLASSIFICATION OF THE COMPLIANT 1-DOF STAGES

Flexure Type Mechanism Type # of flexible elements Dimensions [mm] Stroke [mm] Parasitic Motion [nm, nrad]
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X Y Z ∆ X ∆ Y ∆ Z ∆θX ∆θY ∆θZ

Spatial
Mechanism

[28]      G# 16 200 200 200 6 15 15 - 5000 5000 -
[29]     13 140 350 450 40 180 40 - 9000 5300 -
[29]     32 290 290 150 40 200 500 - 275000 220000 -
[30]    6 - - - 0.015 - - 0.2 - 3 -
[31]    6 195 195 115 0.1 5 5 - 6700 800 300

Planar
Mechanism

[32]      16 - 300 300 15 - - 0.8 - 1800 -
[33]      16 - 100 100 0.05 5 4000 - - 250 -
[34]    8 - 300 300 24 1000 1000 1000 100000 100000 100000
[35]      16 - 200 200 0.2 few few - 0.32 0.32 -
[36]     8 100 25 75 10 2000 500 - 10000 63000 136000
[37]     4 - 100 100 0.13 - - - 3600 - -
[38]     8 20 135 175 8 65.6 - - - 13600 -

Out-of-
Plane
Planar
Mechanism

[39]     G# - 200 200 35 0.14 2000 2000 - 26000 26000 -
[40][41]     - - - - - - - - - - -



joints. For instance, most compliant rotational joints
experience a shift of center of rotation causing parasitic
motion. If during the motion this shift can be compen-
sated, the parasitic motions are reduced. This strategy is
unknown, to the best of authors knowledge, in the found
literature of nanopositioners.
Optimize the joints
As the above strategy, this method also focuses itself on
the joints. However, in this case the joints are theoretical
optimized for a parasitic motion free motion. There
are several methods to optimize a joint, for instance
topology or shape optimization. Chen et al. used shape
optimization for their design [39].

V. DISCUSSION

The results found will be discussed. First of all,
there should be mentioned that literature about compliant
nanopositioners and their parasitic motion is scarce. As
the keywords string became more specific in SCOPUS
less literature was found. This could be the result of
control systems. The behavior of the one DoF nanopo-
sitioners found in this review relies completely on the
mechanics, while nowadays the systems transformed to
mechatronic systems where the mechanics are controlled.
Furthermore, the literature found never gave full infor-
mation about all parasitic motions. Most studies focused
itself on chosen degrees of freedom instead of all six.
Interesting to see is that their are only three articles that
measured and mentioned the parasitic roll motion. All

exact straight-line mechanisms or a variation on that are
used, except the Peaucellier linkage. It is challenging to
compare the literature because of the many variations.
Nevertheless, an overview was created and tentative con-
clusions can be made. The visualisation of the discussed
mechanisms can be found in Appendix B.

Koster et al. reached to smallest ratio ∆x/s=2.5, they
created a mechanism that deviates along the x-axis with
2.5nm per millimeter over a 6mm stroke [28]. It is
worth mentioning that the Sarrus guide and the 13-Hinge
mechanism of Cosandier et al. came close, ∆x/s=5 and
∆x/s=4.5[17][29]. Compared to Koster et al. they have
managed to reached this along a 40mm stroke.

Further, the 13-hinge mechanism Cosandier et al.
developed has the smallest parasitic motion ratio in one
direction, ∆y/s=1, and ∆θx/s=225. They used a double
parallelogram principle that fits the Compensate with
module in series strategy. Resulting in a minimization
of the deviation along the y-axis along the 40mm stroke.

Becker et al. reached the smallest ∆θy/s = 1.6 and
∆θz/s = 1.6 ratio. However, their mechanism is not
fully based on mechanics. They made use of magnetic
tilt compensation elements.

It is noteworthy that the Sarrus guide of Cosandier et
al. have the highest s/Lz ratio, 0.2667, suggesting that
mechanisms of this type could be beneficial when the
dimension in drive direction is limited.

An interesting result can be seen when the maximum
ratio of parasitic translation and the stroke/volume ratio

TABLE IV
OVERVIEW OF THE RESULTS OF THE COMPLIANT 1-DOF STAGES

Relative parasitic motion [nm/mm] Height/Stroke [mm/mm]
Ref. ∆x/s ∆y/s ∆z/s ∆θx/s ∆θy/s ∆θz/s s/Lz

Spatial
Mechanism

[28] 2.5 2.5 - 833 833 - 0.03
[29] 4.5 1 225 132.5 - 0.0889
[29] 5 12.5 - 6875 5500 - 0.2667
[30] - - 0.2 - 3 - -
[31] 50 50 - 67000 8000 3000 0.0009

Planar
Mechanism

[32] - - 0.0533 - 120 - 0.05
[33] - 80000 - - 5000 - 0.0005
[34] 41.67 41.67 41.67 4166.67 4166.67 4166.67 0.08
[35] - - - - 1.6 1.6 0.001
[36] 200 50 - 1000 6300 13600 0.1333
[37] - - - 423.1 - - 0.0013
[38] 8.2 - - - 1700 - 0.0457

Out-of-
Plane
Planar
Mechanism

[39] 14285.7 14285.7 - 185714 185714 - 0.004
[40][41] - - - - - - -



are combined, max(∆x/s; ∆y/s)/(s/Lz). This com-
bined ratio should be minimized, while the parasitic
motion and the dimension in drive direction should be
minimized and the stroke maximized. The difference
between spatial and planar mechanisms is significantly.
The spatial mechanisms taken on average have a smaller
ratio than the planar mechanism, suggesting that spatial
mechanisms are more beneficial as a nanopositioner. On
the other hand, the complexity is increased in these
mechanisms.

It is hard to compare between the spatial mechanisms
while they make use of multiple types of flexure. The
influence of each flexure individually in a mechanism to
the performance is out of scope. Therefore, there is no
clear relation between flexure type and the defined ratios
within spatial mechanisms. Planar mechanisms did make
use of only one type of flexure within a mechanism.
Unfortunately, there is no clear relation found between
the flexure type and ratios. However, there are some
interesting comparisons between some articles.

It is interesting to compare the 13-hinge mechanism of
Koster et al. and Cosandier et al. while they have similar-
ities[28][29]. Both are based on the same principle, only
Koster et al. wanted to create a more compact design. The
design of Koster et al. is overconstrained and symmetric
unlike the design of Cosandier et al.. The maximum
flexure length of Cosandier et al. is twice as long as
the Koster et al. design, suggesting the range of motion
will be twice as long. In theory, the design of Koster
et al. should have a smaller range of motion due to the
symmetry. The symmetric design have parasitic motions
in opposite directions resulting in a smaller parasitic
motions but also a loss in range of motion, which agrees
to the found literature in Table III.

If we compare Becker et al. and Jones, their simi-
larities lie in their mechanism type, both are an over-
constrained symmetric single parallelogram mechanism
[35][36]. However, Becker et al. used notches as flexible
elements and Jones used leaf springs. Theory tells us that
leaf springs have a distributed compliance, resulting in
smaller stresses and a larger range of motion compared
to the lumped compliance of notches. The flexures of
Becker et al. are more than twice as long as the flexures
of Jones. However, the range motion is 50 times smaller,
suggesting that the leaf springs indeed have a larger range

of motion. Disadvantage to the use of leaf springs is that
their support stiffness reduces when curved.

More generally, from the results it appears that twelve
out of fourteen have a mechanism type consisting of a
single parallelogram or a double parallelogram.

Two mechanisms are not overconstrained. Interesting
to see is that these mechanisms have a significant larger
range of motion compared to the others, an exemption is
the Sarrus guide of Cosandier et al. [29].

The results show that all planar mechanisms are made
monolithic except of the mechanism of Jones et al.
[36]. Furthermore, most of the spatial mechanisms were
created non-monolithically.

Worth mentioning is the patent of Howell et al. [40].
This design uses three beneficial strategies to reduce
parasitic motion. Their design is symmetric and compen-
sates with module in series. Three double parallelogram
mechanisms are placed each at 120◦. Presumably, if this
design was measured, the ratio s/Lz would be relatively
large, due to their out-of-plane motion. However, only
one application has been found for orthoplanar springs.
Chen et al. designed such a spring for a linear motion and
their stroke/volume ratio was not large compared to other
designs [39]. Nonetheless, their design is the smallest in
the drive direction.

A big remark that should be considered relevant to
measuring with nano-accuracy is determining what is
actually measured. The main issue of the found literature
that if they discuss their way of measuring, there are still
many unknowns. For instance, the articles that discusses
measuring with interferometers did not describe the con-
ditions of the surroundings. As known, interferometers
are sensitive to temperature and humidity. Therefore, the
conditions must be mentioned to have a better insight
in what is actually measured. Another unknown is the
mirror alignment, the mirror surface should be placed
perpendicular to the interferometer. A small variation
could lead to a linear measurement error, because the
misalignment will be measured instead of the travel
accuracy.

VI. CONCLUSIONS

First, existing straight-line mechanisms are mentioned.
Thereafter, an overview of the available literature related
to compliant one degree of freedom nanopositioners
has been made. The highlights of each positioner is



briefly described, and eventually compared to each other.
Certain strategies that are suitable for positioners are
given, and related to the existing nanopositioners.

It was found that different type of flexures and mech-
anism types are used. From the results, no clear relation
is found between the type of flexure and their perfor-
mance regarding parasitic motion. From the comparison
between Becker et al. and Jones [35][36], a tentative
conclusion can be taken related to the flexure type.
Namely, leaf springs have a larger stroke than flexures
consisting of notches.

There are multiple mechanisms that achieve or ap-
proach a straight-line. However, the existing literature in
nanopositioning only consists of a few mechanisms. Fu-
ture research should be done on the use of other straight-
line mechanisms as the foundation of nanopositioners,
for instance a Peaucellier linkage.

The ratios gave insight about the existing literature.
The Sarrus guide of Cosandier et al. had the largest
stroke/volume ratio, s/Lz = 0.2667. The 13-hinge
mechanism of Cosandier et al. has the largest stroke,
40mm, and the smallest ratio related to translational
parasitic motion, ∆y/s = 1. Furthermore, Becker et
al. has the smallest ratios related to rotational parasitic
motion, ∆θy/s = 1.6 and ∆θz/s = 1.6. However,
they have used compensating magnets to achieve this.
A combination of the stroke/volume ratio and the largest
ratio related to translational parasitic motion showed that
spatial mechanisms have a smaller combined ratio than
the planar mechanisms.

It seems that if the design is perfectly constrained-, in
this case one DoF and no overconstraints (i.e. F = 1),
it would be beneficial for the range of motion.

It is shown that the literature available about compliant
1-DoF nanopositioners is scarce. There is no compliant
1-DoF nanopositioner available where all the parasitic
motions are given. Furthermore, there is no literature that
extensively describes how to measure these motions in
the order of nanometers.

A promising direction for future research would be to
find a well-constrained compact design that maximizes
the use of parasitic motion strategies to minimize the
parasitic motion to nanometers, and measures these in
all directions.
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A Compact Ultra-Linear Compliant Torsion Reinforced Sarrus Mechanism
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Abstract

In this study, a promising design for a compact, ultra-linear Compliant Torsion Reinforced Sarrus mechanism (CORS), capable
of achieving ultra-linear motion is presented. The CORS prototype, made entirely of aluminum, is produced monolithically using
electric discharge machining (EDM). The design incorporates four torsion-reinforced folded leaf springs, effectively reducing
parasitic motion and enhancing support stiffness. To meet the specified requirements, a design optimization process is undertaken,
carefully considering constraints to attain an optimal CORS configuration. Integration of the CORS with a voice coil actuator for
driving force and confocal chromatic sensors for detecting parasitic motion is carried out. Experimental results demonstrate and
validate the performance of the CORS.

Keywords: Ultra-linear stage, Compliant mechanism, Sarrus mechanism, Parasitic motions, Monolithic

1. Introduction

Ultra precision mechanisms with one, two, and/or three de-
grees of freedom (DoF) are the foundation for applications like
semiconductor fabrication (Choi et al., 2001; Lee et al., 2006),
scanning systems (Kim et al., 2007; Park and Moon, 2005),
medical imaging (Van der Maas et al., 2016), and fabrication
of nano-devices (Brouwer et al., 2010; Gorman et al., 2006).
These industries demand devices that allow for precision mo-
tion guidance with a resolution and accuracy in the order of
micrometers or even nanometers. For example, in the semicon-
ductor industry it is the trend to make the microchips smaller
and faster, with a resolution up to 10 nm (Van Schoot, 2023).

The photonics manufacturing industry is one of those ever
more demanding industries as well. The application there can
be found in mask and substrate handling. Solak et al. (2011)
proposed a promising nanofabrication method that uses the Tal-
bot effect for creating precise nanostructures, particularly suited
for photonics applications, called Displacement Talbot Lithog-
raphy (DTL). The prinicple of DTL requires a varying gap be-
tween the mask and substrate. This study focuses on moving the
mask, a strategy which holds potential for enhancing coupling
dynamics. However, implementing a moving mask is related to
a complex building volume. Conventionally, the mask occupies
an intermediary position between metrology and a substrate, re-
sulting in a planar volume with restricted height in the direction
of motion. Typically, ultra-precision stages integrate a compli-
ant mechanism to facilitate motion guidance.

Compliant mechanisms (CM) use elastic deformation of flex-
ible components to enable a desired motion due to a force or
input motion. There are multiple advantages of CM which are
preferable for precise positioning. Due to their elastic nature,
these mechanisms have no friction, no backlash, and are lin-
early predictable for small motions (Smith, 2003). Further-
more, CM benefit from the fact that there are no overlapping

pieces which can allow a single piece production (Gallego and
Herder, 2009). This has a potential for significantly lower costs,
due to less assembly and manufacturing time. However, CM
are more challenging to design due to their inherent coupling
between kinetics and kinematics (Radaelli and Herder, 2016).

CM can be classified into spatial and planar geometries. Spa-
tial geometries includes geometries in the 3D-coordinate sys-
tem (Howell, 2013). The flexible elements are not in-plane with
the motion. Contrary to spatial geometries, planar geometries
consist of flexible elements that are in-plane with the motion.
Focusing on straight-line mechanisms that are suitable as an
ultra-precision stage, the available literature is scarce. Never-
theless, several researchers have developed different types of
ultra-linear stages using CM.

Koster (1994) has developed ARCADE. This spatial mech-
anism is based on a 13-hinge mechanism. The mechanism
consists of three monolithic planar mechanisms, symmetrically
placed around 120 degrees, which together create a large spa-
tial design of 200x200x200 mm. Along a stroke of 5 mm, AR-
CADE deviates along axes X and Y with 15 nm and rotates
around these axes with 5 µrad. Cosandier (2013) created a 13-
hinge based translational stage for the watt balance with a 40
mm stroke. The mechanism deviates 180 nm and 40 nm along
the axes X and Y, respectively, while rotations did not exceed
5.3 µrad around the Y axis, and 3 µrad around the X axis. Fur-
thermore, he designed an assembled Sarrus guide, with dimen-
sions 290x290x150 mm. Translational deviations along the X
and Y-axis are 200 nm and 500 nm, respectively, while the ro-
tations around X and Y did not exceed 275 µrad and 220 µrad,
respectively.

The planar mechanism of Jones (1951) consists of four pairs
of leaf springs. These pairs create a mechanism resembling on a
symmetric single parallelogram. Along a 10 mm stroke, it devi-
ates with 2000 nm and 500 nm in X and Y direction. The mea-
sured parasitic rotations were 10 µrad, 63 µrad, and 136 µrad
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around X, Y, and Z-axis, respectively. Furthermore, a linear in-
plane motion up to 200 µm was allowed by the translation stage
of Becker et al. (1987). The design is a symmetrical and mono-
lithic double parallelogram consisting of circular notches. They
claim a smooth translation within one hundredth of a nanome-
ter, and tilts below 1 nrad over the full range of motion. In order
to reduce the parasitic motions, they added additional torques
proportional to the displacement using magnets.

Planar CM are often used as motion guides in ultra-precision
stages (Howell, 2013). These mechanisms are easier to manu-
facture, resulting in lower cost and improved manufacuring tol-
erances. However, their motion is in-plane of the flexure, which
often results in a large building volume in the direction of mo-
tion. Spatial CM, such as the Sarrus mechanism, are often large
in size and more difficult to manufacture. However, the Sarrus
mechanism is a spatial mechanism that has potential to have a
small building volume in the direction of motion. Thus, there
is a need of an easy to manufacture Sarrus mechanism with a
small building volume in the direction of motion.

In this study, a promising design of a compact ultra-linear
Compliant torsion Reinforced Sarrus mechanism (CORS), ca-
pable of ultra-linear motion, is presented. Due to its compact-
ness, a less obstructive build volume is needed compared to ex-
isting stages. A mathematical model is developed and stiffness
values are calculated. A finite element model (FEM) is devel-
oped to optimize the CORS with Simcenter HEEDS. Experi-
ments, to verify the FEM model, were conducted on an alu-
minum 5083-O prototype made by means of electric discharge
machining, EDM, whereby the desired shape is obtained by us-
ing electrical discharges.

This paper is organized as follows: Section 2 describes the
methods used in this study, outlining the design criteria, con-
ceptual design, dimensional design, and the design optimiza-
tion. In Section 3, the experimental validation is presented, pro-
viding detailed descriptions of the test setup, experiments con-
ducted, and the corresponding results. Following this, Section 4
offers a comprehensive discussion on the findings, contextual-
izing them, and exploring their implications. Finally, Section 5
concludes this paper by summarizing the key findings, reflect-
ing on the significance of the research, and suggesting recom-
mendations for future research.

2. Methods

2.1. Design criteria

In the design of the CORS, design criteria were considered
based on the field of application. The reference frame used
is where X and Y are situated in the horizontal plane with Z
pointing upwards.

The first criterion states that the CORS must enable a plat-
form to perform a 5 mm translation along the Z-axis.

The second criterion states that that the CORS must effec-
tively mitigate parasitic motions of the platform. These mo-
tions encompass translations along both the X and Y axes, as
well as rotations around the X-axis (Rx, tip), Y-axis (Ry, tilt),
and Z-axis (Rz). The cumulative parasitic motion, or total error

budget, denoted as e, remains within 5 nm over the final 0.1 mm
stroke.

The third criterion involves the stiffness of the CORS. The
first eigenfrequency must be below 20 Hz, to limit the actua-
tion force since high forces can lead to high unwanted internal
stresses. Furthermore, the second eigenfrequency must be max-
imized to enhance the controllability, robustness, and dynamic
performance.

The last criterion describes the available volume: the CORS
has to fit in a rectangular space of 300x300x45 mm. An
overview of the design criteria is given in Table 1.

2.2. Conceptual design

The design of the CORS includes a base, flexure mechanism,
and platform. These subsystems are responsible for adjusting
the platform’s position along the Z-axis.

The CORS enables to adjust the platform’s position, based
on a conventional Sarrus Linkage. The linkage is attached in
between the base and the platform. The Sarrus mechanism is
a well-know rigid-link mechanism, but relatively unknown as a
CM. The linkage, comprising four equal length links organized
into two perpendicular groups, is characterized by its utiliza-
tion of two parallel horizontal plates, the base and platform,
arranged vertically, one above the other (Fig. 1). Each group
features pairs of hinged bars or plates connecting the horizon-
tal plates, facilitating vertical motion of the upper plate towards
and away from the lower one. The hinges enforce constraints,
ensuring the connected bars or plates remain in the same plane
and maintain axial translation. Mobility analysis indicates a
DoF of 0 for the 2-sided Sarrus linkage; however, due to over
constraints, the upper platform exhibits vertical mobility. More
pairs of hinged bars or plates can be added, increasing the num-
ber of over constraints.

The rigid-link mechanism can be transformed to a CM. The
plates are replaced with leaf springs, creating two folded leaf
springs, oriented 90 degrees from each other, all orientations
are possible as long as they are not opposite to each other. In
general, the parameters that define the mechanism are the num-
ber of flexures, the inter-flexure angle, and the angle between
the folded leaf springs. The characteristics defining a single
leaf spring are length, width, and thickness.

A folded leaf spring only constrains one DoF, a translation
along its folding axis (X-axis in Figure 2). Since it is a spa-
tial mechanism, the torsional compliance of a single leaf spring
needs to be taken into account besides the compliance along the

Criterion Value
DoFs 1 (Z-translation)
Range of motion 5 mm
Cumulative error 5 nm
f0 < 20 Hz
Volume 300x300x45 mm

Table 1: Overview of the design criteria
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Figure 1: Schematic Sarrus Linkage

X, Y, and Z-axis. The torsional stiffness is:

Kt =
GJ
L

(1)

where J = 1
3 dt3 is the torsion constant and G the shear mod-

ulus. Increasing this torsional stiffness results in constraining
one more DoF. The bending stiffness around the folding axis,
X, is:

Krx =
EIrx

L
(2)

where the area moment of inertia around the folding axis is
Irx =

1
12 dt3.

Furthermore, the in-plane bending stiffness has to constrain
an additional DoF. The in-plane bending stiffness of the leaf
spring is:

Kipb =
EIipb

L
(3)

where Iipb =
1

12 td3. This has a higher order of magnitude rela-
tive to the Kt and Krx. Therefore, it is assumed as constrained.
A torsion reinforced folded leaf spring will results in constrain-
ing three DoF.

Increasing torsional stiffness is achieved by incorporating
torsion reinforcement structures onto the leaf springs. These
structures, previously introduced by Rommers et al. (2022), are
used to create a flexure joint with high stiffness in its support
directions or function as rotational constraints for a folded leaf
spring. The structures behave like leaf springs resulting in a
smooth strain distribution, contrasting with rigid-links that in-
duce peaks in the distribution. As a results, two new parameters
are introduced: n and γ, where n is the number of reinforce-
ments (further referred to as teeth) and γ is the angle of the
teeth leaf springs relative to the original leaf spring.

Figure 2: Illustration of single folded leaf spring and end effector

By adding an extra folded leaf spring, in this case oriented
at 90 degrees relative to the first folded leaf springs, three con-
straints are added. Resulting in one overconstraint, which is
the in-plane bending of the folded leaf springs. The DoF is a
translational motion perpendicular to both folding axes.

There is chosen for four folded leaf springs with torsion rein-
forcements due to manufacturability and symmetry, which also
results in a centered center of stiffness which is proven to be
beneficial to minimize parasitic motions (Meinders, 2021). The
width of the flexures have influence on the reliability of the
EDM manufacturing process. The effective spark height must
be minimized to reduce manufacture errors. The configuration
with four folded leaf springs leads to a minimized spark height
while maintaining high support stiffness. Due to a centered
centre of stiffness, it is easier to actuate in the center of stiff-
ness because it is precisely known, which is another strategy to
prevent parasitic motion according to Meinders. This configu-
ration (Fig. 3) results in an overconstrained system, which can
result in unwanted stresses. However, adding overconstraints
has been proven beneficial in some cases and have less influ-
ence in a monolitic structure.

Thought experiments can provide valuable insights into the
influence of parameters on the desired performance of the
CORS. Each parameter within the CORS must be carefully de-
fined based on trade-offs. For example, the thickness and width
of flexures should ideally be maximized to enhance constraint
levels. However, this maximization is constrained by the need
to maintain a low eigenfrequency. Additionally, minimizing the
inter-flexure angle is advantageous for reducing the stiffness in
the direction of motion and increasing lateral stiffness, while
an angle of zero theoretically leads to a mechanism reliant on
leaf spring compression. However, this angle is limit due to
manufacturability.

Another parameter to consider is the number of teeth, which
involves a trade-off between building volume and torsional stiff-
ness. Increasing the number of teeth reduces building vol-
ume, assuming a constant γ, while enhancing torsional stiff-
ness. However, this also leads to increased stiffness in the direc-
tion of motion, potentially requiring multiple triangles to bend
in a chain-like manner. Achieving an optimal balance among
these parameters is essential for designing the CORS that meets
performance requirements while minimizing constraints.

Figure 3: Illustration of conceptual design
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2.3. Dimensional design and modelling

2.3.1. Design parameters and performance metrics
The flexures of the mechanism can be defined by the parame-

ters illustrated in Figure 4. The thickness of the top and bottom
flexure is defined as tt and tb, respectively. Furthermore, the
width of the platform and flexure are defined as b and d, re-
spectively. The number of so-called teeth is addressed with nt

and nb.
The performance metrics are position and travel accuracy, the

first and second eigenfrequency, and height in drive direction.

2.3.2. Stiffness analysis
Direct method is used for a numerical 3D beam finite ele-

ment analysis considering bending, small displacements and no
cross-axis couplings.

f = Kd (4)

with f as the nodal load vector with three forces along and three
moments around the XYZ-axes for each node, K the system
matrix, and d as the nodal displacement vector with three trans-
lations along and three rotations around the XYZ-axes for each
node, all in the local coordinate system.

The local elements stiffness matrix has to be transformed to
the global coordinate system. The transformation is performed
by the transformation matrix, T, and can be expressed as:

Kglobal= TT Klocal T (5)

Once all local element stiffness matrices are computed, the
system matrix, K, can be assembled. The assembling is done
by adding up the virtual work belonging to each of the elements,
resulting in the mathematical equivalent of putting the mecha-
nism together:

K =
∑

Kglobal,1 + · · · + Kglobal,n (6)

The material used for EDM fabrication of the prototype is
aluminum, Al 5083-O. The values of α, β, γ1=γ2, L1=L2, t1=t2,
nt= nb, and b=d of the flexures are 5 deg, 10 deg, 75 mm, 0.6
mm, 1, and 80 mm. The numerical approached value of f0 is 30
Hz and f1 is 222.4 Hz, assuming a mass of 700 grams.

Figure 4: Illustration of flexure parameters

2.3.3. Optimization in Simcenter HEEDS
To find the optimal design of the CORS, Simcenter Heeds

of Siemens (HEEDS) is used. HEEDS can help to gain an in-
sight into the design space, and could find an optimal design
according to multiple design criteria and constraints. HEEDS
is combined with other packages, for instance, of Siemens: NX
and Simcenter. NX is used to define a conceptual sketch. There-
after, a mesh and simulation is generated with Simcenter. These
are used by HEEDS to optimize and explore the design and de-
sign space.

HEEDS contains a search strategy called SHERPA.
SHERPA employs a multi-faceted approach during a single
search, utilizing multiple search methods. The selection and
how it uses these multiple search methods is commercially
unknown. This strategy leverages the strengths of each method
while dynamically diminishing the involvement of ineffective
methods throughout the search process (Siemens, 2008).
HEEDS gives each design a performance rating. The value
returned for the objectives and the degree to which a design
satisfies its constraints determine the design’s performance
function. A high-performance design is one that satisfies all
constraints and has a good rating on its objectives. In this
study, it is considered that an optimal design is found when the
performance has not improved after 200 additional designs. A
typical HEEDS iteration includes: 1) Create sketch based on
design parameters; 2) Create new mesh; 3) Run simulation; 4)
Post-Process output; 5) Generate new design parameters. This
process stops until a defined amount of designs is generated
and computed. Furthermore, HEEDS shows the influence of
each parameter on the performance criteria, which helps to
gain insight into the design space.

Design parameters
To ensure flexural symmetry, design parameters are depen-

dent on each other:

2α = β
L1 = L2 = L

t1 = t2 = t

γ1 = γ2 = γ

nt = nb = n

Resulting in the design vector:

x =
[
α L t γ d b n

]
The bounds of x are given in Table 2. The bounds are

dependent on the specified volume claim and considerations
of manufacturability. The lower boundaries for the thickness,
t, and the inter-flexure angle, represented by 2α, are related
to the limitations of EDM, as informed by the manufacturer’s
knowledge and assurance. Furthermore, the selection of alu-
minum 5083-O as the material of choice accelerates the EDM
process by a factor of three in comparison to stainless steel or
titanium, resulting in reduced costs. Furthermore, the 5083
alloy is cast, resulting in low to zero internal stresses inside
the initial workpiece. Minimal internal stresses is preferred to
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Variable Lower Bound Upper Bound
α 5 90
L 10 150
t 0.6 1
γ 5 89
d 10 250
b 152 250
n 0 6

Table 2: Design parameters and their bounds

prevent geometrical imperfactions when the flexures gain their
compliance.

Mesh
The mesh should be converged for every design HEEDS

generates. Therefore, the mesh should be controlled to ensure
a converged robust mesh. In this case, the 2D mesh is used to
create an easier controlable surface compared to a 3D solid.
The commonly used requirement to use shell elements is
that the length characteristic must be way larger than another
parameter: L>>t, in this case. The benefit of using shell
elements is the reduction of computation time relative to solid
elements, while maintaining accuracy. This is beneficial for
HEEDS while the computation time will be much shorter, and
still an insight is obtained into the design space.

Simulation in Simcenter 3D
The optimization criteria are computed using the simu-

lation software within Simcenter, NASTRAN. One end of
the flexures is constrained in all DOF using a user defined
boundary condition. The enforced displacement acts in the
center of the platform. Two solutions contribute to computing
the optimization criteria, a modal analysis (SOL 103) and a
multi-step non-linear analysis (SOL 401). The outputs are the
parasitic translations in the center of the platform, and the first
and second eigenmode of the CORS.

Optimization problem
The optimization problem can be formulated. The goal is

to maximize the difference between the first eigenmode, ver-
tical translation of the platform, and second parasitic eigen-
mode. This should be obtained while maintaining stiffness,
error, mechanical stress, volume, and manufacturability con-
straints. Most algorithms benefit from a minimization problem
therefore it is rewritten into a negative null form:

Minimize
f0
f1

Subject to

f0 − 20 ≤ 0

e − 5 × 10−9 ≤ 0

σy − 150 × 106 ≤ 0

Zvol − 45 × 10−3 ≤ 0

Parameter Optimized Value
α, β 5 deg
L 75 mm
t 0.6 mm
γ 27 deg
d 80 mm
b 152 mm
n 1

Table 3: Optimized values design parameters

and

x ≤ x ≤ x̄

Optimization results
The optimal design can be seen in Figure 5, and each in-

dividual parameter is shown in Table 3. In the optimization,
α = 5 deg, b = 152mm, and t = 0.6mm reached there lower
bound. More optimal design can be found when these bounds
are relaxed. However, these bounds are related due to manufac-
turing. Furthermore, the optimal design reached the eigenfre-
quency constraint of 20 Hz and the height constraint of 45 mm.
All angles are replaced by fillets to ensure manufacturability
and no peak stresses.

The FEA of the design can be seen in Figure 6. The maxi-
mum stress is 0.9 MPa for a 103 µm stroke due to a 1.5 N force.
Notice that the flexures bend as a whole, which leads to lower
stress peaks.

Furthermore, in Table 4 the results of the numerical, shell,
and solid model are given.

3. Experimental validation

3.1. Test setup

A measurement setup has been designed with the capability
to accurately measure in six DoF, achieving a resolution of 5
nanometers. This setup consists of an aluminum framework and

Figure 5: Dimensional CAD model of the CORS including flexure base, flexure
mechanism, and platform
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Figure 6: Left: FEA overview CORS. Right: FEA cross-section of torsion reinforced flexure

Numerical Shell Model Solid Model
f0 [Hz] 30.7 21.2 22.4
f1 [Hz] 222.4 173.2 177.4
Error f0 [%] 27% 5.6% -
Error f1 [%] 20.2% 2.3% -
Error (x;y) [nm] - 1.24E-5 2.52E-1

Table 4: Simulated stiffness and error with the solid model as reference

base plate, 3D-printed interfaces for all sensors and the actua-
tor, and the CORS itself (see Figure 7). Positioned atop rubber
adjustable feet upon a vibration isolation table of TMC from 3
Hz with minimal amplification of resonance (8-12dB).

3.1.1. Drive system
The CORS is actuated using a voice coil actuator (Akribis

AVM40-HF-6.5) and a 3D-printed parallelogram based linear
guide connected by a thin copper wire, to decouple the CORS
and actuator. Voice coil actuators are direct drive actuators
known for their precise linear motion with low hysteresis. A
smooth repeatable motion is preferred to obtain low noise mea-
surements. A function generator (Tektronix AFG1062), with
a maximum output current of 0.1A, will be the input signal,
while the actuator needs a current of 0.29±0.095A. To gener-
ate a 6±2N force, a voltage follower is needed. This is realized
using a power OPAMP (LM3886T) in a non-inverting circuit
combined with a voltage divider. The typical circuit, with gain
1, is simulated in PSpice beforehand.

3.1.2. Sensors
The optical sensors are based on the chromatic confocal dis-

tance measurement principle (Ruprecht et al., 2005). It con-
sists of a control unit, ©Precitec Optronik GmbH CHRocodile
2 DPS, optical fibers, and optical probes with a 1.2 mm measur-
ing range. Each control unit is suitable for two probes. The pro-
totype will be measured with four sensors, therefore two con-
trol units are needed. The probes are perpendicular mounted,
through 3D-printed interfaces, facing λ/20 rectangular mirrors.

3.1.3. Test plan and preconditions
First, a 3D-scan is made of the prototype, to check the exact

dimensions. This is done with the ZEISS T-SCAN hawk 2,

Figure 7: Test setup

which results in a scan that can be compared with the CAD-
model to gain an insight into manufacture imperfections.

The sensors and actuator have to be calibrated. The sen-
sors have to be halfway their 1.2 mm measuring range, and the
needed input voltage has to be found for at least 100 µm stroke.

The eigenfrequencies can be measured with the sensors
themselves. The CORS is triggered, and a fast Fourier trans-
form (FFT) can be obtained from the triggered motion, result-
ing in the estimated eigenfrequencies.

To measure the parasitic motions in six DoF, the sensors are
relocated once, since there were four sensors available. First,
three sensors measured the tip and tilt motions along a Z-stroke
of 140 µm. Thereafter, the sensors were replaced and the X and
Y translation were measured along a 140 µm Z-stroke together
with the rotation around the Z-axis. The measured distances are
transformed to translations taking the average, and the rotations
by dividing the difference between distances and the location
relative to each other.
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(a) CORS overview (b) Fillet R=0.15 (c) Flexure alignment

Figure 8: 3D scan

3.2. Results

3.2.1. 3D-scan
Visual inspection revealed no big manufacture defects. Most

of the flexure has uniform thickness along the length and width
of the flexure. Visually noticeable defects are a small bump in
the middle of the inner flexures and not constant radius for all
the fillets. The 3D-scan confirmed these findings and it can be
seen in Figure 8.

3.2.2. Stiffness measurement
The measured horizontal and vertical stiffness estimated

through a FFT can be found in Figure 9. The first eigenfre-
quency and its harmonics can be seen at 20.35 Hz and its mul-
tiples, respectively. Furthermore, small peaks are observed at
approximately 187 Hz suggesting the second, third, and a har-
monic of the first eigenfrequency.

3.2.3. Parasitic motions
The parasitic motions along the Z-stroke are plotted in Figure

10. A linear error is shown for the parasitic X and Y translation,
0.838 nm/µm and 0.636 nm/µm, respectively. The tip, Rx, error
has a range of approximately 6 µrad along the Z stroke. The tilt,
Ry, error has a range of approximately 4 µrad. The measured
parasitic rotation around the Z-axis is 1.44 nrad/µm stroke.

Furthermore, a repeatability and hysteresis of approximately
10 nm and 15 nm is achieved, respectively.

Figure 9: Measured FFT where f0 = 20.35 Hz and f1,2 ≈ 185 Hz

4. Discussion

This design of a compact ultra-linear compliant torsion rein-
forced Sarrus mechanism resulted in a smaller design compared
to the existing literature. The CORS occupies a less obstructive
building volume of approximately 300x300x45 mm.

The optimized CORS has a inter-flexure angle 2α = 10 deg,
corresponding to the lower bound. This is expected while a
small angle results in a higher support stiffness and low stiff-
ness in the direction of motion. In theory, this angle could be
made very small but still nonzero. If the angle is zero, it is
analogue to a single leaf spring with a shortening effect during
motion. However, the minimal radii of the fillets limited by the
manufacturing process constrain the angles.

Furthermore, the thickness of the flexures, t = 0.6mm, also
reached their lower bound. Reducing the thickness will result in
lowering the stiffness in drive direction in the order of power 3,
while other stiffnesses reduce linearly. The thickness could the-
oretically be reduced to find better design. However, practical
constraints within manufacturing processes result in unfeasible
design. Consequently, a minimum threshold of 0.6 mm was
prescribed for this parameter.

An advantage is that the CORS is created monolithically.
The CORS has multiple overconstraints in rotation and trans-
lation around and along all axes. This could lead to asymmet-
ric stresses due to potential temperature gradients, for instance.
However, this effect is minimized due to its monolithic struc-
ture.

The performance of the CORS is characterized by the travel
and position accuracy and the first and second eigenfrequency.
The translational error along the X and Y axis are 0.838 nm/µm
and 0.636 nm/µm, respectively. However, these errors are in-
cluding misalignment of the mirrors relative to the direction of
motion and the sensors, which will artificially affect the travel
accuracy due to an Abbe error. Furthermore, the sensors have
a certain drift over time due to change in external conditions.
These errors are linear, therefore they can be filtered resulting in
Figure 11. The corrected error along the X and Y axis are now
within 10 nm for a 140 µm stroke, respectively. The measure-
ments are now limited to the resolution of the sensors, mostly
noise is observed. A fitting suggests no error along the X and
Y axis, respectively.

The measured rotation around Z revealed a rotation of 1.44
nrad/µm. This results in a translational error on each platform’s
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(a) Parasitic X-translation (b) Parasitic Y-translation (c) Defined stroke of 140 µm at 0.1 Hz

(d) Parasitic X-rotation (e) Parasitic Y-rotation (f) Parasitic Z-rotation

Figure 10: Parasitic motions over 140 µm stroke

corner of approximately 14 nm. The measured tip and tilt er-
rors, Rx and Ry, have a range of approximately 6 µrad and 4
µrad over the Z stroke.

The errors could be the results of the flatness of the mirror
and the actuator alignment. The flatness deviation of the mirror
is λ/20 corresponing to 0.025 µm for visible light (≈500 nm).
The deviation will cause the reflected light to be slightly dis-
torted from its ideal position. Considering a flat mirror, we can
assume that the radius of curvature is effectively infinite. There-
fore, the lateral displacement is equal to the flatness deviation,
25 nm.

FEM revealed that the actuator alignment has influence on
the travel accuracy. It showed that if the load vector has an
angle with the X and Y axis of 5.7deg instead of 90deg that the
position accuracy is 22 nm in both X and Y direction.

This is also an opportunity, the measured linear error can also
be calibrated physically. Figure 12 shows the translational error
over a 140 µm stroke due to the angled actuator force, resulting
in a normal and shear force. The measured translational X is

0.024 nm/µm. This suggests that the CORS can be calibrated
even if the CORS itself does not enable a perfectly linear mo-
tion.

Mass upon the platform has been added to correct for the tip
and tilt error. It had no influence, this suggests a stiff CORS in
Rx and Ry. However, more research is needed to obtain more
precise information of the parasitic motions around X and Y
axis.

Figure 8 shows the 3D-scan of the CORS manufactured
through EDM. Visual inspection revealed manufacturing errors,
which are confirmed by the scan. Such as, non-uniform radii
in the fillets of the flexure. All fillets are of different size and
radii, for instance the fillets seen in Figure 8b. This could lead
to asymmetric flexures with different effective length. However,
the advantage of the design is that imperfections have less in-
fluence on the motion path while the flexure constrain motion
in all directions except a Z-translation. Furthermore, a small
bump in the middle of the flexures is seen as a result of the start
of the EDM process. Nevertheless, it did not affect the func-

(a) Corrected parasitic X-translation (b) Corrected parasitic Y-translation

Figure 11: Corrected parasitic X- and Y-translation
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Figure 12: Parasitic X-translation after X-calibration

tionality of the CORS, it can be concluded that errors close to
the fillets and the bump of in the middle are functionally accept-
able. However, to prevent these errors changes can be made in
the design and manufacture process.

The alignment of the flexure can be seen in Figure 8c. The
flexures should be perfectly aligned in the horizontal plane to
prevent parasitic error. However, a deviation of at least 4 µm is
measured suggesting that the flexures are not aligned perfectly,
corresponding to a misalignment of 0.5 mrad to the horizontal
plane. The influence of this misalignment has been investigated
using the FEM. The misalignment around the Y-axis of the two
opposite flexure resulted in a translational error of 69 nm in X.
In practice, there is an exceedance of the total error budget of 5
nm. Therefore, more research has to be done in the manufactur-
ing strategy. The alignment must be done carefully to mitigate
these errors.

The FFT in Figure 9 shows an eigenfrequency of 20.35 Hz
and approximately 185 Hz. Comparing to the simulation the er-
rors are within 10% and 5.4%, respectively. The magnitude of
the parasitic eigenmode, f1, is roughly 104 times smaller than of
the first eigenmode f0. To increase the magnitude and accuracy
of f1, a different measuring method can be used. For instance,
with accelerometers and a known trigger, like an impact modal
hammer. Furthermore, the difference could be explained by a
deviation in mass, Young’s modulus, and stiffness introduced
by manufacturing imperfections. The most critical modes are
the first X and Y modes and the rotational mode around Z hav-
ing direct effect on the parasitic errors. These are not measured
and should be investigated in the future.

The measured repeatability and hysteresis could be the re-
sults of friction and/or an error due to temperature drift. There
are a few spots were friction can occur. First, the copper wire is
stretched between two ring bolts. Tension within the wire could
lead to slip between the bolt and wire. Furthermore, within the
actuator friction can occur when the moving coil is not perfectly
aligned to the permanent magnet.

To gain insight into the manufacturing tolerances, a small
tolerance analysis has been done. The parameter with most in-
fluence is the thickness of the flexure. The manufacturing tol-
erance on the thickness is 0.02 mm. The applied tolerance gave
a translational error of 11 nm. A more extensive analysis has
to been done, to obtain more information about the tolerances

which can lead to a more robust design.
The fatigue life of the CORS was out of scope of this study.

However, some remarks can be done. The surface roughness
was quite rough which impacts the fatigue life negatively. This
roughness can be reduced by repeating the EDM process multi-
ple times. Furthermore, a postprocessing can be used to reduce
the surface roughness, for instance glass bead blasting.

In terms of measuring, changes in environmental condi-
tions influence the accuracy of the chromatic confocal sensors.
Changes in atmospheric density alter the index of refraction,
affecting the wavelength of light in the sensors. This can intro-
duce errors in distance measurements, compromising accuracy.
Calibration and environmental controls can help mitigate this
effect.

Furthermore, thermo-mechanical drifts refer to changes in a
system’s behavior due to temperature fluctuations and mechan-
ical stresses. These drifts can affect the stability and accuracy
of measurements in various devices and instruments, including
sensors and precision equipment. To minimize their impact,
proper thermal management and mechanical stabilization tech-
niques are often employed, such as environmental control.

5. Conclusion

In conclusion, the design of the CORS represents a signif-
icant advancement in compact mechanism design, offering a
compact monolithic design while maintaining critical perfor-
mance metrics.

The optimization process has resulted in a mechanism with
small measured parasitic motions. The translational errors
along the X and Y axis are 0.838 nm/µm and 0.636 nm/µm,
respectively. The assumption that the linear errors are the re-
sult of drift and Abbe errors, resulted in errors below 10 nm for
both translations. The rotational errors over a 140 µm stroke are
within 6 µrad and 4 µrad around the X and Y-axis. Furthermore,
a small rotation occurs around the Z-axis of 1.44 µrad/µm.

The CORS has its first desired eigenfrequency at 20.35 Hz
and the first parasitic eigenfrequencies around 185 Hz.

Challenges such as manufacturing imperfections and mis-
alignments were identified, highlighting the need for meticu-
lous manufacturing processes and alignment procedures. Addi-
tionally, considerations for environmental effects on measure-
ment accuracy, such as changes in atmospheric conditions and
thermo-mechanical drifts, underscore the importance of cali-
bration and environmental controls in ensuring reliable perfor-
mance. Future research directions include further analysis of
manufacturing tolerances, more complex measurement setup,
exploration of modal characteristics, and considerations for im-
proving fatigue life through surface treatment techniques.

In general, this study provides valuable insights into the de-
sign and optimization of a compact ultra-linear compliant tor-
sion reinforced Sarrus mechanism, with promising results for
high-accuracy motion control systems.
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A
Displacement Talbot Lithography

The application of the design expounded in this article finds utility in a positioning module integral to a
Displacement Talbot Lithography (DTL) apparatus. DTL, an innovative and adaptable nanofabrication
technology, capitalizes on the Talbot effect to generate periodic nanostructures.

The Talbot effect, a well-documented phenomenon, manifests when a monochromatic collimated light
illuminates a periodic structure, thereby generating self-images of the grating pattern at regular intervals
subsequent to the grating (Talbot, 1836). DTL represents a modified iteration of Talbot lithography,
boasting a larger Depth of Field (DOF) as a distinctive advantage, thereby rendering it a more robust
methodology. This attribute allows for the utilization of non-planar substrates or thick photoresists.

To overcome the DOF problem, DTL employs the strategy of illuminating the mask with a beam pos-
sessing a broad spectral bandwidth (Solak and Ekinci, 2005). Through this technique, the diverse
wavelength components of the transmitted light field overlap, and beyond a certain distance from the
mask, they overlap to form an image that remains invariant with respect to further increases in distance.

Though the initial position of the substrate holds no sway over the final outcome, the stipulated posi-
tioning requirements is predicated upon relative positioning. The gap between the mask and substrate
must vary for a minimum of one Talbot length, defined as:

The schematic figures below represents the fundamental procedural steps of a DTL process. 1) First,
the gap between the mask and substrate must be reduced till the DOF; 2) When the light source is
enabled a Talbot field occurs; 3) The mask has to move at least one Talbot Length; 4) The gap between
mask and substrate must be increased to make space for a substrate handler.

Figure A.1: Typical DTL Process
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B
System Overview

The position module is in a lithography system based on the Displacement Talbot Lithography (DTL)
principle. This module facilitates the adjustment of the gap between the substrate and mask through
the movement of the substrate. Comprising several interconnected assemblies, namely the XY-stage,
Tip/tilt stage, Coarse-z mechanism, Fine z-mechanism, Rz stage, Mask holder, and Drawer, this as-
sembly stack poses challenges to the overall module dynamics. Consequently, a strategic decision has
been made to modify the gap adjustment method by concurrently moving both the substrate and mask.
This adjustment entails a shift in the translation of assemblies along the vertical axis, specifically direct-
ing the vertical movement towards the mask instead of the substrate. This alteration introduces distinct
volume requirements for these assemblies compared to their previous operational configuration.

B.1. Volume Claim
The assertion regarding volume is grounded in the current positioning module and the established
schematic topology of the DTL-machine provided by the client. By integrating the module into the
schematic topology, a comprehensive understanding of the available volume is attained. To secure the
mask onto the mask holder, a vacuum channel with clamping functionality is employed, necessitating
an unobstructed surface on the mask. Ensuring unhindered access for the light source to reach the
mask necessitates designing around a 6-inch mask. Within a confined volume with a height limitation
of 45 mm, dictated by the presence of metrology equipment above the mask.

Figure B.1: Volume overview
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C
Functional Requirements

The functional requirements are based on the expected volume claim and desired performance, based
on talks and brainstorming. They are structured according to Tom Gilbs’ method.
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D
Concepts

D.1. Concept Generation
D.1.1. General Bearings

Rollerbearing Airbearing Flexures Dry slideways Ferrofluid bearing
Stroke Theoretical infinite stroke Theoretical infinite stroke Small stroke Theoretical infinite stroke Theoretical infinite stroke (fluid dependent)
Travel Accuracy Based on elastic deformation Spatial Averaging creates high accuracy Parasitic motions should be compensated Based on elastic deformation Change of film height

Geometrical and Material Imperfections Gravity load induces sagging Predictable errors Geometrical and material imperfections Film decreases due fluid trail
Guidance and roundness quality Hard to passively control Stiffness is limited due fluid

Repeatability Friction IBSPE provides 300pm No friction but predictable fatigue Friction Based on operating conditions
Stand-still performance High stiffness Jitter of 0.32 nm by ISBPE Actuator dependent High stiffness High stiffness when stationary
Load Capacity Typical High Moderate Moderate High Moderate
Simplicity Guiding, sensing, actuator Guiding, sensing, actuator, pump, controller Guiding, sensing, actuator Guiding, sensing, actuator, controller Guiding, sensing, actuator, pump, controller

Table D.1: Type of bearings

D.1.2. General Actuators
Table D.2: Comparison of Different Types of Actuators

Actuator Type Piezoelectric Electromagnetic Electrostatic Electrothermal Electrostrictive
Stroke Small Medium to Large Small Small to Medium Small to Medium
Linear Motion Very High High Moderate Moderate Moderate
Repeatability Very High High High Moderate Moderate
Stand-still Performance Very Good Good Good Moderate Moderate
Load Capacity Low to Moderate Moderate to High Low to Moderate Moderate Moderate to High
Simplicity Simple Moderate Simple Simple Moderate
Volume Small Moderate Small Small to Medium Small to Medium

Table D.3: Type of actuators

D.1.3. General Sensors
Table D.4: Comparison of Different Types of Sensors

Sensor Type Chromatic Confocal Capacitive Eddy Current Linear Encoders Laser Interferometry
Measuring Range Medium to High Low to High Low to High Low to High Low to High
Sensitivity to External Conditions Low Moderate to High Low to Moderate Low to High Low to Moderate
Ease of Use Moderate Moderate Low to Moderate Moderate to High Moderate
Resolution High Moderate to High Moderate High Very High
Volume Medium Small to Medium Small to Medium Medium Medium
Costs High Low to High Moderate to High Low to High High
Table D.5: Type of sensors
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D.1.4. Morphological Overview

D.2. Concept Validation
Each concept is compared to its kinematics, stiffness, and volume. These performance criteria are
defined and optimized via fmincon in MATLAB. The kinematics, stiffness, and optimization method are
generally defined.

D.2.1. Kinematics
The motion of all points can be mathematically defined. This is done by general definition of two circles
that intersect:

𝐼𝑥12 =
𝑥1 + 𝑥2
2 + (𝑥1 − 𝑥2)(𝑟

2
1 − 𝑟22 )

2𝑑2 ± 𝑦2 + 𝑦12𝑑2 √((𝑟21 + 𝑟22 )2 − 𝑑2)(𝑑2 − (𝑟1 − 𝑟2)2) (D.1)

𝐼𝑦12 =
𝑦1 + 𝑦2
2 + (𝑦1 − 𝑦2)(𝑟

2
1 − 𝑟22 )

2𝑑2 ± 𝑥2 + 𝑥12𝑑2 √((𝑟21 + 𝑟22 )2 − 𝑑2)(𝑑2 − (𝑟1 − 𝑟2)2) (D.2)

With d, as the distance between the two circles:

𝑑 = √(𝑥2 − 𝑥1)2 + (𝑦2 − 𝑦1)2 (D.3)

Figure D.1: Enter Caption
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D.2.2. Stiffness Code
1 % Define geometric properties
2 alpha = 5; % Angle of beam to horizontal axis in deg
3 gamma = 27; % Angle of support beam to main beam in deg
4 L = 0.075; % Length of main beam in m
5 Ls = 0.0421; % Length of support beam in m
6 t = 0.0006; % Thickness of beam in m
7 d = 0.08; % Width of beam in m
8
9 % Cross-sectional properties
10 A = d * t; % Cross-sectional area in m^2
11 Iz = (1/12) * d * t^3; % Second moment of area (moment of inertia) in m^4
12 J = (1/12) * d * t^3; % Torsional constant in m^4
13 Iy = (1/12) * t * d^3; % Second moment of area about y-axis in m^4
14
15 % Material properties
16 E = 71.7e9; % Young's modulus in Pa
17 G = 26.4e9; % Shear modulus in Pa
18
19 % Define the coordinates of the nodes
20
21 nodes = [0, 0, 0; % Node 1
22 L*cosd(alpha), L*sind(alpha), 0;
23 Ls * cosd(alpha + gamma), Ls * sind(alpha + gamma), 0];
24
25 % Define the connectivity matrix for the truss structure
26 connectivity = [1 2
27 1 3
28 3 2];
29
30 % Calculate the lengths of each beam
31 num_beams = size(connectivity, 1);
32 lengths = zeros(num_beams, 1);
33
34 for i = 1:num_beams
35 node_i = connectivity(i, 1);
36 node_j = connectivity(i, 2);
37 lengths(i) = norm(nodes(node_j, :) - nodes(node_i, :));
38 end
39
40 % Initialize the global stiffness matrix
41 num_nodes = size(nodes, 1);
42 num_dof_per_node = 6;
43 K_global = zeros(num_nodes * num_dof_per_node, num_nodes *

num_dof_per_node);
44
45 % Loop through each beam to assemble its stiffness contribution
46 for i = 1:num_beams
47 node_i = connectivity(i, 1);
48 node_j = connectivity(i, 2);
49
50 % Calculate the direction cosine matrix
51 x = nodes(node_j, :) - nodes(node_i, :);
52 theta = atan2d(x(2),x(1)); % atan2d ensures correct quadrant
53
54 % Transformation matrix
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55 T = transformation_matrix(theta);
56
57 % Element stiffness matrix in local coordinates
58 ke_local = element_stiffness_matrix(E, G, A, Iz, Iy, J, lengths(i));
59
60 % Rotate element stiffness matrix to global coordinates
61 ke_global = T' * ke_local * T;
62
63 % Define indices for the degrees of freedom (DOF) for each node
64 start_i = 6 * (node_i - 1) + 1;
65 end_i = 6 * node_i;
66 start_j = 6 * (node_j - 1) + 1;
67 end_j = 6 * node_j;
68
69 % Update the global stiffness matrix
70 K_global(start_i:end_i, start_i:end_i) = K_global(start_i:end_i,

start_i:end_i) + ke_global(1:6, 1:6);
71 K_global(start_i:end_i, start_j:end_j) = K_global(start_i:end_i,

start_j:end_j) + ke_global(1:6, 7:12);
72 K_global(start_j:end_j, start_i:end_i) = K_global(start_j:end_j,

start_i:end_i) + ke_global(7:12, 1:6);
73 K_global(start_j:end_j, start_j:end_j) = K_global(start_j:end_j,

start_j:end_j) + ke_global(7:12, 7:12);
74 end
75 %
76 % Fix the degrees of freedom at node 3
77
78
79 % Remove the rows and columns of K_global corresponding to

fixed_dof_node_3
80 K_reduced = K_global;
81 K_reduced(13:18,:) = [];
82 K_reduced(:,13:18) = [];
83
84 % Select stiffness corresponding to the degree of freedom at node 1
85 Kcc = K_reduced(1:12, 1:12);
86 Kcc(3:5,:)=[];
87 Kcc(:,3:5)=[];
88 Kcc(6:8,:)=[];
89 Kcc(:,6:8)=[];
90
91 %
92 % Applied force at node 1 (vertical force)
93 force_node_1 = [0; 1; 0; 0; 0; 0;];
94
95 %Calculate the displacement at node 1 (vertical displacement)
96 displacement_node_1 = Kcc \ force_node_1;
97
98 % Calculate the vertical stiffness at node 1
99 vertical_stiffness = force_node_1(2) / displacement_node_1(2);
100
101 disp('Vertical Stiffness at Node 1:');
102 disp(vertical_stiffness);
103
104 % Function to calculate the transformation matrix
105 function T = transformation_matrix(theta)
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106 T1 = [cosd(theta), -sind(theta), 0; sind(theta), cosd(theta), 0; 0, 0,
1];

107 T = blkdiag(T1, T1, T1, T1); % 4x4 block diagonal matrix
108 end
109
110 % Function to calculate the element stiffness matrix
111 function ke = element_stiffness_matrix(E, G, A, Iz, Iy, J, length)
112
113 ke = [A*E/length 0 0 0 0 0 -A*E/length 0 0 0 0 0;
114 0 12*E*Iz/length^3 0 0 0 6*E*Iz/length^2 0 -12*E*Iz/length

^3 0 0 0 6*E*Iz/length^2;
115 0 0 12*E*Iy/length^3 0 -6*E*Iy/length^2 0 0 0 -12*E*Iy/

length^3 0 -6*E*Iy/length^2 0;
116 0 0 0 G*J/length 0 0 0 0 0 -G*J/length 0 0;
117 0 0 -6*E*Iy/length^2 0 4*E*Iy/length 0 0 0 6*E*Iy/length^2

0 2*E*Iy/length^2 0;
118 0 6*E*Iz/length^2 0 0 0 4*E*Iz/length 0 -6*E*Iz/length^2 0

0 0 2*E*Iz/length;
119 -A*E/length 0 0 0 0 0 A*E/length 0 0 0 0 0;
120 0 -12*E*Iz/length^3 0 0 0 -6*E*Iz/length^2 0 12*E*Iz/

length^3 0 0 0 -6*E*Iz/length^2;
121 0 0 -12*E*Iy/length^3 0 6*E*Iy/length^2 0 0 0 12*E*Iy/

length^3 0 6*E*Iy/length^2 0;
122 0 0 0 -G*J/length 0 0 0 0 0 G*J/length 0 0;
123 0 0 -6*E*Iy/length^2 0 2*E*Iy/length 0 0 0 6*E*Iy/length^2

0 4*E*Iy/length^2 0;
124 0 6*E*Iz/length^2 0 0 0 2*E*Iz/length 0 -6*E*Iz/length^2 0

0 0 4*E*Iz/length;];
125 end

D.2.3. Optimization
The optimization problem can be formulated. The goal is to minimize the drive stiffness. This should be
obtained while maintaining volume, error, stress, and manufacturability constraints. Most algorithms
benefit from a minimization problem therefore it is rewritten into a negative null form:

Minimize
1
𝐶𝑥

Subject to

𝑒 − 5 × 10−9 ≤ 0
𝜎𝑦 − 150 × 106 ≤ 0
𝑍𝑣𝑜𝑙 − 35 × 10−3 ≤ 0

and

x ≤ x ≤ x̄

D.3. Concept 1: 13-Hinge
The 13-Hinge mechanism, initially introduced by Jones in 1956 (Jones and Young, 1956), comprises
two four-bar linkage parallelograms arranged in series. These parallelograms, interconnected to a
lever, traditionally induce synchronized movement, resulting in each parallelogram covering half of the
total stroke relative to the other. The lever is linked to the parallelograms through two rods with a tradi-
tional ratio of ½ to each other. The system is mitigating parasitic movements through the compensation
of the in-series connected parallelograms.
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Noteworthy characteristics of this mechanism include its notable rectilinearity, elevated stiffness, and
facile manufacturability attributable to its planar geometry.

Figure D.2: Geometrical representation 13-Hinge

D.3.1. Kinematics
The horizontal error can be calculated, 𝜖𝑟𝑒𝑐𝑡.

𝜖𝑟𝑒𝑐𝑡 = ℎ2 − ℎ1 = √𝑎2 − (
𝑠
2 − 𝛿)

2 −√𝑎2 − (𝑠2 + 𝛿)
2 (D.4)

, with 𝛿2 ≈ 0. Resulting in:

𝜖𝑟𝑒𝑐𝑡 = √𝑎2 − (
𝑠2
4 − 𝑠𝛿)

2 −√𝑎2 − (𝑠
2

4 + 𝑠𝛿)
2 (D.5)

, with 𝛿 = 𝐵𝑦 −
𝑠
2 .

Figure D.3: Error representation intermediate part and end effector

The functions above can confirm the traditional ratio 𝑅 = 𝑐
𝑏 =

1
2 . The plot below shows a minimal error

at 𝑅 = 1
2

Figure D.4: Error vs Ratio plot, minimum at R=0.5
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D.3.2. Optimization Results
The optimization results are 𝑎 = 0.0515 m, 𝑏 = 0.01 m. Furthermore, the thickness is 𝑡 = 0.3 mm,the
width of the slender beams are 𝑑 = 0.1 m, and the distance between the slender beams is 𝑟 = 0.0155
m. Resulting in a volume of 103x100x33 [mm].

Implementing the defined coordinates of previous section into the earlier defined MATLAB script. The
drive and support stiffness are 𝐶𝑧 = 9985 N/m and 𝐶𝑥 = 1.2𝐸8 N/m.

D.4. Concept 2: Peaucellier
The Peaucellier-Lipkin straight-line mechanism is a mechanical linkage designed to achieve near-
perfect straight-line motion. It is a planar, six-bar linkage that was independently developed by Charles-
Nicolas Peaucellier and Yom Tov Lipkin in the 19th century. The mechanism is particularly noteworthy
for its elegant simplicity in converting circular motion into precise straight-line motion.

The working principle of the Peaucellier-Lipkin mechanism is based on a mathematical concept known
as inversion. It exploits the fact that when a point on a circle undergoes circular motion, its inverse point
on another circle will follow a straight-line path. In the Peaucellier-Lipkin linkage, a circular motion is
transformed into linear motion by utilizing a carefully arranged series of six connected bars with specific
geometric properties. The key element is a diamond-shaped configuration formed by four bars, with
one bar acting as a coupler. This coupler traces an approximate straight-line path as the mechanism
undergoes circular motion. When the linkage is appropriately designed and constrained, the result is
a mechanism that can accurately generate linear motion, making it an ingenious solution for achieving
straight-line.

Figure D.5: Geometric representation Peaucellier

D.4.1. Kinematics
The X position of node 6 can be calculated as, 𝜖𝑟𝑒𝑐𝑡:

𝜖𝑟𝑒𝑐𝑡 =
𝐵2 − 𝐴2
2𝐶 (D.6)

D.4.2. Optimization Results
The optimization results are 𝐴 = 0.06m, 𝐵 = 0.0911m, and 𝐶 = 0.0158m. Furthermore, the thickness
is 𝑡 = 0.4mm and the width of the slender beams are 𝑑 = 0.21m. Resulting in a volume of 148x210x26
[mm].

Implementing the defined coordinates of previous section into the earlier defined MATLAB script. The
drive and support stiffness are 𝐶𝑧 = 5000 N/m and 𝐶𝑥 = 2.6𝐸6 N/m. Concluding that there was no
solution found for the defined contraints. The support stiffness was relaxed.

D.5. Concept 3: Sarrus
The Sarrus linkage is dated from 1853 when it was invented by Pierre Frederic Sarrus (Waldron et
al., 2016). The linkage, comprising four equal length links organized into two perpendicular groups,
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is characterized by its utilization of two parallel horizontal plates arranged vertically, one above the
other. Each group features pairs of hinged bars or plates connecting the horizontal plates, facilitating
vertical motion of the upper plate towards and away from the lower one. The hinges enforce constraint,
ensuring the connected bars or plates remain in the same plane and maintain axial translation.

Notably, the Sarrus linkage falls within the three-dimensional category. An advantageous feature is
its capacity to elevate the structure connecting the upper links, thereby enabling a diverse range of
movements. Mobility analysis indicates a Degree of Freedom of 0 for the 2-sided Sarrus linkage;
however, due to over constraint, the upper platform exhibits vertical mobility.

Figure D.6: Geometrical representation Sarrus

D.5.1. Kinematics
When beam 1 has the same length and orientation as beam 2, there is no mathematical error. However,
there are asymmetric configurations possible. The horizontal motion of the beams should cancel each
other out, so related to finding the balance in stiffness.

D.5.2. Optimization Results
The optimization results are 𝐿1 = 0.0959 m, 𝐿2 = 0.1 m, 𝛼1 = 𝛼2 = 0.2637rad . Furthermore, the
thickness is 𝑡 = 0.4 mm,the width of the slender beams are 𝑑 = 0.0903 m. Resulting in a volume of
190.3x190.3x25 [mm].

Implementing the defined coordinates of previous section into the earlier defined MATLAB script. The
drive and support stiffness are 𝐶𝑧 = 555 N/m and 𝐶𝑥 = 1.3𝐸7 N/m.

D.6. Selection Matrix
The design criteria and their weighting factors (-) are:

• Theoretical straightness: The mathematical straightness of the desired motion. This is most
important for the application. (5x)

• Conservative orientation: This defines if themechanism enables linear motion of a point or a body.
Important because a body has to be moved, nevertheless a moving point can be transferred to a
body (using two or three mechanisms for instance). (4x)

• Angular stroke: Angular stroke is the maximum angle the beams make to create the motion. This
give insight in how suitable the mechanism is to transform to a compliant mechanisms. (2x)

• Overconstraints: These are determined by Grueblers’ equation. Typically overconstraints are
unwanted if the parastic motions have to be minimized. However, if, for instance, the stiffness
has to be improved. Overconstraints can be beneficial. (3x)

• Easy of modelling: An optimal design is desired. Therefore, the modelling is preferred to be easy
to reduce computation time and the number of iterations can be improved. (2x)

• Geometry: In terms of manufacturability, the design is more easy to manufacture when the design
is planar instead of spatial. (2x)

• Volume in drive direction: The volume is limited in the drive direction. Increasing the volume is
dependent on the client. (2x)

• Cost: The costs should remain low as it is a proof of concept. From a commercial perspective it
is important to minimize the costs as well. (3x)
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• Tolerance sensitivity: This is determined via ARTAS SAM 8.4. The parameter with most influence
is found, and the effect on the simulated straightness is determined. (3x)

• Complexity: The number of thin joints is considered as a way of measuring the complexity of the
design. It is preferred to keep the design as simple as possible, while this improves the confidence
in the later design to reach nanometer accuracy. (4x)

• Support stiffness: A certain amount of support stiffness must be achieved. This is determined by
that the mechanism can follow the external vibrations so that there is no error made there. (4x)

• Drive stiffness: A maximum is set for the drive stiffness. This to reduce the actuator force needed
for the motion. A smaller actuation force results in less internal stresses and deformations which
can lead to errors. (2x)





E
HEEDS MDO

To find the optimal design of the torsion reinforced Sarrus mechanism, a new software package is
introduced within VDL ETG T&D Eindhoven. The software, named HEEDS MDO, is a multidisciplinary
design exploration and optimization software package of Siemens.

HEEDSMDO can help to gain an insight in the design space, and could find an optimal design according
to multiple design criteria and constraints. HEEDS MDO is combined with other packages, for instance
of Siemens: NX and NASTRAN. NX is used to define a conceptual sketch. Thereafter, a mesh and
simulation is generated with NASTRAN. These three files are used by HEEDS MDO to optimize and
explore the design and design space. The benefits of HEEDS MDO are that it is not needed to be an
expert in optimization theory, and when experienced, the design iteration process is automated and
accelerated. The optimal design is the best possible design using the specific parameters, and this is
supported by a lot of user-friendly post-processing.

To generate the optimal design for the Sarrus mechanism, several steps must be taken. First, a con-
ceptual sketch with the basic shapes must be drawn in NX. Second, a converged and robust mesh must
be made within NASTRAN. Thereafter, the optimization problem must be defined and implemented in
HEEDS MDO. To run the study, the suitable optimization algorithm must be chosen. Furthermore, a
Design of Experiments can be done to gain an insight into the design space of the parameters. A
parameter optimization can be made once the sketch, mesh, optimization problem, and algorithm are
made and chosen. Lastly, a lot of post processing can be done to visualize the optimization process
and design space.

E.1. Parameter Sketch
HEEDS needs a sketch that is based on the design parameters. So a parametric sketch has to be
created, where the dimensions and/or constraints are defined as variables. The variables are then
linked to HEEDS, and new designs can be generated within the variable boundaries.

E.2. Meshing
Meshing is the stage of the finite element modelling process in which you divide a continuous struc-
ture (in this case the Sarrus mechanism) into a finite number of regions. These regions are known
as elements and are connected together by nodes (“Siemens Simcenter 3D Pre/Post”, 2022). Each
element:

• Is a mathematical representation of a discrete portion of the model’s physical structure.

• Has an assumed displacement interpolation function.

The accuracy of the mesh is important while the results depends partly on the quality of the mesh. In
this case, the results are in the order of nanometers making the mesh quality even more important.
The combination with HEEDS MDO asks for a converged, controlled, and robust mesh while for each
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(a) Sketch (b) Parameter Table

Figure E.1: Parametric Sketch

design HEEDS MDO creates the mesh quality should be high.

For the Sarrus mechanism, three types of elements are used: 0D, 2D (shell), and 3D (solid) elements.
All the connections between the elements are controlled by mesh controls to ensure a converged and
robust high quality mesh.

A 0Dmesh ensures a points-based element at specific nodes. This is needed to include a concentrated
mass elements and can fungate as point of engagement. In this case, it is used as the point where the
actuator force will act.

2D elements are commonly known as shell or plate elements. In this case, the 2D mesh is used to
create a more easy to control surface compared to a 3D solid. If a 2D mesh is created on the surfaces
first, the 3D mesh will use the existing 2D mesh as a starting point from which to create (“seed”) the 3D
elements through the body.

An other application for a 2D mesh is to mesh the flexures as shell. The commonly used requirement
to use shell elements is that the length characteristic must be way larger than another parameter: L»d,
for instance. The benefit of using shell elements is the reduction of computation time relative to solid
elements, while maintaining accuracy. This could be beneficial for HEEDS MDO while the computation
time will be way less, and still an insight is obtained of the design space. However, for optimization of
the Sarrus mechanism the accuracy of 2D elements was insufficient while the filets where not included.
The results partly depends on these fillets, that is why the flexures were meshed with 3D elements

Achieving mesh convergence is crucial for ensuring the accuracy, stability, and reliability of computa-
tional simulations. It is important to control this convergence by mesh controls. HEEDS will create a
mesh on its own based on these controls. Therefore, strict controls must be applied to be sure that
HEEDS will always generate a mesh that is converged.

E.3. Optimization Problem
The optimization problem can be formulated. The goal is to maximize the difference between the
first eigenmode and second parasitic eigenmode. This should be obtained while maintaining volume,
error, stress, and manufacturability constraints. Most algorithms benefit from a minimization problem
therefore it is rewritten into a negative null form:

Minimize

𝑓0
𝑓1
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Subject to

𝑓0 − 20 ≤ 0
𝑒 − 5 × 10−9 ≤ 0

𝜎𝑦 − 150 × 106 ≤ 0
𝑍𝑣𝑜𝑙 − 45 × 10−3 ≤ 0

and

x ≤ x ≤ x̄

E.4. Algorithm
HEEDS MDO supports several known optimization algorithms: genetic algorithm, nondominated sort-
ing genetic algorithm, quadratic programming, simulated annealing, response surface, multi start local
search, particle swarm optimization, and Nelder-Mead simplex. In addition, HEEDS contains a unique
search strategy called SHERPA, which stands for Simultaneous Hybrid Exploration that is Robust,
Progressive, and Adaptive.

SHERPA employs a multi-faceted approach during a single search, utilizing multiple search methods.
This strategy leverages the strengths of each method while dynamically diminishing the involvement of
ineffective methods throughout the search process (Chase et al., 2010). A combination of global and
local search methods is integrated, each equipped with tuning parameters that undergo automatic ad-
justments based on evolving knowledge of the design space. The adaptive nature of SHERPA enables
it to learn efficiently about the design space, determining when and to what extent each method is uti-
lized. While it does not claim that this approach is better or guarantees of always finding a global optimal
solution, this approach has demonstrated notable effectiveness and efficiency across various practical
engineering design problems. Key advantages include the alleviation of the following concerns:

• Users are spared the need to invest time and effort in comprehending their design space prior to
selecting an optimization algorithm

• Limited expertise in optimization algorithms and applications is required from users

• Users can realistically define problems based on actual engineering or business costs and bene-
fits without being constrained by the capabilities of a specific search method, allowing for broader
problem definitions encompassing a larger number of variables.





F
Measurement Setup

F.1. Voice Coil Actuator
A standard voice coil actuator is used, Akribis AVM40-HF-6.5. Voice coil actuators operate based on
the principle of Lorentz force. When an electrical current passes through a coil of wire placed within a
magnetic field, a force is exerted on the coil, causing it to move linearly. This permanent-magnet direct
drive actuator operates without backlash and cogging.

• Direct linear motion

• High resolution

• Zero cogging

• Zero backlash

• Rapid response

• No wear and tear

• Smooth motion at low speeds

F.1.1. Drive system
Attributes

• Waveform generator: VDL EDEV

• Power supply: VDL EDEV Lab

• Operational Amplifier (OPAMP): Texas Instruments LM3886TF

• Voice Coil Actuator: AVM40-HF-6.5 (see spec. sheet)

Problem Statement

Voice coil has to move +-2.5mm. A force of 6[N] is needed as gravity compensation and 2[N] for the
2.5[mm] stroke.

Solution Description

Waveform generator is saturated at +-0.1A. Voice coil requires a current of 0.29+0.095[A] to achieve
6+-2[N]. Therefore, a voltage follower is needed to provide this current. A realisation of such a voltage
follower is shown below by using an OPAMP.

The main power supply consists of a power supply and a waveform generator. If possible, only a
waveform generator can be used as the offset voltage can be provided by this, to achieve 10 N.

The actuator schematically exists of a series connection of resistance and inductance. Inductance is
negligible, since the frequency is 0.1 Hz, very low: 𝑍𝐿 = 𝑗𝜔𝐿 ≈ 0.
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Calculations
𝐹 = 6 ± 2[𝑁] (F.1)

𝐹 = 20.7 ∗ 𝐼 (F.2)

𝐼 = 0.29 ± 0.095[𝐴] (F.3)

𝑈 = 𝐼𝑅𝐿 (F.4)

𝑈 = 3.19 ± 1.045[𝑉] (F.5)

Figure F.1: Electronic circuit for OPAMP with gain 1

F.2. Chromatic Confocal Sensors
The chromatic confocal sensor is a non-contact measurement instrument known for its high precision.
Its capability extends to measuring parameters such as displacement, thickness, distance, flatness,
and roughness by harnessing chromatic lights of varying wavelengths. Operating on the principle of
chromatic aberration within optical systems, these sensors employ polychromatic light directed onto
a lens, thereby creating a spectrum of wavelengths. The resulting spectrum enclose diverse focus
points where the dispersed light converges. The light incident at the intersection point of the optical
axis and the object’s surface can traverse the spectrometer through mechanisms like a beam splitter
and filtering pinhole. Notably, only the focused light contributes to the spectrometer, and by scrutinizing
the detected wavelength, the sensor accurately determines the distance from itself to the object.

Advantages:

• High speed suitability

• High resolution

• Stable on all surfaces

• More stable than laser triangulation or eddy current sensors

• Sensing under angle is possible

Disadvantages:

• Relative small measuring range

• Beam path must be relatively clean

• Perform poorly with lots of change in surface conditions; cleanliness, roughness, etc..
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Figure F.2: Chromatic confocal principle

F.3. Measuring Frame
All subsystems are integrated into one measurement setup. The setup consists of a aluminum frame
and base plate, 3D- printed sensor and actuator interfaces, the actuator, the sensors, and the mech-
anism itself. The setup stands on rubber adjustable feet, on a vibration isolation table of TMC from 3
Hz with minimal amplification of resonance (8-12dB).

(a) CAD (b) Test setup

Figure F.3: Test setup

F.4. Drawings









G
Manufacturability

G.1. Wire Electric Discharge Machining
Electric Discharge Machining (EDM) is a manufacturing process used to shape and fabricate metal
parts with a high degree of precision. EDM operates by utilizing electrical discharges (sparks) to remove
material.

EDM works on the principle of erosion, where a controlled electrical discharge between two electrodes
(the tool and the workpiece) removes material from the workpiece through a series of rapid and repet-
itive sparks. Deionized water is used to facilitate the spark erosion process and to flush away debris.
When the wire and the workpiece are brought into close proximity, a high-voltage electrical potential
is applied between them. This creates a series of electric discharges or sparks between the two elec-
trodes. The intense heat generated by these electrical discharges melts tiny portions of the workpiece
material, which are then flushed away by the deionized water. The repeated action of the sparks grad-
ually erodes the workpiece material, shaping it according to the desired design programmed into the
machine’s control system.

G.2. First prototype
The first prototype consisted of two flexures. This one failed due to the manufacturing strategy and
design complexity.

(a) Side view, with broken flexure (b) Overview

Figure G.1: Pictures of 1st prototype
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G.3. Second prototype
The second prototype consisted of four flexures. This to reduce the design complexity.

(a) Side view (b) Overview

Figure G.2: Pictures of used prototype

G.4. Lessons learned and questions
The lessons learned are:

• The sparks height must be minimized. The smaller the distance between the nozzles the smaller
the wire vibrations are. Furthermore, a smaller distance results in better flushing of the debris.

• The eroding speed must be chosen properly. If the process goes to fast, the process loses its
accuracy leading to defects. It is a trade-off between costs and accuracy.

• Larger fillets R>0.015 results in a faster and more precise process.

There are multiple questions that have arisen during manufacturing:

1. Was the aluminum work piece stress-free after milling?

2. What is the effect of the flexibility during the last spark erosions where the parts are separated
from each other?

3. How to lower the surface roughness?

4. In the case that the flexure are misaligned, is it possible to correct the planes by milling so that
the base plate and mask are again parallel to each other?

5. Does the milling influence the internal stresses of the workpiece?

All these questions need further development of the manufacturing process and experience.



H

Test Plan and additional experiments

H.1. Test Plan
H.1.1. Function Test Preconditions
Clean environment (similar to clean room ISO class 7) and a stable temperature (21 +/- 1 °C) External
disturbances to the system should be minimized like vibrations, acoustic and EMI noise

H.1.2. Calibration
The sensors must be placed into their measuring range of 1.2 mm. This is done by hand, and tightening
the screw when in and halfway the measurement range.

Thereafter, the actuator can be calibrated. The input voltage must be high enough to create a repeat-
able motion of at least 100 𝜇m.
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H.1.3. Functional Tests
Test
ID

Test Title Test Description Prerequisites

1 Stand-still vibrations and
drift

Measuring stand-still vi-
brations and drift over
180seconds. Repeat for
all DoF

1) Fully assembled system
mounted on an active isolation
table; 2) Logging sensors in
halfway measuring range

2 Modal Analysis Measuring the eigenfre-
quencies by triggering the
mask

1) Fully assembled system
mounted on an active isolation
table; 2) Logging sensors in
halfway measuring range

3 Parasitic Motion Rx, Ry Measuring the parasitic
motions during a stroke of
100 𝜇m

1) Fully assembled system
mounted on an active isolation
table; 2) Logging sensors in
halfway measuring range; 3) Ac-
tive Actuator with 0.1Hz, Offset
of -1.1V and 400mV amplitude

4 Parasitic Motion X,Y, Rz Measuring the parasitic
motions during a stroke of
100 𝜇m

1) Fully assembled system
mounted on an active isolation
table; 2) Logging sensors in
halfway measuring range; 3) Ac-
tive Actuator with 0.1Hz, Offset
of -1.1V and 400mV amplitude

5 Functional stroke Measure if the stroke of
2.5mm is possible

1) Fully assembled system
mounted on an active isolation
table; 2) Logging sensors in
halfway measuring range; 3)
Active Actuator with offset of
6.5V

H.2. Additional Experiments
H.2.1. Adding Mass
The effect of adding mass is investigated while there is a mirror placed on top of the mask. Therefore,
a balancing mass was placed to compensate. The influence can be seen in the Table below.

Test ID Mass Mass Position Ry
1 100g (X;Y)=(76;0) -184E-07 rad
2 300g (X;Y)=(76;0) -143E-07 rad

The difference is data is within the noise. Thus, it suggests adding mass has little to zero influence.
However, additional research has to prove this.

H.2.2. Angled actuator force
The actuator is replaced multiple times. This to check the influence of a shear force onto the mech-
anism. An attempt has been made to create no X-translation. The effect can be seen in the Figure
below.

As can be seen, the alignment of the actuator force has influence. Thus, it can be calibrated to create
no translational error in X. Keep in mind, that it is possible that the mechanism is now facing parasitic
motions in X, but due to misaligned mirrors these cancel each other out.
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(a) No actuator correction (b) Actuator correction

Figure H.1: X-translation without and with actuator correction

H.2.3. Assembling
Some tests were done to gain insight in the effect of assembling the system. Originally, the mechanism
is screwed onto the base plate by 16 screws. Furthermore, the base plate has 8 screws connecting it
to the measurement frame. The number of tightened screws is varied that there are three supporting
points, there are four combinations possible. The results can be seen in the table below.

Test ID Part Assembled Ry
1 Base Plate Screwed on three rings -159E-07 rad
2 Base Plate Screwed on eight rings -135E-07 rad
3 Sarrus guide Screwed with thee screws -173E-07 rad
4 Base Plate & Sarrus guide Screwed with thee screws -165E-07 rad

There is no clear relation between the assembling method and performance found.

H.2.4. Sample Rate
The effect of changing the sample rate can be seen in the level of noise and density of themeasurement.
There is measured at 400 Hz and 4000 Hz

(a) Rx at 400 Hz (b) Rx at 4000 Hz

Figure H.2: Measurements 400 Hz vs 4000 Hz





I
Error Calculations
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