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Introduction

To prevent contamination of production processes or research, cleanrooms are designed. Multiple
industries, like electronic part production and biotechnology for example [1], make use of these clean-
rooms, where minimization of particle generation is desired. To fulfill this desire while working with
large-range linear motion mechanisms, the utilization of compliant mechanisms is looked into.

Linear guides offer linear motion, they come in different shapes and sizes, like roller bearings, ball
bearings and friction guides. There also is a category of contactless guides, where wear does not occur,
like air bearings, hydrostatic guides and electromagnetic guides [2]. However, these mechanisms are,
among other things expensive and not compact [3]. Most mechanisms with large linear displacement
provide motion where components slide, scrape or rub against each other, to constrain a mechanism
to one degree of freedom [4]. These traditional linear motion mechanisms are compact and establish,
compared to their size, quite a long range of motion. But there are challenges with these conventional
mechanisms, like the need for lubrication and the resulting friction and wear [5]. The inherent friction
and play result in limited precision. This has resulted in engineers looking for replacements for me-
chanical elements in different applications of linear motion mechanisms [6]. These applications are on
both the macro and micro/nanoscale, like in the space or precision industry, integrated in sensors, pre-
cision robots or scientific instruments for example [7]. One of the alternatives is compliant mechanism
technology.

Compliant mechanisms are looked into more and more over time. Their bodies can be monolithic
with slender elements that undergo deflection, also called flexures. They introduce motion through
elastic deformation [8]. Compliant mechanisms offer some advantages over rigid mechanisms; they
do not suffer from backlash or surface wear, there are fewer components, less weight, no friction be-
tween components, less energy loss compared to mechanisms with rigid links and decreased costs
[9]. However, compliant mechanism technology has challenges that need more investigation for future
development. The largest challenge will probably be the relative difficulty in designing and analyzing
compliant mechanisms. The limited motions of these mechanisms and a lack of expertise in compliant
design compared to traditional mechanical engineering design are among other things also an issue
[10].

There are no large-stroke linear guides that include bistability, offer high support stiffness and have
low parasitic motion. The ones that are around offer great bistability but their stroke is very limited
[11, 12], their accuracy regarding parasitic motion is of no importance [13], have a large stroke but low
support stiffness [14] or offer a large stroke, high support stiffness and minimal parasitic motion, but
are not bistable [15].

Here, a new design is presented based on a flexure-based linear guide with torsion reinforcement
structures, introduced by Rommers [15] because it meets all requirements except for being bistable.
It is expected that this new design allows a linear guide to be bistable while maintaining high support
stiffness, low parasitic motion and a large stroke. It could offer a harmonious combination of precision
and robustness. It eliminates friction and improves reliability and precision. No power is required for
the mechanism to be held in position. Its unique characteristics make it an excellent choice for numer-
ous applications, from precision instrumentation to consumer electronics and advanced robotics. A
design will be made as a Finite Element Method (FEM) model, which will be parametrically optimized.
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Figure 1.1: Concentric alignment of cylinders with insufficient support stiffness (a) and with proper support stiffness (b).

(b)

Experiments will be performed with a prototype to validate the simulation results of the FEA. Finally, a
case study will be performed to provide an example for this study.

The case study will be performed for the design of a tool that concentrically aligns two cylinders as
can be seen in Figure 1.1. One of the cylinders is a magnet, so magnetic forces must be compensated
with support stiffness in the order of magnitude of 106N /m, and parasitic motion must be no larger than
10um. A stroke of around 50mm is necessary to prepare the shuttle for assembly, the tool must hold
the cylinders in place for 72 hours for the glue to dry and the assembly to be finished. To ensure the
clamping of the shuttle, bistability is introduced, so it will be forced to the base at a specific position
(which holds the other part of the assembly) which makes the assembly possible. The bistable linear
guide will not use both stable positions, only the second. To ensure the gluing is possible, the guide
will be pressed against the base at its max-force point. This is where the force in the lateral direction
will be at its highest to move the guide, so the guide clamping against the base will be best. When its
position is altered, the guide will move to its second stable position, where the module can be prepared
and the to-be-glued component can be installed. After the preparation of the module, the guide can
be positioned back into its max-force point and gluing can retake place. The bistability also makes
high repeatability possible, so the tooling will always align the cylinders correctly. It must be possible
to place the tooling on a desk and multiple should be able to be stored together so more assemblies
can be created, so the smaller the tool the better.
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Literature review on linear motion mechanisms making
use of compliant mechanism technology

Tom Huijsmans
Delft University of Technology
Department of Precision Mechanism Design

Abstract— Compliant linear motion mechanisms are
used in a variety of application areas, such as preci-
sion stages, biomedical devices, optical precision equip-
ment and aerospace mechanisms. The products range
from the macro-scale to micro-electromechanical systems
(MEMS). This literature review provides an overview
of all current techniques which deliver linear motion
while making use of compliant linear motion technology.
Research has been done on a variety of mechanisms,
but these papers were all very specific and took only
some techniques into consideration. There has not been
an overview of mechanisms where all different techniques
have been taken into account. The classification consists
of the methods which deliver this linear displacement,
based on plane symmetric, rotational symmetric and
asymmetric designs. They all have designs that generate
both straight-line and approximate straight-line motion.
The mechanisms vary in type of flexures, are based
on linkages or make use of bistability. The designs
found in articles are discussed and evaluated on their
properties, some of which are normalized to make a good
comparison. It was found that the best designs have plane
or rotational symmetry to deliver straight-line motion.
Designs with folded leaf springs look most promising
when looking at their displacement per dimensions ratios.
For further research rotational symmetric approximate
straight-line designs might be interesting to look into,
because there are no designs in this category yet.

I. INTRODUCTION

To prevent contamination of production pro-
cesses or research, cleanrooms are designed. Mul-
tiple industries, like electronic part production and
biotechnology for example [1], make use of these
cleanrooms, where minimization of particle gener-
ation is desired. To fulfill this desire with large-
range linear motion mechanisms, the utilization of
compliant mechanisms is looked into.

Linear guides offer linear motion, they come
in all shapes and sizes, like roller bearings, ball
bearings and friction guides (see Figure 1). There
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Fig. 1: A variation of linear motion guides [4

also is a category of contactless guides, where wear
does not occur, like air bearings, hydrostatic guides
and electromagnetic guides [2]. However, these
mechanisms are, among other things expensive and
not compact. Most mechanisms with large linear
displacement provide motion where components
slide, scrape or rub against each other, in order to
constrain a mechanism to one degree of freedom
[3].

These traditional linear motion mechanisms are
compact and establish, compared to their size,
quite a long range of motion. But there are chal-
lenges with these conventional mechanisms, like
the need for lubrication and the resulting friction
and wear [5]. This inherent friction and play result
in limited precision. This has resulted in engineers
looking for replacements for mechanical elements
in different applications of linear motion mech-
anisms [6]. These applications are on both the
macro and micro/nanoscale, like in the space or
precision industry, integrated in sensors, precision
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robots or scientific instruments for example [7].
One of the alternatives is compliant mechanism
technology.

Compliant mechanisms are looked into more
and more over time. They mainly have mono-
lithic bodies with slender elements which undergo
deflection, also called flexures. They introduce
motion through elastic deformation [8]. Compli-
ant mechanisms offer some advantages over rigid
mechanisms; the functionality is improved, there
are fewer components, less weight, no friction
between components, less energy loss as compared
with mechanisms with rigid links and decreased
costs [9]. However, compliant mechanism tech-
nology has its own challenges which need more
investigation for future development. The largest
challenge will probably be the relative difficulty
in designing and analyzing compliant mechanisms.
The limited motions of these mechanisms and a
lack of expertise in compliant design compared
to traditional mechanical engineering design are
among other things also an issue [10].

An overview and comparison of current large-
range linear motion compliant mechanisms 1is
given by Mackay, [5]. What limits this comparison
is that only structures for MEMS are considered,
so their comparison is too specific. It does not
offer and compare all other alternative techniques
which deliver linear motion. Another overview of
different compliant mechanisms is given by Huo,
[11]. However, this overview compares mecha-
nisms within only one element; different iterations
within the same technique. So current research on
this subject does not deliver a complete thorough
overview of all linear motion techniques which
are out there. Researchers have also done some
research into compliant rotational joints, [12], [13].
These articles have a similar purpose but a differ-
ent focus; they look into mechanisms that deliver
rotation instead of translation.

The aim of this paper is to display all these
different techniques which ensure linear motion
with a focus on compliant mechanism technology,
to fulfill the desire for minimal particle generation.
In addition, the techniques are assessed on their
linear displacement compared to their parasitic
motion, which requires to be as low as possible.

In Section 2 the obtained literature is described

and the search terms that have been used are given,
together with the method of how they can be
recreated. Also, the classification is explained and
the performance criteria are introduced. Section 3
discusses all the found mechanisms and covers
the results of the comparison of the different
techniques according to the criteria. In Section 4
the discussion of the acquired results is elaborated
and in Section 5 the literature review is concluded.

II. METHOD
A. Literature search

To acquire relevant articles and papers, Google
Scholar, ScienceDirect, ResearchGate and Scopus
were used. In order to find suitable literature a
variety of search terms have been used, these are
listed in Table I. These terms are all in line with
compliant linear motion mechanisms. To obtain
the relevant articles in a systematic way, a search
protocol has been used. The terms in the columns
can be combined with the terms of other columns
to retrieve suitable search terms. The articles that
provide a compliant mechanism that produces a
straight-line motion have been used for this liter-
ature review.

TABLE I: Search terms

AND
linear motion | guiding mechanism pfarasmc
displacement

o . large support transverse
straight-line displacement stiffness stiffness
parallelogram | high precision | PRBM
bistable cylindrical linkage

system

OR | axial stiffness | motion range four—baf

mechanism
1-DOF monolithic structure
CFM stroke
flexure

B. Classification

In engineering, there are a lot of different tech-
niques to acquire linear motion, as stated before.
However, for this review, only the mechanisms
that supply linear motion, which can be defined
as compliant mechanisms are taken into account.
In this compliant branch, there is a limited amount
of mechanics that ensure linear motion. The cate-
gories these different mechanisms can be divided
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Fig. 2: Categorization literature review.

into are classified by their design. This is regarding
the symmetry along the axis of movement of the
guiding beam. The classification focuses on 3 types
of designs:

1) Plane symmetric designs: A plane of sym-
metry divides a design into two parts that are
mirror images of each other.

2) Rotational symmetric designs: A design is
rotational symmetric if it is rotated around a center
point (less than a full rotation) and it still appears
the same as it did before the rotation.

3) Asymmetric designs: A design that is not
symmetric is said to be asymmetric. This means
the asymmetric design cannot be divided into iden-
tical halves. In addition, because most mechanisms
are mostly monolithic and all the elements are con-
nected to each other without conventional joints,
there can not be only linear motion. Parasitic
motion also comes into play. This is unwanted
motion perpendicular to the linear motion which
is wanted. This leads to a division of the de-
signs into straight-line and approximate straight-
line mechanisms. This division will categorize all
found mechanisms. A schematic overview of this
categorization is provided in Fig. 2.

C. Performance criteria

To attain the best-performing technique some
performance criteria are determined. The reviewed
mechanisms have different application areas. Some

techniques are being deployed in MEMS, which
means they are in the order of magnitude of
micrometers. Other techniques are being used in
an order of magnitude of centimeters as in biome-
chanics. Some values need to be normalized so
that the orders of magnitude can be compared.
The results of the discussed articles which are of
importance for this review will be categorized and
presented in a table.
The following criteria are selected:

1) Force: The input force to make the actuation
possible.

2) Linear displacement: This criterion is the
motion in the wanted direction, the larger the linear
displacement, the better the technique.

3) Parasitic motion: This criterion is the mo-
tion in the unwanted direction, perpendicular to
the direction of movement of the wanted linear
displacement. The lower the parasitic motion the
better. However, the designs that deliver straight-
line motion do not produce parasitic displacement.

4) Transverse stiffness: The transverse stiffness
(or support stiffness) is the stiffness in the direction
perpendicular to the linear displacement direction.
The higher the transverse stiffness the better.

5) Axial stiffness: The axial stiffness is the
stiffness in the direction parallel to the linear dis-
placement direction. The lower the axial stiffness
the better.
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6) Dimensions: The size of the mechanism can
be described by the diagonal of the bounding box,
of which the lengths are defined by the longest and
widest instances.

III. RESULTS

All mechanisms found will be discussed in
this section. The designs will be described and
evaluated first, whereafter they will be compared
to one another with numerical values.

A. Plane symmetric straight-line designs

Bistable mechanisms. Compliant mechanisms
can achieve bistability which results in precise
state positions. They are flexible devices with
two stable equilibrium states within their range
of motion [14]. The guiding beam, or shuttle,
which is being moved into these positions can
be resting in either of two states. The beginning
and end positions of the reviewed mechanisms are
on-axis aligned. In Fig. 3 a fabricated compliant
bistable mechanism is shown. Zirbel evaluates
multiple iterations of this design [15]. The itera-
tions vary in the thicknesses of the addition of the
thicker middle sections of the flexible (compliant)
beams. These sections improve the stability of the
mechanism because the flexible beams are being
directed toward a better-defined motion. Because
the bistable action force is slightly increased by the
thicker sections, the mechanism is being helped
to hold the second stable position. However, the
addition of thicker sections also leads to increased
stress in the mechanism. Different thicknesses have
been evaluated and an optimum thickness of 30,5
mm was chosen, which had the lowest stress at the
most vulnerable position during displacement.

Fig. 3: A bistable mechanism in its fabricated
position [15].

The compliant chevron-type mechanism shown
in Fig. 4 has besides the normal flexures (curved

beams in the figure) also lateral beams. The joint
of the lateral beams and the outer curved beam
works the same as a flexible hinge and makes it
possible for the mechanism to move. To prevent
twisting during linear movement of the guiding
beam (shuttle mass in the figure), a guide beam
(see figure) which is designed to be stiff is intro-
duced. When enough force on the shuttle mass is
exerted the lateral and curved beams deflect and
then the mechanism snaps into its second stable
equilibrium state. The mechanism is designed in a
way that the beams have optimal curves in the rest
state so that the flexible hinges store a large part
of the strain energy. This leads to the mechanism
being able to act as a means of protection, in the
event of sudden overloading or a mechanical shock
for example [15], [16].

Inner curved beam

Outer curved beam

Upper lateral beam
Lower lateral beam

b)

Fig. 4: A bistable mechanism in both equilibrium
states [16].

Alternative flexures. The basic compliant par-
allel four-bar mechanism’s flexible beams, as can
be seen in Fig. 11, can be swapped with differ-
ent beams. They are essentially flexural building
blocks with different constructions, like a cross-
spring pivot for example. Multiple iterations of
cross-spring flexures are designed. The center shift
of this generalized pivot is utilized, so that inherent
parasitic motion can be compensated [17].

MacKay compares multiple mechanisms where
the design in Fig. 5 delivers the largest displace-
ment [18]. On top of that, the design has proven
to be effective in the area of MEMS. This X-
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Bob design is comprised of a center shuttle with a
compliant suspension. The X-Bob was designed to
allow a unidirectional displacement of the center
shuttle.

Fig. 5: X-Bob design [18].

B. Plane symmetric approximate straight-line de-
signs

Linkages. Another way to achieve a linear mo-
tion is by making use of linkages. A linkage is a
rigid-body mechanism consisting of multiple bars
which can translate a point or body, which follows
a certain path or motion. So the translation of a link
or point can be acquired by this technology with
well-known rigid-body linkages. For this paper,
the compliant counterpart of these linkages will be
focused upon [19]. In Fig. 6 the conventional Watt
four-bar linkage is shown. The coupler point C in
the figure is in the middle of the coupler AB. Point
C can be guided on an approximate rectilinear path
segment which is presented as the red line in the
figure.

Fig. 6: The Watt four-bar linkage for rectilinear
guiding of coupler point C [19].

Fig. 7 shows the compliant counterpart of the
Watt mechanism which realizes parallel guiding.
Instead of a point like in the original Watt linkage,
the entire segment C, the connecting link, in the
figure is being guided. This is due to the fact that
the compliant compound mechanism is made up
of two single compliant Watt mechanisms. This
means couplers AB and A’B’ are realizing the
translation of the planar displacement of connect-
ing link C. This is because the planar displace-
ments of all the points of the connecting link are
roughly equal. This realizes parallel-guiding of the
link of this compliant Watt mechanism, resulting
in a guiding accuracy better than its rigid-body
variant.

Fig. 7: Compliant counterpart of the Watt
four-bar linkage for translation of the connecting
link C [19].

C. Rotational symmetric straight-line designs

Alternative flexures. This mechanism again
makes use of the basic parallelogram, but they are
applied in another way. The flexure elements are
now leaf springs and folded, to maintain a high
support stiffness in an actuated state. Folded leaf
springs can be used in order to obtain stiffness in
one direction and have no parasitic displacements
[20]. A commonly used compliant linear guide
in industry, existing of six folded leaf springs
is shown in Fig. 8 [21]-[23]. In the fabricated
position of the flexures, which is the initial state



of this design, the support stiffness is high [24].
They allow their motion by bending deformations.
The parts at the end of the leaf springs are fixed
to the world. This design provides low stiffness
along the actuated direction, while a high support
stiffness is present in the other five spatial degrees
of freedom of the guiding beam.

Fig. 8: A compliant linear guide with six folded
leaf springs [24].

The design of Rommers, [24], builds on this
mechanism of Fig. 8 with a combination element.
The proposed design makes use of a combination
of a pre-curved folded leaf spring and a straight
(regular) folded leaf spring, see Fig. 9. Because
of this combination, the support stiffness is high
in both the beginning and end positions of the
guiding beam. This is due to the fact that in both
states there are flexures in their straight orienta-
tion. This combination offers the highest support
stiffness while ensuring the largest displacement.
Only two straight folded leaf springs or only pre-
curved folded leaf springs result in either a smaller
displacement or offer a lower support stiffness.

pre-curved FLS

Stress [MPa] /\strmght
35 b_
30 /\
25 q]:

y
Lo

straight
(regular FLS)

Fig. 9: The combination element with a straight
and pre-curved flexure in both beginning and end
position [24].

D. Asymmetric straight-line designs

Alternative flexures. This design of Rommers
shows a different straight-line motion mechanism,
with torsion-reinforced folded leaf springs [25].
The addition of the fins on both folded leaf
springs ensures torsion reinforcement, while the
combination of the leaf springs in different planes
perpendicular to each other ensures the straight-
line motion.

Fig. 10: A large range spatial linear guide with
torsion reinforcement structures [25].

E. Asymmetric approximate straight-line designs

Linkages. A parallelogram mechanism is a spe-
cial form of a four-bar linkage and is one of the
most classic forms of parallel guiding mechanisms,
namely a parallel four-bar mechanism. It has a
simple structure, can easily be manufactured and
can be used for both translational and rotational
motions. However, in this case, only the transla-
tional precision motion will be looked into [26].
The mechanism consists of two flexures that are
connected to one guiding beam that will make a
small displacement, which results in linear motion.
The two supporting arms of the basic parallel-
ogram in Fig. 11, which are connected to the
guiding beam, can be altered. The deformation
and stiffness of the mechanism can be adjusted by
the length ratio of the flexible and rigid sections.
The larger the flexible section (compliant beam in
the figure) of the supporting arms is, the larger
the linear displacement of the guiding beam will
be. This also results in a larger parasitic motion.
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Opposite, if the rigid section (rigid beam in the
figure) of the support arms is larger, the linear
displacement will be smaller, as well as the par-
asitic motion. The rigid beam is enclosed by two
compliant beams. For this design an optimum ratio
between the lengths of the rigid and compliant
beams is chosen, where there is the largest linear
displacement with the relatively smallest parasitic
motion. The length of the rigid beam is 50 mm and
the length of the compliant beams is 10 mm. The
rigid beam is 15 times as wide as the compliant
beam. Because this design is a basic parallelogram,
not much can be adjusted [26].

? x guiding L.
Fiss beam e e
L |l_!_______|
D= —
@ ~~_complaint ~_
; I beam Iy
supporting
anr!\]\ "‘r / ‘f !
/ rigid /
/ 6[ ™~ beam / /
/ N,
B Ly by
I
ZA TR SIS ST TAT S
Fig. 11: A compliant parallel four-bar mechanism
[26].

Another variant on the basic parallelogram is
the double compliant parallel four-bar mechanism
as seen in Fig.12. The intermediate stage is added
to diminish parasitic displacement. However, this
intermediate stage introduces a redundant degree
of freedom, which is unconstrained. For dynamic
actuation and ambient vibrations this causes issues
[27].

intcrmediale stage

Fig. 12: A double compliant parallel four-bar
mechanism [27].

In Fig. 13 the first compliant counterpart of a
rigid-body mechanism which is capable of real-
izing an approximate rectilinear link translation
is shown. The dashed lines in the figures rep-
resent the links of the rigid-body counterpart.
The original six-bar rigid-body linkage realizes a
parallel motion of the coupler EK in the figure.
This compliant variant also translates the coupler
EK. When the mechanism is moving, the coupler
is always parallel to its previous position. For
the original linkages, an input crank rotation is
necessary in order to acquire the correct movement
of the linkage. For the scope of this review, these
details of this concept are being omitted, and
just the values and principles of the parts that
ensure linear motion are being looked into. The
guiding accuracy of the compliant variant is similar
to the rigid-body variant, the decent values of
displacement and parasitic motion are the same.

Fig. 13: Compliant counterpart of the six-bar
rigid-body mechanism for parallel movement of
coupler EK [19].
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On the basis of the Evans four-bar linkage
shown in Fig. 14 multiple six-bar rigid-body link-
ages which realize parallel guiding have been
developed. In order for the Evans linkage to work,
the length ratio of the links is important and is
fixed. The coupler point C can be guided along
the approximate rectilinear path segment which is
presented as the black line in the figure. The length
of this path is almost similar to the lengths of links
AC and ApA, so this can be designed in whatever
way is wanted.

,,,,,

Fig. 14: The Evans four-bar linkage for
rectilinear guiding of coupler point C [19].

Of one of the six-bar rigid-body linkages, a
compliant variant is designed which is shown in
Fig. 15, where the dashed lines again represent
the rigid-body variant. The mechanism realizes
the link translation of coupler EG. If the input
force is located in the middle of coupler BB, the
best-guiding accuracy can be established. How-
ever, for this design, the rigid-body variant has
better-guiding accuracy compared to the compliant
variant.

Fig. 15: Compliant counterpart of the Evans
four-bar linkage for translation of link EG [19].

Alternative flexures. Fig. 16 shows the design
with the cartwheel flexural building blocks. The
design combines two triangle flexural pivots in
series, which should decrease the parasitic dis-
placement.

Fig. 16: Design with cartwheel flexural building
blocks [17].

Fig. 17 shows the mechanism when it is dis-
placed.

Fig. 17: The cartwheel flexural mechanism in its
actuated state [17].

In Fig. 18 an ultra-precision compliant linear
motion mechanism with a translational flexural
pivot is shown. It makes use of multiple flexures
connected by intermediate stages. The introduction
of the flexural pivots with their center shift ensures
a large linear displacement with a reduced parasitic
displacement [27].
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TABLE II: Comparison of mechanisms

Fig. 18: A ultra-precision compliant linear
motion mechanism [27].

Fig. 19 shows the mechanism when it is dis-
placed.

Fig. 19: The ultra-precision compliant linear
motion mechanism in its actuated state [27].

FE. Comparison of different concepts

An overview of the values of the found mecha-
nisms is presented in Table II. Unfortunately, the
values of the stiffnesses were not noted every-
where, but the linear displacement with its parasitic
motion and the dimensions for the diagonal of the
bounding box were given and these give a good
representation. Other values in the table can be

Article | Type Force Displacement | Parasitic motion | Transverse stiffness | Axial stiffness | Dimensions
[16] Bistable 1 - 5 mm - - - 168.9 mm
[15] Bistable 2 - 27 mm - - - 207.8 mm
[18] X-Bob 14 uN | 250 um - 1.83 uN/um 0.028 uN/pum | 2369 um
[19] Watt linkage - - 39 nm - - -

[24] Folded leaf spring 1 - 12 mm - 4.8 N/mm - 186.6 mm
[24] Folded leaf spring 2 - 20 mm - 4.8 N/mm - 186.6 mm
[25] Folded leaf spring 3 - 30 mm - 20 N/mm - 182.5 mm
[26] Basic parallelogram 10N 454 um 1.75 pym - - 99.1 mm
[27] Double PFBM - 6 mm - 4.8 N/mm - 108.3 mm
[19] 6-bar linkage - 5 mm 320 um - - -

[19] Evans linkage 40N 5 mm 0.1 mm - - 353 mm
[17] Cartwheel - 0.15 mm 35 um - - 70.7 mm
[27] Ultra-precision CLMM | - 5 mm 0.24 mm - - 114 mm

normalized by dividing the value with the dimen-
sion criteria, to compare the orders of magnitude.
Table III shows the relevant normalized values
of the displacement and parasitic motion and di-
mensions ratios. As stated before, all designs that
deliver straight-line motion do not have parasitic
motion.

TABLE III: Normalized values of displacement
and parasitic motion ratio and of displacement
and dimensions ratio.

Tvpe Displacement/  Displacement/
P Parasitic motion Dimensions
Bistable 1 - 0.029
Bistable 2 - 0.13
X-Bob - 0.11
Watt linkage - -
Folded leaf spring 1 - 0.0643
Folded leaf spring 2 - 0.107
Folded leaf spring 3 - 0.164
Basic parallelogram 259.4 4.6e-3
Double PFBM - 0.055
6-bar linkage 15.6 -
Evans linkage 50 0.014
Cartwheel 4.3 2.1e-3
Ultra-precision CLMM 20.8 0.044

The concepts that are designed to deliver
straight-line motion have a good displacement per
dimensions ratio compared to the concepts that
deliver approximate straight-line motion. The ro-
tational symmetric designs deliver the best dis-
placement per dimensions ratio. The folded leaf
spring designs have a displacement per dimensions
order of magnitude gap of 10, which is very
beneficial. The bistable mechanisms and X-Bob
have no valued parasitic motion, so a displacement
per parasitic motion ratio can not be given. How-
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ever, the values of the stroke with respect to the
dimensions are significantly larger, with only an
order of magnitude gap of 10-100. The concepts
that are designed to deliver approximate straight-
line motion face parasitic displacement, where the
basic parallelogram shows a good displacement per
parasitic motion ratio. However, the dimensions of
the mechanism with respect to the values of the
stroke, there is an order of magnitude gap of 1000,
which is very detrimental. The compliant linkages
unfortunately did not offer a lot of dimensions,
but their displacement per parasitic motion ratio
looks promising. The asymmetric designs that are
designed to deliver approximate straight-line mo-
tion offer the lowest ratios for both displacement
per parasitic motion as per dimensions. Because
of the lack of values given for the parameters of
the design, a definitive fair conclusion can not be
given. In order to do this first the designs should be
experimented on. But in terms of the displacement
per parasitic motion ratio, the linkages are worth
looking into, while for the displacement with re-
spect to the dimensions order of magnitude gap,
the folded leaf spring designs look most promising.

IV. DISCUSSION

This review presents linear motion mechanisms
making use of compliant mechanism technology.
However, a lot of the articles only show concept
designs. In just some of these articles, the con-
cept design is calculated with or experimented on,
which results in the actual values. These have been
discussed.

To achieve the two equilibrium points with a
bistable mechanism, it is expected that the move-
ment will be symmetrical. The enclosed guiding
beam will move from its beginning to its end
position. It follows a linear path with halfway
maybe a small kink, but is supposed to end up
on the same axis as where it started. For the basic
bistable mechanism with 2 flexures on each side,
this small kink can occur and is an unwanted
movement. To prevent such movement, multiple
flexures on each side can be introduced, this way
the movement of the flexures will more or less be
symmetrical

Folded leaf spring design has the same issue,
the movement is linear because of the way the

guiding beam is enclosed, so the parasitic motion
does not have to be taken into account. This does
not necessarily mean that these are then the best
options, due to the fact that they each have their
own limitations. For the folded leaf spring flexures
for example, the support stiffness is the most
important value. This is of course in some way
related to the parasitic motion, but not measurable
in the same way. But because the mechanism is
structured the way it is, the support stiffness is the
variable to look into for evaluating the mechanism.

The compliant counterparts of rigid-body link-
ages is an interesting field. They often work with
link ratios in order to acquire the correct move-
ment, so these can be chosen with values that
are preferred. Only a few linkages were converted
into compliant mechanisms, so this maybe is an
opening to look into other rigid-body linkages
which can become compliant.

The plane and rotational symmetric designs of-
fer the best mechanisms to achieve straight-line
motion without parasitic motion. This is because
of the way they are designed, they make use of this
symmetry for the path of the guiding beam. How-
ever, there are no designs for rotational symmetric
approximate straight-line designs, so this can still
be looked into.

Unfortunately, for some concepts, only some of
the variables and parameters were given. Because
those articles would only compare certain aspects
of the mechanisms, so for instance some dimen-
sions of some concepts are not relevant for the
design that will be evaluated later on in the paper.

V. CONCLUSION

The objective of this review is to provide an
overview of all linear motion mechanisms mak-
ing use of compliant mechanism technology. All
mechanisms that deliver this linear motion found
in articles and papers are showcased in this review.
A classification of the types of mechanisms has
been given and the designs are compared with
each other by some performance criteria. The
classification consists of the techniques used to
acquire this linear motion. The mechanisms are di-
vided into the categories plane symmetric designs,
rotational symmetric designs and asymmetric de-
signs. Designs of all of these mechanisms have
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been discussed. They are compared with different
performance criteria, to give an impression of how
well they perform as a compliant linear motion
mechanism. The asymmetric designs deliver the
lowest displacement or highest parasitic motion,
so these are the worst option to create a compliant
linear motion mechanism. The plane and rotational
symmetric designs prove to be the best option for
designing compliant linear motion mechanisms.
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Analysis and design of a large-range bistable linear guide
with high support stiffness and low parasitic motion

Tom Huijsmans

Abstract— The exploration of compliant mechanisms,
especially those providing linear motion, has become
a central focus in recent engineering research. These
mechanisms, characterized by their monolithic bodies
and reduced component interactions, present an attrac-
tive alternative to traditional rigid mechanisms, having
reduced friction, decreased energy losses, and cost ef-
ficiencies. Despite these advantages, designing and ana-
lyzing compliant mechanisms remain difficult tasks, with
particular challenges arising when aiming for large-range
linear motion with high support stiffness and minimal
parasitic displacement. This study presents a unique de-
sign: the combination of a flexure-based linear guide with
the features of a bistable compliant switch mechanism.
Because a combination of these mechanisms has not been
looked into while still offering a long stroke, high support
stiffness and minimal parasitic motion. Through Finite
Element Analysis (FEA) and subsequent iterations, an
optimized model was conceived, prioritizing stiffness and
minimizing undesired motions. This optimized design was
turned into a 3D printed prototype. The experiments with
the prototype confirmed the results of our computational
insights, showcasing the parasitic motion of the prototype
to be within 1mm, and its minimum stiffness at least
being 10kN/m while still having a stroke of 70mm. A
case study has been set up, of which the proof of concept
works and is validated.

I. INTRODUCTION

To prevent contamination of production pro-
cesses or research, cleanrooms are designed. Mul-
tiple industries, like electronic part production and
biotechnology for example [!], make use of these
cleanrooms, where minimization of particle gener-
ation is desired. To fulfill this desire while working
with large-range linear motion mechanisms, the
utilization of compliant mechanisms is looked into.

Linear guides offer linear motion, they come
in different shapes and sizes, like roller bearings,
ball bearings and friction guides. There also is a
category of contactless guides, where wear does
not occur, like air bearings, hydrostatic guides and

electromagnetic guides [2]. However, these mech-
anisms are, among other things expensive and not
compact [3]. Most mechanisms with large linear
displacement provide motion where components
slide, scrape or rub against each other, to constrain
a mechanism to one degree of freedom [4]. These
traditional linear motion mechanisms are compact
and establish, compared to their size, quite a long
range of motion. But there are challenges with
these conventional mechanisms, like the need for
lubrication and the resulting friction and wear [5].
The inherent friction and play result in limited
precision. This has resulted in engineers looking
for replacements for mechanical elements in dif-
ferent applications of linear motion mechanisms
[6]. These applications are on both the macro and
micro/nanoscale, like in the space or precision
industry, integrated in sensors, precision robots or
scientific instruments for example [7]. One of the
alternatives is compliant mechanism technology.

Compliant mechanisms are looked into more
and more over time. Their bodies can be mono-
lithic with slender elements that undergo deflec-
tion, also called flexures. They introduce motion
through elastic deformation [8]. Compliant mech-
anisms offer some advantages over rigid mecha-
nisms; they do not suffer from backlash or surface
wear, there are fewer components, less weight,
no friction between components, less energy loss
compared to mechanisms with rigid links and
decreased costs [9]. However, compliant mecha-
nism technology has challenges that need more
investigation for future development. The largest
challenge will probably be the relative difficulty
in designing and analyzing compliant mechanisms.
The limited motions of these mechanisms and a
lack of expertise in compliant design compared
to traditional mechanical engineering design are
among other things also an issue [10].
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There are no large-stroke linear guides that
include bistability, offer high support stiffness and
have low parasitic motion. The ones that are
around offer great bistability but their stroke is
very limited [11, 12, 13], their accuracy regarding
parasitic motion is of no importance [14], have a
large stroke but low support stiffness [15] or offer
a large stroke, high support stiffness and minimal
parasitic motion, but are not bistable [16].

Here, a new design is presented based on a
flexure-based linear guide with torsion reinforce-
ment structures, introduced by Rommers [16] be-
cause it meets all requirements except for being
bistable. It is expected that this new design allows
a linear guide to be bistable while maintaining
high support stiffness, low parasitic motion and
a large stroke. It could offer a harmonious com-
bination of precision and robustness. It eliminates
friction and improves reliability and precision. No
power is required for the mechanism to be held
in position. Its unique characteristics make it an
excellent choice for numerous applications, from
precision instrumentation to consumer electronics
and advanced robotics. A design will be made
as a Finite Element Method (FEM) model, which
will be parametrically optimized. Experiments will
be performed with a prototype to validate the
simulation results of the FEA. Finally, a case study
will be performed to provide an example for this
study.

The synthesis of this design is as follows. In
section 2 the methodology of the concept will be
explained, with a description of the model and
how the analyses are done. Section 3 shows the
results of the simulations and an experimental
validation of the FEM models, using the prototype,
and compares these. In section 4 these results
will be discussed and future research is suggested,
followed by section 5 which covers the conclusion
of this paper.

II. METHOD

In this section, the conceptual design will be
explained. The prototype for proof of concept
will be shown together with the explanation of
the real case scenario. After this, the numerical
analysis with a FEM model and optimization will
be explained. Subsequently, the experimental setup
will be presented

A. Design

The design of Rommers, [16], is used as it is
a flexure-based linear guide, see Fig. 1. It has

Fig. 1: The linear guide design of Rommers,
similar to the well-known rigid link Sarrus
mechanism. [16]

torsion reinforcement structures, which ensures the
support stiffness is very high compared to how
small the flexures are. Moreover, the linear guide
moves the shuttle with a large stroke while having
this high support stiffness. This means the order
of magnitude of the mechanism’s size is ideal for
the goal of this design. High support stiffness, large
stroke and low parasitic motion have been acquired
with this mechanism. To obtain bistability a varia-
tion on the commonly used compliant mechanism
is used, the principle given by Zhao, [13], see Fig.
2.

Fig. 2: A clamped-clamped bistable compliant
mechanism with both ends clamped. [13]

The mechanism is designed to provide precise
state positions. The flexible mechanism has two
stable equilibrium positions, while the shuttle in
the middle is being guided along the axis of
movement in the middle. The parasitic motion is
of no concern for the application. The combination
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of these principles is the basis of the design for this
paper, to check whether the introduction of bista-
bility will reduce support stiffness and increase
parasitic motion, while still being able to make
a large stroke. Because the shuttle will follow a
linear path because of the torsion reinforced linear
guide, only one bistable element will be used, as
can be seen in Fig. 3.

Fig. 3: Solidworks model

The frame around the design would be the
base, which must be as stiff as possible. The
bistable element can adjusted up and down in
the yz-plane, over the axis in the direction of the
bistable element. This ensures the bistable element
is always secured correctly with respect to the
shuttle. Constrained directions are movement in
the yz-plane, and rotations around the directions
of the x, y and z-axis from the middle of the
shuttle. So, this design only allows for movement
along the direction of the x-axis from the middle
of the shuttle. The bistable element needs to have
a preload displacement d for the mechanism to be
bistable so that the mechanism will switch to one
of its two stable positions. When displacing the
shuttle in the correct direction, it will snap to its
other stable position.

B. Numerical analysis

In this section, the concept design will be eval-
uvated with a FEM model created in MATLAB.

For the FEA, an Euler-Bernoulli beam formulation
is used based on the work of Battini [17]. The
formulation for linear elastic material uses geomet-
rically non-linear co-rotational beam elements. In
the FEM model, the initial geometry is modeled by
specifying the coordinates of the nodes of the beam
elements. All the leaf flexures have been modeled,
including the bistable element and the shuttle.
The proposed design has the parameters given as
variables, as shown in Fig. 4. To construct the
FEM model, the initial dimensions of Rommers’
design have been used. For the d and dimensions
of the bistable element, an iterative process was
employed to fine-tune the values to achieve two
stable positions and a max- and min-force point
in the force-displacement graph, confirming the
mechanism is bistable in the FEM model. The spe-
cific values will be assigned in the next subsection.

S;

S

Fig. 4: Parametric design with f; and b; being the
thickness of the flexures and bistable element
respectively.

In the FEA the different components consist of
different beam elements. After specifying the node
coordinates, the connections between the nodes are
assigned. The more beam elements in the compo-
nents in the design, the more precise simulation
can be made, however, this will also result in
longer simulation times. So, the critical compo-
nents of the design where a lot of deformation
takes place will be given more beam elements than
the components that do not have much influence on
the simulation. All the beam elements have a cross-
section, which can be defined per element. With
this, the concept design is created. Since the design
is mainly built of off flexures, the cross-section
of these elements can be modeled like rectangles
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Fig. 5: Stills from the FEA to show the steps of displacement of the mechanism.

or leaf springs. The cross-section of the shuttle is
modeled 40 times thicker than the normal flexure
because this part will be rigid and must not be able
to flex.

Also, material properties are required, so the
Young’s modulus £ and Shear modulus GG need to
be determined. The values are taken from Makelt-
From [ 18], a source that gains its information from
a survey of technical literature, including both
academic books and supplier documentation. They
are £ = 3.5GPa and G = 2.4GPa. However,
because the found data is generated of a wide
range of values, it might lead to differences in the
results from the simulations and experiments. To
acquire more accurate values for the material prop-
erties, multiple three-point bending tests will be
performed on the flexures used in the experiment.
The results of these material experiments will be
used later in the paper.

After defining the material properties, the
boundary conditions will be set. Because it is a 3D
model, all nodes have six DoFs (three translational
and three rotational). The attachment of the model
to the base frame will be modeled as being fully
constrained. This happens at the end of the two tor-
sion reinforced leaf flexures. The d of the bistable
element enables the linear guide to be bistable, and
d determines how big the stroke of the shuttle will
be. After this, d is fully constrained as well and the
node in the middle of the shuttle will be displaced
along the x-axis. One stroke without and one with

a pre-force, performed in 100 steps, while for
every step the reaction forces and displacements
are known. With the known applied pre-force and
the resulting positions along the stroke, the support
stiffness can be calculated. The parasitic motion
along the x-axis can also be calculated per time
step. The influence of gravity was neglected in the
analysis. Representation of the steps is visible in
Fig. 5 for clarification.

The red model is the mechanism before the
bistable element is displaced. The blue model
is the mechanism when d is added, this is the
starting position of the stroke. The green model
is the mechanism in its final position after it has
completed the stroke.

C. Parametric optimization

In this section, it will be explained how the
optimized values for the variables have been found.
The following variables, whose values can be
found in TABLE I, have been chosen as design
parameters: f;, fn, b;, bp, by and d. This means
the overall shape of the torsion reinforced flexures
will mostly stay unchanged, only the thickness
and width will be subject to the optimization. The
dimensions of the bistable element and its d are
also being optimized. The results from the analysis
of the previous subsection are used to generate a
force-displacement plot along the x-axis.

The parametric optimization will be done in
MATLAB with fmincon, using the sequential
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quadratic programming algorithm. The results that
need to be optimized are the maximum support
stiffness and minimum parasitic motion, while still
being bistable.

First was looked at what the boundaries of
the variables would be to ensure the mecha-
nism’s bistability, which means two stable points
and max- and min-force points in the force-
displacement graph. The parameters that ensure the
bistability are b;, b; and d. This entailed using the
force-displacement graph and checking the value
of the force along the displacement of the x-axis,
see Fig. 6.

Bistability

& L L L L I I
-0.04 -003 -002 -0.01 0 0.01 0.02 0.03 0.04

Displacement (m)
Fig. 6: Plot of wanted behavior for bistability of
the mechanism.

For the requirements, a stroke of around 50mm
was required. The initial position of the shuttle is
the clamping point at the max-force point, so the
stroke will start from there. For the design, the
distance between the max- and min-force points is
set as the required stroke. The value of the peaks
was arbitrarily chosen to set a benchmark in order
to ensure clamping. It doesn’t necessarily have to
meet this peak value, as long as the force is high
enough for bistability to occur. The dimensional
boundaries of the design variables were wide, for
the best possible optimization. The initial guess
for the values of the design variables was the
dimensions based on the values of the design of
Rommers.

An objective function, which can be found in
Appendix D.1., has been made in order to ensure
bistability while looking for the maximum support

stiffness in the directions perpendicular to the
stroke. The objection function is a combination of
three objective components. The first component
searches for the maximum stiffness, the second
component makes sure the highest value in the
graph is the desired force for clamping and the
third component makes sure the desired mean of
the graph is around zero. The last two compo-
nents are penalized with weights, to make sure
the combination of the components deliver the
required optimization. The last two components
also ensured boundaries for the bistability, so no
unwanted behavior will occur like in Fig. 7. This
would lead to an unwanted stroke division, and a
gap of around 50mm between the force peaks is
desired.

Bistability
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Fig. 7: Plot of unwanted behavior for bistability
of the mechanism.

Different weight factors for the penalization
have been used in order to acquire a fair optimiza-
tion, they were iterated so it was made sure every
component in the objective function would get a
weight accordingly.

To make sure not only one local minimum will
be found with a single optimization, the Multistart
object is used. This uses multiple initial guesses
inside the dimension boundaries in order to find
the best value for the objective function. At the end
of this process, there is an optimal d, together with
optimal values for the other design variables of the
model. The optimized dimensions with which the
prototype will be manufactured can be found in
TABLE L.
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Part Parameter | FEM Dimension (mm) | Measured Dimension (mm)
fin height fn 40.00 40.11
flexure length fi 80.00 80
flexure thickness ft 1.28 1.54
flexure width Sw 39.97 40
bistable length b 114.98 114.77
bistable width bw 20.00 19.85
bistable thickness bt 1.60 1.69
pre-displacement d 9.06 9.07
shuttle to flexure sy 50.00 50.00
shuttle to bistable Sp 30.00 30.00
shuttle height/width Sw 71.00 71.00
shuttle length Si 60.00 60.00

TABLE I: Values of parameters, from FEM and measured.

As stated before with the material properties, the
corrected dimensions of the prototype may differ
from the optimized values due to manufacturing
inaccuracies and tolerances. So the corrected di-
mensions of the prototype have been measured
with a caliper and are listed TABLE I as well.

D. Prototype

A prototype of the design with optimized di-
mensions will be manufactured for a proof of
concept, so the results of the numerical analysis
can be validated. The torsion reinforced flexures
and bistable element will be 3D printed on the
Prusa i3 MK3S+ out of Polylactic Acid (PLA).
The part that ensures displacement of the bistable
element in the correct direction is also 3D printed.
The shuttle is milled from an aluminum block. For
the base, Thorlabs rails have been used. The parts
are connected to each other with M6 bolts, see a
Solidworks model of the prototype in Fig. 3. With
a long M6 bolt and a nut, the bistable element
can be secured to the 3D printed slide frame. This
is in turn also connected to the base. The slide
frame through which the long bolt needs to go has
a slot for the component that ensures d is correct.
It has been designed in a way that different size
components can fill the slot, so the desired d can
be achieved.

E. Case study

A case study will be performed for the design
of a tool that concentrically aligns two cylinders.
One of the cylinders is a magnet, so magnetic
forces must be compensated with support stiffness
in the order of magnitude of 10° N /m, and parasitic
motion must be no larger than 10um. A stroke of

around 50mm is necessary to prepare the shuttle
for assembly, the tool must hold the cylinders in
place for 72 hours for the glue to dry and the
assembly to be finished. Because of the bistability
of the mechanism the shuttle can be clamped to
the base frame at a specific position (which holds
the other part of the assembly) which makes the
assembly possible. For the clamping of the shuttle
to the base, the max-force point in the force-
displacement graph is used to keep it in place.
This is where the force in the lateral direction will
be at its highest to move the guide, so the guide
clamping against the base will be best. This only
holds for the first max-force point, because when
the shuttle is snapped to its other stable position, it
can be prepared so the assembly can take place. So
in practice, the shuttle moves from the max-force
point point to the second stable position. See Fig.
8 for clarification.

Because of the form of the torsion reinforced
flexures, the mechanism will always move into
the same initial stable position, which is in the
direction opposite of where the torsion reinforced
flexures are pointing (negative x-direction). When
its position is altered, the shuttle will move to its
second stable position, where the module can be
prepared and the to-be-glued component can be
installed. After the preparation of the module, the
guide can be positioned back into its max-force
point and gluing can retake place. The bistabil-
ity also makes high repeatability possible, so the
tooling will always align the cylinders correctly.
It must be possible to place the tooling on a desk
and multiple should be able to be stored together
so more assemblies can be created, so the smaller
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the tool the better.

The required stiffnesses and parasitic motions
are not achievable with 3D printed parts. The
final mechanism would be made entirely out of
titanium, so much higher values can be achieved in
the required order of magnitude. During this paper,
plots with realistic data will be shown, in order to
review the case study. For this, commercially pure-
grade titanium will be used, with an E-modulus of
120G Pa and a shear modulus of 45G Pa.

F. Experimental setup

To validate the prototype, an experimental setup
is made. The prototype was mounted on Thorlabs
breadboard. The displacement along the x-axis
will be applied by a translational PI stage, the PI
M-505.4DG, which has a range of 100mm. The
resulting reaction forces will be measured by a
force sensor, the Futek FSHO03875, with a force
limit of 45N. This force sensor is attached to a
xy-stage of Thorlabs, so it can be positioned as
desired. To connect the shuttle to the force sensor,
a fishing line of 0.5mm diameter is used. It is light
and stiff compared to the measured stiffness in the
experiments. Given that the parasitic motion occurs
in the yz-plane, perpendicular to the shuttle’s direc-
tion of travel, this line is chosen so the prototype
will not be influenced by undesired forces that
could influence the experimental data. On the other

side of the shuttle, a mass of 1kg is connected via
the same type of fishing line and is guided via
a pulley. This is done to apply a constant pulling
force on the sensor, and the mechanism can be dis-
placed step by step, without moving to either sta-
ble position. After installing the bistable element,
the lines are so prepared that they are perfectly
horizontal and just move the shuttle horizontally.
In Fig. 9 an overview of the setup is shown. In
text is indicated what the relevant parts are. This

Fig. 9: Experimental setup for bistability

way the forces for bistability can be calculated.
A second experiment is performed this way, but
now with lasers instead of the force sensor. The
micro epsilon lasers optoNCDT 1402 and 1420
have been used to measure the parasitic motion
during a stroke. A 3D printed plate was designed
to mount the lasers onto the frame of Thorlabs
rails. This 3D printed part made sure the middle
of the measuring ranges of the lasers would be at
the same distance. See Fig. 10 for this setup. 2
lasers have been placed next to each other, so they
can measure their relative difference. This way
along the entire stroke, the position of the middle
of the shuttle can be calculated with trigonometry
and inter- and extrapolation, which results in the
parasitic motion. Additionally, a weight of 400¢
is placed on top of the shuttle and the parasitic
motion was measured again with this pre-force, to
recreate the simulation in the numerical analysis
where the stiffness could be calculated.
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Fig. 10: Experimental setup with the lasers for
parasitic motion and stiffness

For the last experiment, the mechanism needed
to be rotated 90 degrees, so the axis of movement
of the shuttle is orthogonal to the direction the
PI stage is moving in. See Fig. 11 for the setup.
This way, the shuttle could be pressed in by the
force sensor, while being displaced step by step
along the stroke direction. Now, the shuttle was
still attached to a weight on one end, but the
other end was attached to a threaded end of size
M6 with fishing line. This gave per full rotation
of the rod (around its own axis in the lenght) a
displacement of 1 mm. So the shuttle could again
be guided along the stroke, so measurements could
be taken with the force sensor. The force sensor
was moving also along the x-axis in the same
steps, so the middle of the shuttle will always be
pressed. This is possible because the force sensor
is attached to a xy-stage. However, the stroke of
the xy-stage is only 25mm, so the PI stage needed
to be moved along the x-axis as well, so the
setup could be reconstructed again, but now 25mm
further down the line, so the center of the shuttle
can be recalibrated again while the xy-stage was
moved in the opposite direction. The point of the
force sensor would be placed right in front of the
center of the MM. With the PI stage, the tip of the
sensor could creep towards the MM per tenth of a
millimeter. So the start of the test would be when
the tip just touched the surface and then moved
one increment back. This way the displacement
imposed by the PI stage, which was set op 3mm,

Mechanism
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Fig. 11: Experimental setup with loadcell for
stiffness

would always start in the same condition. This
results in a force-displacement graph with which
the stiffness can be calculated. The experiments
for stiffness and parasitic motion have been con-
ducted with and without the bistable element, for
a good comparison between the 2 methods. All
experiments have been carried out three times for
validity and to reduce uncertainties.

III. RESULTS

In this section, the results will be discussed. All
experiments have been performed three times, and
an average of these results will be shown in the
graphs. There are three types of results; the FEM
simulations with optimized dimensions, the exper-
imental results and the FEM simulations with the
corrected dimensions. The results are shown both
with and without the bistable element. They will
be colored blue, orange and yellow respectively in
the graphs. They will all be discussed per type of
result;

1) FEM simulations with optimized dimensions
(green): These results follow from the design with
the optimized dimensions, so here the most desired
values are achieved. They have no noise and the
simulation is always under perfect conditions. This
means no external forces, no wrong alignments and
no possibility for human errors.

2) Experimental results (blue): To validate the
results of the simulations, the prototype is sub-
jected to experimental testing. The prototype has
been manufactured as accurately as possible to
recreate the exact circumstances.
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3) FEM simulations with corrected dimensions
(red): Here are the results of the FEM model with
corrected values of the prototype displayed. This
way the difference between these results and the
experimental results can be made quantitative. It is
expected that this would lead to results closer to
the experimental data.

Extra experiments have been performed to check
why there are deviations in the results, for friction
in the pulley and stiffness of the base frame. A
three-point bending test is performed to find the
correct material properties, which are found at £/ =
2.418G Pa for the black and F = 2.592G Pa for
the grey 3D printed parts. Lastly, the results of the
case study are presented as well.

A. Parasitic motion

Here, the parasitic motion of the shuttle’s center
along the stroke is displayed in Fig. 12b along
the x-axis. For all data, the starting position is
used as a reference. So of all the positions of
the center of the module, the starting position is
subtracted. This means all lines in the plot will
start at zero on the parasitic motion axis. In grey
the upper and lower boundaries of the experimental
data are shown. Positive values along the parasitic
motion axis mean displacement away from the
flexure (positive y-direction), and negative values
mean displacement towards the flexure (negative y-
direction). The negative displacement starts when
the shuttle is halfway through its stroke in all re-
sults, before this they are all positive. The parasitic
motion in the experiment is within 1mm along
the entire stroke. The overall shape of the lines
is pretty much the same, only the experimental
results have a larger deviation in the last 25mm
of the stroke. However, the results are in the same
order of magnitude.

B. Stiffness

For the stiffness, two types of experiments have
been performed. One with lasers and one with a
loadcell. In Fig. 12d along the x-axis the dark blue
line represents the results of the loadcell data and
the cyan line the results of the laser data. Now
the red line displays the results of the FEM model
simulation with corrected dimensions. The data of
the laser experiments have more noise, while the
force sensor is more steady. The results of the

simulations with the corrected data are almost 5
times larger than the results of the experiments.
The overall shape of the graphs is quite similar,
except for some data of the laser results, where
the final part of the stroke has a sudden deviation
with a peak in the stiffness. All results are in the
same order of magnitude.

C. Bistability

The force of the shuttle is displayed along the
stroke it makes, see Fig. 12e. The line of the
optimized dimensions is almost point-symmetric
around the graph’s origin. During the experiment,
the shuttle was displaced forward and backward,
to check for hysteresis. This is clearly visible in
Fig. 12e, there is a force difference between the
two strokes. Initially, the force is zero, but when
the shuttle is displaced and back at its starting
position there is a force difference of 1.50/N. This
is roughly the same as most of the force differ-
ence of the hysteresis. The values of the peaks
of the corrected dimensions are quite close, only
the position alongside the stroke is a bit shifted.
This only holds for the first stroke of the shuttle,
because of the hysteresis. The overall shape of the
lines is pretty much the same, while the results of
the simulations with corrected dimensions follow
the experimental results closely, and all the results
are in the same order of magnitude.

D. Simulations and experiments without the

bistable element

For the purpose of this paper, the results of sim-
ulations and experiments on the design without the
bistable element will be checked as well. This will
highlight the difference in properties between the
original linear guide and the new proposed design.
In Fig. 12a it is visible that the beginning and
end positions of the shuttle are almost the same.
This shows that the bistable element influences
the displacement of the shuttle, so it moves in a
different path. Also for these results, the relative
difference of the initial position to the path of the
shuttle has been displayed. In the simulations for
the stiffness are peaks present which do not occur
during the experiment.
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Parasitic motion without bistable element

Parasitic motion with bistable element
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Fig. 12: Plots of the results of FEA and the experiments, with the x-displacement along the y-axis. In
a and b the parasitic motion is shown, with and without the bistable element in place. In ¢ and d the
stiffness of the mechanism is shown, with and without the bistable element in place. Finally, in e the
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force-displacement graph is shown which displays the bistability.
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(a) Bistability when the mechanism is made out of
titanium.
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(b) Parasitic motion when the mechanism is made out of
titanium.

3.8

3.6

3.4 r

3.2

Stiffness (N/m)
w

«10°8 Stiffness Displacement plot

Y-axis
Z-axis | 4
T

-004 -003 -002 -0.01

0.01 0.02 0.03 0.04

Displacement (m)

(c) Stiffness when the mechanism is made out of titanium.

Fig. 13: Plots of the results of FEA when the mechanism is made out of titanium..

E. Case study

To fulfill the requirements for the case study
parasitic motion and support stiffness of a different
order of magnitude are necessary. Making the
prototype entirely out of titanium will result in a
Young’s modulus that is roughly 35 times higher
than that of the average found value of PLA,
so the requirements of the support stiffness and
parasitic motion should be met, see Fig. 13 for
results. The parasitic motion is in micrometers
(um) and the support stiffness in meganewton per
meter (M N /m). The optimized dimensions of the
model have been used.

IV. DISCUSSION

In this section, the results will be discussed,
regarding the model itself, the optimization, the
experiments and the case study. Finally, some
recommendations for future work are given.

A. Design

The introduction of the bistable element expands
the function of the original linear guide, and the
expected behavior of the mechanism was found
in the simulated and experimental results. The
mechanism can be bistable while maintaining a
high support stiffness and long stroke. The shuttle
was manufactured out of aluminum, so it would be
possible to have a smooth surface for the lasers and



27

be very rigid. It was a bit heavier because the part
was not 3D printed, while it was already hollowed
out. However, due to gravity a little bit of sag of
the shuttle occurred, which did not influence the
results. The bistable element of the prototype is 3D
printed. During these experiments they were under
a lot of pressure, so creep occurred, together with
plastic deformation after 2 or 3 tests, so multiple
bistable elements have been used. It was visible
after a few tests that the bistable element was not
straight anymore when put beside a square.

B. Optimization

For the optimization, 6 design variables have
been addressed, but more variables influence the
support stiffness. These are the length and position
of the flexures and fins of the torsion reinforce-
ment flexures. Different orientations of the fins
can result in other values for the stiffness for
example. The reason these were not considered for
optimization is that knowledge on this particular
design of Rommers is wanted, and optimization on
the shape of the flexures would be difficult. The
optimized values for the width of the torsion rein-
forced flexures and the bistable element were both
the upper boundaries. The reason this boundary
was set is that the shuttle’s dimensions were set,
in order to hold the components for assembly for
the case study. So wider than the upper boundaries
was not an option.

C. Experiments

Because two lasers were set up, it was hard to
configure the center position of the shuttle. In some
way, you are measuring a linear guide with a linear
guide. When positioning the rail where the lasers
are mounted on, a level was used to make sure the
lasers would be level. The slightest angle of this
rail can give a deviation in the results. However, if
this were the case, the noise would have a relative
difference across the entire stroke. The mount that
made sure the middle of the measuring ranges of
the lasers would be at the same distance was 3D
printed, so print inaccuracies of this mount could
also cause a small deviation in the distance of the
lasers. From the test data, it seemed that there was
a slight height difference between the middle of
both measuring ranges. In order to account for
this, the relative distance of these middles has been

calculated and made sure all the data was relative
to each other so it was useful for the results. The
differences in results might also occur because of
the slightly wrong alignment of components during
the experiments. Because all parts are manually
mounted, human error can cause these differences
in the setup, while the simulations are all perfect.
The same holds for the stiffness of the setup.
Everything is tried to be structured as stiff as
possible, but there will always be a margin of
error somewhere, so the perfect stiffness as in
the simulations can not be recreated. Also, the PI
stage can be a reason differences in stiffness are
measured, when higher forces are measured, they
exceed the friction of the structure where the PI
stage is mounted on, so not the full stiffness of the
mechanism can be measured. The extra experiment
for the stiffness of the base frame resulted in the
frame being 7 times more stiff than the measured
stiffness of the mechanism.

D. Results

All results of the simulations with corrected
dimensions are closer to the experimental results
than the simulation results with the optimized
dimensions, so this data set is a nice addition
to make a better comparison between the results.
However, for some results, there still are some
differences.

1) Parasitic motion: The results for parasitic
motion with the bistable element are very close
because the values are in an order of magnitude of
10~%. As stated before in the previous subsection
of the discussion on the experiment, it was tried
to place the rails that hold the lasers to be as level
to the ground as possible. The deviation between
the simulated and experimental results might be
present because this rail was not level enough. So
the results are plotted to relatively different angles,
where the simulations would be perfect. For the
first 50mm of the stroke, the error margin between
the mean value derived from experimental data
and the results of the simulation with corrected
data is within 0.1mm. For the final 20mm the
error margin has a maximum of 0.27mm. For
the results without the bistable element, all are
within 0.35mm. The error margin between the
mean value derived from experimental data and
the results of the simulation with corrected data
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is within 0.1mm. The values of the results of
the simulations with corrected dimensions are 1.5
times larger than the results of the simulations with
optimized dimensions.

2) Support stiffness: The difference between
the experimental results compared to the results
of the simulations with optimized dimensions is
quite large, the support stiffness is almost 8 times
larger. This might be due to fabrication deviations,
wrong material properties, or something wrong
with the experimental setup. However, with the re-
sults of the simulation with corrected dimensions,
the results differ by a factor of almost 5 with both
experimental results. So now the material proper-
ties and dimensions should be more accurate. The
overall shape of the results is somewhat similar.
The stiffness of the mechanism at the beginning
of the stroke is for all results around 1.5 times
smaller than the stiffness at the end of the stroke,
except for the laser experiment. This 1.5 factor
might be present due to the difference in shape
of the flexures. As can be seen in Fig. 5, before
step two, the shuttle and the second half of the
folded leaf flexure have an angle of 45 degrees
between them, while after step two the second half
of the folded leaf flexure is almost in line with the
shuttle. Which would apparently result in a stiffer
position. For the flexures, a three-point bending
test has been executed to acquire the correct values
of the material properties. What might be the case,
is that the material properties for these flexures are
different than the torsion reinforcement flexures,
because these structures have been 3D printed. The
torsion reinforcement flexures cannot be tested or
experimented on easily, so it might be possible that
the deviation is due to this difference in material
properties. As discussed in IV-C, the lack of an
infinite stiff base frame might also cause the factor
5 difference.

3) Bistability: The results for bistability in the
force-displacement graphs of the experiments and
simulations are very close. While the results of
the experiments and simulation with corrected
dimensions follow each other closely, the shape
of the stroke backward seems to be more similar
to the corrected results, only force difference of
one to two Newton. The error margin in results
between the optimized dimension and the exper-

iment is within 1N for the first 50mm of the
stroke and within 4N for the last part of the
stroke. The occurred hysteresis is possible due to
the viscosity of the material. This force difference
of the hysteresis might also be introduced by the
pulley that displaces the mass up and down at the
end of the fishing line during the stroke. Creep is
also noticeable in the plot; when the shuttle was
positioned in its second stable position, there was
a force difference at the end of the first stroke
and the start of the second. An experiment for
friction in the pulley was performed which showed
a force difference in the order of magnitude of
0.2N, which is an order of magnitude lower, so
this can be neglected as a main reason for the
hysteresis.

E. Case study

When looking at the differences between results
with and without bistable elements: the high stiff-
ness and low parasitic motion still hold, while the
concept is now bistable and still has a large stroke.
This indicates that the proof of concept works.

With the comparison of the experimental re-
sults and simulation with the corrected dimensions,
there is a small margin of error. This means
that when the prototype is made out of titanium,
according to Fig. 13, the requirements of the case
study will be met. The support stiffness is in the
order of magnitude of 10° and the parasitic motion
is in the order of magnitude of 10~%. This material
would have more relaxation, so creep does not
occur that fast, which probably removes a big part
of the hysteresis.

F. Recommendations

For further research improving the bistable el-
ement flexures is recommended. Manufacture the
bistable elements out of some sort of metal, so
hysteresis and creep do not occur so fast. Then
maybe the bistable element can be fixed in place
and does not need to be changed after a few exper-
iments. However, take into account that different
thicknesses of these flexures alter the bistability of
the mechanism. See if for the test setup the rails,
to which the lasers are mounted, can be positioned
perfectly level, while also making sure the middle
of the measuring ranges are aligned correctly. This
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way no relative difference between the lasers and
the data can be used more efficiently.

V. CONCLUSION

In this paper, a new design for a bistable linear
guide with high support stiffness is investigated
and validated with experimental tests. The design
is a combination of a flexure-based linear guide
and a bistable compliant switch mechanism. It
is evaluated and implemented with an FEA, and
optimized afterward to acquire a final design. A
parametric model was optimized to fulfill the re-
quirements. The optimization goals were maximiz-
ing stiffness and minimizing parasitic motion in the
direction perpendicular to the axis of the stroke
while maintaining bistability. The dimensions of
the optimized model were determined during this
optimization, so the prototype could be fabricated
into a 3D printed model. Experiments on the
prototype validate the results from the FEA. The
parasitic motion of the prototype was within 1mm,
and its minimum stiffness is at least 10kN/m
while still having a stroke of 70mm. These found
values are in the same order of magnitude as,
and quite close to, the results of the simulations
with corrected dimensions. The parasitic motion
has an error of margin smaller than 0.1mm for
the largest part of the stroke, with a maximum of
0.27mm in the last part of the stroke. However, the
support stiffness had a difference of factor five.
The design was indeed still bistable with nega-
tive stiffness and a peak and valley in the force-
displacement diagram. The results for bistability of
the experiments and the simulations with corrected
dimensions have an error of margin within 1N for
the largest part of the stroke, with a maximum
of 4N in the last part of the stroke. Differences
between the linear guide with and without the
bistable element are minimal and show that it is
still reasonable as a linear guide while maintaining
bistability. In general, the results of this work
show how to create a bistable linear guide with
maintained high support stiffness and low parasitic
motion, while still having a large stroke. The
case study shows promising potential when the
mechanism is made out of the right materials, pure-
grade titanium for example. Bistability does not
influence the characteristics of the linear guide, so

it is a great asset in areas where accuracy in pm or
support stiffness in M N/m have to be achieved.
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Conclusion

This report shows a new design for a large-range bistable linear guide with high support stiffness and
low parasitic motion is investigated and validated with experimental tests. A literature review was done
to find information about linear motion mechanisms making use of compliant mechanism technology.
After that, the new design with the desired behavior is obtained, which can be seen in the research
paper.

To get insight into the current status of compliant linear guides, a literature review has been done.
These mechanisms were divided into different categories, based on what kind of symmetry they hold,
and if they move in a straight or approximate straight line. The performance of the mechanisms was
evaluated on several criteria. The outcome of the review was that the plane and rotational symmetric
designs proved to be the best option for designing compliant linear motion mechanisms. The review
also showed that there are no designs that are bistable while still offering high support stiffness, low
parasitic motion and a large stroke, which is a research gap in this field.

The goal of the paper is to present a new design that meets these requirements. The design is a
combination of a flexure-based linear guide by Rommers and a bistable compliant switch mechanism. It
is evaluated, implemented with an FEA, and optimized afterward to acquire a final design. A parametric
model was optimized to fulfill the requirements. The optimization goals were maximizing stiffness and
minimizing parasitic motion in the direction perpendicular to the axis of the stroke while maintaining
bistability. The dimensions of the optimized model were determined during this optimization so that
the prototype could be fabricated into a 3D printed model. Experiments on the prototype validate the
results from the FEA. The parasitic motion of the prototype was within 1mm, and its minimum stiffness
is at least 10kN/m while still having a stroke of 70mm. These found values are in the same order
of magnitude as the simulations with, and quite close to, the results of the simulations with corrected
dimensions. The design was still bistable with negative stiffness and a peak and valley in the force-
displacement diagram. Differences between the linear guide with and without the bistable element are
minimal and show that it is still reliable as a linear guide while maintaining bistability.

The design presented in the paper has been applied to the case study of a tool that concentrically
aligns two cylinders, one of which is a magnet. The design variables were optimized such that the
mechanism meets the requirements. The tooling shows promising potential when the mechanism is
made out of the right materials, pure-grade titanium for example. Bistability does not influence the
characteristics of the linear guide, so it is a great asset in areas where accuracy in um or support
stiffness in MN /m have to be achieved.
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Appendix A - Concept generation

For the design of a bistable linear guide, different concepts on linear guiding have been reviewed,
the same holds for bistable mechanisms. For the concept generation different combinations of linear
guides and bistable mechanisms have been considered. Each of these will be explained in this section.

A.1. Concept 1

The first concept is a variation on a conventional compliant switch mechanism, a bistable compliant
mechanism. However, this is a 3D design, so it encloses the shuttle from three sides. Multiple bistable
beams can be put in place to counter the warp a bistable mechanism might have. Because of the
symmetry the design would have minimal parasitic motion and support stiffness would be quite high
relative to its size.

Top

Side

Figure A.1: Concept 1

A.2. Concept 2

The second concept is based on the same bistable compliant mechanism. However, in this design,
extra springs have been put in place to compensate for the warp of the shuttle. This 2D design could
be made quite compact, but the question would be if the support stiffness would drop significantly by
the addition of these springs.
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Figure A.2: Concept 2

A.3. Concept 3

The third concept is based on the linear guides that are mainly used in MEMS. The design would be
scalable, so it would be able to reach the required stroke. However, this would mean the entire design
would become quite large. Another challenge would be to make these bistable. Their parasitic motion
and support stiffness are relatively high compared to their size.

Figure A.3: Inspiration for concept 3

A.4. Concept 4

This design uses the design of Rommers as a starting point. It offers high support stiffness and low
parasitic motion while making a large stroke. The design is quite small relative to its stroke. The
challenge here would be to make it bistable. By combining the basic bistable compliant mechanism as
has been mentioned previously and this linear guide, the requirements of this paper could be met.

Figure A.4: Inspiration for concept 4

A.5. Final design

After considering the concepts, concept 4 has been chosen to work with. It showed most promise for
combining mechanisms, while the others had more difficult challenges to tackle or other uncertainties.
Concept 1 would be very hard to manufacture and test with a prototype. Another issue is that the
support stiffness would probably be too low as well. Option 2 would be very interesting to see to be
brought to life. But here the support stiffness would be an issue as well, because of the springs in series
the stiffness will drop significantly. Concept 3 will be probably too big if it needs to make the required
stroke. On top of that, to make it bistable would also be a big challenge. In the end, option 4 seems to
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be the best, because it has the best starting point to work on. The principle is simple while still being
very efficient. The design has been explained and evaluated in the paper.






Appendix B - Additional experiments

B.1. E-modulus

One of the factors that could realize this difference is the wrong chosen material properties, an average
of found values was used, but because of the range of found values there is some uncertainty. That is
why a three-point bending test has been performed on the 3D printed bistable flexures with the torque en
tensile sensors of Zwick Roell KAF-TC. Now the correct E-modulus and G-modulus can be calculated.
Multiple tests per sample have been done, with 3 samples per color, so both the properties for the grey
and black flexures can be acquired. The experiments resulted in force-displacement graphs, from which
the slope could be calculated. Inserting that in the formula for the E-modulus: E = (slope = L3)/(48I)
where the moment of inertia I for both colors is different, with I being I = (bh®)/12. Resulting in an
E-modulus of 3D printed parts: E(blackparts) = 2.418GPa and E(greyparts) = 2.592GPa.

B.2. Force difference in bistability plot

An experiment of bistability without the model has been performed, to check why there is a force differ-
ence during the stroke back and forth. As visible in Figure B.1, the force difference between the pulley
and mass is around 0.2N, which means it has no significant impact on the results.

Force difference
0.25

0.2
0.16 1
0.1

0.06

Force (N)

-0.05

-01

045 | ] | | ] | | ]
-10 0 10 20 30 40 50 60 70
Displacement (m)

Figure B.1: Force difference during the stroke with only a mass and pulley.
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Appendix C - Additional results

C.1. Stress results

In figure C.1 and C.2 the von Mises stress plots can be seen of the design of Rommers, which the
design in the paper is based on. The stress build-up is maximum around the connection of the torsion
reinforced flexure and the base.

von Mises (N/m*2)
1,276e+07

| 1,148e+07

_ 10216407

_ 8931e+06

_ 76568406

| 63808406

L 5,104e406

| 38286406

2552e+06
1,276+06
25082402

Figure C.1: Von Mises stress when applying a displacement of 25mm upwards.

von Mises (N/mA2)
1,304e+07

L 1,173e+07

_ 10436407

_ 9,126e+06

| 7,822e+06

| 6519e+06

| 5.215e+06

| 3911e+06

2,608e+06
1,304e+06
1,195e+02

Figure C.2: Von Mises stress when applying a displacement of 25mm downwards.

Keep in mind that these simulations were done without the bistable element in place.
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D.1. Objective function
Main code for the objective function:

Appendix D - Code

function objective = Param opt 3runs(variables)

TBB = variables ;
v = variables
LB = variables
HBB = variables
TF = variables

HF = variables

close all

par.nTimestep = 100;
par.nlter = 100;
par.conv = le-6;
par.plots = 'off’;
par.getKend = 0;
par.step = "off’

addpath ’..\core’

e s = 20;

e £ = 10;

e b2= 8;

e b =e b2*2-1;
alpha = 60;
beta = 44.48;
gamma = 74.48;
delta = 45;

epsilon = 15.44;

n
Il

37.573e-3;
S b = 36.22e-3;
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TMM
HMM

di
X s
X i

40e-3;
40e-3;
80e-3;
40e-3;

splaceme
troke
nitial

nts
= 70e-3;
= 0.

5*X stroke;

x=[linspace (0,L*cosd(alpha),e s)...

linspace (L*cosd(alpha),

linspace (0,
linspace (0,
linspace (0,

0,e s)...
0,e b2).
0,e b2).
L*cosd(alpha) e s)...

linspace (L*cosd(alpha),0,e_s) ...

(
(
(
(
(
(
linspace (0
linspace (-
linspace (0
linspace (0
linspace (0
linspace (0
linspace (0
linspace (0
linspace (
linspace (0
linspace (0
linspace (0
linspace (0
linspace (0
linspace (0
linspace (-
linspace
linspace (-
linspace (
linspace (
linspace (
linspace (
linspace (
linspace (
linspace
linspace (
linspace (
linspace (
linspace (
linspace (
linspace (
linspace (-
linspace (0,

(0

0
0
0
0
0
0
(
0
0
0
0
0
0

linspace (0,

F*sind (beta),
.25*L*cosd (alpha),
.25*L*cosd (alpha)
.5*L*cosd (alpha)
.5*L*cosd (alpha) +F*sind (gamma)
.75*L*cosd (alpha),
.75*L*cosd (alpha)+F*sind (gamma)
L*cosd (alpha)

75*L*cosd (alpha)+F*sind (gamma), 0.75*L*cosd (alpha) ,e f) ...
.75*L*cosd (alpha),
.5*L*cosd (alpha) +F*sind (gamma)
.5*L*cosd (alpha)
.25*L*cosd (alpha)
.25*L*cosd (alpha),
F*sind (beta),

.25*L*cosd (alpha)
.5*L*cosd (alpha)
.5*L*cosd (alpha) +tF*sind (gamma)
.75*L*cosd (alpha),
.75*L*cosd (alpha)+F*sind (gamma) , L*cosd (alpha)
L*cosd (alpha)

75*L*cosd (alpha)+F*sind (gamma), 0.75*L*cosd (alpha) ,e_f) ...
.75*L*cosd (alpha),
.5*L*cosd (alpha) +F*sind (gamma)
.5*L*cosd (alpha)
.25*L*cosd (alpha)

F*sind (beta),

,~F*sind(beta),e f)..

0. 25*L*cosd(alpha) e f).

0.25*L*cosd (alpha) - F*sind(beta)
-F*sind (beta),0.5*L*cosd (alpha),
,0.5*L*cosd (alpha)+F*sind (gamma)
,0.75*L*cosd (alpha)

, L*cosd (alpha)
,0.75*L*cosd (alpha)+F*sind (gamma) , e
0.5*L*cosd (alpha) +F*sind (gamma)
,0.5*L*cosd (alpha),
,0.25*L*cosd (alpha) -F*sind (beta)
-F*sind(beta), 0.25*L*cosd (alpha)
-F*sind (beta),e f)...

0,e f)...

,-F*sind(beta),e f).

F*sind(beta), 0. 25*L*cosd(alpha),e f).

25*L*cosd (alpha),0.25*L*cosd (alpha) - F*sind(beta)
-F*sind(beta), 0.5*L*cosd (alpha)
,0.5*%L*cosd (alpha) +F*sind (gamma) ,
,0.75*L*cosd (alpha)

,0.75*L*cosd (alpha) +F*sind (gamma)

0.5*L*cosd (alpha) +F*sind (gamma)
,0.5*L*cosd (alpha),
,0.25*L*cosd (alpha)-F*sind (beta),
-F*sind(beta),0.25*L*cosd (alpha)
25*L*cosd(alpha),-F*sind(beta),e f)...

O0,e f)...

0,e f).

O,e_S)]’;

e f). ..
e f)...

e f)y...

e f). ..

0.75*L*cosd (alpha)+F*sind (gamma),e f)...
e f)...
_f)y...

e f) ...
e f)...

e f)...

e f) ...

e f)...

e f)y...

e f)...
e f)...

0.75*L*cosd (alpha)+F*sind(gamma),e f)...
e f)...
re_

f)...

e f). ..
e f)
e f).
e f)...

x([e_s,2%e_s,2%e _s+te b2,2%e s+2*e b2,3*e _s+2*e b2+1l,4*e s+2*e b2+1,

4*

e st+2*e b2+e f+1,4%*

e st2*e b2+2*e f+l1,4%e s+2%e b2+3*

4*e s+2*e b2+4*e f,4*e s+2*e b2+5*e f,4*e s+2*e b2+6*e f,
d*e s+2*e b2+7*e f,4*e s+2*e b2+8*e f,4d*e s+2*e b2+8*e f+1,

4*e s+2*e b2+9*e f+1,4*e s+2*e b2+10*e f+1,4*e s+2*e b2+1l*e f+1,
4*e s+2*e b2+12*e f+1,4*e s+2*e b2+13*e f+1,4*e s+2*e b2+14*e f+1,
d*e s+2*e b2+15*e f+l,4*e _s+2*e b2+16*e f,4*e st+2*e b2+16*e f+1,
4*e s+2*e b2+l6*e f+l,4*e s+2*e b2+17*e f+1,4*e s+2*e b2+18*e f+1,
4*e s+2*e b2+19*e f+1,4%e s+2*e b2+20*e f+1,4*e s+2*e b2+21*e f+1,
d*e s+2*e b2+22*%e f+l,4*e_s+2*e b2+23*e f+1,4*e s+2*e b2+24*e f,

e f+1,
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4*e s+2*e b2+24*e f+1,4*%e s+2*e b2+25*e f+1,4*e s+2*e b2+26*e f+1,
4*e s+2*e b2+27*e f+l,4%e s+2*e b2+28*e f+l,4*e s+2*e b2+29*e f+1,
d*e_s+2*e b2+30*e_f+1,4*e_s+2*e_b2+31*e_f+1,4*e_s+2*e_b2+32*e_f,
4*e st+2*e b2+32*e f+l1,4*e s+2*e b2+33*e f+1])=[];

y=[linspace(0,L*sind(alpha),e s)...
linspace (L*sind(alpha),2*L*sind(alpha),e s) ...
linspace (2*L*sind (alpha),2*L*sind (alpha)+S*cosd(epsilon),e b2)...
linspace (2*L*sind(alpha)+S*cosd(epsilon),2*L*sind (alpha)+
S*sind(epsilon)+S*cosd(epsilon),e b2)...
linspace (2*L*sind(alpha)+S*sind (epsilon)+S*cosd(epsilon),
2*L*sind (alpha)+S*sind(epsilon)+S*cosd(epsilon),e s)...
linspace (2*L*sind(alpha)+S*sind (epsilon)+S*cosd(epsilon),
2*L*sind (alpha)+S*sind(epsilon)+S*cosd(epsilon),e s) ...
linspace (0, F*cosd(beta),e f)...
linspace (F*cosd(beta),0.25*L*sind(alpha),e f)...

(

(

(

(

(
linspace (0.25*L*sind (alpha), 0.25*L*sind (alpha)+F*cosd(beta),e f)...
linspace (0.25*L*sind (alpha)+F*cosd(beta),0.5*L*sind (alpha),e f)...
linspace (0.5*L*sind(alpha),0.5*L*sind (alpha)-F*cosd(gamma) ,e f)...
linspace (0.5*L*sind (alpha)-F*cosd(gamma), 0.75*L*sind (alpha),e f)...
linspace (0.75*L*sind (alpha), 0.75*L*sind (alpha)-F*cosd (gamma) ,e f) ...
linspace (0.75*L*sind (alpha)-F*cosd(gamma) ,L*sind(alpha),e f)...

linspace (L*sind(alpha), L*sind(alpha)+F*sind(beta),e f)...

linspace (L*sind (alpha)+F*sind(beta),1.25*L*sind (alpha),e f)...
linspace (1.25*L*sind (alpha),1.25*L*sind(alpha)+F*sind(beta),e f)...
linspace (1.25*L*sind (alpha)+F*sind(beta),1.5*L*sind(alpha),e f)...
linspace (1.5*L*sind(alpha),1.5*L*sind (alpha)-F*cosd(gamma) ,e f)...
linspace (1.5*L*sind (alpha)-F*cosd(gamma),1l.75*L*sind (alpha),e f)...

(1

linspace
linspace (1.75*L*sind (alpha)-F*cosd(gamma) , 2*L*sind (alpha),e f)...

linspace (2*L*sind (alpha)+S*cosd(epsilon)+S*sind(epsilon),2*L*sind (alpha)+

S*cosd (epsilon)+S*sind(epsilon),l6*e f)...

linspace (2*L*sind(alpha)+S*cosd(epsilon),2*L*sind (alpha)+S*cosd(epsilon) -

S b*cosd(delta),e f)...

linspace (2*L*sind (alpha)+S*cosd(epsilon)-S b*cosd(delta),2*L*sind(alpha)+

S*cosd(epsilon)-S b*cosd(delta)-LB*cosd(delta),e s)]’;

y(le s,2%e s,2%e _s+e b2,2*e s+2*e b2,3*%e s+2*e b2+1,4*e s+2*e b2+1,
4*e s+2*e b2+e f+1,4*e s+2*e b2+2*e f+l,4*e s+2*e b2+3*e f+1,
4*e s+2*e b2+4*e f,4*e s+2*e b2+5*e f,4*e s+2*e b2+6*e f,
d*e s+2*e b2+7*e f,4%e s+t2*e b2+8*e f,4d*e s+2*e b2+8*e f+1,
4*e s+2*e b2+9*e f+l,4*e s+2%e b2+10*%e f+l,4*%e s+2*e b2+1l*e f+1,
4*e s+2*e b2+12*e f+1,4*%e s+2*e b2+13*e f+1,4*e s+2*e b2+14*e f+1,
4*e s+2*e b2+15*%*e f+l,4*e s+2*e b2+le*e f,4*%e s+2*e b2+l6*e f+1,
4*e s+2*e b2+l6*e f+l,4%e s+2*e b2+17*e f+l,4*e s+2*e b2+18*e f+1,
4*e s+2*e b2+19*e f+1,4*e s+2*e b2+20*e f+1,4*e s+2*e b2+21*e f+1,
d*e s+2*e b2+22*%e f+l,4*e_s+2*e b2+23*e f+1,4%e _s+2*e b2+24*e f,
4*e s+2*e b2+24*e f+1,4%e s+2*e b2+25*e f+1,4*e s+2*e b2+26*e f+1,
4*e s+2*e b2+27*e f+1,4%e s+2*e b2+28*e f+1,4*e s+2*e b2+29*e f+1,
4*e s+2*e b2+30*e f+1,4%e s+2*e b2+31*e f+1,4*%e s+2*e b2+32*e f,
4*e s+2*e b2+32*%e f+l,4*e s+2*e b2+33*e f+1]1)=[1;

z=[linspace(0,0,e s)...
linspace(0,0,e s)...
linspace (0, S*sind (epsilon),e b2)...
linspace (S*sind(epsilon), S*sind(epsilon)+S*cosd(epsilon),e b2)...

linspace (S*sind(epsilon)+S*cosd(epsilon), S*sind(epsilon)+S*cosd(epsilon)+

L*sind(alpha),e s)...

linspace (S*sind(epsilon)+S*cosd(epsilon)+L*sind(alpha),S*sind (epsilon)+

S*cosd(epsilon)+2*L*sind(alpha),e s)...
linspace(0,0,e f)...
linspace(0,0,e f)...

.75*L*sind (alpha),1.75*L*sind (alpha)-F*cosd (gamma),e f)...
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Z (

nb

linspace(0,0,e f).
linspace(0,0,e f)..
linspace(0,0,e f)..
linspace(0,0,e f)..
linspace(0,0,e f)..
linspace(0,0,e f)...

linspace(0,0,8%e f) ...
linspace (S*sind(epsilon)+S*cosd(epsilon),S*sind(epsilon)+S*cosd(epsilon)+
F*cosd(beta),e f)...
linspace (S*sind (epsilon)+S*cosd(epsilon)+F*cosd(beta),S*sind (epsilon) +
S*cosd(epsilon)+ 0.25*L*sind(alpha),e f)...
linspace (S*sind(epsilon)+S*cosd(epsilon)+0.25*L*sind (alpha),S*sind(epsilon) +
S*cosd(epsilon)+0.25*L*sind (alpha)+F*cosd(beta),e f)...
linspace (S*sind(epsilon) +S*cosd (epsilon)+0.25*L*sind (alpha)+F*cosd (beta),
S*sind(epsilon)+S*cosd(epsilon)+0.5*L*sind (alpha),e f)...
linspace (S*sind (epsilon)+S*cosd(epsilon)+0.5*L*sind (alpha),S*sind(epsilon)+
S*cosd(epsilon)+0.5*L*sind (alpha)-F*cosd(gamma),e f)...
linspace (S*sind(epsilon)+S*cosd(epsilon)+0.5*L*sind (alpha)-F*cosd (gamma) ,
S*sind(epsilon)+S*cosd(epsilon)+0.75*L*sind (alpha),e f)...
linspace (S*sind(epsilon) +S*cosd(epsilon)+0.75*L*sind (alpha),S*sind(epsilon) +
S*cosd(epsilon)+0.75*L*sind (alpha)-F*cosd (gamma) ,e f) ...
linspace (S*sind (epsilon)+S*cosd(epsilon)+0.75*L*sind (alpha)-F*cosd (gammna) ,
S*sind(epsilon)+S*cosd(epsilon)+L*sind(alpha),e f)...
linspace (S*sind(epsilon)+S*cosd(epsilon)+L*sind (alpha),S*sind (epsilon) +
S*cosd(epsilon)+L*sind(alpha)+F*sind(beta),e f)...
linspace (S*sind(epsilon) +S*cosd(epsilon)+L*sind (alpha)+F*sind (beta),
S*sind(epsilon)+S*cosd(epsilon)+1.25*L*sind(alpha),e f)...
linspace (S*sind (epsilon)+S*cosd(epsilon)+1.25*L*sind (alpha),S*sind(epsilon)+
S*cosd(epsilon)+1.25*L*sind (alpha)+F*sind(beta),e f)...
linspace (S*sind(epsilon)+S*cosd(epsilon)+1.25*L*sind(alpha)+F*sind(beta),
S*sind(epsilon)+S*cosd(epsilon)+1.5*L*sind(alpha),e f)...
linspace (S*sind(epsilon)+S*cosd(epsilon)+1.5*L*sind (alpha),S*sind(epsilon)+
S*cosd(epsilon)+1.5*L*sind (alpha)-F*cosd(gamma),e f)...
linspace (S*sind (epsilon)+S*cosd(epsilon)+1.5*L*sind (alpha)-F*cosd (gamma) ,
S*sind(epsilon)+S*cosd(epsilon)+1.75*L*sind (alpha),e f)...
linspace (S*sind(epsilon)+S*cosd(epsilon)+1.75*L*sind(alpha), S*sind(epsilon) +
S*cosd(epsilon)+1.75*L*sind (alpha)-F*cosd(gamma) ,e_f) ...
linspace (S*sind(epsilon)+S*cosd(epsilon)+1.75*L*sind (alpha)-F*cosd (gamma),
S*sind(epsilon)+S*cosd(epsilon)+2*L*sind(alpha),e f)...
linspace (S*sind(epsilon), S*sind(epsilon)+S b*sind(delta),e f)...
linspace (S*sind(epsilon)+S b*sind(delta),S*sind(epsilon)+S b*sind(delta)+
LB*sind(delta),e s)]’;
[e s,2%e s,2%e _ste b2,2%e s+2*e b2,3*e _s+2*e b2+1,4*e s+2*e b2+1,
4*e s+2*e b2+e f+l,4*e s+2*e b2+2*e f+l1,4*%e s+2*e b2+3*e f+1,
4*e s+2*e b2+4*e f,4*e s+2*e b2+5*e f,4*e s+2*e b2+6*e f,
d*e s+2*e b2+7*e f,4*%e s+t2*e b2+8*e f,4*e s+2*e b2+8*e f+1,
4*e s+2*e b2+9*e f+l,4*e s+2*%e b2+10*%e f+l,4*%e s+2*e b2+1l*e f+1,
4*e s+2*e b2+12*e f+1,4*%e s+2*e b2+13*e f+1,4*e s+2*e b2+14*e f+1,
4*e s+2*e b2+15*%*e f+1,4*e s+2*e b2+lé*e f,4*%e s+2*e b2+l6*e f+1,
4*e s+2*e b2+l6*e f+1,4%e s+2*e b2+17*e f+l,4*e s+2*e b2+18*e f+1,
4*e s+2*e b2+19*e f+1,4*e s+2*e b2+20*e f+1,4*e s+2*e b2+21*e f+1,
d*e s+2*e b2+22*%e f+l,4*e_s+2*e b2+23*e f+1,4%e s+2*e b2+24*e f,
4*e s+2*e b2+24*e f+l,4*e s+2*e b2+25*e f+1,4*e s+2*e b2+26*e f+1,
4*e s+2*e b2+27*e f+1,4%e s+2*e b2+28*e f+1,4*e s+2*e b2+29*e f+1,
d*e s+2*e b2+30*e f+1,4*e_s+2*e b2+31*e f+1,4%e s+2*e b2+32*e f,
4*e s+2*e b2+32*%e f+l,4*e s+2*e b2+33*e f+1]1)=[1];

eam = numel (x);
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m.X = [x,Vy,2z,zeros (3,nbeam)’];
m.elementNodes= [l:2*%e s-2 2*e s-1:2*e_s+e b-3 2*e ste b-2:4%e s+e b-5
1 4*e s+te b-3:4*e s+e b+8*e f-14 4*e s+te b+8*e f-13 0.25*e s 0.5*e_s
0.75*e s e s 4*e s+te b+8*e f-12:4*e s+e b+lo*e f-23 4*e s+e b+lo*e f-22
1.25*%e_s 1.5%e s 1.75%e_s 2*e s+te b-2
4*e_s+e_btle*e f-21:4*e_s+e b+24*e f-32
4*e ste b+24*e f-31 4*e s+te b+18*e f-24 4*e s+te b+20*e f-26

4*e s+e b+22*e f-28 e b+3*e s-3 4*e s+te b+24*e f-30:4*e s+te b+32*e f-41
4*e s+e b+32*e f-40 4*e s+e b+28*e f-35 4*e s+e b+30*e f-37
2*e s+te b-9 4*e ste b+32*e f-39:4*e s+te b+33*e f-42 4*e s+te b+33*e f-41
4*e st+e b+33*e f-40:5*e_s+e b+33*e f-43 ; 2:2%e_s-1
2*e s:2*e ste b-2
2*e ste b-l:4*e ste b-4 4*e s+te b-3 4*e ste b-2:4*e ste b+8*e £-13
e s 4*e s+te bt+2*e f-6 4*e s+te bt+d*e f-8 4*e s+e bt+6*e f-10
4*e s+e b+8*e f-12 4*e s+e b+8*e f-11l:4*e s+e b+lo*e f-22 2*e s-1
4*e ste b+10*e f-15 4*e ste b+l2*e f-17 4*e ste b+ld*e £-19

4*e s+e bt+le*e f-21 4*e s+e bt+lo*e f-20:4*e s+e b+24*e f-31 e b+3*e s-3
e b+2.25%e¢ s-2 e b+t2.5%e s-2 e b+2.75*e s-2 4*e st+e b+24*e f-30
4d*e ste b+24*e f-29:4*e s+e b+32*e £-40 e btd*e s-4 e b+3.5%e s-3

e b+3.75*%e _s-3 4*e s+e b+32*e f-39
4*e s+e b+32*e f-38:4*e s+e b+33*e f-41

4*e ste b+33*e £-40 4*e ste b+33*e f-39:5*e s+e b+33*e f-42]' ;
m.numberNodes = size(m.X,1);
m.numberElements = size(m.elementNodes, 1) ;
m.eqn = 6*m.numberNodes;
m.x = reshape (m.X’,m.eqn,1l) ;
sPLA
m.E = 3.50e9 * ones(l,m.numberElements); “youngs modulus
m.G = 2.4e9 * ones(l,m.numberElements); shear modulus
H = TF * ones(l,m.numberElements); thickness

H(2*e s-1:2*e _s+e b-3) =
H(4*e_s+e _b+33*e f-35:4*e_s+e b+34*e f-37)
H(4*e s+e b+34*e f-36:5*e s+e b+34*e f-38)

W = HF * ones(l,m.numberElements); %height flexure
W(2*e s-1:2*e s+te b-3) = HMM;
W(4*e st+e b+33*e f-35:4*e s+e b+34*e £f-37) = HMM;
W(4*e s+e b+34*e f-36:5*e s+e b+34*e f-38) = HBB;

m = DefineCrossSection (m,’rectangle’,H,W);
Use this for a single

CSO = [ 100 0 017; % cross section orientation

m.GuideCurve = repmat (CSO,1,m.numberElements)

m.guidecurve = reshape (m.GuideCurve, 3*m.numberElements, 1) ;

ntation point

core
for e = l:m.numberElements

x21=(m.X (m.elementNodes (e,2),1:3)’'-m.X(m.elementNodes (e, 1),1:3)");
ell = (x21) /norm(x21) ;
e03star = veccross(e01, [0.00001 0.000001 117);
eO3star = cross(e0l, m.guidecurve (3* (m.elementNodes(e,1)-1)+[1:3]) -
m.X (m.elementNodes (e,1),1:3)");
e03 = e03star/norm(e03star) ;
e02 cross (e03,e01) ;
Ro = [e01l e02 e037]; 5 voor eqn 4.28
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m.trl(:,:,m.elementNodes (e, 1)) = eye (3)*Ro;
m.tr2(:,:,m.elementNodes (e, 1)) = eye(3) *Ro;
end

m.trl(:,:,m.numberElements) = eye (3) *Ro;

m.tr2 (:, :,m.numberElements) eye (3) *Ro;

m.Rgl = repmat (eye(3),1,1,m.numberElements) ;
m.Rg2 = repmat (eye(3),1,1,m.numberElements);
m.D = zeros (6, m.numberNodes) ' ;

m.d = zeros(m.eqn,l);

% plotBeams (m,’'r’)
grid on

try

BOUNDARY CONDITIONS on begin- and endpoint
Ist run

pointconstraints=zeros (6,m.numberNodes); <creates a 6 by N array with zeros

pointconstraints ([l 2 3 4 5 6],1) = 1; %base flexure 1
pointconstraints(1l,2*e s+e b-9) = 1; $middle moving module

pointconstraints([1 2 3 4 5 6],4*e _s+e b-4) = 1; %k e flexure 2

pointconstraints([1 2 3 4 5 6],5%e s+e b+33*e f-42) = 1; %base bistable element

dofs.bc = find(pointconstraints)’;

dofs.dp = zeros(sum(pointconstraints,’all’),1);

activeconstraints = [14,15];

dofs.dp(activeconstraints) = [V*cosd(delta),-V*cosd(delta)]; %preload displacement

Fe = zeros(m.eqn,l);%geleidelijke kracht toepassen

PreFe = zeros(m.eqn,1l); %instant kracht

dofs.all = (l:m.eqgn)’;

sdofs.bc = bc(~isnan([dofs.dp]));

sdofs.dp = dofs.dp(~isnan([dofs.dp]))

dofs.R =

sparse(l:length(dofs.bc), [dofs.bc],1+0*dofs.bc, length(dofs.bc),m.eqn) ;

[history, m] = solveNONLINstaticCOR (m,dofs,par,Fe,PreFe);
plotBeams (m,'b’)

def="def’;
PlotBeamsCrossSections (m, par,def)

2nd run

pointconstraints=zeros (6,m.numberNodes); %creates a 6 by N array with zeros

pointconstraints ([l 2 3 4 5 6],1) = 1; %base flexure 1
pointconstraints(l,2*e s+e b-9) = 1; tmiddle moving module
pointconstraints([1 2 3 4 5 6],4*%e_s+te b-4) = 1; $base flexure 2
pointconstraints([1 2 3 4 5 6],5*e _s+e b+33*e f-42) = 1; Sbase bistable element

dofs.bc = find(pointconstraints)’;

dofs.dp = zeros(sum(pointconstraints,’all’),1);

activeconstraints = [7];

dofs.dp(activeconstraints) = X stroke; “displacement of moving module
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Fe = zeros(m.eqn,l);%geleidelijke kracht toepassen
PreFe = zeros(m.eqn,l); %instant kracht

PreFe ((2*e _s+te b-10)*6+2) = 5; % N y (positief)
5 PreFe((2*e _s+e b-10) *6+3) = -5; % N z (negatief)
dofs.all = (l:m.eqgn)’;
$dofs.bc = bc(~isnan([dofs.dp]));
$dofs.dp = dofs.dp(~isnan([dofs.dpl))
dofs.R =

sparse(l:length(dofs.bc), [dofs.bc],1+0*dofs.bc, length (dofs.bc),m.eqn) ;
[history2, m2] = solveNONLINstaticCOR (m,dofs,par,Fe,PreFe);
% plotBeams (m2,’'b’)

def="def’;
% PlotBeamsCrossSections (m,par,def)

%% 3rd run

pointconstraints=zeros (6,m.numberNodes); %creates a 6 by N array with zeros

pointconstraints ([l 2 3 4 5 6],1) = 1; %base flexure 1
pointconstraints(l,2*e s+e b-9) = 1; $middle moving module
pointconstraints([1 2 3 4 5 6],4%e _s+e b-4) = 1; %base flexure 2
pointconstraints([1 2 3 4 5 6],5*%e _s+e b+33*e f-42) = 1; Sbase bistable element
dofs.bc = find(pointconstraints)’;

dofs.dp = zeros(sum(pointconstraints,’all’),1l);

activeconstraints = [7];

dofs.dp(activeconstraints) = X stroke; “displacement of moving module

Fe = zeros(m.eqgn,l);%geleidelijke kracht toepassen

PreFe = zeros(m.eqgn,l); %instant kracht

PreFe ((2*e_s+e b-10)*6+2) = 5; $ N y (positief)

$ PreFe((2*e _s+e b-10)*6+3) = -5; % N z (negatief)

dofs.all = (l:m.eqn)’;

sdofs.bc = bc(~isnan([dofs.dp]));

sdofs.dp = dofs.dp(~isnan([dofs.dp]))

dofs.R =

sparse(l:length(dofs.bc), [dofs.bc],1+0*dofs.bc, length (dofs.bc),m.eqn) ;

[history3, m3] = solveNONLINstaticCOR (m,dofs,par,Fe,PreFe);
$ plotBeams (m2,’b’)

def=’"def’;
$ PlotBeamsCrossSections (m,par,def)

%% Objective function

$make a vector of the positions of x
x positions = zeros(par.nTimestep, 1);
for X = l:par.nTimestep
x positions (X) = history2(X).m.D(2*e s+e b-9, 1);
end

tmake a vector of the forces on x
RF x positions = zeros(par.nTimestep, 1);
for X = l:par.nTimestep
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RF x positions(X) = history2(X).RF(7);
end

figure
plot (x positions,RF x positions);
title (' Force Displacement plot’)

5| x1label (" Displacement (m)’ )

ylabel (' Force (N)’ )

hold on

grid on

tbase position MMM(y,z), after positioning into bistable modus
y _MMM= history(par.nTimestep).m.X(2*e s+e b-9,2)+

history(par.nTimestep) .m.D(2*e s+e b-9,2);
z MMM= history(par.nTimestep) .m.X(2*e s+e b-9,3)+
history(par.nTimestep) .m.D(2*e s+e b-9,3);

%initial positions MMM (y,z) during stroke without preforce
y MMM = zeros (par.nTimestep, 1);
for X = l:par.nTimestep
y MMM (X) = history2(X).m.X(2*e s+e b-9,2)+history2(X).m.D(2*e_s+e b-9,2);
end

z MMM zeros (par.nTimestep, 1);
for X = l:par.nTimestep

z MMM (X) = history2(X).m.X(2*e s+e b-9,3)+history2(X).m.D(2*e s+e b-9,3);
end

rdinates MMM (y,z) during stroke with preforce

new co
y MMM new = zeros (par.nTimestep, 1);
for X = l:par.nTimestep

y MMM new (X) = history3(X).m.X(2*e s+e b-9,2)+history3(X).m.D(2*e s+e b-9,2);
end

z MMM new = zeros(par.nTimestep, 1);
for X = l:par.nTimestep

z MMM new (X) = history3(X).m.X(2*e s+e b-9,3)+history3(X).m.D(2*e s+e b-9,3);
end

$displacement vectors

initial MMM = [y MMM,z MMM] ;

new MMM = [y MMM new,z MMM new];
parasitic MMM = new MMM - initial MMM;

$stiffness dF/dy at MMM(y) & dF/dz at MMM (z)
y stiffness = PreFe((2*e st+e b-10)*6+2) ./ parasitic MMM(:,1);
z _stiffness = PreFe((2*e_s+e b-10)*6+3) ./ parasitic MMM(:,2);

stiffness = [y stiffness,z stiffness];
$create objective function

[max force, max idx] = max(RF _x positions);
[min force, min idx] = min(RF_x positions);
sdesired forces

desired max force = 5;

sweight for components, position if needed
weight = 1;
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weight 1 le6;
weight 2 = leb5;

Desired mean for RF x positions
desired mean RF = 0.15;
scalculation of the objective components
componentl = weight * min(abs(y stiffness)); check if y or z stiffness
component2 = weight 1 * (max force - desired max force)"2;
component3 = weight 2 * (mean(RF_x positions) - desired mean RF)"2;
scombination of the objective components
objective = -componentl + component2 + component3;
catch ME
disp([’Error in Param opt: ’ ME.message]);
objective = NaNj; Return NaN when there’s an error
end
fprintf (' Current Objective Value: $.4f\n’, objective);
end
D.2. Optimization Single-run
Main code for the single-run optimizer:
Fmincon
$define initial guess for the parameters

x0 = [0.0016 0.009 0.115 0.0175 0.00125 0.035];
~ TBB B

beqgq [1; - inear equality constraints
1b = [1.4e-3 7e-3 110e-3 15e-3 l1le-3 30e-3]; %1o

er b
ub = [1.8e-3 10e-3 120e-3 20e-3 1.5e-3 40e-3]; > Upper
tic;

Call fmincon

ounds

bounds

options = optimoptions (@fmincon,’Display’,’iter-detailed’);

[optimal variables, fval ,exitflag] = fmincon(@Param opt 3runs, x0, A, b,

Aeq, beq, 1lb, ub,[], options);

sprint the results

fprintf (' The optimal parameters are: %.4f,%.4f,%.4f,
optimal variables);

fprintf (' The objective value is: %.4f\n’, fval);

oe

elapsedTime = toc;
fprintf (' Time taken for optimization: %.2f seconds\n’,

elapsedTime) ;
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D.3. Optimization Multistart

Main code for the Multistart object optimizer:

1b [1.4e-3 8e-3 110e-3 15e-3 1le-3 30e-3];
ub = [1.8e-3 10e-3 120e-3 20e-3 1.5e-3 40e-31;

x0 [0.0016 0.009 0.115 0.0175 0.00125 0.035];

opts = optimoptions (@fmincon,’Algorithm’,’sqgp’);

problem = createOptimProblem(’ fmincon’,’objective’,@Param opt 3runs,’x0’,x0,
"1b’,1b,’ub’ ,ub,’options’,opts) ;

ms = MultiStart();
[x,fval,exitflag,output,solutions] = run(ms,problem, 4)
save (“optimresults.mat”)

fprintf (' The optimal parameters are: %$.4f,%.4f,%.4f,%.4f,%.4f,%.4f\n’", x);
4

o)

fprintf (' The objective value is: %.4f\n’, fval);
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