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Summary

In the high-precision industry, there is an increasing drive to increase performance in precision and
speed. In the field of lithography machines, there is a drive to increase the range of motion and support
stiffness for compliant mechanisms. These mechanisms are the perfect fit due to their excellent proper-
ties in repeatability, no need for lubrication and a lack of friction. These compliant mechanisms pose a
few common limitations such as their limited range of motion, high stress peaks and a significant drop
in support stiffness when deflected.

In the first part of this thesis, various approaches for development of high range of motion compliant
one degree-of-freedom guiding mechanisms are compared on their precision, range of motion and sup-
port properties. Two approaches from literature, namely variable thickness flexures and initially curved
flexures show high potential. Variable thickness flexures show promise in terms of increasing support
stiffness when deflected and show the ability to minimize stress for flexures with the same reaction
force. The use of initially curved flexures show potential by using the non-linearities these flexures
bring to increase precision and support stiffness.

In this thesis, the research is divided into 2 parts. First, the influence of variable thickness flexures is
examined in Paper I. As numerous flexure mechanisms utilize parallelogram flexure mechanisms, a
comparison is made for fixed guided beams and their improvement in terms of support stiffness and
stress peaks in comparison to the more common constant thickness flexures. These variable thickness
flexures are parameterized by 2 novel shape functions using quadratic and cubic bezier curves. This
thickness profile is then used in a custom built mesher to generate a consistent mesh, resulting in a
massive time saving. This mesh is used to evaluate the stress and stiffness using an Ansys APDL
solver called from python. This method of using a custom mesher and calling Ansys from python de-
creases the simulation time per design iteration to 10-20 seconds compared to 1-2 minutes in Ansys
Workbench, making it feasible to optimize designs with thousands of design iterations.

Three cases were evaluated, the first case optimizes the stiffness ratio of the flexure, defined as the
support stiffness when deflected, C,, divided by the undeflected support stiffness, C,9. An increase
of 114% can be achieved using variable thickness flexures. The second case optimizes the support
stiffness when deflected, C,, while maintaining the same drive stiffness. The idea of this optimization
is to design a flexure that can replace a flexure in a current mechanism without compromising on other
aspects and be a viable replacement part with better performance. In this case an increase of 125%
is observed using a variable thickness flexure incorporating a partially rigid midsection. The last case
tries to minimize the peak stress for a flexure with the same drive stiffness as its constant thickness
counterpart. In this case a decrease in stress of 31% can be achieved.

The second part of this research (Paper IlI) implements this approach of using variable thickness in
another promising design approach, namely initially curved flexure mechanisms. This is relatively new
design strategy shows great potential in terms of increasing support stiffness by handing over support
stiffness as one or more flexures increase their stiffness by straightening when deflected. Another
research looked at the ability to optimize mechanisms with very low parasitic errors and a well con-
strained uncontrollable mass. To further analyse the ability of this approach, 3 cases are evaluated.
The first case aims to generate a mechanism with a near-constant support stiffness over the full stroke.
Case 2 aims to generate a mechanism with a very low parasitic error and case 3 optimizes a mecha-
nism with a maximum stroke subject to parasitic motion, stress and minimum stiffness ratio constraints.
These cases are evaluated with the method introduced in previous research and secondly, to see the
influence variable thickness can pose in terms of stiffness increase in case 1 and 2 and in decreased
stress peaks and thus increased range of motion for case 3, variable thickness is added and a second
optimization is done with the previously found mechanisms.



To generate these new design geometries, Matlab optimization is used in combination with SPACAR,
a nonlinear finite element software package in Matlab. The optimizer optimizes the locations of mul-
tiple control points that are used to generate bezier curves that represent the leaf flexures with initial
curvature. These bezier curves are discretized in beam sections that are used by SPACAR. Besides
the curvature, the thickness of each flexure is optimized at the same time and for the mechanisms with
variable thickness flexures, 3 parameters per flexure are added. Since SPACAR uses beam elements
and runs natively in Matlab, it is very fast in comparison to other commercial FEA software packages,
making it ideal for these optimizations with large sets of parameters and highly nonlinear behaviour.

Case 1 resulted in a mechanism with a support stiffness difference of only 0.1% with a parasitic trans-
lation of 10 um and a stiffness ratio (support stiffness, C,, divided by the drive stiffness, C,) of 248.
Incorporating variable thickness increases this stiffness ratio further to 503, an increase of 103%. Case
2 results in a mechanism with a parasitic motion of only 0.2 ym and a stiffness ratio of 729. When vari-
able thickness is added, an increase of 84% in stiffness ratio and an increase of 26% in mean support
stiffness can be achieved. The last case looks to maximize the stroke for a mechanism with a maximum
parasitic translation of 10 ym and a minimum stiffness ratio of 100. Using constant thickness flexures,
a stroke of 27.65 mm can be achieved and by using variable thickness flexures this can be increased
to 30.60 mm, an increase of 10.7%.

To evaluate the results obtained from SPACAR, the mechanism from case 1, the constant support
stiffness mechanism, is evaluated with quadratic solid elements in Ansys and an aluminium version is
created using wire EDM and measurements are done to compare the methods. A very high similarity
in parasitic motion is seen, however to evaluate the constant stiffness, a deviation from SPACAR and
Ansys can be seen. This is most likely due to using fitted data that is used to calculate the induced
parasitic motion in multiple steps and thus stacking the error every time the data is used to calculate
the next data points.

From this research it can be concluded that variable thickness flexures offer significant improvements
over commonly used constant thickness flexures in terms of increased support stiffness and decreased
maximum stress levels. Additionally, generating mechanisms using initially curved flexures show po-
tential in many fields, such as constant support stiffness, high precision and increased range of motion.
If these two methods are combined, an ever higher increase in performance in terms of increasing
support stiffness and range of motion can be achieved making it a very promising method that can
influence a lot of different designs in a variety of different applications.
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1 Introduction

In the field of precision engineering, perfect positioning accuracy is necessary. This is often
done by means of compliant mechanisms that offer zero backlash, no friction and require
no lubrication. Using elastic deformation of compliant elements is limited to the maximum
allowable stress resulting in small-range motion devices. This paper compares different design
methods from literature of achieving a high range of motion mechanisms, their influence
on the parasitic motion and their influence on the stiffness in support and out-of-plane
directions. This comparison is made for 1 degree of freedom(rotational and linear translation)
mechanisms with the aim to find the most promising methods to achieve the goal of a high
range of motion mechanism with optimal support and out-of-plane stiffness while having
minimal parasitic motion. Initially curved and variable thickness flexures show the best
performance towards this goal and 2 case studies are done to show the potential of these
methods and to bridge the gap in the literature.

generate the desired output. Output decoupling in

Compliant mechanisms become more and more im-
portant in precision mechanisms. High-precision mo-
tion stages in the field of lithography, for example,
have an increasing need for larger ranges of motion.
Compliant mechanisms are the perfect fit as they
exhibit no friction, require no lubrication and have
near-perfect repeatability. The downside is that the
range of motion is limited by the material proper-
ties and in particular, the maximum allowable stress
concentrations [1-3].

This limited range of motion can influence the choice
between compliant mechanisms over the use of more
complex and space-consuming alternatives such as air
bearings or magnetic bearings. In the field of lithog-
raphy for example the use of air or magnetic bearings
is quite common [4, 5]. A few examples of the advan-
tages of these alternatives are very low parasitic mo-
tion, high support stiffness and virtually no friction.
Disadvantages are size and complexity which sums
up to higher cost [3]. Besides that, air bearings are
limited to work in non-vacuum environments, limit-
ing their use in lithography applications. That leaves
only the option for magnetic levitation, which is even
more complex as the parasitic motions need to be
minimized using active measuring and controlling.

Besides linear guiding, precision stages also require
output decoupling to prevent the need for position
mapping or other active compensation methods to

this context is stated as generating an output in the
desired degree of freedom without any parasitic mo-
tion in the non-actuated directions. A perfectly de-
coupled mechanism is, based on Hooke’s Law, only
achieved if you have a diagonal stiffness matrix [6-9].
This property can be achieved if the motion gener-
ated by one straight-line guiding mechanism is free
of parasitic motion, thus adding no strain due to de-
formation in undesired directions.

An alternative compliant high range of motion guiding
can have merits in terms of low cost, no backlash and
friction, vacuum compatibility and easy manufacture
[10]. This, and the minimal parasitic errors, leads us
to the objective of this paper.

This paper aims to give an overview of the design
methods available for use in compliant precision mech-
anisms and their influence on the range of motion,
support capabilities and parasitic properties.

The structure of this paper is as follows: the method
is firstly discussed, then the classification is proposed
in chapter 3. Then the results are discussed and com-
pared in chapter 4. Afterwards, there is a discussion
and conclusion chapter. A combination of promising
methods in two test cases is further analyzed in the
Appendix.

2 Search method

The following search criteria were used to find rele-
vant research on the topics of high precision, large
range of motion, thickness varying and initially curved



mechanisms in the field of compliant mechanisms.

The search was limited to 1 degree of freedom mech-
anisms only, as the effects towards the metrics are
more equally compared and thus the effect of different
design methods can be compared more fairly.

The search for relevant literature was conducted in
2 search engines, Google Scholar and Scopus. The
search terms used are listed in table (1) and (2).

Table 1. Search terms used to find relevant research on para-
sitic behavior of compliant mechanisms. Vertical search terms
are combined with 'OR’ and columns are combined with ’AND’

Compliant mechanism parasitic motion
Flexure mechanism accuracy

Compliant axis drift

Flexure axis shift

Leaf spring center of rotation drift
Notch OR Lumped center of rotation shift

Table 2. Search terms used to find relevant research on initially
curved flexures. Vertical search terms are combined with 'OR’
and columns are combined with ’AND’

Initially curved compliant mechanism parasitic motion

Wide curve flexure mechanism output decoupling
Bezier curve compliant path following
Spline flexure stress minimization
Thickness varying leaf accuracy
Variable thickness spring axis drift

axis shift

center of rotation drift

center of rotation shift

3 Classification

In the classification, to compare methods equally,
rotational mechanisms are compared to each other
and linear guiding mechanisms are compared to each
other(Level 1, see figure (4)). Maximum rotation is
hard to compare to translation and the applications
are often different. Other types of motion were not
taken into account, as the majority of 1 degree of
freedom mechanisms can be described by the first
two.

The second level is the compliance type. Lumped(notch
flexures) and distributed(leaf flexures). Hybrid vari-
ants are also not taken into account as here again,
the majority can be labeled as either lumped or
distributed. Level 3 is the initial curvature level 4 is
the thickness type. See figure (2) for some examples
of linear mechanisms from literature that fall into
different categories as part of the classification and
figure (3) for examples of rotational mechanisms.

To compare the linear and rotational mechanisms,
some metrics will be used. Those metrics are as fol-

Level 1: Type of motion Linear Rotational
Level 2: Compliance type Lumped Distributed
Level 3: Initial curvature Straight Init. Curved
T~
Level 4: Thickness type Constant Variable
[ — 3

Figure 1. Schematic representation of the classification levels
to compare the design methods

Linear

Type of motion

Distributed

Compliance type Lumped

Initial curvature Straight Init. Curved

Thickness type | Variable H Variable || Constant H Variable || Constant ‘

- M Jim

@ ) ©

Figure 2. Classification tree for linear mechanisms with some
example mechanisms from literature. Figures retrieved from: a
[11], b [12], c [13], d [14], e [15]

Rotational

Type of motion

Distributed

Compliance type Lumped

Initial curvature Straight Init. Curved

Thickness type | Variable || Variable || Constant || Variable || Constant

= QA

(a) (b) (c) (d) (e)

Figure 3. Classification tree for rotational mechanisms with
some example mechanisms from literature. Figures retrieved
from: a [16], b [17], ¢ [18], d [19], e [20]

lows: the metric to compare the range of motion is
the maximum deflection normalized to length L. See
figure (4)

The parasitic motion(de,) is another important factor
and this again is the percentage of the maximum
parasitic error normalized to Az,,qz.

The last 2 important metrics to compare are the sup-
port stiffness in-plane and out-of-plane. These met-
rics give an insight into the different methods and
their ability to be used for higher-loading applica-
tions. Higher stiffness in these "constrained" direc-
tions means that the parasitic motion in these direc-
tions will also be lowered.

4 Results

Using the classification proposed in chapter 3, the
mechanisms and shape concepts for linear guiding
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Figure 4. Parasitic motion definition for parallelogram mech-
anism

mechanisms are shown in table (3). In table (4), the
comparison of rotational mechanisms is shown. The
use of a + and - grading system is used for the in-
plane and out-of-plane stiffness, as these are men-
tioned but often not quantified in literature.

In tables (3) and (4) you can find an overview of the
different design methods and for different types of
mechanisms their advantages and disadvantages. The
rest of this chapter will go into further detail on the
methods and their specific uses and advantages and
downfalls.

4.1 Lumped flexure mechanisms

For high-precision devices, lumped, more commonly
known as notch flexures, are a popular choice. They
offer higher strength and concentrated deflection re-
sulting in a small rotation center shift and thus a
more accurate rotation [48], however, flexural pivots
are prone to stress concentration and thus limit the
mechanisms to have use in small-deflected applica-
tions with small angular displacements [54, 55].

Moving
platform Piezoelectric

actuator

Y4 Rigid link

Flexure hinge

Figure 5. Use of notch flexure hinges in a compliant micro—
motion stage. Figure retrieved from [41]

As these hinges are commonly used in precision mech-
anisms(see figure (5) for a micro-motion stage that
uses notch hinges), the axis shift or parasitic motion
is an important factor. Normally a higher accuracy
also means a higher stiffness [1, 61]. Different meth-
ods for generating notches with higher accuracy are
discussed in [40, 41, 61], using exponent-sine-shaped
flexure hinges and topology optimization to generate
quasi-V-shaped flexure hinges topology optimization

to minimize parasitic motion optimizing cartwheel
like notch hinges.

Apart from minimal parasitic motion, range of motion
is an important property as well. As discussed before,
the optimal hinge has a high range of motion while
having good accuracy, so in designing this ideal hinge,
different approaches in terms of optimization are
proposed in literature. Optimizing the contour of the
notch can increase the range of motion of the hinge
[38] but can also increase the ratio of bending to axial
compliance by optimizing for the highest stiffness in
the axial direction while keeping the compliance in
the compliant direction above a set limit [47] or by
using multi-objective optimization [62].

These methods are still bounded by the shape func-
tions used that are optimized, limiting the possible
design domain. So to have complete freedom, a differ-
ent method is to design flexure hinges using topology
optimization. Allowing for every possible shape as
each element in the full design domain can be turned
on or off independently. By optimizing for a given
compliance matrix and displacement, new geometries
can be generated to achieve these properties [42, 63].
Koppen et al. used this method to generate 3D mech-
anisms as well. Here the different degrees of freedom
can be picked to be active and the others will be stiff,
however, these optimized shapes are only valid for
small deflections when linear stress-strain and a lin-
ear strain-displacement relationship suffice [63]. See
figure (6)

Figure 6. Optimized hinge to be stiff in all directions except
RX and RY. Figure retrieved from [63]

4.2 Constant thickness straight flexures

The advantages of notch flexures over leaf flexures are
their ability to have higher accuracy, higher strength
and more concentrated deformation [48]. In contrast,



Table 3. Comparison table for linear guiding mechanisms showing the range of motion and the effects of the methods on parasitic
error, the in-plane support stiffness and out-of-plane support stiffness. A + sign means a good performance and a - sign means a
worse performance. If data was not available, relevant, or could not be based on other things the cell is left blank.

Mechanism Method Reference RoM Parasitic error In plane Out-of-plane
Ay/L Sex /Ay stiffness stiffness
Lumped Displacement amplifier Notched double parallelogram [11] 0.53% + +
P Parallelogram Notched parallelogram(mirrored) [21] 0.1% 0 + +
Parallelogram 22, 23] 0.6% — 5% 0.36% — 15%* - -
Parallelogram Mirror stacked [13] 2.25% 0.200% +
- parallel-DPFM [24] 2.78% 0 +
f‘n H Parallel XY stage Double parallelogram [2, 11, 23, 25-30] 10% 0.0005% - -
é O Double Parallelogram Nested stages [29, 30] 10% x N -
- Robberts mechanism [31, 32] 10% 1.700% + +
Spacial configuration of DP [3] 16.70% 0.013% —+ —+
Linear motion guide  Use COR shift [33] 36% 0.056% - -
VT doubl
3 ouble [12] 149%% 0.0005% -
parallelogram
] Linear stage Opt. IC flexure guiding mechanism [15] 10% 0.071% + +
s H Folded leaf spring STAGE method Folded Leaf Spring [34] 30% +
3 O Folded leaf spring Double element Folded leaf spring  [34] 21% +
('? semicircular flexures [35] 3.13% - -
s
E ; Constarft force [36] 20% _
mechanism

CT = Constant thickness, VT = Variable thickness
* Calculated using formula from [26]
** Based on results from Appendix A.1

Table 4. Comparison table for rotational mechanisms showing the maximum angle and the effects of the methods on axis drift,
the in-plane support stiffness and out-of-plane support stiffness. A + sign means a good performance and a - sign means a worse
performance. If data was not available, relevant, or could not be based on other things the cell is left blank.

Mechanism Method Reference Angle Axis In plane Out-of-plane
[deg] drift stiffness stiffness
Notch hinge Circular notch hinge [37] +0.5 0 —+ —+
- Optimized notch shape optimization [38, 39] + + +
g Sine shape notch [40] +0.57 + + +
g Topology opt for high stiffness ratio 41, 42] + + +
3 Multicavity flexure hinge [43] * =+
Deep notch optimization(ellipsoid) |44, 45] +1 + + +
Power-function geometry/ spline optimization [46-48] + +
Cross flexure [49] +30 -
b= 8 Trapezoidal mechanism Use COR shift to compensate parasitic motion [18] +5 0
0 Trapezoidal mechanism Stack stages [50] +3.3 +
g
b ; Cross flexure Variable thickness flexure pivot(VTFP) [17, 51, 52] +20 0 +
Cross flexure Pre-stressed flexures to minimize stress peaks [34] +45 - -
Rotation hinge Curved Hinge Flexure (CHF) [20] +15 + +
° Curved Hinge Flexure (CHF) [53] +20 + +
E H Optimized notch large displ. Notch(use initially curved leafs) [54] +60 + - -
5 0O Optimized rotation mechanism Curved flexures to opt angle [55] 6.67** - -
9 Optimized notch Curved flexures as notch flex [56] 0
.“é Cross flexure Curved cross flexure leafs [57] +90 + - -
— semicircular flexures [58] +90 + - -
H
s> Constant torque [19, 59, 60] +20 - -

CT = Constant thickness, VT = Variable thickness
* Compliance 5.4X higher in working direction as multi notched flexure hinge [43]
** More than twice compared to the folded flexure variant [55]

leaf flexures are very good at large rotations and

displacements [64].

Towards these problems some methods are used to
mitigate part of the problems. These methods and
their uses and properties are discussed further in this

chapter.

4.2.1 Use of serial stages

For straight-line motion, the most common method
is using a parallelogram layout(see figure (4)), this
prevents parasitic rotation(if actuated in the stiff-
ness center and for small translations) and for small
translations the parasitic motion is minimal. For this
mechanism, the equation for the approximation of



the parasitic error is described in equation (1) [26]

362>
ey = o7 (1)

As can be seen in equation (1), the parasitic motion
can be reduced by either limiting its range or increas-
ing L.

As increasing the length of the flexures is often not
an option, as in practice the length is restricted by
the compactness requirements of the design [23, 29].
Another strategy to decrease parasitic motion is by
using stacked intermediate stages. This has 2 main
advantages.

Firstly, the second parasitic motion is canceled as the
parasitic motion of the first set of flexures is equal and
opposite. See figure (7) for an example of a double
parallelogram mechanism. This double parallelogram
mechanism is widely used in 2-degree-of-freedom po-
sitioning stages for its excellent properties in mini-
mizing parasitic motion and output decoupling [2, 11,
23, 25-30].

Figure 7. Double parallelogram mechanism. Figure retrieved
from [65]

The second advantage is that the necessary displace-
ment per set of flexures is lowered thus resulting in
larger allowable displacements with acceptable para-
sitic motion and stress levels [66]. This lower displace-
ment per leaf also has an advantage towards its axial
stiffness as the axial stiffness has an inverse-quadratic
correlation with respect to the transverse displace-
ment causing problems in supporting larger masses
[22]. These advantages are further extended by us-
ing the multi-stage compound parallelogram flexure
concept. The motion range is enlarged by N times,
where N is the number of basic modules [29, 30].

A few disadvantages of this use of intermediate bod-
ies include dynamic and axial stiffness issues due to
the under-constrained bodies that are susceptible to
parasitic errors, unwanted vibrations and poor con-
trollability [67]. This is in the case of the double par-
allelogram mechanism because the degree of freedom
of the intermediate stage is the same as the final stage
[29, 66].

A way to mitigate this problem is to remove the under-
constrained intermediate body. This can be done by

implementing a mechanism that forces the 2 : 1 ratio
of the motion of the final stage to the intermediate
stage. See figure (8) for 2 examples of such mecha-
nisms. Constraining the intermediate stage results in
an 11 x gain in resonance frequency and 134 x gain
in static stiffness of the unconstrained motion of the
intermediate body [66, 67]. The downside is a more
complex system.

Figure 8. Perfectly constrained double parallelogram mecha-
nism. Figure retrieved from [66]

The second problem is the axial stiffness. A solution
to the axial stiffness can be the inversion principle
[68]. Using flexures in tension instead of compression
increases the maximum allowable load. Hao et al. pro-
posed new designs to eliminate the loading direction
stiffness by placing beams in tension and compression
at the same time [24]. It has the same parasitic error
as the compound parallel flexure mechanism but at
the same time the same stiffness as a single parallel
leaf set in tension. This, however, comes at the cost
of higher internal stresses.

4.2.2 Use of straight line mechanisms

A way of increasing the range of motion while keep-
ing the parasitic motion to a minimum is by using
straight-line mechanisms. The most common example
is the Roberts approximate straight-line mechanism.
The compliant version of the mechanism is used in an
XY-positioning stage by Wan et al. to increase the
working space while still having a parasitic motion of
less than 1.7% [32].

Another example of a high stroke linear motion mech-
anism is the XBob, a straight line mechanism using a
double Roberts approximate straight-line mechanism
with the original mechanisms output body rigidly
connected. This increases the allowable stroke by 2
times and eliminates the parasitic rotation of the out-
put at the same time when the mechanism is placed
in parallel [31]. When this system is mirrored over
its horizontal axis as well, the parasitic translation
is eliminated at the cost of internal stresses. See fig-
ure (9) for one single block and the double mirrored
system.



Figure 9. Straight line motion using the stacked Roberts
mechanism. Left: single block and right: double mirrored layout.
Figures retrieved from [31]

4.2.3 Use of the center of rotation shift

As linear mechanisms measure have a parasitic er-
ror predominantly in translation perpendicular to its
desired displacement, rotational mechanisms suffer
mostly from center of rotation shift. The center of ro-
tation shift that mechanisms undergo is usually mini-
mized as much as possible to generate a better hinge
with concentrated rotation. This shift in the center
of rotation can also be used towards compensation
for other parasitic errors in the mechanism. Zhao et
al., for example, used the parasitic motion of trape-
zoidal flexures to compensate for the parasitic motion
of a linear motion mechanism [33]. Later Huo et al.
used this same method to generate a remote center of
motion mechanism(RCM) with ultra-high-precision
rotation [18]. See figure (10). This comes however at
the cost of in and out-of-plane support stiffness.

Figure 10. (a) Optimized RCM mechanism and (b) an op-
timized linear motion mechanism based on parasitic motion
compensation. Figures retrieved from [18, 33|

4.3 Variable thickness flexures

The main limitation for constant thickness flexures
is the limitation on the range of motion due to stress
peaks, while a large amount of material is not used
to its full stress limit. So to push the performance
of these distributed flexures even further, variable
thickness flexures could offer better solutions. Vari-
able thickness leaf flexures can traverse a longer dis-
tance and handle larger input forces than a beam of
the same stiffness but uniform cross-section when op-
timizing for a maximum strain energy density [12].
How much this increase in range of motion is how-
ever is not elaborated on. Leaf flexures optimized
for the highest strain energy density thus results in
geometries where the largest amount of material is
maximally utilized towards load bearing. This shows
lower stresses than their non-optimized counterparts.
See figure (12). This method of optimizing for the
highest strain energy density is used towards an op-
timized design for an assistive elbow orthosis. Using
variable thickness on top of initially curved flexures
to achieve a sinusoidal force/angle curve increases the
ability to follow this curve better(1.5% instead of 2%)
and at the same time increases the energy density by
277% [69].

Besides increasing the range of motion, variable thick-
ness flexures offer other improvements in terms of ac-
curacy. These flexures have been optimized for their
use in cross flexures and it shows that they can have
a more concentrated deformation while still allowing
large rotations and at the same time can lower the
maximum stress levels to up to 24%. These benefits
do exist at the cost of a higher stiffness of the joint.
[17, 51, 52]. See figure (11)

/ R=0.28units

R=0.28units R=0.28units

Figure 11. Model of a constant thickness cross flexure and a
variable thickness flexure joint. Figure retrieved from [17]

By optimizing the configuration of these cross flex-
ures, the center shifts can be lowered, however, some
configurations yield higher center shifts [17]. This
tunability can be advantageous as explained in more
depth in section 4.2.3.

Another added benefit of thickness-varying flexures
is their ability to deform less under axial load [51, 52].
This is advantageous in applications where a high
support stiffness is necessary. Furthermore, Wu et



al. showed that with the tuning of the parameters of
thickness-varying flexures, a high influence on com-
pliance and stiffness ratios can be achieved [48]. This
makes them useful to optimize desired performance
for specific load cases.
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Figure 12. Comparison of three beams and their stress distri-
bution in all elements. Figures retrieved from [12]

As discussed in this chapter, variable thickness can
offer improvement in terms of a large range of mo-
tion, but how much improvement in maximum stroke
up until a set maximum stress is not elaborated on
directly. To fill this gap in literature a small test case
was designed where a variable thickness flexure is op-
timized to have the same stiffness and length as a
constant thickness flexure, while optimizing for maxi-
mum average stress. It shows that for a flexure of the
same length and stiffness, for a fixed guided beam,
the maximum deflection up until the maximum peak
stress point can be increased by 40 to 46 percent. This
test case is further elaborated in appendix A.1. See
figure (13) for the optimized design that has the same
stiffness as a 1/50 thickness-to-length ratio. This is a
significant improvement compared to constant thick-
ness flexures and more research needs to be done to
uncover the full potential of variable thickness flex-
ures.

Figure 13. Optimized flexure for highest average stress to
maximum stress ratio

4.4 Optimize initially curved leaf flexures

A relatively new method for designing leaf flexures
is to use the advantages of initially curved flexures.
The advantages these initially curved flexures pose
are a relatively large range of motion and a relatively
small strain range [14, 35, 54, 70, 71].

The work of Rommers also uses a novel method called
the STAGE(Stress and Geometry) method to design
a deformed flexure using inversed FEM to lower the
stresses in the flexure during operation. This can lead
to up to 23% lower peak stresses in cross-flexure joints
with a range of £45 deg [34].
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Figure 14. 2 initially curved flexure mechanisms achieving
the desired geometry when deformed. Figures retrieved from
[20, 34]

Another benefit could be to use the geometric non-
linearities that these flexures exhibit for large de-
flections to our advantage. In the use of output de-
coupling and parasitic motion minimization, these
non-linearities can be used to compensate the para-
sitic motions about 3.4 times better than the Roberts
mechanism [15]. It is also shown in a different case
study that a much more constant stiffness along the
full displacement can be achieved in all directions
[15]. Besides constant stiffness, to aid in the design of
better rehabilitation devices, constant torque joints
and constant force mechanisms have been designed
using curved and thickness-varying leaf flexures [19,
36, 59, 60].

A drawback these initially curved flexures have is
that they perform poorly under compressive forces
[68]. This however can be compensated for. By using
a set of curved leaf flexures, the drop of stiffness in
the stiff directions can be compensated. One of the 2
leaf flexures will straighten when deflected resulting
in a stiffer geometry in deflected configuration [15,
20, 34, 53]. See figure (14)



Another field of research looks at the ability to use
systems of multiple curved and sometimes thickness
varying flexures, to generate path following and force
and motion converting mechanisms [14, 71-77]. This
methodology of optimizing the curvature and thick-
ness can lead to a design for a gripper that has an
output force increase of 45% [14]. Another design of
a gripper shows an increase of 18% in output force
when taking into account variation of thickness on top
of initial curvature [55]. This method is mostly used
for optimizing structures to have desired mechanical
properties in terms of minimum force or a maximum
input/output ratio, less focus is placed on the com-
bination of initial curvature and variable thickness
towards mechanisms with a larger range of motion
and minimal parasitic motions.

Figure 15. From top to bottom: Straight CT, Straight VT,
IC CT, IC VT

All these papers look at different properties and none
seem to look at the ability of the method of initial
curvature and variable thickness to generate a lower
parasitic motion. Meinders [15] looked at the mini-
mization of parasitic motion but only for constant
thickness flexures. Other papers as discussed above
look at different aspects of their properties but none
use the initial curvature and variable thickness to see
what the increase in performance on the parasitic
motion could be. So in a simple test case, a design is
optimized for a minimal parasitic error along its tra-
jectory for an incremental displacement in y direction
to fill this gap in knowledge. The optimization is run
for the 4 methods(straight constant thickness(CT),
straight variable thickness(VT), initially curved(IC)
CT and IC VT (See figure (15))) are compared to
each other. Results show that the maximum parasitic
error can be lowered by 11.5% by using IC and VT
compared to a straight CT flexure(See figure (16) for

the optimized design using IC and VT). See Appendix
A2 for more details.

freret

Figure 16. Optimized flexure for minimal parasitic error

5 Discussion

Looking at the current literature on the topics men-
tioned in chapter 4, it is clear that the research for
every different method looks at a different aspect that
it influences or is used towards. To generate an equal
comparison seemed to involve a lot of estimating pa-
rameters. For each metric, the pitfalls will shortly be
mentioned.

Looking at the range of motion of different types of
mechanisms, it can be challenging to find the max-
imum range of motion. Most papers do not look at
the maximum range of motion as an important met-
ric. The focus lies more on small stroke but with
high precision. For example, the double parallelogram
mechanisms are mostly used towards its properties
of minimization of parasitic motion and minimizing
cross-coupling. These mechanisms are often not de-
flected more than tenths of millimeters, while at other
times they are displaced tens of times more.

Parasitic motion is for this same reason challenging
to compare. Using a dimensionless parasitic error,
d€yran /AL maz, the comparison is equal, however, this
paper aims to look at the ability of mechanisms to
have a high range of motion and at the same time look
at the performance in parasitic error. As mentioned
before, the double parallelogram mechanisms are of-
ten not displaced by more than 1% [2, 26, 27]. For
these small relative displacements, the parasitic error
is very small. It would be more interesting to see what
the performance is for its maximum displacements.

Parasitic motion in the form of axis drift is especially
difficult to compare. Different types of measuring
the error are used in literature and often the aim is
more on increasing the compliance ratio of «, to the
compliance in support directions. This is why a rating
system was used.

In and out-of-plane support stiffness is another prop-
erty that is often not taken into account when differ-
ent methods are discussed. In-plane support stiffness
is sometimes taken into account, but out-of-plane
stiffness is barely touched upon in the literature. This
is a very important characteristic for motion guiding
with a predictable path. An educated guess can be
made if only curved flexures are present in the de-



formed state, the axial and out-of-plane stiffness will
most likely have dropped significantly.

6 Conclusion

The goal of this article is to give an overview of
methods that can be used towards the design of high-
range-of-motion mechanisms used for motion guiding
with high precision and look at the support properties
and the influence the methods have on those aspects.

In the comparison, rotational mechanisms are com-
pared to each other, and separately, linear guiding
mechanisms are compared to each other. For most
concepts, a high range of motion seems to go hand
in hand with poor support and out-of-plane stiffness.
Conversely, notch-type hinges have a significantly
lower range of motion but do perform better on sup-
port stiffness.

A field that is mostly undiscovered towards the means
of designing mechanisms with high translations and
low parasitic errors, while still having excellent sup-
port properties, are initially curved and variable thick-
ness flexure mechanisms. Using these methods of ini-
tial curvature and variable thickness combined could
offer a better-performing mechanism that performs
better in every aspect at the same time making it a
very interesting field of interest that can be explored
further. With variable thickness, the range of motion
can drastically be increased(for a simple case of a
fixed-guided beam, variable thickness can increase
the range of motion by 40 — 46%. See appendix A.1),
while initial curvature can have a positive effect on
parasitic performance [15] and for the combination of
initial curvature and variable thickness, for a simple
case of a cantilever beam, it can have a positive ef-
fect towards parasitic motion minimization of up to
11.5%(See appendix A.2 for more information)
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A Test cases

Varying the thickness of leaf flexures can be a very
useful way to increase performance in multiple fields.
By choosing the shape carefully you can increase the
amount of material that is maximally utilized towards
load bearing [12]. Freire Gomez et al. and Krishnan
et al. used thickness-varying leaf flexures to minimize
stress peaks and to extend the working range of com-
pliant mechanisms [12, 17]. Miao et al. talk about
the ability of varying thickness leaf flexures to have
a lower parasitic motion due to the deformation of
the leaf flexures being more concentrated near the
rotation center of the cross flexure [51]. This ability
to have an influence on the center of rotation shift
and parasitic motion is however not researched for
single, thickness-varying, leaf flexures.

Another promising technology is using initially curved
flexures as presented in [15]. The nonlinearities can
help counter parasitic motions for large translations.
Using pre-curved flexures can also increase the sup-
porting stiffnesses for the full range of motion |20, 34,
53].

To see what the 2 methods influence and what the
influence is if both of the methods are combined, a
few use cases for optimizing different aspects of leaf
flexures are conducted. The first test case looks at the
influence of variable thickness on the range of motion
and the second case is conducted for all four meth-
ods: Constant thickness(CT), Variable thickness(VT),
Constant thickness flexures that are initially curved
and lastly a combination of the 2, VT flexures that
are initially curved.

A.1 Optimize leaf spring for maximum

stroke

As using variable thickness leaf flexures can reduce
stress levels in cross flexures [17, 51|, this might result
in flexures that have the same length and stiffness
while allowing larger displacements before reaching a
predefined maximum stress level. Krishnan et al. do
mention the ability to increase the range but do not
elaborate on how much the range is increased, so to
fill this gap this test case is designed [12].

To generate a beam that has the same mechanical
properties as a constant thickness one, we first need
to find the properties of a constant thickness beam.
As linear guiding is the most important property, the
beam is fixed on one end and can translate in z and ¥,
but rotation is fixed to 0. The endpoint is displaced in
y and the reaction force is measured. See figure (A.1)

Ay
%z

Figure A.l. Boundary conditions for the test case. Figure
retrieved from [78]
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Now a new flexure that has a variable thickness can
be designed by optimizing for the same resultant
force for the input stroke, while also maximizing the
ratio of average stress over the edges of the flexure
to the maximum stress occurring somewhere along
the surface(see equation (A.1) for the optimization
problem). The hypothesis is that this way the largest
amount of material is optimally used. See figure (A.4)
for the parameters optimized for.

Oave
max.

Omax

st. Omaz — Oref <0

(A.1)

IFreaction - Ftarget| < 0.01 - Fta’r‘get

S —

NRE1 ]

Figure A.2. Parameters optimized for the VT flexure and the
constant thickness flexure

Lastly, the constant thickness flexure and the new
optimized flexure are displaced until the maximum
stress reaches a set stress limit and the deflection is
measured.

This is done for 3 thickness-to-length ratios, namely
1/20, 1/50 and 1/100. The results are listed in table
(A.1) and show that the stroke can be increased by at
least 40% by using a variable thickness flexure. The
optimized design in deformed shape for 1/50 is shown
in figure (A.3). The length L is fixed for every case
and set to 100 [mm]| and the maximum stress oz
is set to 1.40 [GPa).

Figure A.3. Optimized flexure for highest average stress to
maximum stress ratio

11
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Table A.1. Difference in maximum stroke, for different ¢/L
ratios, between CT and VT flexures

1/20 1/50 1/100
Ymazx Ay Ymazx Ay Ymazx Ay
[mm] [%] [mm] [%] [mm] [%]
CcT 4.66 11.33 22.88
VT 6.69 43.5 16.54 46.0 32.12 40.4

A.2 Minimizing parasitic motion for the
same stroke

As the use of initially curved flexures is not a new
method for designing mechanisms, it is frequently
not used in the context of high precision, low para-
sitic motion, mechanisms. Meinders N did show in
his work that the use of constant thickness initially
curved flexures can have a positive effect towards low
parasitic error mechanisms [15]. This work is done
for mechanisms for multiple flexures, but an interest-
ing comparison can be made by looking at a simple
single flexure and the ability to compensate for its
shortening effect. With the shortening effect, the par-
asitic motion is depicted in figure (4). For a cantilever
beam, this shortening effect is the parasitic motion
in z direction.

To look at the ability to minimize parasitic motion
using the non-linear effects that the methods: variable
thickness and initially curved influence, a second case
study was run to optimize designs for the lowest
deviation of a straight path. The flexures have the
same length and the same incremental displacement
applied. For every load step, the parasitic error is
reported and their squares are summed up to define
the objective function. See equation (A.2)

10

Obj = (5e7)?

n=1

(A.2)

Besides the Obj function, a constraint was set on a
maximum of 1% deviation in reaction force and a
constraint was set on a maximum stress level.

min. Obj

st. Omaz — Orep <0 (A.3)
|Freaction — Frarget| < 0.01- Fiarget
To compare different flexures equally, the length is
fixed to L = 50 [mm| and the reaction force on
the end of the displacement, at y"=!0 = 5 [mm], is
constrained to 5000 [N](This is a 2D simulation, with
the virtual thickness set to 1 m). For the 4 different
cases, different parameters are optimized, see figure

(A.4) and (A.5). As can be seen, the angle « is also

included as an optimization parameter, so that the
beam can lengthen before shortening to minimize
the parasitic motion, because if a constant thickness
flexure is optimized for this case, alpha can have a
great influence on maximum parasitic error.

e

Figure A.4. Parameters optimized for the straight flexures

(*1.11)

Figure A.5. Parameters optimized for the IC flexures

The results are stated in table (A.2) and it is clear
that the VT has the most influential impact on the
objective function. This objective is the sum of the
squared parasitic errors, however, the maximum par-
asitic motion might be more meaningful in the design
of mechanisms. These results are stated in table (A.3)

Table A.2. Minimized parasitic motion Objective function
values

Straight IC
x1078 [m?] x1078 [m?]

CT 1.41 1.30 -7.9%
vT 1.18 -16.2% 1.11 -21.4%
Table A.3. Maximum parasitic error deg,, ..

Straight IC

x107% [m] %10~5 [m]
CT 6.67 6.45 -3.4%
VT 6.32 -5.3% 5.91 -11.5%

Looking at the results, a clear increase in parasitic
performance is obtained for all methods compared
to CT straight flexures, with a maximum decrease



of 11.5% in maximal parasitic error. This design is
shown in figure (A.6). Looking at the design, you can
see that the new design most likely performs worse
for axial and out-of-plane support. This is however
out of the scope of this test case, but as discussed
in chapter 4.4, this can be compensated for by using
multiple flexures.

Figure A.6. Optimized flexure for minimal parasitic error
using IC and VT

The paths followed by the endpoint of the beams are
shown in figure (A.7). You see that the characteristic
motion is more or less a circular arc, however, using
the VT and IC the radius seems to increase, making
the maximum error lower.

5 x10°

x [m] %10

Figure A.7. Optimized flexure paths

To make the most equal comparison, a set stiffness
was also optimized for, however disregarding this
for the VT flexures and optimizing only for path
following resulted in even better mechanisms. For the
straight VT flexure, the optimized geometry has a
decrease in the objective of 14% compared to the force-
bounded variant. The maximum parasitic motion is
14% lower than the original straight CT flexure, this
all at the cost of a significant difference in stiffness.
The reaction force is lowered by 84%.

The results of the IC VT optimization, not taking
stiffness into account, also show significant improve-
ments in performance. The decrease in the objective
function is 11% and the maximum parasitic motion
is 16% lower than the original straight CT flexure.
The reaction force is also significantly lower, 85% of
what the IC VT previously showed.
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Project proposal

The aim for this literature survey was to find methods to generate compliant mechanisms for large
ranges of motion with improved parasitic properties and increased support stiffness characteristics.
Two strategies show great potential in this field. Variable thickness flexures show great potential to
increase support stiffness when deflected subject to stress constraints and additionally changing the
thickness profile can decrease the maximum stress levels making them useful if stress is critical or
an increased range of motion is desired. Secondly, initially curved flexure mechanism show a great
potential to decrease parasitic error for large deflections and show the ability to increase the support
stiffness when deflected.

Compliant mechanisms show a great ability to be used in many application fields for high precision
and great deterministic behaviour. Besides micron ranges for precision stages, compliant mechanisms
pose bigger difficulties as significant parasitic motion, limited range of motion due to stress limits and
support stiffness issues. If these problems could somehow be mitigated, the use of compliant mecha-
nisms could grow to an even greater field of applications where for example, now air bearings are used.
In vacuum environments this is even more complex and expensive and magnetic levitation becomes
a solution, however these solutions are complex and expensive and can be prevented if these afore-
mentioned issues can be solved.

Towards this goal, in this thesis, it is proposed to investigate the influence of variable thickness flexures
and come up with a new shape function that can be used to optimize the thickness profile for straight
flexures. To show the potential of this method, multiple cases will be optimized for. Secondly, as
initially curved flexures show great potential when optimized for low parasitic error, this method is further
explored for different objectives and afterwards, the two combinations will be combined to generate ever
better performing flexure mechanisms.
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Highlights

Variable thickness flexures for increased support stiffness and lowered peak stress

F.W.F. Colin

2 novel variable thickness parametrizations using quadratic and cubic bezier curves to be able to generate
variable thickness flexures from noth-type hinges to fully distributed flexures.

e An increase in support stiffness ratio, C,/Cyo, of 114% using variable thickness compared to a constant
thickness flexure for same length and same stroke.

e An increase in support stiffness when deflected, C,, of 125% for a same length, same stroke and same
drive stiffness flexure compared to a constant thickness flexure.

A decrease in maximum stress of 31% using variable thickness compared to a same length, same stroke
and same drive stiffness flexure compared to a constant thickness flexure.
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Flexure mechanisms have gained popularity as a viable alternative to conventional mechanical
systems due to their high precision, lack of friction and lubrication-free operation. However,
the limited range of motion caused by stress peaks and the significant reduction in support
stiffness when deflected are two primary concerns in the application of flexure mechanisms.
Typically, these flexures are designed with a constant thickness, sometimes incorporating a
partially rigid section in the middle to improve support stiffness at the expense of a reduced
range of motion. In this study, we propose two new variable thickness parametrizations for
flexure mechanisms and optimize them for three cases. In the first case, the support stiffness
ratio is optimized. In the second case, the support stiffness is maximized when deflected
with a constant drive stiffness. In the third case, the maximum stress is minimized with the
same drive stiffness. The results indicate that variable thickness flexures outperform constant
thickness leaf flexures in all cases. In case 1 and 3, the variable thickness flexures perform
identically with an increase in support stiffness ratio of 114% and a decrease in maximum
stress of 31%. The variable thickness flexure with a partially rigid midsection exhibits the
best performance in case 2, achieving an increase in support stiffness when deflected of 125%,

compared to 100% for a fully distributed variable thickness flexure.

1 Introduction

Compliant mechanisms become more and more im-
portant in precision mechanisms in different fields
like micro-manufacturing, optical fiber alignment, bi-
ological engineering and scanning probe microscopy
[1]. High-precision motion stages in the field of lithog-
raphy have an increasing need for larger ranges of
motion. Given the lack of friction, lack of lubrication
needs and nearly flawless repeatability, compliant
mechanisms are the ideal fit [1-3].

A commonly used mechanism is the parallel leaf
spring flexure. Parallel flexure mechanisms have an
approximate straight line motion for small displace-
ments. These mechanisms are used for example in the
use of precision coordinate measurement machines
[4], Hao and Yu used this mechanism for a compliant
xy manipulator [5], Hao and Kong used this in the
design for a self-adaptive compliant parallel gripper
for high-precision manipulation [6]. When stacked
and mirrored, a double parallel leaf spring flexure
is achieved where the parasitic motion of the inter-
mediate body cancels that of the output body. This
double parallelogram mechanism is widely used in 2-
degree-of-freedom positioning stages for its excellent
properties in minimizing parasitic motion and output
decoupling [3, 7-9].

These double parallelogram mechanisms allow for
translations with high repeatability, however, the
range of motion is constrained by the material charac-
teristics, particularly the maximum permitted stress
concentrations [1-3]. Besides the stress concentra-
tions, the drop in support stiffness (C, as seen in
figure 3) when deflected limits the precision that can
be obtained [10, 11]. Approximations for the stiff-
ness in support directions and drive force have been
provided by van Eijk [12]. In these approximations,
the displacement in w is described and constrained.
This results in infinite external parallel drive stiffness.
Brouwer, Meijaard and Jonker proposed a FEM-based
approximation [10]. In this research, the influence of
parallel drive stiffness is also taken into account.

A method to increase support stiffness is to make
use of partially reinforced leaf flexures. Here the part
that undergoes the least bending and stress is made
significantly stiffer to increase the support stiffness
[12]. Minimizing the length of these flexures results
in notch-type flexure hinges. These joints may be
susceptible to high stress concentrations and, as a
result, have a low fatigue life [11, 13]. Notch hinges
have been optimized using a variety of shapes [14-17],
frequently employing topology optimization [18, 19].
As notch flexures are normally employed for small
ranges of motion, this research does not address the
subject of flexure joints for large motion ranges, which



typically include long and narrow leaf springs and
deformed shapes having a massive influence on the
deflected support stiffness.

Another way to improve flexure performance is by
using variable thickness (VT) flexures. Krishnan, Kim
and Kota optimized flexures with VT to maximize the
percentage of the material volume that is maximally
utilized toward load bearing. For a VT cantilever
beam with the same drive stiffness, a near-constant
stress level can be obtained which reduces the peak
stress by approximately 30% [13]. To increase support
stiffness, Freire Gémez, Booker and Mellor optimized
variable thickness flexures in a crossed flexure pivot
to reduce the maximum stress up to 24% [20].

Increasing support stiffness usually comes at the
cost of increased stress or decreased range of motion.
This could be a limiting factor in the choice of com-
pliant mechanisms. As the parallelogram mechanisms
are the most widely used compliant mechanisms, an
increase in support stiffness drop or an increase in
support stiffness for the same range of motion could
benefit a lot of designs in a lot of fields and this leads
to the objective of this research.

In this research, the improvement using variable
thickness flexures will be investigated towards the
increase in support stiffness and a decrease in maxi-
mum stress, for same range of motion flexures. This
will be done for a partially reinforced flexure and
a fully distributed flexure using 2 novel thickness
parametrizations.

The structure of this paper is as follows. In section
2, more background will be given on the ideal the-
oretical thickness profile. In section 3, the method
and case studies are introduced. Afterward, the re-
sults of these case studies are presented in section 4.
Lastly, the findings are discussed in section 5 and
conclusions are drawn in section 6.

2 Background
2.1 1Ideal thickness for constant stress

Take the end-loaded cantilever beam with rectangular
cross-section, thickness (¢(x)) and uniform out-of-
plane thickness (h) into consideration. The moment
produced by the end load (F') changes linearly with
distance from the force application point.

_F-x-t(z) 6F-x
7T T 20(x) ta)?h )

For a constant stress, the expression for t(x) is as
follows:

ta) = o )

This denotes a parabolic relation between thickness
and length. Krishnan et al. [13] showed that when
comparing a flexural hinge with lumped compliance at
its joint, a constant thickness distributed flexure and
a parabolic tapered beam, all with the same stiffness
and length, the maximum stress of the parabolic
tapered beam is lowest and constant, while the stress
in the lumped compliant hinge is highest.

In this research, cubic bezier curves are used to pa-
rameterize the thickness profile of the flexures. These
curves are used as they only need 4 control points
thus minimizing the number of parameters used in
the optimization. To see how close a cubic bezier can
approach the ideal thickness as stated in equation (2),
a small optimization on the control points is done.
More on this in appendix A.1. The effectiveness of
creating a constant stress flexure is limited by the
minimum allowable thickness of the flexure as the
end of the flexure must be parallel with the mid-line
as this flexure is mirrored.
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Figure 1. Approximation of the ideal thickness profile for
constant stress using a cubic bezier curve. Thickness is thickness
from the mid-line, so the full flexure is twice the thickness.

As can be seen in figure 1, a good approximation
can be made by using a cubic bezier curve resulting
in a near-constant stress profile for as much of the
flexure.

3 Method and Case Studies
3.1 Definitions

The undeflected support stiffness, Cy,, is defined as
the stiffness in z-direction when undeflected (load
step 1). The deflected support stiffness, C,, is defined
as the stiffness in z-direction when deflected (load
step 3). The drive stiffness, C,,, is the stiffness in the
compliant direction so in u-direction. See figure 3



3.2 Parametrization

Two variable thickness shape functions are defined.
The first shape function uses a quadratic bezier at
the end and at the base, acting as a fillet to the rigid
world and uses 2 cubic bezier curves as the majority
of the thickness profile. Using cubic bezier curves,
the tangency at the endpoints is defined by the line
between the last control point to the endpoint. To
ensure a tangency of 0 in the middle, the last control
point (Pgs is placed at the same y location as Py, the
same holds for P 3. This ensures a smooth transition
in the symmetric flexure between the two cubic bezier
curves. This parametrization uses 15 parameters, but
only 8 need to be optimized for the symmetric load
case. The parameterization is visualized in appendix
A.2 figure A.1.

The second shape function parameterizes the thick-
ness profile of the flexure that is part of a partially
rigid flexure. One of the parameters is the length of
the flexure part, so the parameterization can make
something from resembling a notch to a flexure with
a minimal rigid part in the middle, thus fully dis-
tributed. This flexure is then mirrored and the rigid
bodies are connected to form the full flexure.

This shape function uses 2 quadratic bezier curves
to define the fillets to the fixed world and on the end
to the rigid body. In the center, one cubic bezier curve
is used that makes up the majority of the length of the
flexure. The end of this flexure is rigidly connected
to a beam element with a thickness of 10 mm to the
point where the displacement is applied at the exact
midpoint (z = 50 mm). This parametrization uses 13
parameters. See appendix A.2 figure A.2.

For both flexures, the minimum thickness is set to
0.3mm, this thickness is chosen as it is as thin as
possible while still predictably producible with wire
EDM.

3.3 Load case

The flexure length is 100 mm with a fixed rotation
and free translation in = on its end. The simulation
with an added partially rigid body is evaluated by
only simulating one half and releasing the rotation.
This load case is in fact the same as for a fixed-
guided flexure, as the moment distribution is equal.
From the end of the flexure, a rigid connection is
made to a remote point 50 mm from the base. To get
stiffness results for the full flexure, the stiffness must
be divided by 2. The boundary conditions for these 2
simulations are visualized in figure 2.

The load steps are explained below and visualized
in figure 3.

y rigld section
X

Figure 2. Boundary conditions for the top: fully distributed
flexure and bottom: half of the full flexure incorporating a
rigid section.

Load step 1: A dummy load of 10N is applied in
negative z-direction and the deflection d, is measured
to calculate the C,.

Load step 2: The x load is released and a deflection
in y-direction called v of 10 mm is applied. The stress
is measured and included in the constraints to keep
the maximum stress of the optimized design below a
certain level.

Load step 3: The y-displacement is maintained and a
dummy load of 10N is applied in negative z-direction
to measure the C,.

Figure 3. Load case visualized for distributed flexure.

3.4 Software

A custom mesher in python in combination with
pyMAPDL [21], a python package that allows for di-
rect communication with an instance of an Ansys
solver via APDL scripting in python, is used to mini-
mize the simulation time per design iteration. This
allows for significant time reduction preventing the
need for overhead software and license loading pend-
ing time.

3.5 Meshing

To ensure a fair and consistent comparison of a large
number of design iterations, a robust and consistent
mesher is essential. When using quad elements, peak
stresses may occur within oddly shaped elements, es-
pecially when branching from one to two elements.



Therefore, the mesher creates a series of nearly 1:1
shaped elements on the outer edges, where the high-
est stresses are expected to occur, to make each itera-
tion as comparable as possible. The mesher generates
quadratic 2D "PLANE183" elements, set to a plane
strain condition, with four elements in the thickness
of the flexure. The "PLANE183" element is capable
of plasticity, hyperelasticity, creep, stress stiffening,
large deflection and large strain, as specified in [22].

3.6 Assumptions

Some assumptions are made in the design of the
mechanisms. These are as follows:

(1) Stress is constant in z-direction if extruded
(2) 2D geometries are used

(3) Material is uniform

(4) The flexure is free of internal stresses

3.7 Optimization Algorithm

Matlab’s surrogateopt algorithm is used [23]. This
algorithm is suitable for computationally expensive
objective functions as it uses the surrogate model to
approximate the response of the system by interpolat-
ing a radial basis function between random sampling
points. After a set amount of random sampling points
between the bounds, the algorithm switches to the
second phase. In phase 2 the algorithm searches for a
minimum by sampling thousands of points on the sur-
rogate model, the best point is then evaluated and the
objective value is then used to update the surrogate
model. This step continues until a minimum is found.
When this minimum is found, the algorithm switches
back to phase 1 and constructs a new surrogate.

3.8 Case studies introduction

Three case studies were investigated, the first case
looks at the ability to improve the support stiffness
ratio (Cy/Cyo) for flexures with the same stroke as a
constant thickness flexure. Case 2 looks at the possible
increase in support stiffness when deflected for a
flexure with the same C,. The last case investigates
the ability to decrease the maximum stress in the
flexure compared to the constant thickness flexure
with the same stroke and the same C,.

(1) Maximize support stiffness ratio

(2) Maximize support stiffness when deflected with
the same drive stiffness

(3) Minimize stress with the same drive stiffness

3.9 Constraints

Stress constraint (Case 1): To constrain the max-
imum stress when deflected, the following constraint

is used. This constraint is used for every set of nodes
on every one of the 4 bezier curves with the maxi-
mum allowable stress o;mit. A value of 400 MPa is
set as oyjmst for Stavax.

mam(abezier) — Olimit

Olimit

<0 (3)

Base and end stress constraints (Case 1 & 2):
In a flexure, the point of connection to rigid bodies is
typically the most critical due to the highest moment
occurring for a cantilever beam. This area is prone to
stress concentration, particularly when transitioning
from a compliant to a rigid structure. To address
this issue, a stress constraint is imposed on the base
and end of the flexure to maintain stress levels below
100 MPa, 4 times lower than the maximum allowable
stress. The constraints used for opgse and ge,q are as
follows.

Opase — 100 MPa

100 MPa -
Oend — 100 MPa

<
100 MPa -

(4)
(5)

Drive stiffness constraint (Case 2): To define
the drive stiffness, the reaction force is constrained,
as the deflection is equal. As the length of the
flexures and the thickness of the flexures tends to
decrease when increasing the support stiffness, the
drive stiffness decreases when optimizing for support
stiffness. To prevent the drive stiffness to decrease,
the following constraint is implemented where F), rey
is the minimum reaction force.

Fy Ref — I,

Y <0 6
Fyny - (6)

3.10 Objective function

For the 3 cases, the following objective values are
defined that need to be minimized subject to the
constraints. The first two cases look at increasing
the support stiffness when deflected and the third
case looks to minimize the stress for the same drive
stiffness.

Case 1

minimize Obj = —Cy/Cy, (7)
Case 2

minimize Obj = —C, (8)
Case 3

minimize Obj = Opmaq (9)



3.11 Material properties

The material used in the optimization is Stavax ESR
[24]. This is a medium carbon martensitic stainless
steel with high corrosion resistance and low wear. The
material properties can be found in table 1.

Table 1. Material properties of Stavax

Young’s modulus [GPa| 200
ultimiate tensile strenght  [GPal 14
Poisson’s ratio [-] 0.3
density [kgm—3] 7800

To achieve infinite cycles a maximum stress limit of
400 MPa is used. With a maximum stress of 400 MPa
and an amplitude stress of 200 MPa, an infinite life
cycle safety factor of about 3 is achieved. This is
calculated using the modified Goodman diagram [25].

4 Results

In this section, the results of the optimization prob-
lems are elaborated for the 3 test cases. The final
optimized parameter values can be found in table A.1
and A.2 in appendix A.3.

4.1 Case 1: Maximize support stiffness ratio

Four cases were examined to maximize the stiffness
ratio in the presence of infinite external parallel drive
stiffness. The first step involved setting a baseline
by optimizing a constant thickness flexure with a
displacement of L/10 for maximum stiffness ratio
(Cx/Cy,), subject to stress constraints. Subsequently,
the same optimization procedure was carried out for a
fully distributed VT flexure, a partially rigid case with
CT flexures and finally, a hybrid case that utilized
VT and incorporated a partially rigid midsection.

The optimized flexures can be seen in figure 4 and
their properties in table 2. A trend of decreasing the
length of the flexure and increasing the thickness in
the middle can be observed.
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Figure 4. From top to bottom: Baseline, VT, Partially rigid
CT, Partially rigid VT.

As can be seen in table 2, all cases perform better
than the baseline, with an improvement of 60% for

Table 2. Properties of the Baseline, Hybrid CT, Hybrid VT
and distributed flexures optimized for largest Cy/Cy, ratio.
The improvement in ratio compared to the baseline is depicted
in bold numbers.

Baseline Distr. VI Hybrid CT Hybrid VT

Chy IN/m] 1.50E9 1.43E9 2.95E9 1.46E9
C, [N/m| 3.15E8 6.42E8 9.92E8 6.57E9
C/Cro [ 21% 45% 34% 45%
Impr. [ - 114% 60% 114%
F, N] 760.3 144.3 173.1 142.7
Omaz  |Pa]  4.00E8 4.00E8 4.00E8 4.00E8

Support stiffness ratio
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Figure 5. Support stiffness ratio over deflection comparison
for the 4 cases.

a partially rigid CT flexure and an improvement of
114% for the fully distributed and hybrid VT flexures.

These optimized designs are also used to plot the
u/t graph as seen in the research of Brouwer, Meijaard
and Jonker [10]. Here, since we optimize for the same
stroke, the ¢ value of the baseline is used for the other
optimized flexures. As can be seen in figure 5, the VT
flexures indeed have a better stiffness ratio over the
whole stroke as the baseline and the partially rigid
CT flexure.

4.2 Case 2: Maximize support stiffness for
same drive stiffness

Four cases were analyzed to maximize the support
stiffness when deflected for same stroke flexures with
the same drive stiffness. Firstly a baseline is set. A
constant thickness flexure with a displacement u of
L/10 is optimized for maximum support stiffness
with the same drive stiffness as the baseline of case
1, subject to stress constraints. After this, the same
optimization is done for a fully distributed VT flexure,
a partially rigid case with CT flexures and lastly
a hybrid case that utilizes VT and incorporates a
partially rigid midsection.

The optimized flexures can be seen in figure 6
and their properties can be found in table 3. As can
be seen, all cases perform better than the baseline,
with an improvement of 100% for a distributed VT
flexure and an improvement of 125% for the hybrid
VT flexure.



Figure 6. From top to bottom: Baseline, VT, Partially rigid
CT, Partially rigid VT

Table 3. Properties of the Baseline, Hybrid CT, Hybrid VT
and distributed flexures optimized for largest support stiffness.
The improvement in ratio compared to the baseline is depicted
in bold numbers.

Baseline Distr. VI Hybrid CT Hybrid VT

Chy [N/m| 1.50E9 1.99E9 1.58E9 2.78E9
C, [IN/m] 3.15E8 6.31E8 3.19E8 7.09E8
Impr. [ - 100% 1% 125%
Cy/Coy | 21% 32% 20% 26%
F, [N] 760.3 761.0 761.7 763.1
Omaz  |Pal 4.00E8 4.00E8 4.00E8 4.00E8

As can be observed in table 3, the C, is almost
identical for the partially rigid CT flexure compared
to the partially rigid CT flexure from Case 1. This is
because the extra length is necessary to increase the
drive stiffness to the constrained value.

4.3 Case 3: Minimize peak stress for same
drive stiffness

Flexures are commonly prone to stress peaks limiting
their range of motion and defining their design safety
factor. To increase the range of motion or to increase
the design safety factor, lower stress for the same
deflection is required. As lowering the stress can be
achieved by minimizing the thickness of the flexure,
a drive stiffness constraint is used so that only flex-
ures with the same drive stiffness are optimized. For
this, the baseline flexure from Case 1 is used. This
results, in the case of a critically loaded flexure, in
a replacement flexure that can do the same job but
with lower stresses, increasing the lifetime.

Firstly a baseline is set, for this case, the reaction
force of the baseline flexure of Case 1 is used and a
CT flexure is optimized for minimal stress. After this,
the same optimization is done for a fully distributed
VT flexure, a semi-lumped case with CT flexures and
lastly a hybrid case that utilizes VT and incorporates
a partially rigid midsection.

The optimized flexure properties can be seen in
table 4 and the resultant thickness vs. stress plots
can be seen in figure 8-11.

A clear improvement using VT flexures to mini-
mize maximum stress can be observed. A decrease of

Figure 7. From top to bottom: Baseline, VT, Partially rigid
CT, Partially rigid VT.
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Figure 8. Half flexure thickness profile (blue) vs. stress (red)
plot for the baseline flexure optimized for minimum stress.
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Figure 9. Half flexure thickness profile (blue) vs. stress (red)
plot for a distributed VT flexure optimized for minimum stress.

31% was achieved for this case using the VT flexures.
The flexure incorporating a rigid midsection has an
effective length of 49 mm resulting in a near fully dis-
tributed flexure. From this, it can be concluded that
when stress must be minimized it is most efficient to
maximally use the whole length of the flexure.

5 Discussion

In Case 1, contrary to the partially rigid CT flexure,
the length of the effective flexure is not minimized.
The shape assumes roughly the same shape as the
fully distributed VT flexure. This can have 2 possible
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Figure 10. Half flexure thickness profile (blue) vs. stress (red)
plot for a partially rigid CT flexure optimized for minimum
stress. Only the left half of the flexure is plotted.
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Figure 11. Half flexure thickness profile (blue) vs. stress (red)
plot for a partially rigid VT flexure optimized for minimum
stress. Only the left half of the flexure is plotted.

Table 4. Properties of the Baseline, Hybrid CT, Hybrid VT
and distributed flexures optimized for lowest oyq, Wwith the
same drive stiffness. The improvement in stress minimization
compared to the baseline is depicted in bold numbers.

Baseline Distr. VT Hybrid CT Hybrid VT

Ch, [N/m] 1.50E9 1.18E9 1.53E9 1.31E9
C, [N/m] 3.15E8 7.95E7 3.15E8 8.13E7
Cy/Cy ] 21% 7% 21% 6%

F, IN] 760.3 760.5 761.0 760.5
Omae  |Pal 4.00E8 2.75E8 4.00E8 2.76E8
Impr. [ - 31% 0% 31%

reasons. The first one is that the flexure needs this
less stiff (than the 10 mm beam) thicker section so
that the C,o is lower. As the objective is the ratio,
the C, could have less of an impact by this thinner

midsection, thus resulting in a higher stiffness ratio.

The second possibility is that the shape function as
defined with the cubic Bezier curve cannot form the
same "ideal" thickness variation in the region where
the highest bending occurs. To see the influence on
the ratio when constraining the maximum effective

flexure length to 20 mm, the same optimization is run.

The ratio drops quite significantly to 39%. Further
analysis could be done with different shape functions
to find out if this drop is due to the cubic Bezier not
being able to generate the ideal thickness profile.

The optimization for the three cases is conducted
using a fixed length flexure with a fixed minimum
thickness, resulting in flexures with a comparable L/t
ratio. To fully explore the potential impact of variable
thickness (VT), the optimization should be performed
for higher and lower L/t flexure ratios. Additionally,
the length-to-displacement ratio L/u and its effect
on the effectiveness of the method require further
investigation. This study utilizes a ratio of 10, which
represents a relatively long stroke. It is noteworthy
that C, is not taken into account in this research,
which is also influenced by torsion around x.

In Case 1 and Case 2, the maximum C), was influ-
enced by, in the first case the Cy, and in the second
case the F,,. A case that is not explored but could
prove beneficial is to maximize for C';, with only stress
constraints. This would probably increase the drive
stiffness, but could further show the potential to dis-
tribute material more effectively to increase stiffness.
This is optimized for the partially rigid CT and VT
flexures as the rigid midsection shows the highest
potential in this research and in the literature as
well. The maximum C,, achievable for a CT flexure
is highly dependent on the minimum thickness, but
with a minimum thickness set to 0.3 mm, a maximum
Cpof 1.02x 10°Nm ™! and 1.05x 10° Nm~! for a CT
and a VT flexure, thus increasing the stiffness with
224% and 233%, but only differing 4.3% compared to
each other.

6 Conclusion

This research introduces two new parametrizations
and utilizes them to optimize the thickness profiles of
leaf flexures. The study investigates three 2D cases,
where the first two examine the improvement in sup-
port stiffness for same-stroke flexures. Case 1 looks at
the increase in the support stiffness ratio. This is de-
fined as the deflected support stiffness C, divided by
the undeflected support stiffness Cy,. A higher stiff-
ness ratio results in a flexure with a less severe sup-
port stiffness drop when deflected, allowing for larger
ranges of motion with more predictable performance.

Case 2 introduces a constraint on the drive stiff-
ness and maximizes the deflected support stiffness
C,, leading to an alternative flexure for an existing
application where increased support stiffness is re-
quired. Case 3 assesses the potential to minimize the
peak stress for a flexure with the same length and
drive stiffness, providing an alternative with a higher
range of motion or a higher safety factor on stress.



The results demonstrate that using the new
parametrizations, both optimized variable thickness
flexures outperform the baseline and partially rigid
flexures utilizing constant thickness. In Case 1, the
increase in stiffness ratio that could be achieved
is 114% for distributed VT and partially rigid VT
flexures. Here the trend of minimizing the length
and thickness of the part of the flexure where most
bending occurs clearly shows. Here utilizing a par-
tially rigid midsection increases the stiffness ratio by
60% and using variable thickness, this increase in the
ratio is doubled.

In Case 2, a significant increase in support stiffness
can be achieved using a partially rigid VT flexure,
with an increase of 125% compared to the baseline.
Here again, the trend is to create a thicker midsection
to distribute the bending further to the outer ends of
the full flexure.

In Case 3, utilizing VT, a fully distributed flexure
can achieve a decrease in maximum stress of 31%.
The partially rigid flexure utilizes the full length and
results in a near identical thickness profile resulting
in the same maximum stress value.

The results suggest that VT flexures hold great
promise for increasing support stiffness for same-
stroke flexures and stress minimization for flexures
with the same drive stiffness. The new parametriza-
tions may offer a potential performance increase if
maximum support stiffness is required for a mech-
anism where the driving force is constrained. Fur-
thermore, VT flexures may increase the potential
stroke or design safety factor of the flexure. Finally,
compared to current CT flexure mechanisms, the
increase in cost is minimal if the original manufactur-
ing process is wire EDM.
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A Appendix
A.1 Optimizing fit of cubic bezier curve to ideal thickness profile

To find out how good of an estimation a cubic bezier curve can make, a small optimization is run. Firstly we
need to define the thickness profile for an ideal flexure using expression (2). The square root of  can be taken
out of the full square root as the other part acts as a constant (see equation (A.2)).

te) = ﬁ= \/i Vi (A1)

Filling in the constant using the data from the baseline of Case 3, we get:

6F 6-761
t("’”:\/;'ﬂ: 100061 V" (42

The objective for the optimization is as follows with ¢ the number of points on the curves that are compared:
50

Obj = |tpez(i) = trdear(i)] (A.3)
i=1

For this optimization, the surrogateopt function in Matlab is used. More on this in chapter 3.7.

A.2 Variable thickness parametrization

In figure A.1 the parametrization of the distributed variable thickness flexure can be seen and in figure A.2 the
parametrization of the variable thickness flexure using a partially rigid midsection.

Lengthl Length2

Lpy*L Leaq * Length2 tza

MIRROR LINE

FLEXURE CENTER LINE

Figure A.1l. Parametrization of VT flexure with 2 cubic bezier curves in the mid-section. See chapter 3.3 for more information.
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o P, Pes Lot
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PI B e
Ltl ’ Leﬂgt}l] o LCZ | Lenglhz <-
i Lpp*L

Lpy*L Lz * Length2

__________________________ 2 U S
FLEXURE CENTER LINE

Figure A.2. Parametrization of VT flexure with 1 cubic bezier curves in the mid-section. This flexure is connected on the right
using a rigid connection to a beam element connecting it to the output point at £ = 50 mm. See chapter 3.3 for more information.
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A.3 Optimized flexure parameter values

Table A.1l. Optimized parameter values for the distributed reference flexure and distributed VT flexures.

Parameter tmin t0 LC1 t1 LP1 t2a LC2a LC2
lower bound 1.50E-04 0.05 0.20 0.000 0.05 1.50E-04 0.00 0.00
upper bound 1.00E-03 0.20 0.80 0.00 0.10 1.00E-03 1.00 1.00
Case 1 CT 3.3915E-04 7.6753E-02 0.20105627 0.0894223

VT 5.1878E-04 5.0174E-02 0.20000000 1.5000E-04 0.0604445 1.5000E-04 0.3243199 1.0000000
Case 2 CT 3.3915E-04 7.6753E-02 0.20105627 0.0894223

VT 7.6505E-04 1.0716E-01 0.20040123 3.4873E-04 0.0562451 1.5347E-04 0.7964520 0.8681653
Case 3 CT 3.3915E-04 7.6753E-02 0.20105627 0.0894223

VT 1.5000E-04 9.3656E-02 0.20710083 4.1656E-04 0.0555561 3.5648E-04 0.3594766 0.0671309

Table A.2. Optimized parameter values for the partially rigid CT and VT flexures.

Parameter L t_min t_o le_1 t_1 1_1 t_2a t_2b le_2a le_2 le_3 1_3 t_3
lower bound 0.02 1.50E-04 0.05 0.20 1.50E-04 0.05 1.50E-04 1.50E-04 0.00 0.00 0.20 0.050 0.05
upper bound 0.049 1.00E-03 0.20 0.80 1.00E-03 0.10 1.00E-03 1.00E-03 1.00 1.00 0.80 0.10 0.20
Case 1 CT 0.01000000 1.5000E-04 0.17540401 0.69410189 0.10000000

VT 0.04900000 5.4947E-04 0.05960586 0.20000000 1.5000E-04 0.05061984 1.5000E-04 4.6196E-04 0.36043464 1.00000000 0.68741205 0.06578192 0.14969349
Case 2 CT 0.04745816 3.3848E-04 0.07301738 0.20417657 0.10000000

VT 0.02311528 3.0214E-04 0.07036656 0.51071497 3.7909E-04 0.05618080 3.4488E-04 3.0238E-04 0.01000000 0.55180223 0.45286761 0.05108695 0.19155989

Case 3 CT 0.04900000 3.3893E-04 0.07212523 0.20000000

(=]

.10000000

VT 0.04852019 2.1735E-04 0.05270512 0.20637164 4.0652E-04 0.09948035 2.1891E-04 1.5000E-04 0.99853928 0.22191529 0.68229902 0.06073126 0.13623059




Paper |l: Optimization of variable thickness,
initially curved flexure mechanisms for
increased support stitfness and increased
range of motion

As is concluded in paper |, variable thickness with the same stroke and the same maximum stress

can significantly improve the support stiffness. When optimizing for minimal stress, variable thickness
again has an advantage.

In this paper, mechanisms using variable thickness flexures with initial curvature will be compared to
mechanisms with constant thickness flexures with curvature to see again if the support stiffness can be
increased, or the stroke of a mechanism can be maximized by having lower stress for the same stroke.

28



Highlights

Optimization of variable thickness, initially curved flexure mechanisms for increased
support stiffness and increased range of motion

F.W.F. Colin

e A new design strategy adding variable thickness to optimizing initially curved flexure mechanisms is
presented.

e A near-constant support stiffness mechanism with a range of motion of + 10 mm, maximum parasitic
translation of 10 pm and a stiffness ratio, Cy/C;, of 248. Adding variable thickness increases this by 103%.

e A linear guiding mechanism with a parasitic motion of 0.2 pm and 100 purad and a stiffness ratio of 729.
Adding variable thickness increases this ratio by 84% and increases the mean support stiffness by 26%.

e A linear guiding mechanism with a parasitic translation of 10 pm, a minimum stiffness ratio of 100 and a
stroke of 27.65 mm using constant thickness initially curved flexures. When variable thickness is added
this range of motion increases to 30.60 mm.



Optimization of variable thickness, initially curved flexure

mechanisms for increased support stiffness and increased range of

motion

F.W.F. Colin !

1 Department of Precision and Microsystems Engineering, Faculty of 3mE, Delft University of Technology, Delft, the Netherlands

ARTICLE INFO

Abstract

Keywords:

Parasitic motion

Range of motion
Compliant mechanism
Stiffness ratio

Support stiffness
Constant support stiffness

Flexure mechanisms have gained popularity as a viable alternative to conventional mechanical
systems due to their high precision, lack of friction and lubrication-free operation. However,
the limited range of motion caused by stress peaks, the significant reduction in support
stiffness when deflected and undesired parasitic motions are three primary concerns in the
application of flexure mechanisms. This paper presents a novel optimization method for
designing mechanisms with good parasitic properties and increased support stiffness and
range of motion using initially curved variable thickness flexures. To show the potential of
this method, 3 cases were introduced. These cases are first optimized with constant thickness
flexures and subsequently, variable thickness is added to further increase the support stiffness
in cases 1 and 2 and to increase the stroke in case 3. The first case resulted in a mechanism
with a near-constant support stiffness over the whole stroke. The change in support stiffness
is constrained to 0.1% with parasitic motion below 10 pm and 2 mrad. Introducing variable
thickness increases the support stiffness by 103% without compromising other properties. Case
2 optimized a minimum parasitic motion mechanism for maximum support stiffness, resulting
in a mechanism with parasitic motion below 0.2 pm and 100 prad. Using variable thickness
flexures the support stiffness can be increased by 25.9%. In the last case, the maximum stroke
is maximized with constrained parasitic behavior. This resulted in a mechanism with a stroke

of 27.65 mm for constant thickness flexures and 30.60 mm for variable thickness flexures.

1 Introduction

Compliant mechanisms become more and more impor-
tant in precision mechanisms in the fields of, for ex-
ample, micro-manufacturing, optical fiber alignment,
biological engineering and scanning probe microscopy
[1]. High-precision motion stages in the field of lithog-
raphy have an increasing need for larger ranges of
motion and given the lack of friction, lack of lubrica-
tion needs and nearly flawless repeatability, compliant
mechanisms are the ideal fit [1-3].

A commonly used mechanism is the parallel leaf
spring flexure. Parallel flexure mechanisms have an
approximate straight line motion for small displace-
ments. These mechanisms are used for example in the
use of precision coordinate measurement machines
[4], Hao and Yu used this mechanism for a compliant
xy manipulator [5], Hao and Kong used this in the
design for a self-adaptive compliant parallel gripper
for high-precision manipulation [6]. When stacked
and mirrored, a double parallel leaf spring flexure
is achieved that is used in many applications as the
parasitic motion of the intermediate body cancels

that of the output body. These double parallel leaf
spring flexures are used in a variety of applications
like precision zy stages [3, 6-13].

These mechanisms allow for translations with high
repeatability, however, the range of motion is con-
strained by the material characteristics, particularly
the maximum permitted stress concentrations [1-3].
Besides the stress concentrations, the drop in support
stiffness (Cy as seen in figure 1) when deflected limits
the precision that can be obtained [14, 15].

One way to improve flexure performance is by us-
ing variable thickness (VT) flexures. A benefit of
thickness-varying flexures is their ability to deform
less under axial load [16, 17]. This is advantageous
in applications where a high support stiffness is nec-
essary. Furthermore, Wu et al. showed that with the
tuning of the parameters of thickness-varying flex-
ures, a big influence on compliance and stiffness ra-
tios could be achieved [18]. Krishnan et al. showed
that besides increasing the support stiffness, VT flex-
ures can travel a longer distance and handle larger
input forces than a beam of the same stiffness but a
uniform cross-section [19]. Tschiersky et al. showed
that an increase in energy density of 277% was achiev-



able using variable thickness initially curved flexures
towards the design of an assistive elbow orthosis [20].

A relatively new method for designing leaf flex-
ure mechanisms is to use the advantages of initially
curved flexures. The advantages these initially curved
flexures pose are a relatively large range of motion
and a relatively small strain range [21-25]. Another
benefit could be using the geometric non-linearities
these flexures exhibit for large deflections to our ad-
vantage. In the field of parasitic motion minimization,
these non-linearities can be used to compensate the
parasitic motions about 3.4 times better than the
Roberts mechanism. It is also shown in a different
case study that a much more constant stiffness along
the full displacement can be achieved in all directions
[26].

A drawback these initially curved flexures exhibit
is that they perform poorly under compressive forces
[27]. This however can be compensated for. By using
a set of curved leaf flexures, the drop of stiffness in
the stiff directions can be compensated as one of the
2 leaf flexures will straighten when deflected resulting
in a stiffer geometry in deflected configuration [26,
28-31].

All these papers look at different properties and
none seem to look at the ability of the method of
initial curvature and variable thickness to generate
straight line mechanisms with near-constant support
stiffness, small parasitic errors, increased support stiff-
ness, or an increased range of motion. The previous
work of Meinders et al. [26] shows promising results
using initially curved flexures to generate straight line
mechanisms so this method will be used as a starting
point to explore different design goals. As variable
thickness flexures show great promise in terms of in-
creasing support stiffness or minimizing stress, an
addition to this method of optimizing initially curved
flexure mechanisms will be made to combine the best
of both worlds.

This research aims to see the potential of optimiz-
ing initially curved flexure mechanisms towards the
design of a constant support stiffness, a minimal par-
asitic motion and a maximum stroke linear guiding
mechanism and explore if we can improve the perfor-
mance in support stiffness or range of motion even
further by combining initially curved and variable
thickness flexures.

The structure of this paper is as follows. First, the
method and case studies are introduced. Afterwards,
the results of these case studies are presented. Then,
the experimental results of one of the cases are pre-
sented followed by a discussion and a conclusion.

2 Method and Case Studies

In this section, the method will be introduced and
described in detail. The case studies will be introduced
and lastly, the constraint and objective functions are
presented.

2.1 Definitions

In figure 1 the global definitions can be seen. Besides
the global coordinates, parasitic motion dy and para-
sitic rotation ParRotation or drot are visualised as
well.

Par Rotation

Figure 1. z and y-axis definition, z-axis is out of plane and
points towards you.

2.2 Scope and Assumptions

In this research we only look at 2D extruded mecha-
nisms, with the support stiffness defined as the stiff-
ness in y-direction, see figure 1. Some assumptions
are made in the design of the mechanisms. These are
as follows:

(1) The effects of gravity are negligible

(2) In-plane geometries are used, these are extruded
to form 3D geometries

Material is uniform

The material is free from internal stresses

No other loads are applied to the mechanism
Beams connecting flexures are considered rigid

3
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2.3 Modelling initial curvature

To parameterize the initial curvature of the middle
line of the flexures (as can be seen as the dotted
line in figure 3), quadratic Bezier curves are used.
These Bezier curves are useful as they offer smooth
continuous curvature with only 3 control points. The
z and y coordinates for points along the curve are
defined by 3 control points, Py, P; and Py and a
value t from 0 to 1 as follows.



B(t) = (1 —t)’Po+2t(1 — )P, + Py (1)

Using n equally spaced t values to generate points
on the curve does not lead to same-length beam ele-
ments. Elements closer to tight curvature are shorter
than straighter sections. This is not a problem for
constant thickness flexures, but to be able to have a
consistent parametrization for variable thickness flex-
ures for all curvatures, these elements need to be of
equal length as the individual elements have a char-
acteristic thickness. To mitigate this problem, the
actual distances are compared to their ¢ value when
n equally spaced ¢ values are used. The resultant ¢
to length values are interpolated to define the ¢ val-
ues where the length of the elements are equal. With
these new t values the points are again generated and
these correspond to near-equal-length elements.

The parameterization of the Bezier curves is done
by 2 control points, Py and P2, on the ends of the
curve that are defined by an = and y value. The middle
control point, P, is a result of a fraction of the length
between Py and P5 called [ and a perpendicular
distance from this point, defined as b - L with L the
distance between Py and P, see figure 2. With this
parametrization, each flexure has 6 control points
to define the shape of the mid-line and either 1 or
4 control points to define the thickness profile for
a constant thickness and variable thickness flexure
respectively. This results in a total of 28 parameters to
define the CT flexure mechanism and 40 parameters
for a VT flexure mechanism.

Figure 2. Bezier curve parametrization using control point
Po, P;1 and P2. In blue, the constraint space for Pj.

2.4 Variable thickness flexures

To parameterize the variable thickness, a modified
Akima piecewise cubic Hermite interpolation is used
[32]. This interpolation is done in n equally spaced
points that correspond to the thickness values of the
beam elements. The spline is interpolated between
3 control points. The first, ty, at the base of the
flexure. The second point, tq, is placed somewhere
between 0.1 and 0.9 times ! (this parameter is called

lmin) on the length of the flexure. And lastly, ty is
placed at the end of the flexure. See figure 3 for the
parametrization.

Figure 3. Parametrization of the control thicknesses interpo-
lated by Akima piecewise cubic Hermite interpolation.

2.5 Topology

The input topology uses 2 flexures fixed on one side
and connected to an intermediate body on the other
side, from this intermediate body 2 flexures are con-
nected to the output body. This topology is chosen
so that the algorithm, in theory, can make something
resembling a double parallelogram and a Roberts
mechanism, see figure 4. Besides this, it was shown
in the work of Meinders [33], it has the potential for
a variety of mechanisms with good parasitic prop-
erties. It might be very interesting to look at more
configurations, however, this induces overconstraints.

@ "

Figure 4. left: Control points for the four initially curved
flexures with on the top the output node. center: Roberts
mechanism and on the right: the double parallelogram.

The mechanism is horizontally mirrored to form
the full mechanism. This removes the rotational de-
gree of freedom resulting in a 1-degree-of-freedom
mechanism.

2.6 Software

To carry out the numerical analysis, SPACAR [34] is
used. This is a flexible multibody software package
that uses planar nonlinear beam elements to model
the mechanism. These nonlinear beam elements have
a constant cross-sectional area and are straight in
their undeformed state.



2.7 Discretization

To model the initial curvature of the flexure, quadratic
Bezier curves are used as described in section 2.3. As
the beam elements used by SPACAR are straight,
the flexure needs to be discretized by multiple beam
segments. The thickness is also discretized by means
of the constant thickness beam elements each with
its unique thickness defined by the modified Akima
piecewise cubic Hermite interpolation as described in
section 2.4.

2.8 Optimization Algorithm

Matlab’s surrogateopt algorithm is used [35]. This
algorithm is suitable for computationally expensive
objective functions as it uses the surrogate model to
approximate the response of the system by interpolat-
ing a radial basis function between random sampling
points. After a set amount of random sampling points
between the bounds, the algorithm switches to the
second phase. In phase 2 the algorithm searches for a
minimum by sampling thousands of points on the sur-
rogate model and the best point is then evaluated and
the objective value is used to update the surrogate
model. This step continues until a minimum is found.
When this minimum is found, the algorithm switches
back to phase 1 and constructs a new surrogate.

2.9 Case studies introduction

To see the ability of this new method to generate bet-
ter performing mechanisms, 3 test cases were used
to find 3 mechanisms that look at one of the 3 im-
portant limiting factors for compliant mechanisms.
The first one is the significant drop in support stiff-
ness when deflected. The second case looks for a new
geometry that has a minimal parasitic motion while
maintaining a support-to-drive stiffness ratio(R¢) of
at least 100 and the last case aims to find a geometry
that has a maximum range of motion.

After these novel new mechanisms are found, the
first 2 case studies are conducted for CT and VT
flexures to see the influence that variable thickness
has on the performance in support stiffness. The last
case study looks at the increase in range of motion
variable thickness flexures can offer.

(1) Maximizing stiffness ratio for a near-constant
support stiffness mechanism

(2) Maximizing stiffness ratio for a minimum para-
sitic motion mechanism

(3) Maximizing stroke with constrained parasitic
behavior

2.10 Constraints

For the different test cases, different constraints were
applied. These fall under geometry constraints and
output constraints. In this section, the different con-
straints are explained.

2.10.1 Geometry constraints

Minimum flexure clearance constraint: To be
able to generate monolithic designs, it is necessary
not to have flexure intersections and allow for space
between flexures to allow solid structure elements
to connect all the flexures. The minimum distance
and, if applicable, intersection (utilizing part of the
code from Schwarz [36]) is defined for every flexure
combination at all load steps. If the flexures intersect
at any point in the stroke the distance is 0, otherwise,
the distance is the minimum distance.

distancemq., — min(distance)

<0 2
distance oz - (2)
Self intersection constraint: Self-intersection can

be avoided by using the constraint proposed by Zhou
and Ting [24].

maz(0.5w — p(t)) <0 (3)

R0 + R0
P = G0 — F0i)] @

The extreme case would be maximum thickness, max-
imum or minimum / and maximum or minimum b, see
figure 2. The maximum thickness of a flexure is set
at 2mm. In this case, the length between Py and P
must be at least 4mm not to have a self-intersection.
As this results in a lumped flexure hinge, this will not
happen in any of the cases and therefore is neglected
in the optimization.

2.10.2 Output constraints

Parasitic translation constraint: The maximum
deviation in y-direction should not exceed d¥maz,
resulting in the following constraint.

maz(0Y) — 0Ymax
6ymam

<0 (5)

Parasitic rotation constraint: The maximum par-
asitic rotation around the z-axis should not exceed
010t maq, resulting in the following constraint.

maz(drot) — 6rot,ax

<
Orotmaz <0 (6)

Stress constraint: The maximum stress occurring
somewhere in the system at any point in the displace-



ment must not exceed o,,44-

max(o) — Omaz <0 )
Uma:v

Support stiffness deviation constraint: The

maximum difference in support stiffness is con-

strained to be below 6Cy maz-

maz(Cy) — min(Cy)

6C, = (®)

min(Cy)
503/ - 6Cy,ma.'c
0 . G <0 (9)

Drive stiffness constraint: To see the possible
increase in support stiffness for a mechanism with
the same or increased drive stiffness, a constraint is
set on the minimum C,.

Cx,CT - Ca:

<0 10
C’z,CT ( )

2.11 Objective

For the 3 case studies, different objectives are used
and these are introduced in the following subsections.

2.11.1 Case 1: Increase stiffness ratio for a
near-constant support stiffness
mechanism

This case aims to look at the capability of the initially
curved flexure mechanisms to improve the support
stiffness for a mechanism designed to have a near-
constant support stiffness. Decreasing the support
stiffness difference results in mechanisms having less
parasitic motion deviation due to an external load
and a more constant parasitic motion shift, still re-
sulting in good straight line motion. Increasing the
support stiffness makes the mechanism less influenced
by external loads as the induced parasitic motion will
be lower.

This optimization is done sequentially. In the first
step the objective is to minimize the support stiffness
difference, while in the second step, the objective is to
maximize the stiffness ratio with the parasitic motion
as a constraint. The parasitic motion is relaxed a bit
and the bounds on the control point positions are
set to £5% of the optimized design from step 1. The
stiffness ratio is used as this is a normalized metric
independent of material choice and size.

As the stiffness ratio is determined by the C, as
well as the Cy, Case 1 looks at the increase in stiffness
ratio and Case 1.1 looks at the increase of the stiffness
ratio with a constrained C, to be at least as high as
the O, for the optimized CT design.

Step 1:

min. Obj =00, (11)
Step 2:

min. Obj = —R¢ (12)

2.11.2 Case 2: Increase stiffness ratio with
minimal parasitic error

This case looks at the ability to increase the stiffness
ratio while having a very small parasitic error. A
minimal parasitic error is desired in multiple fields
from atomic microscopes to wafer scanning stages.

This optimization is done sequentially. In the first
step the objective is to minimize the parasitic error,
while in the second step, the objective is to maximize
the stiffness ratio with the parasitic motion as a
constraint. The parasitic motion is relaxed a bit and
the bounds of the control point positions are set to
+5% of the optimized design from step 1.

As the stiffness ratio is determined by the C, as
well as the C, Case 2 looks at the increase in stiffness
ratio and Case 2.1 looks at the increase of the stiffness
ratio with a constrained C to be at least as high or
higher than the C, of the optimized CT design.

Step 1:
min. Obj = 0y (13)

Step 2:
min. Obj = —R¢ (14)

2.11.3 Case 3: Maximizing stroke with
constrained parasitic behavior

As one common limitation of compliant mechanisms
is their limited range of motion, this case aims to
maximize this with constrained parasitic motion, a
minimum stiffness ratio R of 100, subject to stress
constraints.

To define the maximum stroke, the input displace-
ment was set to 35 mm (assumed unachievable within
the bounds) and the maximum displacement is in-
terpolated between the load step that is below and
over the stress limit. The parasitic motion as well as
the stiffness ratio are defined within this maximum
stroke.

This makes the response increasingly non-linear
as the parasitic and stiffness response is only taken
when the stress is below 20 MPa. For this reason,
only 4 elements per flexure are used and only half
of the mechanism is modeled in step 1. Using the
parasitic behavior when deflected in positive and
negative directions, the parasitic motion, parasitic
rotation and Cy are defined for the full mechanism.
In step 2 the lower and upper bounds on the control



point positions are set £10% of this geometry and
the optimization is done for the constant thickness
and variable thickness flexures using 6 elements per
flexure and the full mirrored mechanism is used.

Step 1:

min. Obj = —d0x (15)
Step 2:

min. Obj = —d0x (16)

2.12 Material properties

The material used in the optimization is Tough 1500
from Formlabs [37]. This material is used as it is
printable on the Formlabs 3 SLS 3D printer. This
printer has an zy accuracy of 25 pm [38] making it
ideal for printing variable thickness flexures. The
minimal support stiffness deviation mechanism is
optimized for this material, as well as with aluminium
7075-T6. The 7075-T6 mechanism is produced with
wire EDM and is used for testing to validate the
simulation. This experiment is explained in section
3.4. Material properties used for these 2 materials
can be seen in table 1.

Table 1. Material properties of Formlabs Tough 1500 [37] &
Aluminium 7075-T6.

Tough 1500  7075-T6
Young’s modulus [GPa) 1.5 1.7
yield strength [MPa] 33 460
shear modulus  [GPa| 0.4 26.9
density [kg/m3] 1070 2800

3 Results

In this section, the results of the 3 case studies are
presented. First, 3 novel mechanisms are designed by
optimizing for support stiffness deviation, parasitic
motion and maximum stroke for the 3 cases respec-
tively. Afterwards, each of these mechanisms is fur-
ther optimized using constant thickness and variable
thickness flexures and the 2 are compared to each
other.

3.1 Maximizing stiffness ratio for a near
constant support stiffness mechanism

Step one minimizes support stiffness deviation sub-
ject to the constraints as stated in table 2. Optimizing
for Cy deviation results in a novel mechanism with
a support stiffness deviation of only 0.0026% with a
parasitic translation of 7.99 ym, a parasitic rotation
of 6.98 x 10~*rad and a stiffness ratio of 122.7. In
step 2 the maximum support stiffness deviation is
constrained to a maximum of 0.1%. As this is an ex-
tremely nonlinear optimization problem with a large

set of parameters, the lower and upper bounds for the
control point positions are taken £5% of the initially
found mechanism from step 1. This reduces the design
space by a factor of 10?4 as we have 28 parameters
minus 4 parameters for the thickness of each flexure.

Table 2. Constraint values for the near constant support stiff-
ness mechanism. The maximum C',, difference ct. CT constraint
is not active for Case 1 but is activated for Case 1.1.

Constraint step 1  step 2

Maximum parasitic motion [pm] 10 10

Maximum parasitic rotation [prad] 2000 2000

Maximum stress [MPa] 20 20
Maximum Cy deviation (%] Obj 0.1
Maximum C,, difference ct. CT  [%)] -/5 -/5
Minimum Cy/C; ratio -] 100 Obj

In step 2 the constant thickness mechanism is opti-
mized for the highest stiffness ratio (Cy,/C,). This was
also done for the variable thickness mechanism and a
second optimization is done for a variable thickness
mechanism but with a C,, constraint to be greater or
equal to O, of the CT mechanism.

The mechanism properties can be seen in table 3.
Optimizing for R¢c results in an increase of 89.3%.
This is mainly because the C, drops 68%. The C,
drops as well, thus resulting in a decreased support
stiffness performance.

The optimized design that constrains C, has an
increase in R¢ of 103.2% and an increase in Cy of
103%. This design can be seen in figure 5. Case 1
did not result in the same optimal point while there
is no bound on the C, in this case. This is due to
limited computation time per case and here resulted
in a local minimum.

Table 3. Properties of CT and VT mechanisms for maximum
Rc with near constant support stiffness.

Case 1 Case 1.1

CT VT A VT A
oy [m]  4.36 9.56 -119%  9.42 -116%
drot [rad] 170 x 1073 1.50 x 1073 12% 267 x10°%  84%
ozt [mm] 10 10 0% 10 0%
Omae  [MPa]  14.67 11.44 28%  16.2 9%
0Cy [[]  0.086% 0.099% -15%  0.096% -11%
C, [Nm™] 677.81 215.42 -68%  676.4 0%
C, [Nm™'| 174E+05 1.05E+05 -40% 3.54E-+05 103%
Re [-] 2477 469.0 89.3% 5034 103.2%

To see the effectiveness in minimizing the induced
parasitic motion due to external loads, an external
load in negative y direction of 1N is applied and
the parasitic motion difference is plotted in figure 6.
The increase in support stiffness has indeed resulted
in a lower induced error and besides that for both
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Figure 5. Mechanism optimized for stiffness ratio with same
Cz as CT mechanism using variable thickness flexures for
minimal C; deviation.

the CT and VT mechanism, the change in straight
line error is 3.3nm and 1.5nm for the CT and VT
mechanism respectively, thus resulting in straight line
motion(max 10 pm) for arbitrary external loads.

«10© Induced parasitic displacement
T . T : . T

Constant Thickness ||
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by [m]
@

z displacement [mm]

Figure 6. Induced parasitic motion with an applied load of 1 N
in negative y direction for the CT and VT optimized designs
with near constant Cy over the whole stroke.

3.2 Maximizing stiffness ratio for a
minimum parasitic motion mechanism

Step 1 minimizes the parasitic motion, with active
constraints as defined in table 4. This results in a
mechanism with a parasitic translation of 13.6 nm
and a parasitic rotation of 35.2 prad. In comparrison,
when optimizing the Roberts mechanism in SPACAR
with the same constraints, a parasitic translation of
327nm can be achieved, being 9.3 times higher.

Table 4. Constraint values for a minimal parasitic motion
mechanism. The maximum C difference ct. CT constraint is
not active for Case 2 but is activated for Case 2.1.

Constraint step1  step 2
Maximum parasitic motion [pm] Obj 0.2
Maximum parasitic rotation [prad] 100 100
Maximum stress [MPa] 20 20
Maximum Cy deviation (%] - -
Maximum C, difference ct. CT  [%)] -/5 -/5
Minimum Cy/C, ratio -] 100 Obj

Step 2 optimizes the stiffness ratio Rc with the
parasitic motion constrained to 0.2 pm and the lower
and upper bounds of the control points are taken =5%

of the optimized design from step 1. Just as in Case
1, the lower and upper bounds of the thickness of the
flexures is not altered. The optimized mechanisms

properties can be seen in table 5.

Table 5. Properties of CT and VT mechanisms for maximum
R¢ with minimal parasitic motion.

Case 2 Case 2.1

CT VT A VT A
oy [m] 1.72E-07  1.94E-07 -13% 1.97E-07 -15%
drot [rad] 3.22E-05  8.79E-05 -173%  9.67E-05 -200%
ozt [mm] 10 10 10
Omaz |MPa]  10.04 8.94 12%  10.01 0%
5C, [ 11.1% 16.0% -45%  13.2% -19%
C, [Nm™!] 614.20 407.95 -34%  613.51 0%
C, [Nm™! 482E+05 6.07TE+05 25.9% 5.66E+05 17.3%
R¢ [ 7291 1339.9 83.8%  848.7 16.4%

For constant thickness leaf flexures, a maximum R¢
of 729.1 is achieved with C'y = 4.82 x 10° Nm™!. The
same optimization is done for VT flexures using the
same design space for the control points. Maximizing
the R¢ results in an increase of 83.8% to 1339.9 and
an increase in Cy, of 25.9% to 6.07 x 10°.

Applying a lower bound on the C, to be at least
C, of the CT flexure mechanism results in an increase
of R¢c of 16.4% with an increase in 6y of 17.3% to
5.66 x 10°. In this case, the éy is lower than in Case
2, suggesting that if an increase in support stiffness
is desired
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Figure 7. VT flexure mechanism optimized for maximum R¢

with constrained parasitic motion.

3.3 Maximizing stroke with constrained
parasitic behavior

Table 6. Constraint values for a maximum stroke mechanism
with constrained parasitic behavior

Constraint Value

Maximum parasitic motion [pm]| 10
Maximum parasitic rotation [prad] 2000
Maximum stress [MPa] 20
Minimum Cy/C, ratio -l 100




With limited elements per flexure (4 elements) and
a maximum parasitic motion constraint of 15pm,
a good initial guess can be found. For step 2, the
mechanism is optimized further for CT and VT with
the new control point bounds +10% of the initial
optimized design from step 1.

Using CT flexures, a mechanism with a maximum
stroke of 27.6 mm can be achieved. All the proper-
ties can be found in table 7. When optimizing for
maximum stroke with VT flexures, the stroke can
be extended to 30.6 mm, a 10.7% increase. The VT
mechanism can be seen in figure 8.

Table 7. Properties of CT and VT mechanisms for maximum
stroke with constrained parasitic behavior

CT VT A
Sy [mm]  9.30 9.90 -6%
Srot [rad]  0.002 0.002 0%
Sx+ [mm] 27.65 30.60 10.7%
Omaz  [MPa]  20.0 20.0 0%
5Cy [ 93.9% 121% -28%
C, [Nm™!] 257.42 207.33 -19%
Cy [Nm™'] 4.41x10* 3.80x10* -14%
Rc []  105.8 100.0 -5%
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Figure 8. Mechanism with VT flexures optimized for a maxi-
mum stroke with parasitic motion and minimum stiffness ratio
constraints. Maximum stroke is 30.6 mm

3.4 FEA validation and Test measurements

To validate and test the SPACAR simulation, the
mechanism from case 1 is optimized for aluminium
7075-T6. This mechanism is then produced using
wire EDM for a physical test. The minimum flexure
thickness is set to 0.4 mm and a maximum reaction
force of 40 N is implemented. This is firstly optimized
for CT flexures and secondly, a VT flexure mechanism
with a constrained C, is optimized for a maximum
stiffness ratio. The resultant properties can be seen
in table 8. To have a more accurate approximation
of the real mechanism, 10 beam elements per flexure
are used.

The optimized design is converted to a 3d model
which is used to construct an aluminium version for

Table 8. Properties of CT and VT mechanisms for maximum
Rc with near constant support stiffness optimized with 10
beam elements per flexure in aluminium 7075-T6

Case 1.1

CT VT A
Sy [pm]  6.64 10.0 -51%
Srot [rad]  2.00 x 1072 1.90 x 1073 5%
Szt [mm] 10 10 0%
Omaz  |[MPa]  282.6 338.2 -16%
5Cy [ 0.100% 0.110% -10%
Cp [Nm™!'] 253x10° 247 x 10° -2%
Cy [Nm™'] 7.30x10° 1.46 x 10° 100%
Rc ] 2786 568.3 104%

the experiment and the model is also used in Ansys
to validate the model using solid elements.

As the accuracy of the SPACAR result may be sub-
ject to the limited amount of beam elements, a FEM
simulation in Ansys is done. The flexures are mod-
eled with 2 quadratic hex elements in thickness. To
minimize elements, the solid bodies are modeled with
a tetrahedron mesh. As the stresses are significantly
lower, these larger elements will have a negligible in-
fluence on the results. See figure 9 for the mesh of
the VT model.

Figure 9. Von Mises stress result and mesh of FEM analysis
of case 1 VT mechanism

The experimental setup can be seen in figure 10.
The setup consists of 3 laser distance sensors. One
sensor measures the x position while the other 2
simultaneously measure the parasitic translation of 2
points on the output body. The mechanism is pushed
and pulled over its stroke using a linear motion stage.
Using the x translation and the 2 top measurements
the parasitic translation as well as rotation can be
measured. This test is done multiple times without
an external load applied and subsequently with an
additional load of 9.81 N applied on the center of the
output body.

The results of the 3 methods can be seen in figure
11-13. A good coherence in terms of parasitic transla-
tion and rotation are observed, while a small devia-
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Figure 10. Experimental setup

tion in the results for induced parasitic motion are
measured. The induced parasitic motion is less con-
stant compared to the SPACAR and Ansys model.

This higher difference in induced parasitic motion
can be caused by a multitude of factors like produc-
tion errors and measurement errors. One main influ-
ence on the measurement data is the use of curve
fitting to approximate the actual measurement data
which is 3 noisy signals coming from the laser distance
sensors. The measured signal is fitted using a 4th or-
der polynomial. These fitted signals from laser 1 and
2 are then used to calculate the parasitic motion and
this parasitic motions for the 2 measurements (with
and without the external load) are used to calculate
the induced parasitic motion.
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Figure 11. parasitic translation
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4 Discussion

This method of optimizing new mechanisms is very
time-consuming, to see the improvement this addi-
tional time brings, the mechanisms from step 1 for
Case 1 and Case 2 and the CT mechanism from Case
3 are compared to two commonly used mechanisms,
the double parallelogram and the Roberts mechanism.
These mechanisms are optimized in SPACAR using
the same constraints as the 3 cases.

For Case 1, the results can be found in table 9. A
clear increase in support stiffness difference can be
seen by using the double parallelogram mechanism as
expected. The Roberts mechanism has much better
performance, however still about a factor 1000 higher
than the optimized design using this paper’s method.
The normalized support stiffness for the 3 mechanisms
can be seen in figure 14.

Table 9. Comparison of results for mechanisms designed for
minimal support stiffness difference using a double parallel-
ogram(DP), a Roberts mechanism and the optimized design
using initially curved flexures.

DP Roberts Optimized
oy [m] <10e-6  1.38E-06  8.90E-06 7.99E-06
orot [rad] <0.002 2.89E-04 4.50E-05 6.98E-04
0Cy | Obj 56.3% 3.3% 0.0026%
Re -] >100 100 446 123
Stroke |mm)| 10 10 10

Normalized support stiffness from x=0 to 10mm
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Figure 14. Normalized support stiffness for a double parallel-
ogram, a Roberts mechanism and optimized mechanisms. All
the mechanisms are optimized for a minimum support stiffness
difference.
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The same comparison is made for Case 2. As can be
seen in table 10, the parasitic translation is lowest for
the optimized initially curved mechanism, however
closely followed by the double parallelogram mecha-
nism. However, a significant difference can be seen in
0C,, this is not optimized for and both designs are
valid within the constraints so no claims about this
can be made.

Table 10. Comparison of results for mechanisms designed for
minimal parasitic motion using a double parallelogram(DP), a
Roberts mechanism and the optimized design using initially
curved flexures.

DP Roberts Optimized
oy [m] Obj 1.74E-08  3.27E-07 1.36E-08
orot  [rad] <100e-6 3.53E-06  2.81E-05 3.52E-05
0Cy | 9957% 42.9% 1486%

Re [-] >100 272 3167 496
Stroke [mm)| 10 10 10

And for the last case, the comparison is made. As
can be seen in table 11, the initially curved optimized
design has a significantly larger stroke compared to
the other 2 mechanisms.

Table 11. Comparison of results for mechanisms designed for
maximum stroke using a double parallelogram(DP), a Roberts
mechanism and the optimized design using initially curved
flexures.

DP Roberts Optimized
oy [m] <10e-6  9.37E-08  7.02E-06 9.3E-06
drot  [rad] <0.002 1.14E-05 7.43E-05 0.002
8Cy ] 27180%  302% 94%

Rc -] >100 100 1365 106
Stroke [mm]| Obj 16.6 20.6 27.6

It is intersesting to see that every optimized design
results in approximately a half Roberts mechanism on
the bottom. It seems that using this layout the inter-
mediate body travels in a relatively straight motion
and the top part is then responsible for the function
of the mechanism. In Case 1, the function of the top
2 flexures is to hand over the support stiffness to each
other when deflecting while it seems that in Case 2,
the top flexures ensure a smaller parasitic motion.
The third case is a bit different with the bottom 2
flexures being more initially curved and a bit more
parallel to each other. Here besides rotation resulting
in the translation, the translation as well is achieved
by significant bending of these flexures. The top 2
flexures seem to have somewhat of the same function
to increase the maximum stroke.

In test cases 1 and 2, the optimization is done for
the stiffness ratio with and without a constrained C',.
Another interesting case could be optimizing purely

for a maximum 6y. This could result in a mechanism
with a significantly increased drive stiffness, however,
if this is not an issue this could be beneficial as the
support stiffness is increased as well.

No claims can be made that these mechanisms
are the global minimum designs within the design
space. The problem is extremely nonlinear and time-
consuming that optimized mechanisms are defined as
the best-found design within the function evaluation
limit. This issue can be observed in Case 1, where
when constraining the drive stiffness led to a higher
stiffness ratio. The optimizer was able to make this
mechanism, however, due to computation limitations,
the best minimum found until that time was perform-
ing less. The benefits of even this "limited" search of
the full design space results in mechanisms that per-
form significantly better in a lot of fields, but to show
the full potential, a study can be done with the use of
a computer cluster to do more function evaluations.

Something that is not taken into account is the
manufacturing inaccuracies and induced stresses due
to thermal loads during production. If these induced
stresses are known they could be taken into account
during optimization. If this seems to be an issue in
terms of shorter life span due to for example crack
forming, it is something worth looking into in the
future.

Besides the stiffness in  and y direction, this pla-
nar case’s last degree of freedom is the R, and its
corresponding M. In these cases no constraint is set
on the minimum of this rotation stiffness, however,
for some models, it was noticeable that one extra de-
gree of freedom was present. This is mainly because
the flexures from the intermediate body to the out-
put body when mirrored were all close to crossing in
the same virtual point. This is something that could
be incorporated into a future study. A simple way of
mitigating this problem is by putting the mirrored
mechanism halves farther apart, but for small design
spaces, this solution might not be a solution. Extend-
ing the distance between mirrored mechanisms could
also help minimize the parasitic rotation if this is
critical.

5 Conclusion

In this research 3 novel straight-line mechanisms are
presented that are optimized for 3 of the main limiting
factors of compliant mechanisms.

Several test cases have been examined with the
aim of enhancing the stiffness ratio and increasing
the range of motion while minimizing parasitic mo-
tion and peak stresses. Two test cases were conducted
to demonstrate the potential for increasing support
stiffness. In the first case, the stiffness ratio, Cy/C,



is maximized for a mechanism with a near constant
support stiffness, 6C, < 0.1%. An increase of 89.3%
in stiffness ratio was observed when compared to
constant thickness flexures. This is largely due to a
significant decrease in drive stiffness while support
stiffness dropped less. When drive stiffness was con-
strained to be at least that of the CT mechanism, the
stiffness ratio increased by 103.2%. In this case, when
constraining the drive stiffness, a higher ratio is ob-
served. This is due to the limited computation time.

The second test case aimed to increase the stiffness
ratio for a mechanism with a maximum parasitic
translation of 0.2 pm and maximum parasitic rotation
of 100 urad. Here, an 83.8% increase in stiffness ratio
was achieved. The optimized design has lower drive
stiffness and increased support stiffness of 25.9%.
Constrained drive stiffness led to a stiffness ratio
increase of 16.4% compared to the constant thickness
flexure mechanism. However, support stiffness in the
constrained drive stiffness case was lower than the
unconstrained drive stiffness case, so in this case, a
decrease in drive stiffness is also beneficial towards
increasing support stiffness.

The final test case examined variable thickness
mechanisms and their ability to translate longer dis-
tances before failure. Mechanisms were optimized us-
ing constant and variable thickness flexures. Within
the same parasitic and stiffness ratio constraints, a
10.7% increase in stroke was achieved with the vari-
able thickness flexure mechanism.

In conclusion, it can be stated that initially curved
flexures show great promise in a whole range of ap-
plications. And on top of that, variable thickness and
initially curved flexure mechanisms show improved
performance in terms of support stiffness and stroke
compared to constant thickness initially curved flex-
ures.
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Discussion

One of the harder parts of the project was to make a fast, consistent meshing tool, see appendix A.1
for more insight in what went into the meshing tool. This tool is optimized for these specific flexure
designs, but when unrealistic geometries were evaluated, the solver returned errors as some elements
had extreme aspect ratios. This was solved by means of telling the solver that this was an infeasible
design and this way could continue. This was not an issue for this research, as these geometries were
evaluated and all were unrealistic designs. The solver thus has a limited range of quality meshes but
this range was sufficient for the desired flexure shapes.

SPACAR is fundamental in the ability to optimize new mechanisms using curved flexures. With sim-
ulation times of +20 seconds compared to 1 hour and 30 minutes for Ansys, still results in reliable
and comparable results. Due to the highly nonlinear nature of the problem and utilizing these nonlin-
earities to our advantage, a limitation was still posed by simulation time. Using parallel optimization
with 6 cores working in parallel, the optimizations still could take multiple days. This relatively limited
simulation time prevented the investigations in terms of different lower and upper bounds for exam-
ple on the minimum thickness of the flexures (more on this in appendix B.4) or on the influence of
more or fewer elements used in SPACAR as just increasing the number of elements and evaluate the
simulation results in slightly to sometimes moderately different results, as this increase or decrease in
angles between elements have an influence on parasitic performance. To fully evaluate the difference,
the same optimization must be done for more elements to draw conclusions. One way to speed up
this process is by utilizing a more powerful computing cluster with many more cores to evaluate more
mechanism geometries at the same time. In this research this posed a problem as the current version
of SPACAR is unable to run on Linux systems that the systems at hand run on. Besides using a bigger
computer, a promising feature SPACAR is working on are tapered elements. Dwarshuis [1] developed
these elements in his Ph.D. research and these will be implemented in SPACAR in the future. Using
tapered elements would potentially allow for fewer elements or increased accuracy. For small varia-
tions in cross-section compared to the length, the errors in stiffness are typically below 10% and errors
in stress below 20%.

One of the assumptions of this research was that the mass of the ’rigid’ bodies was not taken into
account. This is not taken into account as the shape of the intermediate bodies is highly dictated by the
geometry of the mechanism and how the body must be shaped to fit in between the flexures. See for
example the mechanism from Case 1 where an additional thick beam is necessary to connect one of
the flexures from the output body to the intermediate body. In further research, a good estimation can
be made and integrated as these bodies can be adapted to save weight and still be sufficiently stiff.
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Conclusion

In this research, two novel optimization approaches to increase support stiffness or lower the peak
stress are presented. The first method uses bezier curves to parameterize the thickness profile of leaf
flexures and these thickness profiles are optimized for 3 cases. The first case optimized the stiffness
ratio C,./C,o, the second case maximizes the support stiffness C, for the same drive stiffness. And
lastly, Case 3 minimizes the maximum stress for the same drive stiffness. The use of VT increases
performance in all 3 cases and show the ability to implement this method to improve a multitude of
already existing mechanisms.

The second method optimizes not only the thickness profile of the flexures but optimizes mechanisms
with 4 initially curved flexures. These mechanisms are optimized for CT and VT flexures and a com-
parison is made to show the increase in performance using VT flexures with initial curvature. To show
the increase in performance, 3 test cases are used. Case 1 optimizes the support stiffness for a mech-
anism with a near-constant support stiffness over its deflection. Case 2 optimizes the support stiffness
for a mechanism with a parasitic translation of only 0.2 um and a parasitic rotation of only 100 pyrad while
having a stiffness ratio C,, /C, of at least 100. The last case maximizes the stroke of a mechanism with
constrained parasitic motion and with a stiffness ratio of at least 100. These mechanisms perform better
than commonly used double parallelogram and Roberts mechanisms and by adding variable thickness
to the flexures, the results show in all cases an additional performance increase.

This thesis showed that VT flexures show great promise in multiple fields and can be used to increase
the performance of existing mechanisms or can be used in combination with initial curvature towards
the design of mechanisms with significant performance increase in terms of support stiffness, precision
and range of motion.
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Appendix: Paper |

A.1. Meshing

To become computationally feasible to simulate thousands of iterations in an optimizer, design iteration
time had to be significantly reduced by reducing most of the pre-processing tasks that are conducted in
commercial software like Ansys Workbench or Comsol Multiphysics. Using Ansys python scripting in
Spaceclaim to define the thickness, a full design iteration loop from parameters to results takes about
2 minutes. This is mainly because different software packages like SpaceClaim and Mechanical are
opened and closed in the background, so there is a lot of overhead. The bare minimum we need is
the nodes and the element connections. To do this more efficiently and more consistently, a custom
2D mesher was created that can create meshes from notches to flexures in a consistent way, so that
results could be compared better in the optimizer.

Besides reducing the time by not relying on meshing in commercial software, reducing the number of
elements saves time as well in solving. To minimize the elements needed while maintaining an accu-
rate result a study was done to find the ideal compromise. For a constant thickness flexure with an
ellipsoid fillet to a solid body, the number of elements in thickness is changed for the same load case
and the reaction force, maximum stress and undeflected and deflected support stiffness are recorded.
To simulate a real connection to the fixed world the half circle (see figure A.1) was added as this allows
stress at the transition to be accurate as well. The number of elements in thickness is increased and
compared with the result that 12 elements in thickness bring. The results are shown in table A.1. It
clearly shows that the main difference can be observed for maximum stress.

Figure A.1 Loadcase used for the mesh sensitivity analysis. Cantilever beam with 10% u/L
deflection in y.

As can be seen in figure A.2, the automatic meshing does not result in consistent meshes, especially
when the amount of elements increases over 4. Another thing that can be observed is that when an
uneven amount of elements is used, the mesh becomes inherently unsymmetric along the midline of
the flexure. To be able to create a good and consistent mesh, a mesh of 4 elements in thickness is
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(a)
(d)

(e) f

Figure A2 a:n=2b:n=3,cn=4dn=5en=6fn=12
Table A.1  Comparrison of the different number of elements in thickness of the flexure. The difference
A is compared to the mesh using 12 elements in thickness.

n 2 3 4 5 6 12

nr. elements 295 492 762 1157 1605 6080

Fr [N] 765.15 764.94 764.76 764.75 764.75 764.76
A 0.05% 0.02% 0.00% 0.00% 0.00%

Omazx [Pa] 7.75E+08 7.77E+08 7.78E+08 7.79E+08 7.78E+08 7.79E+08
A 0.6% 0.3% 0.2% 0.1% 0.1%

Cxzo [N/m] 1.88E+09 1.88E+09 1.88E+09 1.88E+09 1.88E+09 1.88E+09
A 0.0% 0.0% 0.0% 0.0% 0.0%

Cy [N/m] 1.60E+09 1.60E+09 1.60E+09 1.60E+09 1.60E+09 1.60E+09
A 0.1% 0.0% 0.0% 0.1% 0.0%

used as it is symmetric over its mid-line and does not use too many elements as this scales roughly by
elements? and the error on maximum stress is below 0.5% (normally standard for stress convergence
criteria in Ansys). To generate a good and comparable mesh for all design iterations, a custom mesher
was built just for this purpose and is optimized for the meshing of this specific flexure shape. Looking at
the meshes that Ansys generates (figure A.2) and looking at where higher stresses occur, the mesher
is made to have good quality elements in these areas. This means nicely shaped elements along the
outer edge that shapes nicely along with the curvature near the base. Just like the Ansys mesh with 4
elements in the thickness (figure A.2.c), the custom mesher will add elements when the angle on the
ends increases. See figure A.3 for a similar mesh made by the custom mesher.

One other advantage of the optimized designs is that in theory, fewer peaks in stress occur and thus
less local refinement is necessary. The mesher generates a mesh with quadratic elements, thus result-
ing in better stress results. To include the area where in constant thickness flexures without a proper
fillet to the solid body exhibit the highest stress, a ring of 1 element is added. The connection to the
rigid’ world is not infinitely stiff and is in this way included. The edge of this ring is fixed on the base
and a rigid connection to the remote output node is connected to the ring on the end.

Using the bezier curves and equally spaced nodes on these curves over their length, a mesh can be
generated. The problem with this approach however is that where the flexure is thinnest, the elements
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Figure A.3 Mesh generated by custom mesher. Dark gray elements have an element quality above

0.75

are much wider than where the flexure is thickest, where the elements are much thinner. To get the
most accurate results, being as close as possible to a 1:1 ratio mesh element is preferred. So to combat
this problem an implementation of a bias factor is implemented. A bias factor is a ratio of the largest
length to the shortest element using a quadratic size increase, see equation A.1. The bias factor is
defined as ", with r as the growth rate. If we want the height of the first element(k,) to be equal to
its width, the first element’s length must be h;. If we want the last element to have the same width as
its height(hs), hy * 7™~ ! must be equal to h,. This results in a growth rate r as stated in equation A.2.

Figure A.4 On the left: equally spaced nodes, on the right: ideally scaled elements.

ha

L

Figure A.5 I[f the first element is as long as h1 and the last element is as long as hs, it results in a 1:1
aspect ratio mesh.

n—1
L:le~ri—>L:h1-(1+r+r2+...—|—7‘"_1) (A.1)

i=0
By =y sy — (Zj) " (A2)

This gives approximate same aspect ratio elements, however, the aspect ratio is also of importance.
The aspect ratio is defined as the width of the element divided by the height. This bias factor implemen-
tation realizes nearly the same aspect ratio elements, however, the aspect ratio that is desired must
be achieved by increasing or decreasing the number of elements. In the mesher this is done iteratively.
A mesh with just 2 elements along the bezier curve is evaluated for its aspect ratio, then iteratively
elements are added until the desired aspect ratio is achieved.
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Now the outer edges of the flexure have their nodes positioned, the rest of the nodes can be placed.
Having looked at the methods Ansys uses to mesh these geometries, a similar approach was used.
The majority of the flexure uses 4 elements in its thickness, however near the base and end of the
flexure, its thickness increases resulting in a steeper angle compared to the horizontal mid-line of the
flexure, see figure A.6. This results in poorly shaped elements. Looking at the Ansys mesh (figure A.2
.C), it can be seen that from a certain moment when the elements are stretched a significant amount, an
additional element is added in the middle to better maintain the desired aspect ratio and element sizing
along the edge. In the mesher, this is done by means of a minimal angle(30 °) the elements along the
edge have compared to the midline. See figure A.7 for the improved mesh aspect ratio when taking

the minimal angle into account.
(b)
Figure A.6 a: Mesh with a high angle before elements are added in the middle and in b: the

(a)
elements with an aspect ratio below 1.5 are shown.

. -

(a) (b)

Figure A.7 a: Mesh with a 30° before elements are added in the middle and in b: the elements with
an aspect ratio below 1.5 are shown.
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A.2. Mesh aspect ratio

To minimize simulation time for optimizing, the influence of the aspect ratio of the elements of the middle
section of the flexures is increased, see figure A.8 of an example of using an aspect ratio of 4 for the
elements in the midsection.

Figure A.8 Mesh with a midsection aspect ratio of 4.

The found optimum was then compared with its 1:1 aspect ratio counterpart and all results were within
0.1%. To find out what the minimum aspect ratio is to reduce computation time further, a study is done
for the 3 cases. The results of an aspect ratio of 1,2,4,6,8 and 10 are evaluated and the results are
shown in table A.2, A.3 and A.4. As can be seen in table A.4, the only property that is slightly influenced
is the stress and as can be seen in table A.2 for an aspect ratio of 10, the stiffness results start to diverge.

To model stiffness accurately, an aspect ratio of 8 seems to be an ideal optimum between accuracy
and computation time. An accurate mesh to reliably model stress is a bit more complex. The stress
peak seems to occur exactly where the fillet transitions to the midsection. this can be modeled better
by means of an added bias factor to create smaller elements near this area and bigger elements near
the middle. This is something that could be added in future work.

Table A.2 Influence on results of a flexure optimized for maximum support stitfness ratio using
different aspect ratioslAR) of the elements in the midsection.

AR 1 2 4 6 8 10

Omag [Pa] 4.00E+08 4.00E+08 4.00E+08 4.00E+08 4.01E+08 4.01E+08
0.00% 0.02% -0.01% 0.06% 0.15%

Cro [Nm~1] 2.62E+09 2.61E+09 262E+09 2.62E+09 2.62E+09 2.62E+09
-0.21% 0.01% 0.07% 0.02% 0.15%

Cy [INm~!] 9.33E+08 9.32E+08 9.33E+08 9.32E+08 9.33E+08 9.36E+08
-0.07% 0.04% -0.02% 0.07% 0.39%

Cy/Coro [[] 0.356341 0.356831 0.356456 0.356036 0.356538 0.357202
0.14% 0.03% -0.09% 0.06% 0.24%

time [s] 30.00 16.60 11.60 10.50 8.30 8.30

34.80% 24.32% 22.01% 17.40% 17.40%

Table A.3 Influence on results of a flexure optimized for maximum deflected support stiffness using
different aspect ratios(AR) of the elements in the midsection.

AR 1 2 4 6 8 10
Tmas [Pa] 4.00E+08 4.00E+08 4.00E+08 4.00E+08 4.00E+08 4.00E+08
0.00% 0.00% 0.01% 0.02% 0.03%
Cuo [Nm~!] 3.17E+09 3.17E+09 3.18E+09 3.17E+09 3.18E+09 3.18E+09
0.00% 0.08% 0.00% 0.08% 0.08%
C, [Nm-!] 8.08E+08 8.08E+08 8.08E+08 8.08E+08 8.08E+08 8.08E+08
0.00% 0.02% 0.00% 0.03% 0.03%
Cy/Cro [] 0.25461 0.25461  0.254448 0.254609 0.254488 0.254488
0.00% -0.06%  0.00% -0.05%  -0.05%
time [s] 47.7 24.60 17.80 13.50 9.00 8.30

51.57% 37.32% 28.30% 18.87% 17.40%
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Table A.4 Influence on results of a flexure optimized for minimum stress using different aspect
ratios(AR) of the elements in the midsection.

AR 1 2 4 6 8 10

Omaz [Pa] 2.85E+08 2.83E+08 2.83E+08 2.82E+08 2.82E+08 2.82E+08
-0.62% -0.81% -1.09% -1.20% -1.19%

Cro [Nm~!] 1.51E+09 1.51E+09 1.51E+09 1.51E+09 1.51E+09 1.51E+09
0.05% -0.12% -0.12% 0.05% 0.05%

Cy [Nm~1] 9.92E+07 9.92E+07 9.91E+07 9.92E+07 9.92E+07 99163064
0.01% -0.01% -0.01% 0.01% 0.01%

C/Chro [[] 0.065592 0.065566 0.065664 0.065665 0.065566 0.065566
-0.04% 0.11% 0.11% -0.04% -0.04%

time [s] 51.2 30.60 19.30 14.70 13.80 12.80

59.77% 37.70% 28.71% 26.95% 25.00%
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B.1. Self intersection constraint

To see whether or not the self-intersection constraint needs to be added the extreme case is investigated
to see what the minimum length of a flexure must be to not have a self-intersection. The maximum
curvature can be obtained if / = 0.9 and b = 0.5 as can be seen in figure B.1.

Py

Figure B.1 Extreme case with = 0.9 and b = 0.5. In blue is the constraint space for P;.

This bezier curve scales with its length L but the thickness remains a constant maximum thickness. So
an investigation is done on how small L can be without having self-intersections issues.

A length L of 4mm is a minimum as can be seen in figure B.2. When decreasing this length you get a

self intersection as can be seen in figure B.3. As flexures of 4mm result in lumped hinges, this will not
occur in one of the test cases and thus this constraint can be neglected.
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Figure B.2 ¢t = 2mm and L = 4mm.
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Figure B.3 ¢ =2mm and L = 3.4mm.
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B.2. Finite element analysis

In this chapter, the test setup and data processing and the FEM simulation in Ansys will be discussed.
First, the FEM analysis will be discussed, then the experimental setup will be discussed for measure-
ments of case 1 and lastly, the results from SPACAR, Ansys and the experiment will be compared.

B.2.1. FEM analysis

In this section, the FEM simulation for all 3 mechanisms will be discussed. The FEM analysis is con-
ducted in Ansys 2022 R2.

To go from SPACAR models to 3d solid geometry, Fusion 360 is used. Fusion 360 is a cloud-based
3d modelling software platform from Autodesk for product design and production [2].

Fusion 360 has a bezier curve tool and with the control point coordinates and the flexure thickness
profile, the flexures can be modeled. The connecting rigid bodies are then modeled and a built-in FEM
tool in Fusion 360 is used to see possible intersections for the designed stroke. In figure B.4 - B.6 the
3 3d models for the 3 test cases can be seen. Only the 3d model for test case 1 is used to do a FEM
analysis. To mitigate stress peaks, fillets of 0.5 mm are added and taken into account in the simulation.

Figure B.4 3d model for test case 1, Maximizing stiffness ratio for a near constant support stiffness
mechanism using VT flexures.

Figure B.5 3d model for test case 2, Maximizing stiffness ratio for a minimum parasitic motion
mechanism using CT flexures.

To get an accurate result, quadratic mesh elements with 2 elements in flexure thickness are used. The
Solid bodies are modeled with quadratic tetrahedrons as this allows for more easy meshing and rapid
increase in element size as the stresses are so minimal in these bodies.
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Figure B.6  3d model for test case 3, Maximizing stroke with constrained parasitic behavior using CT
flexures.

Parasitic motion is measured by using 2 probes(pl and p2, with each a « and y component). One on
the very left top corner and one on the very right top corner. The distance of these points to each other,
L, is known and therefore the parasitic behavior can be measured as follows with i the load step.

N ply(i) +P2y(i)
dy(i) = - 5

srot(i) = sin™! (W) (B.2)

To measure the induced parasitic motion, an external load of 9.81 N in negative y direction is applied in
the center of the output body and the same results are measured.

(B.1)

The resultant deformation and mesh can be seen in figure B.7. The maximum stress occurs on the
interface between the end of one flexure and the fillet. To more accurately mesh this area, a few extra
cubic elements are added and the bias for the flexure elements was chosen to have more equal-length
elements beside each other. These extra elements can be seen in figure B.8 as the green elements and
in figure B.9 the resultant stress distribution can be seen. With the altered mesh the maximum stress
is on the surface of good shaped elements and the stress is already dropping before the transition to
pyramid mesh elements. This gives a more accurate value of the maximum stress in the mechanism
as this is the limiting factor.
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Figure B.7 Deformed mesh and maximum stress of Case 1 VT.
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Figure B.8 Extra hex elements added Figure B.9 Von Mises stress results for the
to fillet as shown in green. new mesh with peak stress shown with red
pointer.

The parasitic motion and induced parasitic motion can be seen in Paper Il
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B.3. Experimental setup

In this section, the prototype and its differences compared to the simulations will be elaborated on. Af-
ter that the test setup will be discussed, followed by the data acquisition.

B.3.1. Aluminium 7075-T6 Prototype

For this test, an aluminium 7075-T6 prototype is produced. This is produced using wire EDM. It is
assumed that tolerances of 1 to 5 um can be obtained using this process.

Possible differences compared to Ansys can be caused by multiple things. The first is the material
properties. For the Ansys simulation, generic aluminium 7075-T6 material properties are used. This
could however differ slightly compared to the material used for the prototype.

The second difference could be caused by internal stresses in the flexures due to production. Wire
EDM induces rapid heating and subsequent quick cooling (i.e. quenching). This can induce different
material properties on the outside of the flexure compared to the inside and can cause internal stresses

[3].

One last difference will be that the weight of the rigid bodies is not taken into account in SPACAR
and this will have an effect on the parasitic motion. To show the influence of this mass, it is added in
SPACAR and Ansys and the difference is measured. The initial parasitic displacement according to
SPACAR is 3.1 ym. If this initial displacement is subtracted from all the load steps, a near identical par-
asitic motion can be observed, see figure B.10. This is most likely due to the constant support stiffness
characteristics of the mechanism.
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Figure B.10 Parasitic motion with and without gravity active.

B.3.2. Test setup

The test setup consists of 3 laser distance sensors, one force cell and a linear motion stage. The
mechanism is connected by the bolt holes to the base structure which the linear stage is attached to as
well. The linear stage is connected to the mechanism with a m3 thread and a force cell is positioned
in between. One laser distance sensor is positioned horizontally to measure the x displacement and 2
laser sensors are positioned downward to measure the parasitic translation of 2 points at the ends of
the output body. Using 2 distances over the output body ensures the parasitic translation measurement
is not influenced by the translation in x when deflected, as the measurement area is not the middle of
the mechanism anymore and can thus be influenced by parasitic rotation. Interpolating between the 2
measurements dependent on x ensures the translation is calculated in the exact middle. Besides these
advantages, parasitic rotation can also be measured. See figure B.11 for the schematic test setup.
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Figure B.11 Ideal test setup.

The wire EDM process leaves a slightly rough surface finish and the laser distance sensors(Micro-
Epsilon optoNCDT 1750 with a measuring range of 2mm) have a measuring repeatability of 0.1 um so
every surface imperfection will be noticeable. To mitigate this problem, 2 flat ground stainless steel
plates are placed on top of the top surface.

The laser sensors give an absolute distance measurement that increases when the distance is in-
creased, so the measurements must be flipped and the start distance is dependent on the pre-alignment.
To get relative motions, the initial distance is subtracted from the measurement distance. The parasitic
motion of the center point is calculated using equation (B.5) and the parasitic rotation is measured us-
ing equation (B.6).

5yLaser1(x) =-1- (dLaserl (ZL’) - dLaserl(x = 0)) (BS)

6yLaser2(z) =-1- (dLaseTQ(x) - dLaser2(x = O)) (B4)

5y(m> _ 5yLaser1(x) : (Llasers/2 - =L) + 5yLaser2(x) : (Llasers/Q + 1’) (BS)

Llasers

drot(z) = sin~* <5?/Laser2(5z)l - 5yLaseT2(m)) (B.6)
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Figure B.12 Test setup with 1 laser(left) that measures the x position while 2 lasers on top measure
the distance in y direction. On the right, attached to the yellow load cell, the positioning stage pulls the
mechanism to the right.

B.3.3. Test procedure

The test will be conducted as follows. First, the reaction force of the force sensor will be measured
before attaching the mechanism. Then the mechanism is attached and the motion stage is positioned
so that a zero reaction force compared to the unattached state is measured. Now the mechanism is
in its neutral position. From this neutral position, multiple measurements will be conducted by moving
the motion stage continuously with a very fine step size back and forth while measuring the laser data.
This procedure is then repeated after a load of 1kg is applied.
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B.3.4. Measurement errors

In figure B.11, the ideal test setup is shown. Apart from the errors described before, additional errors
are present. The total measurement error is a cumulative error consisting of the following:

1. Manufacturing error: If the top surface of the mechanism is not straight but for example slanted,
a parasitic motion can be measured when the mechanism is moving in a perfectly straight line.

2. Surface error: A measurement error can occur when the top surface that is measured is not
flat enough. This can induce noise and non-existent added or reduced parasitic translation and
hereby influence the accuracy of the measurement.

3. Laser alignment error: As the 2 lasers together determine the parasitic motion in the center of
the output body, the alignment of these 2 lasers is quite important. As the output body experi-
ences rotation as well, the x motion must be taken into account using equation (B.5). Here the
assumption is that the lasers are exactly aligned an equal distance (L;sers/2) from the exact
midpoint and if this is not the case the parasitic motion can be influenced.

4. Mechanism alignment error: An additional error can occur when the mechanism is not aligned
perfectly level. This however has a minimal influence on the parasitic motion due to the straight-
line motion and the parasitic motion. If this alignment error becomes higher, the measurement
can give a distorted result if the mechanism does not move in a perfectly straight line.

5. Motion stage noise: As the motion stage is a stepper-based system, vibrations created can be
transferred to the mechanism and be measured by the lasers. To prevent this from influencing
the measurement excessively, the measurement is repeated multiple times and the results are
fitted over the full measurement set to even out these errors.

All these errors are visualised in figure B.13.
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Figure B.13 Test setup with errors.
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B.3.5. Data processing

The data gathered by the laser sensors is plotted in figure B.14. The measurement is quite noisy and
as can be seen in the figure, at © = 0 the parasitic motion is not 0. This is due to the laser range of
2mm and inaccuracy in aligning. This error can be compensated by subtracting the initial distance from
the data set of each laser, however, due to the noisy measurement this is not possible, as this initial
distance is not known. For this, the data of each laser is fitted with a polynomial curve. A polynomial
of order 4 has been used and these fitted curves can be seen in figure B.15.
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Figure B.14 Raw laser output data for the measurement without an external load applied.
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Figure B.15 Fitted laser data with 4th order polynomials.

Now the y measurement offset can be subtracted from the polynomial fit by setting the last constant
to 0 resulting in the final fitted parasitic motion measurements for the 2 laser sensors. For the second
measurement, with a weight of 1 kg added, the same procedure is run, however, now the offset in y from
the first measurement is subtracted from the offset in y of the second measurement to incorporate the
initial parasitic translation when undeflected due to the external load. Using equation (B.5) and (B.6),
the parasitic translation and rotation are calculated and these results compared to the SPACAR and
Ansys results can be seen in Paper Il. To calculate the induced parasitic motion, the parasitic motion
of the first measurement is subtracted from the parasitic motion of the second measurement with the
applied weight. This induced parasitic motion for the measurement from 0 to —9.5 mm is flipped around
the x = 0 axis so the difference can be observed and an average of the induced parasitic motion in
positive and negative x displacement is taken. See figure B.16.
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Figure B.16 Difference in induced parasitic motion between negative x direction measurement vs.
positive x direction.

In figure B.16 it can be seen that the induced parasitic motion is different when displacing the mecha-
nism in negative x direction compared to positive x direction. This can be caused by multiple reasons.
The first reason could be that the mechanism is indeed not symmetric due to production errors. The
second reason could be that the weight was not applied perfectly in the center of the mechanism. This
influence of the placement of the weight is evaluated in SPACAR and with the weight placed 2 mm
off-center, the difference in induced parasitic motion is only 0.07 um. A third reason could be an error
accumulation and this is probably the most influential. As we use the polynomial fit of the individual
laser measurements, we induce an error. These 2 polynomials that have an intrinsic error are then
used to calculate the resultant parasitic motion which does an interpolation between 2 inaccurate mea-
surements. This is also the case for the measurement with the weight applied. Then to define the
induced parasitic motion, these 2 flawed parasitic motion measurements are subtracted from each
other resulting in an even more flawed response.
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B.4. Stiffness ratio increase with lower minimal flexure thickness

Another factor that affects the stiffness ratio is the minimum thickness of a flexure. For the initial op-
timization, Tough 1500 from Formlabs is used and through testing, it was found that 0.6 mm was the
minimum thickness to print flexures. That is why the lower bound on flexure thickness was set to
0.6 mm. When optimizing for aluminium 7075-T6, the minimum thickness was set to 0.4 mm as this is
a minimum thickness that can confidently be produced using wire EDM. As the drive stiffness C, and
support stiffness when undeflected C, scale linearly with different materials Young’s modulus E, see
equation (B.7) and (B.8), the ratio will remain the same. However, changing the minimum thickness will
result in a change in the stiffness ratio. C, will decrease its stiffness from Eb/L? - 0.6% to Eb/L? - 0.43,
a drop of about 70%. The support stiffness C, will drop only 33.3%. This results in a stiffness ratio
increase of 125%. It is worth noting that this is only valid for undeflected flexures.

The stiffness of a fixed-guided flexure as can be seen in figure B.17, has a drive stiffness C, defined
as follows:

Ebt3
The axial undeformed stiffness of a beam in tension is defined as follows:
EA Ebt
C, = _ % (B.8)

e I

4

Figure B.17  Fixed-guided leaf spring. Figure retrieved from [4].

When taking into account the drop in support stiffness when deflected, the approximations posed by
Brouwer, Meijaard and Jonker can be used [5] (see equation (B.9) for approximation for leaf springs
with an aspect ratio of w?/(it) - (I/w)? > 200 and equation (B.10) for flexures with an aspect ratio of
w?/(1t) - (I/w)? < 100).
C. _ 1
C.o 1+ (51/35)(u/t)?
C. _ 1
C.o 1+ (u/t)?
Filling in equation (B.9) for ¢t = 0.6 mm and 0.4 mm, we get a stiffness ratio of 0.25% and 0.11% respec-
tively. This is both significantly lower than undeflected, however, it is clear that minimizing the thickness

(B.9)

(B.10)
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of the flexure is of significance when assessing stiffnesses when deflected.

This all is however for simple single flexures and initial curvature is not taken into account. What also is
not taken into account is the ability to hand over support stiffness when deflecting due to initially curved
flexures straightening as in the work of Brouwer et. al. and Rommers [6, 7]. Using this method could
improve the stiffness ratio when decreasing the thickness of the flexures.
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B.5. Influence of curved flexures

To see the influence of curved flexures, a few flexures are straightened and the effects are observed.

B.5.1. The influence of the curved flexure in case 1

For case 1, the outermost flexure from the intermediate body to the output body is curved significantly.
To see the influence of this curvature, the same simulation is done but changing this flexure to a straight
one by changing b to 0 for flexure 3. The deformed mechanism can be seen in figure B.18. As can
be seen in table B.1, the Rx can be improved significantly, however, this comes at the cost of an
increase in support stiffness difference by a factor of 156 and a significant increase in parasitic motion.
The large difference in terms of support difference ruins the purpose of this mechanism. This curved
flexure hands over the support stiffness perfectly to ensure a small deviation similar to the methods
used by Brouwer, Meijaard and Jonker [6] and Rommers [7].
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Figure B.18 Optimized CT mechanism with straight flexure 4.

Table B.1 Case 1: Optimized CT mechanism vs. the same mechanism but with straight flexure 3.

curved straight
Dy [m] 436 x107% 427x107° —881%
Par Rot [rad] 1.70 x 1072 1.20 x 1073 29%
Stroke +- [mm] 10 10 0%
Stress [MPa] 14.7 15.0 —2%
Cy diff [(1 0.1% 13.5% —15577%
Cxmean [N/m] 677.8 691.5 2%
Cymean [N/m] 1.74x10°  4.04 x 10° 131.9%

Rc [1 247.7 515.5 108.1%
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B.5.2. The influence of the curved flexure in case 2

To see the influence of the most curved horizontal flexure, a simulation was done with all parameters
the same as the optimized CT mechanism, but with the b value set to 0 for flexure 4. See figure B.19 for
this displaced configuration. As can be seen in table B.2, the main influence of this curvature is on the
parasitic behavior, being 5.6 and 18.3 times higher for parasitic translation and parasitic rotation respec-
tively. This mechanism is not optimized with this flexure straight, so this can possibly be compensated
for by the other curved flexures.
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Figure B.19 Optimized CT mechanism for minimal parasitic motion with straight flexure 4.

Table B.2 Case 2: Optimized CT mechanism vs. the same mechanism but with straight flexure 4.

curved straight
Dy [m] 1.71x1077 1.12x10°% —555%
Par Rot [rad] 3.21x107° 6.18 x 107* —1829%
Stroke +- [mm] 10 10 0%
Stress [MPa] 10.03 12.78 —21%
Cy diff [[1 11.0% 13.1% —19%
Cxmean [N/m] 613.8 683.3 11%
Cymean [N/m] 4.80x 10>  5.10 x 10° 6.3%

Rc [1 7286 686.2 ~5.8%
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B.5.3. The influence of curved flexures in case 3

To see the influence of the moderate curvature of the flexures, a simulation was done with all parameters
the same as the optimized CT mechanism, but with the b value set to 0 for all flexures. See figure B.20
for this displaced configuration. As can be seen in table B.3, the main influence of this curvature is
on the parasitic translation, being 46 times higher. As can be seen in figure B.21, the majority of the
additional parasitic translation is due to the bottom 2 flexures being straight. Making only these flexures

curved results in a parasitic translation increase from 46 to 12. An explanation for this could be that the
error in the intermediate body is amplified and thus has a larger influence on the parasitic motion.
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Figure B.20 Optimized CT mechanism for maximum stroke with straight flexures.

Apart from an increase in parasitic motion, the difference in support stiffness also increases dramatically.
This, however, is not optimized for so no conclusions can be made about this.

Table B.3 Case 3: Optimized CT mechanism vs. the same mechanism but with straight flexures.

curved straight
Dy [m] 9.30x10°% 4.41x107* —4648%
Par Rot [rad] 0.0020 0.0008 59%
Stroke +- [mm] 27.646 27.646 0%
Stress [MPa] 20.0 21.9 - 9%
Cy diff [[1 93.9% 546.8% —482%
Cxmean [N/m] 2574 258.1 0%
Cymean [N/m] 4.41x10* 260 x 10° 489.7%

Rc [1 105.8 280.8 165.5%
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Figure B.21 Parasitic motion for curved and straight flexures for max stroke mechanism.
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