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Summary

There is a constant drive to make the next generation machines in the semiconductor industry more
precise and faster. For this machines with a high repeatability, good dynamics and long lifetime are
needed. Compliant mechanisms are suitable candidates to be used in this kind of machines because
they can be manufactured monolithically, don’t wear out over time and do not suffer from backlash
which makes them ideal for precision mechanisms. However, in these machines parasitic motions and
cross-axis couplings are present. These unwanted motions reduce the precision and increases the
control complexity respectively.

Strategies presented in literature to compensate for unwanted motions are summarized in the first
part of this report. These strategies are evaluated and by combining two promising strategies a new
compensation strategy is proposed. The second part of this report focusses on this new strategy. Using
this new strategy a constant stiffness linear joint, a near zero parasitic motion translational guide with
well constraint uncontrollable masses and a decoupled 2-DoF mechanism are synthesized. All these
case studies needed to have a large range of motion because many effective strategies for small range
of motion mechanisms are available in literature.

Twelve different strategies were found in literature and compared with each other. Only three strate-
gies were identified to have the ability in theory to fully compensate for translational and rotational para-
sitic motion and cross-couplings in a continuous manner. The first strategy is to compensate the overall
parasitic motion of a mechanism by placing a compensation module in series with opposite but equal
parasitic motion. The second strategy is to compensate the overall parasitic motions in a mechanism
by using parasitic motion in the joints of the mechanisms. The third strategy is to optimize the joints
to have minimal parasitic motion. If these joints are used in a configuration which is output decoupled
and free of parasitic motions a mechanism without unwanted motions is developed.

From these three strategies the use of the first one results in mechanisms with decreased stiffness,
uncontrollable masses, increased moving mass and increased size. The second strategy is currently
barely used and if applied correctly doesn'’t effect the systems performance in theory significantly. The
last strategy is currently used to design perfect joints (no unwanted motions). A combination of the
latter two strategies from the literature study were combined resulting in a new compensation strategy
for the parasitic motions and cross-couplings.

This new strategy works as follows. In a mechanism design domains can be assigned in which joints
needs to be synthesized. In these design domains two flexures are connected to a base and a moving
body. By optimizing the location of the connection points to the rigid bodies and the shape of the flexures
new compliant structures to perform the compensation can be found. By using the correct constraints
and objective the overall unwanted motions of a mechanism can be minimized. This method does not
only allow for minimized unwanted motions, but is also able to control the stiffness and dynamics. This
method was implemented in MATLAB and used SPACAR as nonlinear FEA program. The shape of
the flexures were described by quadratic Bezier curves. In SPACAR compliant mechanisms can be
modelled using beam elements which are cheap to evaluate and makes it a suitable tool to perform the
optimization.

In the first case study a linear joint with near constant stiffness was designed. This joint has a
maximum parasitic motion of 3.5um, a stiffness drop of maximum 4.66% and a motion range of +5mm.
The second case study was a linear guide without uncontrollable masses at low frequencies. In theory
the maximum parasitic motion was 232nm over a motion range of +10mm. The uncontrollable mass
frequency is at 113.5Hz a factor 12.8 higher as the first eigenfrequency at 8.87Hz. A 2-DoF mechanism
was optimized with a maximum cross-coupling of 0.03% and a parasitic rotation of 34urad within the
workspace of 100mm?.

The linear motion mechanism was 3D printed out of PLA and the parasitic motions were measured
experimentally. The measurements showed a maximum parasitic motion of 16um. The difference be-
tween the theoretical and measured parasitic motion can be explained by the stresses in the flexures.
Due to the stresses in these flexures the assumed rigid bodies slightly deform causing additional par-
asitic motion. Nonlinear finite element analysis in COMSOL showed that when the rigid bodies were



modelled rigidly the parasitic motion was almost identical to the one of the optimization model. But,
when the compliance in the rigid bodies is taken into account a parasitic motion of 10um was found.
Flexures of 0.8mm were used for this prototype. The severity of this problem can be significantly re-
duced by using thinner flexures.

Based on this research it is concluded that this new compensation strategy is a suitable method
to diminish unwanted motions in compliant mechanisms over a large range of motion. It allows de-
signers to synthesize new types of compensation mechanisms to reduce the parasitic motions and
cross-couplings. Additionally, the stiffness and dynamics of the mechanisms can be effectively tuned
by implementing extra constraints during the optimization phase. For future research itis recommanded
to take the deformations of the rigid bodies into account during the optimization. Then those deforma-
tions can also be compensated. To use this method effectively smart input configurations should be
used. This improves the optimization results and time. For large models it is recommanded to do the
optimization with straight flexures first because less beam elements are needed to describe them ac-
curately. In this way promising topologies can be synthesized relatively quickly. The optimized design
can later be further refined by adding curvature to the flexure.
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Introduction

In the semiconductor industry there is a constant drive to make more and tinier products. This requires
machines with a higher throughput and an increased precision. Compliant mechanisms, structures
achieving their mobility by bending of flexures, are commonly used in this industry because they have
a better repeatability and precision compared to their rigid body counterparts. Since, there is no sliding
contact in these mechanisms they don’t require lubrication and are not wearing out. Often they are
manufactured as a single piece (monolithic) which reduces the assembly time and errors. Compliant
mechanisms are also used in other industries such as aerospace and health-care. In these industries
a need for accurate and repeatable motions is present. For example, to position lenses in a machine,
scan substrates or to perform accurate motions with specific tools. For some of these applications
the mechanisms move at high frequencies requiring mechanisms with high eigenfrequencies. These
motions are often achieved by designing mechanisms build up out of building blocks. For example,
linear or rotational joints. By connecting these building blocks together higher mobility parallel or serial
mechanisms are constructed. However, in these mechanisms unwanted motions are present. Para-
sitic motions reduce the mechanisms precision because they can’t be compensated. Cross-couplings
(movement of an axis resulting in an unwanted movement of another axis) can be compensated but
this results in an increased control complexity.

This report consists of two part. The first part (literature study) aims to answer the following ques-
tion: What are the strategies to minimize parasitic motions and cross-axis couplings in parallel com-
pliant mechanisms? This is done by performing a literature study listing the available strategies and
evaluating them. The literature study limits itself to positioning mechanisms. In the second part (grad-
uation project) a new compensation strategy to compensate the unwanted motions is developed and
analysed. By combining the most promising compensation strategies from literature a new strategy is
created and is analysed using three case studies. The focus of the new strategy in this report is on
linear motion mechanisms with large range of motion. With this new strategy a constant stiffness linear
motion joint, a linear guide with well constrained middle bodies and a decoupled 2-DoF mechanism are
synthesized.

This report has the following structure. In chapter 2 relevant background information and the search
& classification method for the literature study is presented. Additionally, the terms cross-coupling, par-
asitic motion and parallel mechanisms will be explained in more detail. The next chapter presents the
strategies found in literature. In chapter 4 the strategies are evaluated and a new strategy is pro-
posed. The new strategy is presented and discussed in chapter 5 with three case studies in a paper
format. One of the results of the case studies is experimentally validated in chapter 6. The conclusions
and recommendations are presented in chapter 7. Several appendices are added presenting differ-
ent optimization approaches and the iterative process of the graduation project. Additional information
regarding the testing phase can also be found in the appendix.



Background

In this chapter the relevant background information is presented to understand the problem definition.
After the introduced background information, the problem definition is given. This is followed by pre-
senting the search method and the classification method. Finally, the criteria to compare the strategies
are presented.

2.1. Background information

In the following subsections background information will be given on parallel mechanisms, parasitic
motions and cross-couplings which are key to understand the problem definition.

2.1.1. Parallel and serial mechanisms
A mechanism can be constructed in a parallel, serial or a combination of both (hybrid) configuration. In
serial mechanisms the end effector is able to move because multiple positioning stages are mounted on
top of each other [21]. So, the previous stage(s) support the next stage(s) or end-effector. For example,
in a XY-manipulator the end-effector is mounted on the Y-axis. This Y-axis is mounted on top of the X-
axis. According to Gogu [7] a parallel manipulator is constructed by having multiple actuated kinematic
chains which come together at the end-effector to constrain and actuate the mechanism. These types
of mechanisms can be found both in rigid body mechanisms as well as in compliant mechanisms.
Both types of mechanism have their own strengths and weaknesses. According to Choi and Kim
[2] a compliant parallel mechanism can overcome the following shortcomings of a serial mechanism:
the dynamic characteristics is different for each axis and the positional errors of each stage adds up to
the positional error of the end-effector. Additionally, serial mechanism have high moving masses, high
inertia and low natural frequencies [35]. On the other hand the control and the mechanical structure are
simple because all stages can be controlled and designed independently [35]. Parallel mechanisms
have a lower inertia, higher stiffness and can be more compact than serial mechanisms, but suffer
from a smaller workspace, non-linear dynamics and difficult kinematics [52]. Also, they have a higher
load-carrying capacity [35].

2.1.2. Parasitic motions
In both rigid body mechanisms and compliant mechanisms parasitic motions can occur. Lin et al. [36]
defined a parasitic motion as a depended motion which occurs when an independent input motion is
given. This parasitic motion could be an unwanted motion or something one can benefit from. For
example, one benefits from the parasitic motion in a screw. When the rotational input motion (inde-
pendent motion) is given the screw will also translate (dependent motion) [36]. Another example of
parasitic motion in mechanisms is the four-bar mechanism. When the independent horizontal transla-
tion to the top link is given the link will also drop slightly. This can be an unwanted motion when this
type of mechanism is used to position something. This example is shown in Figure 2.1. In this example
Ae,, is the parasitic motion.

Parasitic motions can be a rotational or translational motion [36]. A mechanism can have multiple
parasitic motions at once. In fact the previously mentioned four-bar mechanism has also a tiny rota-

2



2.1. Background information 3

tional parasitic motion. The amount of parasitic motions a mechanism has can be expressed with the
dimension of a parasitic motion [36]. The equation for this dimension can be found in Equation 2.1.
In this equation {p is the dimension of the parasitic motion, M, potential mobility and M mobility of the
mechanism. For the compliant four-bar mechanism (in 2D) the potential mobility is three (all possible
motions) and the mobility is one (number of independent input motions). Thus, the dimension of the
parasitic motion is two.

(p=Mp—-M (2.1)
2.1.3. Decoupling in parallel mechanisms M
Coupling between different axis in parallel mechanisms can m ¢
occur. There are different types of decoupling. In this subsec- ; : jﬂey
tion the input (actuator isolation) and output coupling (cross- Cm— Moving body '

axis coupling) are elaborated.

Output decoupling

When a parallel mechanism is fully output decoupled (also
known as cross-axis decoupling) the output motion is only af-
fected by the input force along the same axis as described by
Hao and Li [12]. In Figure 2.2 different parallel mechanisms
designs for a 3-DoF XY6 stage are shown. Two of them (a &  Figure 2.1: Compliant four bar mechanism with
b) are decoupled and one is coupled (c). To control the rota- parasitic motion (Ae,,). Figure retrieved from [2].
tion around the Z-axis and the translation along the X-axis in

design (c) actuators A2 and A3 needs to be used and are thus coupled. For design (a) it can easily
be observed that all actuators drive a single degree of freedom and are thus decoupled. Design (b) is
also output decoupled because each actuator let the stage rotate around a unique axis (T;, T, and T3).
Combining rotations around these three unique axis allows the stage to translate in the XY-plane and
rotate around the Z-axis.

Flexure

/ /77

_Flexure Element
Piezo Actuator

(a) (b) (c)
decoupled decoupled coupled

Figure 2.2: Visualization of output (de)coupling in three different XY 6 stage designs. Figures retrieved from [19].

In Figure 2.3 the cross-coupling is visualized for a 2-DoF system. The vectors T; and T, visualize
motions. If these two vectors are orthogonal (90 degrees angle) the motions would be decoupled. They
are not orthogonal and therefore if you move in the T, direction you also move a bit in the T, direction.
This coupling makes the control of a mechanism more difficult. For example, in a 2-DoF positioning
stage there is a coupling between the X and Y axis. If the input is to move over the X-axis only and
there will also be a movement over the Y-axis this causes a positioning error. This could be solved
by control [58], but that makes the control more difficult. Therefore, it is best to try to design output
decoupled mechanisms.

Lee [26] presented a way to quantify the cross-axis coupling. If the kinematics of a system are
known one can construct the Jacobian matrix from it by taking the partial derivatives of the kinematic
equations. From this Jacobian matrix the column vectors can be determined. Quoting Lee [26]: "the
cross-coupling between joint motions can be interpreted as a degree of linear dependency between



4 2. Background

column vectors of the Jacobian matrix.” Lee also presented an equation to quantify the cross-axis
coupling. This equation is given in Equation 2.2. In this equation f;; represents the angle between two
column vectors i and j. This angle can be calculated with Equation 2.3. T; and T; represent the column
vectors i and j of the jacobian matrix.

- 23
Iy |Tj|) (2.3)

i

pBij = arccos(

Since the Jacobian matrix is position dependent the above intro-
duced LKCl is a local variable. This means that the LKCI value can

vary over the workspace of the mechanism. A fully decoupled mech- v T = CT"SL 92 = const.
anism has all LKCI values equal to one. If the LKCI value is zero __f____ e const
the system is fully coupled (singular points) [26]. Note that different 7 d )
LKCI values between different axis can be present. [

Gogu [7] presents a more general cross-coupling index com- : 0, = const.
pared to Lee because this one combines the cross coupling between [ o x

all axis. The one from Lee is only between two axis. Gogu defined
it as follows: "The cross-coupling index is a measure of decoupling  Figure 2.3: Visualization of output cou-
between all the column vectors of matrix A, and is given by the prod- pling. Figure retrieved from [26].

uct of the local cross-coupling indices”. Or in formula form as given

in Equation 2.4.

k= H sin(g;)) (2.4)

i'=1,n'—1

j=1+i,n
Input decoupling
If an actuator exerts a force on a parallel mechanism to drive the end-effector and if the other actuators
don’t feel anything of this input than the input is fully decoupled [32], this is called input decoupling. If
there is input coupling the actuation of an actuator will cause additional loads on the other actuator(s).
This can be an important design criteria when using fragile actuators (e.g. piezo actuators).

2.2. Problem definition

Compliant parallel mechanisms have the potential to outperform serial mechanisms. They have some
benefits compared to the serial mechanisms, but they suffer from difficult kinematics. The kinematics
are difficult because everything is connected to each other. This can result in cross-coupling errors
which makes the control more difficult. Also, parasitic motions can occur for which the control cannot
compensate. Therefore, itis important to have suitable strategies to solve these difficult kinematic prob-
lems and improves the compliant parallel mechanisms performance. A literature study is performed
to answer the following question: What are the strategies to minimize parasitic motions and cross-
axis couplings in parallel compliant mechanisms? The available strategies will be compared with each
other. The literature study limits itself to positioning mechanisms.

2.3. Search method

To find relevant strategies for parasitic motion and cross-axis coupling compensation different search
engines have been used. The used search engines were: Scopus, Google Scholar and Web of Sci-
ence. Different search terms were combined to find the relevant literature. The search terms were:
compliant parallel mechanism (or relevant synonyms) + compensation (or relevant synonyms) + par-
asitic motion OR cross-coupling (or relevant synonyms). In Scopus and Web of Science articles were
selected by checking if these relevant terms occurred in the abstract. For Google Scholar this was not
possible and the most relevant articles based on the title and abstract were selected. Also, compensa-
tion strategies in rigid body equivalent mechanisms were searched. Another way relevant papers were
retrieved was by identifying relevant references in other papers or citations.
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2.4. Classification

After and during analysing of the relevant literature it is important to classify the strategies in different
classes. This is done in five categories. Sometimes a strategy could also belong to multiple classes.
Then the method is classified in the category which corresponds best to the most fundamental way of
the achieved compensation. For example, optimization can be used in a method but may not be the
most fundamental idea of the strategy. The five different classification classes are summarized below.

Symmetry based methods
Prevention based methods
Compensation based methods
Stiffness based methods
Optimization based methods

a0~

2.5. Criteria based on difference between methods

Once the relevant strategies were found it is important to evaluate them. This evaluation is done based
on the following questions:

1. Is the method able to compensate translational and/or rotational parasitic motions?
2. Is the method able to compensate translational and/or rotational cross-couplings?
3. Is the method able to perform instantaneous or continuous compensation?

4. Is the method able to fully compensate the parasitic motion or cross-coupling?

These questions are considered important because of the following reasoning. With the first two
questions it can be identified when the strategies can be used. The third question indicates if the
strategy can perform compensation over a large range or only locally. The last question indicates if the
unwanted motions can be fully eliminated in theory or are reduced.

2.6. Criteria based on performance

Besides the previously mentioned questions the effect on system behaviour is also important. Accord-
ing to Hao and Kong [11] (based on [1, 17]) the precision positioning mechanisms should have ideally:
large motion range, well-constrained parasitic motions, minimal cross-coupling, minimal input coupling,
minimal lost motion, maximal actuation stiffness and low thermal and manufacturing sensitivities. It is
important to design compact mechanisms with good dynamics therefore it is also important to consider
the moving mass, overall size and eigenfrequencies. The identified relevant criteria (and commonly
presented effects of the methods in literature) for the compensation strategies are listed below. If other
relevant effects belong to a certain strategy these will also be considered.

1. Effect on stiffness

2. Effect on eigenfrequency

3. Effect on workspace

4. Effect on mechanism size and volume



Existing compensation strategies for
parasitic motions and cross-coupling

In literature various methods are used to minimize parasitic motions and cross-couplings. In this chap-
ter these strategies are presented. The strategies are subdivided into multiple classes (symmetry,
prevention, compensation, stiffness and optimization). Also, the advantages and disadvantages listed
in literature are mentioned. In chapter 4 the strategies are evaluated and compared to each other.

3.1. Symmetry
In this section two strategies are presented which uses rotational or
plane symmetry.

3.1.1. Degree of symmetry

One of the most used strategies is mirror symmetry. If a planer
mechanism is symmetric about two perpendicular axis the mech-
anism is output decoupled [5]. According to He et al. [16] the
degree of symmetry should be maximized to minimize the para-
sitic motions. The degree of symmetry is the amount of perpen-
dicular symmetry planes a mechanism has. This is also appli-
cable to 3D mechanisms. The degree of symmetry (DoS) is vi-
sualized in Figure 3.1. From this information the first strategy
arises:

Strategy 1: Maximize the degree of symmetry (perpendicular
planes of symmetry). .

Besides the ability to decouple a design using mirror symmetry Figure 3.1: Visualization of the degree of
has more advantages. If it is applied on the mechanism level (so the Eyorg"(‘;tryﬁ ;lfeorit(riag\’/ j&?&i(ﬁ)‘;j‘_”d 3
limbs are placed mirror symmetric) symmetric designs are dynami-
cally balanced [4], the vibration modes become decoupled [4], the thermal sensitivity decreases [27], it
can accommodate higher payloads and the initial stiffness center is in the middle of the design. How-
ever, using symmetry will increase the lost motion [9], the actuation stiffness and the footprint/volume
of the mechanism.

Note that mirror symmetry can be used on multiple levels in the design (joint, limb, and mechanism).
When mirror symmetry is used on the joint level it can potentially reduce the motion range drastically.
For example, the compound basic parallelogram mechanism shown in Figure 3.2 has a reduced motion
range due to the load stiffening effect [9]. The same holds for mechanism only constructed of basic
parallelogram modules. However, the usage of symmetry in this way avoids buckling [13].

The use of mirror symmetry is an instantaneous compensation method. The output-decoupling
and parasitic motion effects in [5, 16] are based on the stiffness matrix. The stiffness matrix becomes

6



3.2. Prevention 7

diagonal when symmetry is applied and therefore no unwanted motions occur. But this information
is position dependent and when a mechanism deforms the symmetry will be lost. For example, in
[15] (XY-stage) the cross-coupling is in the initial position almost zero but when the mechanism moves
over the X and Y axis the cross-coupling error grows. This is usually not a problem for small range
mechanisms but this can become a more severe problem for large motion ranges. In small range
motions the mechanism remains almost symmetric.

i ¢ 41 018

(b) Compound basic parallelogram mechanism (CBPM)
composed of two BPMs in mirror symmetry

(a) Basic parallelogram mechanism (BPM)

Figure 3.2: Visualization of mirror symmetry which reduces motion range. Figure retrieved from [13].

3.1.2. Symmetric patterns

The influence of rotational symmetry on the output-decoupling for planer mechanisms was studied by
Du [5]. It was shown that a rotational symmetry of 3 or 2 *n with identical limbs around the end effector
results in a diagonal stiffness matrix and is thus free of unwanted motions at its center point. This
means that the parasitic motions and cross-couplings are in theory instantaneously eliminated (if the
actuation is perfect). This results in the second strategy:

Strategy 2: Place identical limbs in a rotational pattern of 2*n or 3 around the center point of the output
stage.

(a) = (b) E (© e

! or e w00 gmﬁ.w i Tii Q ﬁn

o Q\b.,“
PN u v

o* ‘8 & 8

% L 4 s s
Figure 3.3: Visualization of various output-decoupled rotational patterns. Figure retrieved from [5].

Note that if limbs with a single translational degree of freedom can only
be placed in a rotational symmetric pattern of 2. Otherwise the mechanism
won'’t be able to move. The pros and cons of this strategy are identical to the Motion stage
ones from the previously introduced strategy. In Figure 3.3 various symmetric
patterns are shown which don’t have unwanted motions in their initial position.

ntre

3.2. Prevention Applied force

There are also methods to prevent parasitic motions. In literature two strate-
gies to prevent parasitic rotations were found.

3.2.1. Actuation in stiffness center Figure 3.4: Visualization of
A method to minimize the parasitic rotations is to apply the force through the actuation force through stiff-
stiffness center as shown in [9, 12]. This method is most useful for mecha- ness center.  Figure re-
nisms with small range of motion because normally the stifiness center shifts  ffieved from [9].

when the mechanism deforms. |Initially the parasitic rotations are not 'excited’ because there is no
moment acting on the motion stage. However, once the system deforms the stiffness center shifts.
This results in a moment acting on the motion stage leading to a parasitic rotation. An example of a
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force which goes through the stiffness center is shown in Figure 3.4. Since this method concerns the
placement of the actuation it does not influence other properties (e.g. stiffness, eigenfrequency, etc.)

of the mechanism.

Strategy 3: The actuation forces should go through the stiffness center to prevent parasitic rotations.

3.2.2. Actuation space

Using the screw theory actuation spaces can be identified [18]. If
the mechanism is actuated in these actuation spaces the para-
sitic motions are smallest [18]. This method assumes small dis-
placements, linear actuators and parallel mechanisms in which
the stage is directly connected to the ground by its flexures
[18]. In Figure 3.5 the actuation space is visualized for a 3-
DoF rotational mechanism. The actuation spaces can be identi-
fied by using the twist-wrench stiffness matrix. Because this ma-
trix links the motions (twist) and the input (wrench) one can de-
termine the ideal actuation positions with minimal parasitic mo-
tion. If each wrench (input) placed in the actuation space ac-
tuates one unique twist (motion) of the mechanism it is out-
put decoupled [19]. Because this method is based on the stiff-
ness matrix and only applicable for small motions it can only in-
stantaneous compensate the unwanted motions. The method
does not (or minimal) effect properties such as stiffness, eigen-
frequency and workspace because it only concerns the place-
ment of the actuators and does not change the mechanism con-
straints. The above information leads to the following strat-

egy.

Figure 3.5: Visualization of the actuation
space of a 3-DoF rotational mechanism.
Figure retrieved from [18].

Strategy 4: Actuate the mechanism in the actuation space with each actuator only actuating one unique

motion.

3.3. Compensation

Another approach to compensate the parasitic motions or cross-
couplings is to add/use compensation modules in the mechanism.
In literature three compensation methods were found. They have in
theory the ability to fully compensate the unwanted motions contin-
uously.

3.3.1. Compensation with modules in series

A commonly used method to compensate parasitic motions is to add
a module to the design with parasitic motions which behaves similar
to the parasitic motions of the original mechanism but in opposite
direction [30, 31]. In this way the overall parasitic motion of the sys-
tem can be eliminated. This strategy works for rotational and trans-
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Figure 3.6: Visualization of compensa-
tion parasitic motion (motion stage) with
another mechanism (secondary stage).
Figure retrieved from [46].

lational parasitic motions [30]. This method is used a lot in XY-motion stages in which the compensation
module is in series with the original mechanism (for example in [2, 25, 46, 49]). In these designs the
double-parallelograms are used, which is shown in Figure 3.6. Some drawbacks of this method when
placed in series are a reduced off axis stiffness [13], introduction of non-controllable masses (impacts
dynamics) [13] and it results in a bulky design. On the other hand it has the capability of creating a
mechanism without parasitic motions and large range of motion. This method helps also reducing the
cross-couplings because the individual limbs can be made parasitic motion free.

Strategy 5: Compensate the overall parasitic motion of a mechanism by placing a module in series

with opposite but equal parasitic motion.
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3.3.2. Compensation within the mechanism

Another approach to compensate for the parasitic motion is to compensate the overall parasitic motion
of the system with parasitic motion in joints [15, 20, 59]. The center shift of cross-spring pivots was used
to create a XY-stage [15], 1-DoF translational joint [59] and a 1-DoF RCM (remote center of motion)
rotational mechanism [20] with minimized parasitic motions. This approach has the advantage of not
introducing uncontrollable-masses, no increase in size and the workspace is not effected. On the other
hand, it might be difficult to optimize it in such a way that the unwanted motion over the entire motion
range is eliminated. For example, in [59] a 1-DoF linear motion mechanism was constructed but the
parasitic motion was not completely eliminated.

Strategy 6: Compensate the overall parasitic motion of a mechanism with the parasitic motion in joints.

In Figure 3.7 a visualization of this strategy is shown on a four bar linkages. On the left a mechanism
without compensation is shown. In this mechanism a drop of the stage is shown. On the right the
rotation points change in vertical height during the deformation. Due to these changes of the rotation
points the output platform remains at a constant height. For this strategy different types of joints could
be used as long as they have the desired performance.
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Figure 3.7: Visualization of the compensation within the mechanism. On the left without compensation. On the right with
compensation (the rotation points change in vertical position during deformation).

3.3.3. Stiffness center shift compensation

As mentioned before the parasitic rotation is dependent on the mo-

ment and rotational stiffness. If the applied force does not go through I w— ‘
the stiffness center the input force will cause a moment on the end- TN TN
effector. As a consequence the end-effector will have a parasitic ; | '
rotation. It is known that the stiffness center shifts when a mecha-
nisms deforms. Liu et al. [40] proposed a method to compensate
for this stiffness center shift. Additional modules were added to the
design which have a stiffness center shift in the opposite direction
as the original mechanism. If these shifts are equal but in oppo-
site direction the overall stiffness center remains stationary. This
method is especially useful in large range of motion mechanisms
because this method can continuously prevent the unwanted rota-
tion. The benefit of this method is that the parasitic rotation can be Figure 3.8: Visualization of the stiffness
prevented without increasing the overall stiffness of the mechanism ~ center shift (C, and Cy). Figure retrieved
significantly. The drawback of this strategy is the increase in size of from [40}.

the mechanism.

Strategy 7: Compensate the stiffness center shift by adding modules to the design with an equal stiff-
ness center shift but in opposite direction.
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3.4. Stiffness

Undesired motions can be minimized by increasing the stiffness in the constraint directions. In this
category methods to increase the constraint stiffness are presented.

3.4.1. Rigid connections between non-adjacent legs

In order to lower the parasitic rotations and cross-axis cou-
plings in XY(Z) stages rigid connections between non-adjacent
legs are used in [14, 28, 54, 57]. In Figure 3.9 an exam-
ple of the rigid connections is visualized. The parasitic rota-
tions are better constraint due to the increased rotational stiff-
ness of the end-effector [54]. Also the parasitic rotations of
the actuation stages are reduced [14]. Other benefits from
the rigid links are the reduced lost motion, thermal sensitiv-
ity and buckling is avoided [14]. Because the translational
joints are connected to each other one actuator can be used
to drive two translational joints. The disadvantages of these
rigid links are an increased moving mass (impacts the dynam-
ics), volume of the mechanism and it could lead to difficulties
in the manufacturing and assembling process. For 3D printed
designs it can be an interesting option to further increase the
performance of motion stages. However, support material is Figure 3.9: Visualization of rigid connec-
probably needed during the printing process. It is important fions between non-adjacent legs. Figure
to note that this method can only be used when symmetry is retrieved from [14].

used.

Strategy 8: Connect non-adjacent intermediate stages with rigid links.

3.4.2. Add extra joints

Another method to increase the stiffness in the undesired motion directions is to add extra joints [36].
For example, in a XY-stage based on 4-PP symmetric configuration a planer joint (E) is added [11].
This planer joint has a low stiffness in the degrees of freedom of the mechanism but helps to increase
the stiffness in the other directions (rotations and out of plane direction). Adding extra joints helps not
only in constraining the parasitic motions better, but also increases the load-carrying capacity. How-
ever, it comes at the cost of increased actuation stiffness, the design becomes more complex and the
size/volume is likely to increase.

Strategy 9: Add additional joints to the mechanism.

3.4.3. Overconstraints

Adding overconstraints is a very popular method to better constrain the parasitic motions in mecha-
nisms. For example, in [21, 48] extra flexures are added to the motion stage, in [9, 32, 35, 51] extra
flexure beams are added to the double-parallelogram modules and designs using symmetry also intro-
duces overconstraints. Besides better constraining the parasitic motions adding overconstraints also
increases load carrying capacity and eigenfrequencies. Also the input decoupling is improved [21]. On
the other hand, more powerful actuators are needed to have a similar workspace.

Strategy 10: Add overconstraints.

3.5. Optimization

There are also some optimization based approaches to minimize the errors. These are elaborated in
this section.
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3.5.1. Placement of constraints

In order to constrain the parasitic rotation in a basic parallelogram mechanism (as shown in Figure 3.2)
the spanning size (the distance between the two flexures) can be increased to reduce the unwanted
rotation [29, 44]. By increasing the spanning size the reaction forces which withstand the unwanted
moment are reduced and therefore the axial deformation of the supporting flexures are minimized. The
distance between the flexures can thus be optimized to minimize the undesired rotation. This can be
done on joint level or on mechanism level.

By rearranging the limbs of a mechanism the parasitic motions can be reduced [36]. It is thus
possible to optimize the limb arrangement for better performance. In [27, 29] the layout of a mech-
anism (locations of constraint modules) is optimized using the position-space-based reconfiguration
approach. This method allows the design to be optimized for different performance parameters (e.g.
parasitic motions, cross-couplings, motion range, etc.). The constraint modules are placed at the opti-
mal position within their permitted positions.

Strategy 11: Optimize the placement of the constraints/joints.

3.5.2. Joint optimization

Another approach is to choose a mechanism layout which is in theory fully decoupled and parasitic mo-
tion free. When the joints are perfect (no parasitic motions) the overall mechanism is output-decoupled
and parasitic motion free. Miao et al. [42] used this approach to design an decoupled 3-PRR mecha-
nism. They optimized the joints to minimize the errors. The benefit from this approach is that known
decoupled rigid-body mechanisms can be used to design the compliant mechanism equivalent. In mul-
tiple designs the joints are optimized to reduce parasitic motions. For example, the joint parameters
were optimized in [6, 8]. There are different methods to create joints with minimized parasitic motions.
For example, the topology was optimized in [39] and the shape was optimized in [42, 43].

Strategy 12: Optimize the joints in the mechanism.

3.6. Other design considerations

Manufacturing errors can play a significant role in the unwanted motions [21, 61] therefore it is important
to use robust parameters. The kinematics should also be taken into account. With selecting the right
mechanism layout with the best kinematics the parasitic motions and cross-couplings can be reduced
[11, 36, 49, 55]. Adjusting the preloading on piezo-actuators can also help in reducing cross-couplings
[21].



Evaluation of existing strategies

In this chapter the strategies presented in chapter 3 will be evaluated. The strengths and weaknesses
are presented in tables as well as the similarities and differences between different methods. To do
this the criteria presented in chapter 2 are used. After the evaluation possible future challenges and a
knowledge gap is presented.

4.1. Comparison of strategies

In Table 4.1 the strategies presented in chapter 3 are compared to each other. This table is constructed
with the information presented in the previous chapter. With this table a comparison based on non-
physical properties can be made. For example, can it be used for parasitic motions or cross-couplings,
can it fully compensate the unwanted motions and is the method able to instantaneous or continuous
compensate?

For positioning stages the ideal compensation method should compensate both rotations & trans-
lations, have the ability to compensate parasitic motions & cross-couplings and do that in a continuous
way with the ability to fully compensate. Only a very few strategies have the potential to do this. These
are the compensation by adding an additional mechanism in series, compensate within the mechanism
or by optimizing the joints (strategies 5, 6 and 12). Although strategies 5 and 6 have not been used
to compensate rotational cross-couplings in the literature (to the best of the authors knowledge) they
should have the potential to do so. Strategy 6 and 12 both rely on optimizing the joints and could be
considered as the same method. Strategy 6 tries to use the inaccuracies in joints to compensate for
the overall unwanted motions while strategy 12 tries to make the joints more precise.

In Table A.1 (Appendix A) the effect of the strategies on other properties are listed. When comparing
strategy 5, 6 and 12 it should be noted that strategies 6 and 12 are much better for positioning stages.
In chapter 2 it was presented that positioning stages ideally have good dynamics and a large workspace
while having minimal errors. The strategy to compensate the unwanted motions by adding an extra
module in series (strategy 5) have the problem of introducing underconstrained masses (which also
impacts the moving mass), reducing the stiffness and the overall size increases. On the other hand it
can result in larger workspaces. Strategies 6 and 12 (joint optimization) do not have these negative
effects and the workspace remains the same (if properly designed and optimized). It is important to
note that multiple strategies can be used within a design. For example, a lot of XY-stage designs make
use of symmetry, overconstraints and the compensation using mechanisms (strategy 1,2, 5 and 10).

4.2. Discussion & future challenges

During the literature study it was observed that one the most promising compensation techniques (strat-
egy 6) is barely used and if used only in translational mechanisms. If it is used cross-pivot joints are
optimized. The center shift of cross-spring pivots were used to create a XY-stage [15], 1-DoF transla-
tional joint [59] and a 1-DoF RCM (remote center of motion) rotational mechanism [20] with minimized
parasitic motions. This can be identified as a knowledge gap. It would be a great addition to the sci-
entific field if there would be a method which can generate different joints within the mechanism and
optimize all the joints to compensate for the overall unwanted motions. In other words, if there is a

12
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Instantaneous

Possible to
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(10)

Parasitic Cross- . instantan- continuous
Strategy (#) . . or continuous
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Actuate in stiff- Rotations None Instantaneous Yes No
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shift (7)
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Table 4.1: Classification and comparison of strategies
* it should be possible to use this for rotations as well but this was not found in literature
** only fully compensated in 1 DoF systems or when moving over a single axis
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module which you can optimize to synthesize the ’ideal’ joint for the mechanism to compensate the
overall unwanted motions in the mechanism.

In addition almost none of the strategies is able to perform compensation over an area. Most
strategies only compensate at the initial point of the mechanism. In various papers presenting XY-
stages when the mechanism is moving towards the limits of its workspace the rate at which the cross-
coupling error grows increases [8, 9, 11, 21, 38, 41, 54]. A possible cause for this effect is that most
compensation strategies only compensate in the initial position. When a continuous compensation
method is used the same effect is present. This could be caused by the continuous compensation
method widely used (double parallelogram) which results in poor characteristics and therefore causing
new unwanted motions. When the double parallelogram moves the support stiffness drops significantly,
resulting in less good constraint parasitic motions.

The most used strategy to continuous compensate parasitic motions in XY-stages is strategy 5.
This one is used a lot in XY-positioning stages [2, 3, 9, 10, 25, 32, 35, 38, 40, 41, 46, 49, 54, 56]. In all
of these designs translational joints were created as the double parallelograms. In contrast strategy 6
(who uses the joints to compensate) is only used in [15].

In Figure 4.1 and 4.2 the normalized cross-coupling and first eigenfrequency are plotted respec-
tively for designs presenting the cross-coupling, workspace and first eigenfrequency. Therefore, not
all strategies presented in the previous chapter can be identified in those figures. From the normalized
cross-coupling plot it is observed that different combinations of strategies leads to relative low cou-
plings. However, from the eigenfrequency plot it can be observed that spatial mechanisms have very
good dynamics and large workspace. But, these mechanisms are much more difficult to manufacture
monolithic compared to planer mechanisms. They can either be manufactured in different subsystems
but this can results in assembly errors. Or they can be 3D printed but require support material which
could be difficult to remove. The planer mechanism using the strategy to compensate within the original
mechanism (strategy 6) has also very good normalized cross-coupling and eigenfrequencies.
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Figure 4.1: Cross-coupling normalized by workspace in XY-stages. The identified used strategies in the design are given on
the Y-axis and if it is a planer or spatial mechanism. Note that the overconstraints strategy is left out because all designs use
overconstraints. Data retrieved from: Hao2013 [15], Jiang2017 [21], Lai2011 [24, 25], Li2008 [32—34], Li2011 [35], Ling2019
[37], Liu2017 [38], Liu2018 [40], Liu2019 [41], Qin2013 [47], Wang2020 [49], Xia02010 [50], Yong2010 [53] and Zhu2018 [60].
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Figure 4.2: Plot of the first eigenfrequency normalized by workspace in XY-stages for different designs. The identified used
strategies in the design are given on the Y-axis and if it is a planer or spatial mechanism. Note that the overconstraints strategy
is left out because all designs use overconstraints. Data retrieved from: Hao2013 [15], Jiang2017 [21], Lai2011 [24, 25], Li2008
[32-34], Li2011 [35], Ling2019 [37], Liu2017 [38], Liu2018 [40], Liu2019 [41], Qin2013 [47], Wang2020 [49], Xia0o2010 [50],
Yong2010 [53] and Zhu2018 [60].

4.3. Proposal for new strategy

The goal of this literature study was to find strategies to compensate parasitic motions and cross-
couplings in compliant parallel mechanisms. Twelve strategies were found and compared to each other.
Only three strategies were identified to be able to fully compensate the unwanted motions continuously.
One of them ftries to use perfect joints in a mechanisms layout free of unwanted motions. The other
two of them relied on compensating the cross-coupling and parasitic motions in the mechanism. The
method who compensates the unwanted motions within the mechanism seems to outperform the other
compensation method, but is only used with cross-pivots in literature. A method who has the ability to
optimize and synthesize joints to compensate for the overall unwanted motions would be an addition
to the available literature. This method has the potential to improve the mechanisms performances
without impacting other effects (e.g. moving mass, overall dimensions, workspace, etc.) if the correct
constraints and objectives are used. This method would be beneficial for both small and large motion
ranges because the method has in theory the ability to continuously compensate. Therefore, in this
project proposal a method who has the potential to do this is proposed.

Instead of picking joints which are presented in literature one could also generate its own topol-
ogy/shape. The joints presented in literature are usually designed to be as accurate as possible but
for this method non-ideal joints are needed. These joints can be created by a structural optimization
method. Therefore, design domains can be assigned at the positions where joints needs to be placed.
Besides, joints also part of structures can be optimized to compensate for the unwanted motions.
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Optimization of multiple sets of flexures to compensate for parasitic motions and cross-couplings
in compliant mechanisms with desired stiffnesses and dynamics

N.K. Meinders

* A new strategy to diminish parasitic motions and cross-couplings in compliant mechanisms with the ability to control
stiffnesses and dynamics based on shape optimization of two parallel flexures is presented.

* A constant stiffness linear motion joint is synthesized with a motion range of +5mm, maximum parasitic translation
of 3.5um and a maximum change in X,y and z stiffness of 4.66%.

* A linear guide with well constrained uncontrollable masses is synthesized with a motion range of +10mm, maximum
parasitic translation of 232nm and well constrained uncontrollable masses at a resonance frequency of 113.5H z (1st
eigenfrequency at 8.87H z).

* A 2-DoF decoupled parallel mechanism is synthesized for a maximum cross-coupling of 0.03% within a workspace
of 100mm? and a maximum parasitic rotation of 34urad.
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ABSTRACT

A new strategy to compensate parasitic motions and cross-couplings in compliant mechanisms is
presented in this paper. Besides diminishing the unwanted motions, the stiffnesses and dynamics
of the compliant structures can be controlled. Within a chosen mechanism configuration different
design domains are defined for two parallel flexures connecting two parts. These flexures act as joints
between the two parts and their shape is optimized. A linear joint with near constant stiffnesses
(maximum change of 4.66% in x,y and z stiffness with a motion range of +5mm and 3.5um parasitic
translation), a linear motion guide with well constraint uncontrollable masses (maximum parasitic
motion of 232nm with motion range of +10mm) and a decoupled 2-DoF parallel mechanism (cross-
coupling of 0.03% with a workspace of 100mm? and parasitic rotation of 34urad) are synthesized
using this method. The linear motion guide was experimentally validated using a 3D printed prototype
from PLA. This prototype showed a maximum parasitic motion of 16um. FEA showed that the
compliance in the assumed rigid parts causes the difference between the theoretical parasitic motion

and the measured parasitic motion.

1. Introduction

In precision positioning mechanisms, compliant mech-
anisms are often used. These are mechanisms which can
move due to elastic deformation of its hinges (lumped com-
pliance) or (parts of its) legs (distributed compliance). They
have several advantages over rigid body mechanisms. For
example, due to the lack of sliding contact these mechanism
have better repeatability (no friction causing backlash), do
not require lubrication and don’t wear over time. Often
they can be manufactured monolithically resulting in less
assembly time and errors. Another benefit of compliant
mechanisms is their scalability.

Positioning stages can be designed as parallel or serial
mechanisms (or a combination of both). The advantages
of parallel mechanisms compared to serial mechanisms
are a lower moving mass and inertia. Also, the parallel
configuration results in increased stiffnesses which makes
higher payloads possible. However, parallel mechanisms
suffer from a smaller workspace and difficult kinematics.
These difficult kinematics origins from parasitic motions in
the system. A parasitic motion is a dependent motion which
occurs when an independent input motion is given [1].
These are often unwanted motions effecting the precision of
systems. In parallel mechanisms multiple legs are connected
to the end-effector. Due to parasitic motions in the legs
of the mechanism, cross-axis coupling(s) can occur. Cross-
axis coupling(s) is/are the movement(s) of the end-effector
in other direction(s) than the input motion. For example in
an xy-manipulator, if the end-effector moves in x-direction,
a cross-coupling error is the small resulting motion in y-
direction. These cross-axis couplings can be compensated
using control, but this increases the control complexity.
The parasitic motions make the mechanism less precise

because they can’t be compensated. For example, a rotation
of an end-effector in a xy-positioning stage. Therefore, it
is important to design precision mechanisms with minimal
parasitic motions and cross-couplings.

Several strategies are used in literature to minimize the
parasitic motions and cross-couplings. The most important
ones are shortly introduced here. Some of them directly
reduce the cross-axis coupling while others indirectly re-
duce the coupling error. For example, as a result of parasitic
motion free limbs there will be no cross-coupling error in
an output-decoupled mechanism configuration. Applying
symmetry is a popular method to reduce both types of
unwanted motions. By maximizing the degree of symmetry
(amount of perpendicular symmetry planes) both parasitic
motion and coupling errors can be reduced [2, 3]. Using
rotational symmetry decreases the cross-coupling error [3].
A downside of using symmetry is the increase in size of the
mechanism. A method to minimize the parasitic rotations is
to apply the force through the stiffness center [4, 5]. This
works only for the initial position since the stiffness center
moves during deformation of the mechanism. Extra com-
pensation modules can be added to make the stiffness center
stationary [6]. A commonly used method to compensate
parasitic motions is to add a compensation module to the
design with similarly behaving parasitic motions as the orig-
inal mechanism, but in opposite direction [7, 8]. In this way,
the overall parasitic motion of the system can be eliminated
in theory. For example, this strategy is used in the double
parallelogram (shown in Figure 11). However, this method
results in reduced off axis stiffness [9], introduction of non-
controllable masses (impacts dynamics) [9] and in a bulky
design. Another approach to compensate for the parasitic
motion is to compensate the overall parasitic motion of the
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system with parasitic motion in its joints [10, 11, 12]. For
example, the center shift in cross-spring pivots was used to
create a 1-DoF translational joint [11]. This approach has
the advantage of not introducing uncontrollable masses and
no significant increase in size. On the other hand, it might
be difficult to optimize it in such a way that the unwanted
motion over the entire motion range is eliminated. Adding
overconstraints is another widely used method to better
constrain the parasitic motions in mechanisms. For example,
in [13, 14] extra flexures were added to the motion stage
resulting in a better constraint parasitic rotation. Another
approach is to choose a mechanism layout which is in theory
fully decoupled and parasitic motion free. When the joints
are perfect (no parasitic motions) the overall mechanism
is output-decoupled and parasitic motion free. Miao et
al. [15] used this approach to design a decoupled 3-PRR
mechanism. In literature joints are optimized to increase
its accuracy, as is done in [16, 17] by optimizing the joint
parameters.

From all mentioned strategies only three strategies are
in theory able to perform compensation (for translations
and rotations) over the entire motion range: adding com-
pensation module, compensation within mechanism and
optimizing joints. Symmetry is considered here as an in-
stantaneous compensation method. When an xy-mechanism
starts moving over both its axes the symmetry is (partly)
lost, resulting in less reduction of its unwanted motions.

In literature various compliant mechanisms have been
synthesized using shape optimization of flexures described
by parametric curves. For example, non-linear springs [19,
20], path-following mechanisms [21] and output-decoupled
mechanisms [22]. Moreover, the motion range of a rota-
tional mechanism was improved by shape optimization [23].

The aim of this paper is to introduce a new compen-
sation strategy which has the ability to perform continuous
compensation of parasitic motions and cross-couplings over
a large range of motion while having desired stiffnesses and
dynamics. Combining the strategies of doing compensation
within the mechanism and optimizing the joints with shape
optimization of flexures results in a new promising strategy.
A mechanism layout could be chosen with fixed joint
locations. At these joint locations the shape of the flex-
ures are optimized to compensate for the overall unwanted
motions and to control the stiffnesses and dynamics of the
mechanism. In this way, one is not dependent on joints
with center shift from literature. In literature the strategy of
adding a compensation module is widely used (e.g. double
parallelogram). However, this results in poor dynamics,
reduces stiffnesses and a bulky design. According to Hao
et al. [18] most compliant translational joints suffer from
a decay of stiffness. This new strategy has the potential
to overcome these shortcomings while achieving near zero
parasitic motions. This new strategy is presented in combi-
nation with three case studies to demonstrate its potential in
this paper. This paper limits itself to 2-dimensional trans-
lational mechanisms. The case studies are a near constant

stiffness linear joint, a linear motion mechanism with well
constraint uncontrollable masses and a decoupled xy-stage.

The structure of this paper is as follows. First, some
background information on shape optimization is presented,
followed by the introduction of the method and the case
studies. Afterwards, the results of these case studies are
presented and compared with other designs. Then, experi-
mental results of the linear guide are presented followed by
a discussion and conclusion.

2. Background

Different methods to optimize the shape of flexures are
presented in literature. First, a short overview of different
methods will be presented, followed by a description of
Bezier curves.

2.1. Shape optimization

Different types of parametric curves are used to synthe-
size compliant mechanisms. For example, splines [19, 20],
Bezier curves [24] and intrinsic functions [23]. When using
splines, a curve goes through all the control points. Bezier
curves are interpolation curves between all the control
points. The shape of intrinsic functions is defined by mathe-
matical formulas (e.g. Fourier series). Some other methods
build up on the Bezier curved method, such as wide curves
[25] and the beam-based method [26]. In the wide curve
theory the width of the flexures is defined by the size of the
control points. The beam-based method allows the flexures
also to twist and adds additional masses to the flexures. With
these masses the dynamics can be controlled. This method
is used to design legs between an end-effector and the base,
but the legs are not used to actuate the mechanism.

Each method has its own advantages and disadvantages.
In this paper, Bezier curves are chosen because this method
covers a large design space with a limited number of design
variables [24] and some useful constraints to avoid intersec-
tions, loops and self-intersections are already presented in
literature [25].

2.2. Bezier curves

Bezier curves are parametric curves in which the shape
can be changed by changing the location of the control
points. The x- and y-coordinates of a Bezier curve are
defined by the following equations [25].

x()=) C.B,() 0<t<] (1)
i=0

¥ =Y CyB, (1) 0<r<l1 @)
i=0

B(1) = (’f)f'(l — 3)
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Figure 1: Visualization of a quadratic Bezier curve

In Equation 1, 2 and 3 m is the order of the bezier curve
andi = 0,1,...,m. C;,, and C,»y are respectively the x- and
y-coordinate of control point i. The parameter ¢ ranges from
0 to 1 and describes where on the curve you are. This is
visualized in Figure 1. A Bezier curve goes always through
the first and last control point.

3. Method and Case Studies

In this section the method will be introduced and de-
scribed in detail. Followed by an introduction of the three
case studies. Lastly, the constraint and objective functions
for the case studies are presented.

3.1. Method description

This method can be used either on a joint level, leg or
mechanisms level. Three case studies are used to illustrate
the different usages. A brief example is described here for
synthesizing a joint. Two parallel flexures are connected to
the output body. The coordinates of the output point on
the output body is predefined, but the locations where the
flexures are connected not. This output body is assumed to
be rigid. At the input point a force or displacement can be
added. This point is also used to evaluate the displacements
and stiffnesses (and rotation if applicable). This is illustrated
in Figure 2. For more difficult mechanisms the same method
is used, but the parallel flexures are connected to other
rigid bodies instead of the ground. This can be seen in the
optimization results shown in Figure 9 and 14.

The shape of the flexures are optimized for a specific
performance goal. The flexures are modelled using beam
elements. Beam elements, which are computationally inex-
pensive compared to solid elements. This allows for quick
model evaluations and relatively short optimization time.
If this approach is used on a mechanism level, multiple
sets of parallel flexures are modelled at the joint locations
of the mechanism. All (or certain) sets of flexures are
optimized together to optimize the performance of the entire
mechanism. Symmetry of different joints can be used to

Output and
input point

o
i Output

body

\ Flexures

o

Fixed
constraint

Figure 2: Visualization of model input, output and
boundary conditions. The red lines indicates flexures and
the blue lines a rigid body. The black circles indicate the

control points of the red Bezier curves.

Define initial topology and design
domains for the flexures

i
Define constraints, objective and
bounds for the control points

Small models Large models

v
Perform optimization using straight
flexures or curved flexures with low

amount of beam elements

¥

Refine previously synthesized design
using it as an input for an extra
optimization with sufficient beam
elements

Perform optimization using curved
flexures with sufficient beam
elements

]

| Optimized design |

Figure 3: Flow chart of the optimization approach

limit the amount of control points (optimization parameters)
needed for the optimization.

In Figure 3, a flow chart of the optimization approach
is shown. The first step of the method is to define the
topology of the overall design and assign design domains
for the flexures. The second step is to define the constraints
and objective for the optimization algorithm. Additionally,
the bounds for the control points need to be chosen. These
bounds can be either the entire design domains for the joints
or smaller regions of it. If smaller regions are used, one
can avoid the flexures intersecting each other or force a
design in a certain direction. Practise showed that faster
and better optimization results will be synthesized if smart
input geometries are used. For example, if a straight line
mechanism needs to be synthesized one could set the bounds
as a mix between a double parallelogram and Roberts
mechanism. This is done in the second case study which
will be presented later.

If small models are used, the time to evaluate the
model is often small. This allows for a quick optimized
design. Sufficient beam elements should be used to model
the geometry and its responses accurately. Depending on
the amount of flexures a mechanism has, two different
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approaches can be used. If larger models are used (e.g.
an xy-stage) the time to evaluate the model is relatively
long (with sufficient beam elements to model accurately
curved flexures). Because many function evaluations needs
to happen an efficient model is desired. From a time saving
perspective, first a design can be synthesized using straight
flexures or curved flexures with a low amount of beam
elements. If straight flexures are used, less beam elements
are needed for an accurate solution. In this way poten-
tial promising configurations can be synthesized relatively
quickly. After this optimization, a new optimization can be
performed using the previously synthesized mechanism as
input. Curvature can be added or refined by the optimizer
to further improve the mechanism performance. Using this
approach computational time is saved because only at a
promising solution an expensive model needs to be evalu-
ated. Additionally, promising configurations can be inserted
directly and being optimized directly to bypass the process
of finding a promising configuration first.

3.2. Joint input topology

In this paper each joint is represented by two parallel
flexures. Instead of having flexures under the rigid body they
are also allowed to be partly next to the rigid body. This
topology is chosen because having more parallel flexures
adds overconstraints and increases the amount of design
variables. Moreover, straight line mechanisms (e.g. Roberts
mechanism, Watt’s linkage or Chebyshev linkage) often
have two linkages or flexures connected to an output body.
Additionally, adding more flexures increases the chance of
having flexures intersecting with each other. Different joint
input topologies were tried using this method but resulted in
less good optimization results.

3.3. Software

The compliant mechanisms are evaluated in the non-
linear finite element software program SPACAR [27].
This is a program which runs in MATLAB [28]. All
inputs (nodes, elements, boundery conditions, etc.) for the
SPACAR program are defined in a MATLAB function. In
combination with MATLAB’s global optimization toolbox
[29] the shapes of the flexures are optimized. In SPACAR
geometries can be modelled using beam elements. These
beam elements can be deformed in elongation, torsion and
bending.

3.4. Discretization

Bezier curves are normally continuous, but SPACAR
uses straight beam elements. Therefore, the Bezier curve
needs to be discretized into smaller segments. The Bezier
curve is discretized by sampling » points on the curve. This
is done by calculating the x and y coordinate of the curve
for different values of ¢. The values for ¢ are selected by
equally spacing n values for ¢ between zero and one. This
equally spacing does not result in equally spaced beam
elements over the Bezier curve, but the beam elements are
more densely spaced at regions where the radius of curva-
ture is small. This is useful to model the curved flexures

more accurately. In this paper quadratic Bezier curves are
used. Higher order Bezier curves can be used, but require
more control points resulting in longer optimizations with
potentially even better synthesized mechanisms.

3.5. Assumptions
A couple of assumptions are made in this paper. These
are listed below:

(a) No other loads are exerted on the mechanism/joints
(b) Parts connecting flexures are considered rigid

(c) 2D geometries

(d) Material is uniform

(e) The effect of gravity is neglectable

3.6. Optimization algorithm

The surrogate optimization algorithm [29] from MAT-
LAB’s global optimization toolbox was used to optimize
the shapes. During the optimization the algorithm can be in
two different phases. In the random phase the information
at different quasirandom points is gathered. In the second
phase a surrogate between these points is constructed and
based on this surrogate new adaptive samples are taken.
If the objective function does not improve anymore, new
points will be taken to construct a new surrogate. This
algorithm is especially useful for models which have a
relatively long run time.

3.7. Case studies introduction

In this paper three different case studies are presented
to show the effectiveness of using shape optimization to
minimize parasitic motions and cross-couplings in compli-
ant (parallel) mechanisms. Besides minimizing the parasitic
motions also other interesting properties can be controlled
using the shape optimization. Such as, the stiffnesses or
uncontrollable masses. The three case studies are:

(i) A constant stiffness linear joint

(i) A linear guide with well constrained uncontrollable
masses

(iii)) A decoupled 2-DoF parallel mechanism

3.8. Constraints

Different constraints can be applied on the different
optimizations. These can be subdivided into geometry con-
straints and output constraints. The geometry constraints
can be evaluated before the SPACAR model is evaluated.
In contrast, the output constraints require the output of the
SPACAR model. In this subsection all constraints for the
case studies are given. Not all constraints are used in each
case study. The constraints used for each case study is
indicated after its name with a i, ii or iii.

3.8.1. Geometry constraints

Besides the bounds for the control points, three other
geometry constraints can be used. Constraints can be used to
avoid intersections between flexures, self intersections and
loops.
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Figure 4: Visualization of the intersection constraint

Intersection detections (case studies i, ii and iii) The
shape of the flexures can be changed by moving the control
points. In order to create shapes in 2D it is important
that those flexures do not cross each other or touch each
other during motion. To prevent this from happening a
minimum distance (offset) between the curves is defined
as a constraint. In Figure 4 this constraint is visualized.
On each curve a number of sample points are taken. The
distance between all the sample points of the two different
curves is calculated. With Equation 4 a scaled constraint
is introduced to check if two curves are to close to each
other. To ensure the reliability of this constraint enough
sample points need to be taken. The amount of sample
points doesn’t need to be the same as the amount of beam
elements. A high number of sample points is recommended.

offset — min(distance)

offset

“

Self intersections (case studies i, ii and iii) Self in-
tersections can be avoided using the following constraint
introduced by Zhou and Ting [25].

max(0.5w — p(1)) < 0 (5)

(X2(1) + y2(1)*/3
p(t) = —— ——
|x(1)3(1) — %(1)y(t)|

In these equations w is the thickness of the flexure, x and
y are the coordinates of the curve. This constraint checks if
the radius of curvature is bigger than half the width of the
flexure. If the radius of curvature is smaller than half the
width of the flexure self intersections occur.

(6

Loop constraint In this paper quadratic Bezier curves are
used. A quadratic Bezier curve can’t make loops with itself.
For higher order Bezier curves loops can occur. These loops

can be avoided by adding a constraint. For example, a
loop constraint to prevent loops in cubic Bezier curves was
presented by Zhou [25].

3.8.2. Output constraints
In this subsection all different output constraints are
presented. Note that all the constraints are scaled.

Stiffness ratio (case studies i and ii) For a joint or
linear guide it is important that the supporting stiffness is
higher than the stiffness in the motion direction. According
to Hao [18] the stiffness ratio should be higher than 100.
The stiffness ratio is defined as the support stiffness divided
by the motion stiffness (Equation 7). In Equation 8 the
constraint for this stiffness ratio is given. Note that the
stiffness ratio varies over the motion range. Therefore, the
minimum stiffness ratio of the mechanism is used in this
constraint. At different positions in the motion range of the
mechanism the stiffness ratio is evaluated.

K

R=— 9
KX

R,,;, — min(R) <0 ®
Rmin

Stress constraint (case studies i, ii and iii) The Von
Mises stress in the material o,,,,, should not exceed a
maximum defined stress level o¢,,,,. This results in the
following scaled constraint:

Omax — max(o—mises) <

Gmax

0 €))

Parasitic rotation constraint (case studies ii) The max-
imum parasitic rotation 6 should be smaller than the maxi-

mum allowed rotation 6,,,, ..

0)—0
—max(e) max () (10)

max

Parasitic translation constraint (case study i) The
maximum parasitic motion ¢ in the model should not exceed
the set limit 6

max:

§)—6
—max(; max () (1)

max

Frequency constraint (case study ii) The second eigen-
frequency of the mechanism w, should be higher than the
minimum second eigenfrequency w, ,,;, set as constraint
value.

(0} in — Q)
2,min 2 <0 (12)

w2,min
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Lost motion constraint (case study iii) The lost motion
(Equation 13) in a mechanism is defined as the percentage of
input motion which is lost. In other words, how good is the
input (u;,,) transmitted to the output (u,,,). If the lost motion
is zero all input motion is transferred to the end-effector.
A maximum can be defined as Lm,,,, which results in a
constraint on the lost motion Equation 14.

Lm= (1 — 2in""outy1009 (13)
Uout
Lm—L
om = BMmax <0 (14)
Lm

3.9. Objective

For each of the three case studies different objective
functions are used. These are introduced in the following
subsections.

3.9.1. Constant stiffness linear joint objective

The objective for the first case study is given in Equa-
tion 15. This objective consists of a summation of multiple
terms. For each stiffness (Kx, Ky, Kz) the difference be-
tween the maximum and minimum stiffness is normalized
by the maximum stiffness. This is important because all
three stiffnesses have different magnitudes. With this objec-
tive the optimization algorithm will try to find a solution
with all stiffnesses being near constant.

e Kx,max - Kx,min
minimize (————
Kx,max (15)
Ky,max - Ky,min Kz,max - Kz,min)
Ky,max Kz,max

3.9.2. Linear motion mechanism objective

The goal of the linear motion mechanism is to have the
center of the topbar move over a near straight line. The
objective function (Equation 16) minimizes the parasitic
motion 6 of the top bar.

minimize max(5) (16)
3.9.3. Decoupled xy-stage objective

When optimizing multiple sets of flexures within a
mechanism the cross-coupling and parasitic rotation can be
minimized (Equation 17). For this optimization the cross-
coupling (k) and parasitic rotation (@) are calculated at
multiple points in the workspace. The maximum value of
the cross-coupling times the maximum parasitic rotation is
minimized.

minimize max(k) max(0) a7

3.10. Flexure dimensions and material properties

In Table 1 the parameters used to model the flexures are
presented. The material PLA is used for case studies i and ii
because this material allows for quick and cheap prototyp-
ing. The available 3D-printer is able to print flexures with
0.8mm thickness. For the decoupled mechanism titanium
is used as input material with 0.4mm thick flexures. This
allows for a better comparison with mechanisms presented
in literature.

PLA

flexure thickness [mm] 0.8 0.4
flexure height [mm] 10 10
youngs modulus [GPa] 2.20 110
shear modulus [GPa] 0.759 40
density [kg/m’] 1240 4000

Titanium

Table 1: Material properties and flexure dimensions for
PLA and titanium

4. Optimization results

In this section the results of the case studies are pre-
sented. Each case study is compared with existing joints and
mechanisms.

4.1. Constant stiffness linear joint

A linear motion joint with near constant stiffness is
synthesized using the optimization method. In Table 2 the
values for the constraints are shown and in Table 3 the
most important properties of the joint are presented. The
maximum allowable stress is chosen as half the yield stress
of PLA. The parasitic motion of the joint is shown in
Figure 8. The decay of stiffness and stiffnesses are shown
in respectively Figure 6 and 7. The optimized geometry
(shown in Figure 5) is asymmetric and looks like a Roberts
mechanism with curved flexures. Additionally, the bounds
for the control points are visualized in this figure. These
bounds force the flexures into a similar mechanism as the
Roberts mechanisms. These bounds are chosen because the
Roberts mechanisms has a near straight line motion over
a relatively large range. Moreover, different bounds were
tried, but resulted in reduced performance because of the
large input motion. For smaller ranges of motion also other
geometries showed very good and potentially better results.

Constraint Value
Minimum distance between flexures 2.5 [mm]
Minimum radius of curvature 0.8 [mm]
Minimum stiffness ratio 500 [—]
Maximum stress 25 [MPa]
Maximum parasitic motion 5 [um]

Table 2: Constraint values for the constant stiffness linear
joint
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Figure 5: Geometry of the constant stiffness linear joint.
The red lines indicate the flexures, the blue lines represent
the rigid parts. The boxes represent the bounds for the
control points. Note that the boxes are overlapping. The
controlpoint locations are indicated with the circles and the
yellow square represent the input and output point.
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Figure 6: Comparison of the decay of stiffness with respect
to the initial position between the constant stiffness linear
joint and a Roberts mechanism

Since the design is asymmetric, the behaviour in terms
of stiffness and parasitic motion is also asymmetric. All
three different stiffnesses show a little decay of stiffness
compared to the neutral position. In fact, the stiffness in x-
direction gains some stiffness. In Figure 6 also the decay of
stiffness of an optimized Roberts mechanism for minimum
parasitic motion is shown. The optimized design shows for
K, a factor 6.5 less decay in support stiffness. The out
of plane decay of stiffness is reduced by a factor 9.9. In
x-direction the change in stiffness is a factor 8.1 worse
compared to a Roberts mechanism. However, the decay in
x-direction is still less than 5%.

The magnitudes of the stiffnesses for K, and K, are
comparable to each other. The support stiffness of the
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Figure 7: Comparison of the stiffnesses between the
constant stiffness linear joint and a Roberts mechanism
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Figure 8: Comparison of the parasitic translation between
the constant stiffness joint and a Roberts mechanism

optimized geometry is significantly lower than the Roberts
mechanism, but still much higher than K or K, resulting
in good stiffness ratios. Additionally, a constraint for a
minimum support stiffness could be introduced if higher
support stiffnesses are desired. This difference in support
stiffness is likely to originate from the added curvature.
Adding curvature improves certain performances, but could
cost some stiffness.

The parasitic motion for negative inputs is well con-
straint (maximum of about 0.5um, which is much smaller
than the constraint value) while for the positive inputs
the parasitic motion is at maximum 3.56um. Lastly, the
maximum stress in the joint is 19.9MPa which is well below
the limit set at 25MPa.

4.2. Linear guide with well constrained
uncontrollable masses
In Table 4 the constraint values for the linear motion
guide are given. The maximum stress is defined as half the
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Optimized design
Maximum stress [MPa] 19.9
Motion range [mm] [-5, 5]
Max parasitic motion [pum] 3.56

Maximum change in K, [%] 4.50
Maximum change in K, [%] 4.66
Maximum change in K, [%] 2.65

Table 3: Key properties of the constant stiffness linear joint
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Figure 9: Optimized geometry of the linear motion guide.
The red lines indicate the flexures, the blue lines represent
the rigid parts. The boxes represent the bounds for the
control points. Note that the boxes are overlapping. The
controlpoint locations are indicated with the circles and the
yellow square represent the input and output point.

yield stress of PLA. The bounds for the flexures and their
optimized configuration are visualized in Figure 9. Note that
the mechanism is mirror symmetric to reduce the amount
of design parameters. These bounds were chosen with the
idea to create a mix between the Roberts mechanism and
the double parallelogram. The double parallelogram has
very small parasitic motions, but lacks a good constrained
middle body. In contrast, the Roberts mechanism has a
good constrained middle body, but suffers from parasitic
motion. The set bounds resulted for the optimized geom-
etry to be a mix between the Roberts mechanism and the
double parallelogram configuration. Because some flexures
are angled the middle body is well constrained. During
the synthesising process the geometry was optimized for
straight flexures first. With an additional optimization the
flexures were curved to further improve the performance of
the linear motion guide.

The synthesized linear guide is compared with two other
linear guides with approximately the same dimensions to
benchmark its performance. In Figure 11 a double paral-
lelogram and a linear guide based on Roberts mechanisms
are visualized together with the optimized design. The
Roberts mechanism was optimized with a similar procedure

Constraint Value
Minimum distance between flexures 5 [mm]
Minimum radius of curvature 4 [mm]
Minimum stiffness ratio 100 [—]
Maximum stress 25 [MPa]
Minimum 2nd frequency in plane 50 [H7]
Maximum parasitic rotation 200 [urad]

Table 4: Constraint values for the linear motion guide with
well constrained uncontrollable masses
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Figure 10: Comparison of parasitic translation between
three different linear motion guides

to find its optimal geometry. The bounds for the width of
the Roberts mechanism were chosen to be identical to the
bounds for the optimized design. In all designs the blue
parts are modelled as 20mm thick beams connecting the
flexures. Instead of giving all middle bodies equal weight,
itis chosen to give all connecting beams of the intermediate
bodies the same cross section. Some designs require bigger
middle bodies and therefore using the same cross-section for
the middle bodies is deemed as an appropriate comparison
method. In this way the eigenfrequencies can be compared
in a fair way. The material of all mechanisms is PLA and
they have equal flexure thickness and out of plane thickness.

In Table 5 the most important properties of the three
designs are summarized. In figures 10, 12 and 13 the com-
parison plots of the parasitic translation, parasitic rotation
and stiffnesses are shown respectively.

The maximum Von Mises stress in the double paral-
lelogram (2.67MPa) is significant lower compared to the
other designs (19.2MPa and 20.3MPa). This is partly due
to the longer flexures and the lower stiffnesses. The higher
stiffness in the two other designs result in significant higher
eigenfrequencies. Additionally, the intermediate bodies of
the optimized design and Roberts mechanism are much
better constrained compared to the double parallelogram.
This results in a high uncontrollable mass frequency which
is desirable from a control perspective. Their resonance
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Figure 11: Overview of the different 1 DoF translational mechanism used for comparison. From left to right: optimized
geometry, double parallelogram and roberts mechanism.

Optimized design

Double parallelogram

Roberts mechanism

Maximum stress [MPa]

1st eigenfrequency [Hz]

2nd eigenfrequency [Hz]

3rd eigenfrequency [Hz]
uncontrollable mass frequency [Hz]
motion range [mm]

max parasitic translation [nm]

max parasitic rotation [urad]

19.2

8.87

29.8 (out of plane)
96.3 (out of plane)
113.5

(-10, 10)

232

134

2.67

2.54

6.34

17.6 (out of plane)
6.34

(-10, 10)

54.5

11.6

20.3

9.57

28.6 (out of plane)
75.6 (out of plane)
599

(-10, 10)

797

99

Table 5: Comparison between the optimized design, double parallelogram and roberts mechanism

frequencies are respectively a factor 17.9 and 94.4 higher
compared to the double parallelogram. Besides the extra
flexures, the intermediate bodies are better constrained due
to the arrangement of the flexures. The angled flexures con-
strain the middle bodies also in the horizontal direction. The
2nd and 3rd eigenfrequency of the optimized design (29.8Hz
and 96.3Hz) are slightly higher as the Robert mechanism
(28.6Hz and 75.6HZz), but the uncontrollable mass of the
Roberts mechanism (599Hz) is much higher than that of the
optimized design (133.5Hz).

The parasitic translation of the optimized design (max-
imum of 232nm) (Figure 10) is much smaller compared
to the Roberts mechanism (maximum of 797nm). How-
ever, the double parallelogram has less parasitic motion
(maximum of 54.5nm). Additionally, the parasitic rota-
tion (Figure 12) of the double parallelogram (11.6urad)
is much smaller compared to the other designs (99urad
or 134urad). This can be explained by the much smaller
stiffness in x-direction. Therefore, the moment causing the
parasitic rotation is much smaller. It is important to mention
that the parasitic rotation was not the main objective of the
optimization. If a tighter constraint for this rotation was set,
the rotation could possibly be smaller but might effect other
properties. Furthermore, the mechanisms are not actuated in
the stiffness centers which could be a method to reduce the
parasitic rotation. Lastly, the legs in the optimized design
are placed mirror symmetric which could result in a small
parasitic rotation. For example, each leg could have a little
difference in parasitic motion when moving to the left or

150

oplimized design
\ double parallelogram
100 1 \\ roberts mechanism
T \
o 50 AN
= AN
c .
8 ™~
© — 1
g 0 ——
2 .
[ AN
§ 50| N
o \‘
-100 \ o

-150

Input [mm]

Figure 12: Comparison of parasitic rotation between three
different linear motion guides

right. This mirror symmetric placement of the legs also has
the potential to compensate for parasitic rotations.

The stiffness in the motion direction (K,), support
stiffness (K,) and out of plane stiffness (K) are plotted in
Figure 13. The support stiffness of the double parallelogram
drops significantly and at a much higher rate compared
to the other designs. Furthermore, the stiffnesses of the
optimized design and Roberts mechanism are higher. The
longer flexures and lower amount of flexures do probably
effect the magnitude of the support stiffness, but not the
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Figure 13: Comparison of stiffnesses between three
different linear motion guides

excessive decay of stiffness. The support stiffness of the
Roberts mechanism is significantly higher compared to the
optimized design. This originates from the curved flexures
in the optimized design and its flexure arrangement.

4.3. Decoupled 2-DoF Parallel Mechanism

The last case study is the optimization of a decoupled 2-
DoF mechanism. The locations of the start and end points of
the flexures from the previously presented case study were
used as inputs for this optimization. Consequently, only the
middle control points of the flexures needed to be optimized.
This approach was chosen because the previous case study
showed a flexure configuration with very small parasitic
motions and would thus be a useful input to be used in this
optimization. By controlling the curvature of the flexures the
performance of the mechanism can be tweaked.

This unconventional mechanism layout is used to syn-
thesize a compact mechanism without overconstraints in
2D (according to Grubler’s Rule assuming that two parallel
flexures represent a joint) and with relatively large range
of motion to demonstrate this method’s ability. In literature
most 2-DoF stages are symmetric resulting in bulky de-
signs, but this helps the decoupling of motions, constraining
the parasitic rotation and increases the payload capability.
In the synthesized mechanism the parasitic rotation and
cross-couplings are reduced by the compensation within
the mechanism. In this way the capability of the proposed
method can be presented.

Instead of optimizing the mechanism to be output de-
coupled at its initial position, points at different locations
are also considered. These points lie on the x & y axis and
at the boundaries of the workspace. The constraint values
used are given in Table 6.

In Table 7 the main properties of the 2-DoF mechanism
are summarized. In Figure 14 the geometry of the mecha-
nism is shown. All flexures look like straight flexures, but
some of them are slightly curved. In comparison, if straight

Constraint Value
Minimum distance between flexures 2.5 [mm]
Minimum radius of curvature 2 [mm]
Maximum stress 350 [MPa]
Maximum lost motion 1 [%]

Table 6: Constraint values for the decoupled 2-DoF parallel
mechanism

flexures were used the maximum cross-coupling is 0.026%
(optimized design 0.03%) and parasitic rotation 74urad
(optimized design 34urad). So, the little cross-coupling is
similar and origins from the flexure arrangement and the
added little curvature reduced the parasitic rotation a factor
2.17. Additionally, if the curvature of the previous case
study was used the cross-coupling is 0.25% and the parasitic
rotation is 234urad. This is much higher compared to the
optimized geometries in this mechanism.

In Table 8 the synthesized design is compared with
data of other 2-DoF output-decoupled compliant parallel
mechanisms. In literature designs with similar workspace
were selected to be used in this comparison.

The ratio between footprint and workspace of the opti-
mized design is smaller than the other planar mechanisms.
This is mainly due to the compact layout and not using
symmetry. The spatial mechanisms have a smaller ratio due
to their spatial configurations.

The cross-coupling of the optimized design (0.03%) is
much smaller than the other planar designs cross-couplings
ranging from 0.17% to 5.7%. Most of the designs in lit-
erature use the double parallelograms. These compliant
structures lose a lot of their stiffness when they are under
large deformations. The previous case study showed that the
decay of stiffness of this configuration is much smaller. The
cross-coupling is smaller possibly due to better stiffnesses
and the optimization approach of minimizing the cross-
coupling and parasitic rotation over the workspace.

The parasitic rotation of 34urad is smaller than the
asymmetric design of Hao [5] (62urad) in which the ac-
tuation forces were designed to go through the stiffness
center to prevent a parasitic rotation. The planar designs
using a symmetric configuration have significantly lower
parasitic rotations (between 0.4 and 7urad). This is due
to the symmetric configuration which better constrains the
parasitic rotation. However, this symmetry also increases
the lost motion percentage of these designs.

5. Experimental

The linear motion mechanism from the second case
study is manufactured using a 3D-printer. The nozzle di-
ameter was 0.4 mm and 0.2 mm thick layers of PLA were
printed. In Figure 15 the test setup is visualized. A rope
connects the 3D printed mechanism with a linear motion
stage. Two laser distance sensors were used to measure the
input motion and the parasitic motion. A piece of card was
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Key properties Value
Maximum stress 235 [MPal]
Motion range X-axis [-5, 5] [mm]
Motion range Y-axis [-5, 5] [mm]
Max cross-coupling 0.03 [%]
Max parasitic rotation 34 [urad]

Table 7: Properties of the decoupled 2-DoF parallel
mechanism

-50

y [mm]

-100

-180 -

-200 &

-260 -1 ISO -1 60 -5‘0 6 5‘0
x [mm]
Figure 14: Optimized xy-manipulator. The red lines
indicate the flexures, the blue lines represent the rigid parts.
The boxes represent the bounds for the control points. The
controlpoint locations are indicated with the circles. The

yellow diamonds represent the input points and the yellow
square the output point.

Figure 15: Test setup and the 3D printed prototype

glued on top of the mechanism to have a smooth measuring
surface. The measurement data is corrected for angular
misalignment errors induced by gluing this smooth surface
on the 3D printed part.

In Figure 16 the measured parasitic motion is compared
with FEM analysis. Two FEM analyses were performed
in COMSOL Multiphysics. In one of these analyses the
assumed rigid bodies were modelled as rigid bodies. This
resulted in similar parasitic motions as in the optimization
model. However, if the compliance of the rigid bodies is
taken into account a significant higher parasitic motion is

Parasitic motion [um]

—S—FEAigid parts

—#— FEA compliant parts
SPACAR data

—~&— Measurement

-10 -8 6 -4 2 0 2 4 6 8 10
Input [mm]
Figure 16: Measured parasitic motion of the linear motion

mechanism with well constrained middle bodies (case
study ii)

found. This effect was also observable in other compliant
mechanisms and can be reduced by using thinner flex-
ures and reducing stresses. A nonlinear FEA analysis in
COMSOL showed for the double parallelogram and Roberts
mechanism the same phenomenon. The severity of this issue
for the double parallelogram was almost neglectable, but
for the Roberts mechanism about equally severe as for the
optimized design. This is caused by the difference in stress
in the flexures at the connection points with the rigid bodies.
If the stress is higher at these locations larger tiny defor-
mations will occur resulting in additional parasitic motions.
The measured unwanted motion was slightly higher than in
the FEM analysis with the compliance of rigid parts taken
into account.

6. Discussion

The previously shown optimization results show promis-
ing compliant structures in which the unwanted motions are
reduced and the stiffness and dynamics were controlled.
This method allows the designer to find new topologies
of joints satisfying its constraints without being bounded
by standard designs in literature. The presented method is
a generic method which could also be used to synthesize
other types of mechanisms. For example, in this paper only
2-dimensional geometries were synthesized, but the method
could be extended to 3-dimensional mechanisms. Addition-
ally, this paper focussed on linear motion mechanisms, but
the same method could be used to synthesize rotational or
rotational and translational mechanisms. Furthermore, in-
stead of the two parallel flexures other joint input topologies
could be used. Moreover, in this paper quadratic Bezier
curves were used to model the flexures. Higher order Bezier
curves could be used to allow for more complex curved
flexures. Lastly, the width of the flexures was kept constant
and could be varied as well.
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Optimized

design Yu [30]*  Yu[30]** Liu[31] Liu [32] Hao [5] Hao [10]  Hao [33]
Footprint = /45 970 970 100 44 3025 1900 730
Workspace [—]
Worl;Space 100 100 100 100 400 16 100 400
[mm~]
[C(yr(]‘]’ss‘c"“p]‘“g 0.03 [0.17] [0.29] 0.16 0.015 5.7 12 1.6
Parasitic 34 7 4 34 n/a 62 0.4 1
rotation [urad]
Lost motion [%] 0.04 [0.26] [0.06] n/a 1.1 n/a 3 4.5
Planar o spatial Planar Planar Planar Spatial Spatial Planar Planar Planar
mechanism
Symrr}etrlc con- o Yes Yes Yes No Yes Yes
figuation
Double parallel- No Yes Yes Yes No#skek No Yes
ogram

Table 8: Mechanism comparison with literature data. (Experimental data is given between [ ] and FEA data without [ ]) *
design without rigid connections ** design with rigid connections *** double parallelograms were only used to connect the
input motion points with the base

The optimization time of this method increases when
more beam elements are used to model the flexures more
accurately or when more flexures are added to the design.
An additional effect of adding more flexures is the increased
chance of having flexures intersecting with each other. In
this paper, a difference between geometry constraints and
output constraints is made. For future research, one could
try to create an optimization algorithm in which first the
geometry constraints are used to find the regions satisfying
the geometry constraints within the original bounds. These
regions could then be used for the optimization in which
the SPACAR model is evaluated. The evaluation time of
the geometry constraints is in the order of milliseconds. In
contrast, the time needed to evaluate the SPACAR model
ranges between a second and a couple of minutes (depend-
ing on model size and amount of beam elements). This could
reduce the overall optimization time because only valid
potential designs would be evaluated by the computational
expensive model.

A large difference between the optimized result and
the experiment or FEM analysis with non rigid bodies was
found for the parasitic translation (232nm, 16 um and 10um).
It was stated that this difference resulted from the compli-
ance in the rigid bodies. This effect can be significantly
reduced by using thinner flexures. When using the same
optimized geometry of case study ii, the maximum parasitic
motion with 0.4mm thick flexures (instead of 0.8mm) is ac-
cording to the optimization model —468nm and COMSOL
—2.43um. This difference is much smaller compared to the
difference presented in section 5. Note also the effect on
the maximum parasitic motion for the optimization model
when using different thicknesses —468nm (0.4mm flexure
thickness) and —232nm (0.8mm flexure thickness). With an

additional optimization the design with the thinner flexures
could possible be improved.

If the method presented in this paper is implemented in
another FEA program which can take into account the defor-
mations of the support structures, this method should also be
able to compensate for the compliance in the assumed rigid
bodies. It was shown that this method is able to compensate
for parasitic motions in compliant mechanisms with rigid
bodies, so this method should also be able to compensate
for other non-idealities causing unwanted motions.

7. Conclusion

This paper presents a new method to synthesize linear
motion compliant mechanisms with near zero parasitic mo-
tions and cross-couplings. The joints in an original chosen
mechanism configuration are replaced by design domains.
In these domains the shape of flexures are optimized. The
flexures are modelled using Bezier curves. By optimizing
the control point locations, the performance of the mecha-
nism can be optimized. With this method the stiffness, dy-
namics, parasitic motions and cross-couplings of compliant
mechanisms can be controlled and optimized. Three case
studies were presented showing the capability of this new
compensation approach.

The first case study presented a near constant stiffness
linear motion joint. The maximum change in stiffness for
K., Ky and K, is 4.66% while the maximum parasitic
motion in this joint is 3.56 um over a motion range of +5mm.

In the second case study a linear guide with well con-
strained uncontrollable masses was synthesized. Simulation
results showed a maximum parasitic translation of 232nm
and a motion range of +10mm. This is a factor 4.25
more than the popular double parallelogram configuration.
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However, the uncontrollable mass frequency is a factor 17.9
higher. Experimental results showed a maximum parasitic
translation of 16um. The difference between the simulation
result and the measurement can be explained by the internal
compliance of the mechanism.

The final case study presented a non-symmetric Xy-

stage with minimized cross-couplings and parasitic rotation.
At multiple points within the workspace the properties of
the mechanism were evaluated. The parasitic rotation was
34urad and the cross-coupling 0.03%. This mechanism had
smaller cross-couplings than other planer mechanisms with
similar workspace. The parasitic rotation was smaller than
other asymmetric designs shown in literature, but higher
than the designs using a symmetric configuration.
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Testing and comparison with FEA

In this chapter the final test results are presented. Additionally, a detailed analysis of the test setup and
the prototype are given. Multiple testing iterations led to the testing results presented in this chapter.
Some of the testing iterations are presented in Appendix G. Before the test results are presented first
some difficulties needed to be overcome for a successful experiment are elaborated.

6.1. Testing difficulties

The prototype is manufactured out of PLA using a PRUSA 3D printer. The part is printed using a 0.4mm
nozzle diameter with 100% infill and a layer thickness of 0.2mm. Due to the 3D printing there are some
difficulties resulting in possible measurement errors. These are listed below and are further elaborated
below.

1. Manufacturing tolerances
2. Surface roughness

3. Material properties

4. Warping

According to PRUSA the 3D printers have a tolerance of 0.1mm on the Z-axis and 0.3mm on the X
and Y axis [45]. If additional calibrations are done the printers can be more accurate. Itis unknown if the
used printers are additional calibrated. These achievable tolerances are significant higher compared
to the predicted parasitic motion.

Additionally, the first layers of the flexures are printed about 50% thicker as the other layers of the
flexures. The first layers are about 1.2mm while the other layers of the flexures are about 0.80mm thick.
Which is also the designed thickness. The first layers are probably thicker because they are printed on
the heated print bed, while the other layers are printed on top of each other. This heated print bed is
needed for a good adhesion between the print bed and the 3D printed part.

Another difficulty is the surface roughness of the prototype. For this experiment measurements are
performed in the micrometer range. However, the part is not flat due to all the layers printed on top of
each other and being slightly misaligned. In order to have a smooth measuring surface some additional
parts needs to be glued on top of the part. This resulted in some other measurement difficulties and is
explained later in more detail.

Thirdly, PLA is not the stiffest material and because the support stiffness is not constant due to its
own weight the test piece would sag about 4um. Which is significant to the amount of parasitic motion
is expected to be measured. Therefore, it is chosen to position the part horizontal instead of vertical.
There will still be some displacement due to its own weight, but it will be less severe compared to a
vertical placement of the part.

Finally, the 3D printed part can be warped due to the printing process. Different parts of the geometry
are printed at different times leading to an uneven cooling pattern. This can lead to thermal stresses in
the material and cause warping. The part was printed with a 100% infill to give the assumed rigid parts
maximum stiffness. As a consequence the part is more prone to warping. Also, large prints are more
prone to warping compared to smaller parts.

32
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6.2. Measurement surface

Something flat needs to be glued onto the 3D printed mechanism because the 3D printed part is not
flat. In Figure 6.1 the surface from the 3D printed part is shown. Between all layers are valleys which
are significantly bigger as the expected parasitic motions. In Figure 6.2 the glued flat surface is shown.

Figure 6.1: The surface of the 3D printed part. Due to the different layers placed on top of each other during the printing process
a rough surface is manufactured.

Figure 6.2: The assumed flat part glued onto the 3D printed part.

6.3. Measurement errors

In Figure 6.3 the ideal test setup situation is shown. In reality the test setup contains multiple errors.
The most important ones are visualized in Figure 6.4. In the list below the different errors are indicated
and elaborated.

1. Manufacturing error: the 3D printing process creates an irregular surface with ups and downs
resulting in a non-flat surface. Also, the surface could be warped.

2. Surface error: The glued strip on the 3D printed part can be glued on it under an angle and the
surface itself can also have some roughness. Though, the roughness is much smaller as the
ones resulting from the 3D printing process. Additionally, the strip could also be warped.

3. Alignment error: The 3D printed parts is mounted on top of a linear stage. It is unlikely that they
are aligned perfectly because they are bolted on top of each other.

6.4. Measurement setup and procedure

In Figure 6.5 the test setup is shown. The test setup is build using standard parts of Thorlabs. Two
different laser distance sensors are used. The one used to measure the input (red) has a measuring
range of 20mm and a resolution of 4um. The sensor used to measure the parasitic motion (MEL) has
a measuring range of 0.5mm and a theoretical resolution of 500nm. Both sensors were connected to
a DAQ from national instruments and using labVIEW the data was recorded. The labVIEW program
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Figure 6.4: Test setup with indicated errors

saves the data at a rate of 500Hz with a resolution of 14um and 1um respectively. The data was post
processed using Matlab.

There are multiple ways to correct/eliminate for the measurement errors. One of these methods is to
measure the alignment error and surface error. This can be done by performing multiple measurements.
These are listed below.

1. Compliant measurement: The linear stage on which the mechanism is mounted is kept at a fixed
location. By moving the other linear stage tension can be put on the rope. Due to this tension the
mechanism will undergo a compliant motion. The compliant measurement is the measurement
of the distance between the laser distance sensor and the part glued onto mechanism.

2. Surface scan measurement: The rope is disconnected from the mechanism. The linear stage at
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Figure 6.5: Test setup

which the mechanism is mounted is moved left or right. Again the distance between the sensor
and the glued part is measured.

3. Alignment measurement: In this measurement the rope is again disconnected. The linear stage
at which the mechanism is mounted is moved left and right. The distance between the sensor
and the part is measured. Note that this measurement needs to be performed before the flat strip
is glued onto the mechanism.

In Equation 6.1, 6.2 and 6.3 the measured properties for the compliant measurement, surface scan
measurement and alignment measurement are given respectively.

Compliant measurement = Parasitic motion + Surface error + Manufacturing error (6.1)
Surface scan measurement = Surface error + Alignment error + Manufacturing error (6.2)
Alignment measurement = Alignment error + Manufacturing error (6.3)

In Equation 6.4 the calculation of the parasitic motion is shown. Note that the manufacturing error
cannot be eliminated using this test setup. Note that any internal manufacturing errors are not taken
into account in this analysis. An internal manufacturing error could be a slight offset of a flexure.

Parasitic motion + Manufacturing error = Compliant measurement—

. 6.4
Surface scan measurement + Alignment measurement 6.4)

6.5. Measurement data and post processing

In Figure 6.6, 6.7 and 6.8 the alignment measurement, surface scan and compliant motion scan are
plotted respectively. In all plots some fitted lines are indicated. Also, the plotted data shows many
outliers. These outliers are probably from the not completely flat measurement surface. Additionally,
the linear guides were by hand actuated which could induce external vibrations. It is assumed that the
average between these ups and downs gives a good representation of the real situation. Also, their
are some clear trends visible in the data. These trends are visualized by fitting polynomials to the data.
In Figure 6.7 and 6.8 around x = —5mm one big outlier can be identified. This is probably caused by
a scratch in the measurement surface.
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Figure 6.6: The alignment measurement. The lines are fitted between —20mm and 20mm. The slope of the lines indicate an
alignment error of approximately 0.05°.
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Figure 6.7: The surface scan measurement. Five different sets of data are plotted. The purple line indicates the average
polynomial fit of all data sets. The order of the polynomial is three.

With the gathered data and the previously introduced equations the parasitic motion of the mech-
anism can be calculated. The results are plotted in Figure 6.9. In this plot the influence of the order
of the fitted polynomials is also given. A first order polynomial clearly does not work. Which makes
sense because it is a straight line and the expected parasitic motion has a parabolic shape. The other
polynomials are very similar to each other. If the order of the polynomials is higher a higher sensitivity
to measurement errors is expected.

The parasitic motion does not seem to be symmetrical. Several reasons which could have caused
this are listed below.

1. Alignment measurement: the final compliant motion is very sensitive to the measured alignment
error. A slightly higher or lower estimated alignment error directly impacts the final result. The
alignment measurement consisted of multiple measurements at different positions along the 3D
printed part. Since, the linear stages and sensors have limited ranges the measurement needed
to be repeated multiple times. The sensor needed to be moved to a new position to perform
the next part of the measurement. Connecting these datasets together could have resulted in



6.5. Measurement data and post processing 37

50 T T T

40

30

Measurement [um]

-20

.40 . . . . .
-16 -10 -5 0 5 10 156

Input displacement [mm]

Figure 6.8: The compliant motion scan measurement. Five different sets of data are plotted. The purple line indicates the
average polynomial fit of all data sets. The order of the polynomial is three.
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Figure 6.9: The measured parasitic motion after correcting the data. Different order of polynomials are plotted to indicate the
effect of higher order fittings.

small errors. Additionally, the 3D printed part was mounted on a linear motion stage. These
linear motion stages are never perfect and could also introduce some error resulting in a larger
or smaller alignment error.

2. Rotational stiffness of the linear stage: the rotational stiffness of the linear motion stage is not
infinite. When doing the compliant motion a tiny rotation could occur. Resulting in a tiny rigid
body rotation of the 3D printed part during the measurement. This could also lead to some error.
The measurement point of the 3D printed part is not placed directly above the linear stage but at
an offset. This amplifies the error induced by the tiny rotation of the linear motion stage.

3. Internal manufacturing error: The 3D printed part is never perfectly printed which could cause
some errors.

Another way of interpreting the data is to only consider the compliant motion scan. Since the mech-
anism is symmetrical the parasitic motion should also be symmetrical. This property can be used to
compensate for the surface error of the measurement (Assuming that the glued part is flat and not sig-



38 6. Testing and comparison with FEA

nificantly warped). The derivative of the fitted data should be zero at the initial position. In reality this
derivative is not zero, indicating there is a angular error (the angle at which the flat surface is glued on
the 3D printed prototype). This error can be compensated by correcting for this angle. This is shown
in Equation 6.5. Applying this method results in the measured parasitic motion shown in Figure 6.10.
Using this method measurement errors during the alignment and surface scan measurement are not
present.

d
Parasitic motion = Compliant measurement — %Compliant measurement(initial position) * position
(6.5)

/4

1st order
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Figure 6.10: The measured parasitic motion after correcting the data using the symmetry property. Different order of polynomials
are plotted to indicate the effect of higher order fittings.

6.6. Difference between test results and SPACAR results

The measured parasitic motion differs quite a lot from the SPACAR result. In order to better understand
the differences between the SPACAR results and the experimental results a non-linear 2D finite element
analysis is performed. Fourth order elements are used in COMSOL Multiphysics for this analysis.

In Figure 6.11 the displacement is plotted. The color scale is adjusted to visualize the small dis-
placements in the base of the mechanism. These deformations of the base are in the order of a mi-
crometer and most severe at the connections between the flexures and the assumed rigid parts. The
deformations in the moving bodies are not visible in this figure, but it is more than likely that the tiny
deformations are also present in these bodies. All these small deformations are not taken into account
in the SPACAR optimization model and can explain the large difference between the test results and
the SPACAR model.

If the same COMSOL model is evaluated, but now with the assumed rigid bodies modelled rigidly
the small deformations are not present. This results in a very similar parasitic motion compared to the
SPACAR data. In Figure 6.12 the parasitic motion data from the FEA analysis with and without rigid
bodies and SPACAR is shown. When the bodies are assumed to be rigid the SPACAR and COMSOL
Multiphysices model data matches almost perfectly. However, when the small deformations are taken
into account a significant difference can be identified. For future designs one could take these effects
into account or design a stiffer surrounding structure. Also, if thinner flexures are used this effect will
be smaller. The flexures exert a force on the ’rigid bodies’ and if the flexures are smaller these forces
and thus deformations will be smaller.

Similar effects can be observed when for example a double parallelogram mechanism or Roberts
mechanism is modelled in both software packages. However, for the double parallelogram this issue is
almost neglectable, but for the Roberts mechanism about equally severe as for the optimized design.
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Figure 6.12: Comparison between SPACAR and COMSOL Multiphysics parasitic motion data

Due to the much lower stress in the double parallelogram this effect is much smaller. More about this
can be read in Appendix H.

In Figure 6.13 the measured parasitic motion is compared with the FEA data. The measured para-
sitic motion is bigger as all FEA analysis. The magintude of the measurement is in the same order as
FEA with compliant parts. Several hypothesis for this difference are elaborated in the list below.

1. Support stiffness: the 3D printing process can result in lower stiffness as desired which lead to
bigger displacement at the supports causing more parasitic motion.

2. Measurement inaccuracies: Several things have been done to perform the measurement. For
example, something flat is glued on top of the mechanism. This flat part could also have been
slightly warped resulting in a measurement error. Also, the alignment of the sensor with the part
might have a small impact on the measurement. Thirdly, it is assumed that the part does not
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move in the out of plane direction when pulling on the rope. This out of plane movement could

also be a source of error.

. Manufacturing errors: For some of the manufacturing errors was accounted, but any internal error

could not be corrected. For example, a slightly longer flexure or a warped base structure leading

to misaligned flexures.

. Stiffness of linear stage: the 3D printed part was mounted on top of a linear stage. This linear

stage does not have infinite rotational stiffness. When pulling on the rope this stage could also
have rotated slightly. This tiny rotation can result in some measurement error.

Parasitic motion [pm]

Pl
=

—<— FEA rigid parts

—#—— FEA compliant parts
SPACAR data b

—&— Measurement

-2
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Figure 6.13: Comparison of measurement with FEA-analysis



Conclusion and recommendations

This report consisted of two parts. During the first part of the report the following research question was
used: What are the strategies to minimize parasitic motions and cross-axis couplings in parallel com-
pliant mechanisms? Twelve different strategies were found in literature and compared with each other.
Only three strategies were identified to have the theoretical ability to fully compensate for translational
and rotational parasitic motion and cross-couplings in a continuous manner. These three strategies
are listed below:

1. Compensate the overall parasitic motion of a mechanism by placing a module in series with
opposite but equal parasitic motion

2. Compensate the overall parasitic motions in a mechanism by using parasitic motion in its joints
3. Optimize the joints in a mechanism

From these three strategies the use of the first one results in mechanisms with decreased stiffness,
uncontrollable masses, increased moving mass and increased size. The second strategy is currently
barely used and if it is applied correctly it doesn’t effect the systems performance in theory signifi-
cantly. The last strategy is currently used to design perfect joints (no unwanted motions). In this way
a mechanism configuration without unwanted motions can be used. A combination of the latter two
strategies from the literature study were combined resulting in a new compensation strategy for the
parasitic motions and cross-couplings.

The second part of the report focussed on this new strategy. In a mechanism certain joints can be
replaced by a design domain. In these design domains joints can be synthesized using shape optimiza-
tion of two parallel flexures. By optimizing the joints the overall unwanted motions of the mechanism
can be compensated. This method can be used on joint, guide or mechanism level as shown in the case
studies. Based on the literature study and the optimization results shown in this report the following
conclusions were made:

1. In theory the parasitic motions and/or cross-couplings can be almost completely compensated

2. This method allows for synthesizing new types of joints and variants/mixtures of current joint
designs

3. The stiffnesses and stiffness ratio’s of compliant structures can be controlled while compensating
unwanted motions

4. Intermediate bodies can be properly constrained avoiding uncontrollable masses at low eigenfre-
quencies

5. The compensation can be achieved over a large range of motion

Several recommendations are listed on the next page. These recommendations are based on the
optimization experience and finite element comparison. The second recommendation is based on
information presented in Appendix E.
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7. Conclusion and recommendations

. Take the deformations of the support structure of rigid bodies into account during optimization.

. Although branches didn’t reduce the parasitic motions they could be used to reduce stress at

the connections with rigid parts. Adding branches at both ends of the flexures might reduce the
tiny deformations in the assumed rigid structures. This could reduce the parasitic motions of the
compliant mechanisms in the real world.

. The best optimization results are achieved when using smart input geometries. Itis recommanded

to choose the inputs carefully to find good optimized geometries.

. Start the optimization with straight flexures. This results in quicker optimized designs and with

small unwanted motions. If needed curvature can be added to these straight flexures to improve
performance.
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Overview of the iterative process

The goal of this appendix is to give a short overview of the process towards the final geometries.
Different iterations on the optimization inputs and goals were made. In the beginning of this project the
idea was to synthesize networks of flexures to compensate for the overall parasitic motions.

Before starting to optimize these networks two mirror symmetrical flexures were optimized. These
flexures were positioned under the rigid body. These geometries showed good compensation of par-
asitic motions, but suffered from poor stiffnesses and stiffness ratios. In Appendix C a promising opti-
mization result is shown and additional information is presented.

Then networks were optimized which were also positioned under the rigid part of the structure. More
about these networks can be read in Appendix D. In short, the synthesized networks can compensate
for the parasitic motion but have poor stiffness ratios. Also, the stresses were high and the optimization
time was quite long.

After these networks again two parallel flexures were optimized. But, now also allowed to have their
flexures positioned (partly) above the rigid bodies. This method of two parallel flexures showed very
good and promising results. Both in terms of parasitic motions as well as for the stiffnesses. At the
beginning compliant structures were synthesized with relative small ranges of motion. This resulted
in a couple of new geometries. Then the motion range was started to be increased to find the limits
of this method. This resulted in geometries slowly converging to configurations similar as the Roberts
mechanism, but with added curvature.

The next step in the process was to check if adding branches could further reduce the parasitic
motions. In literature branches are sometimes used during shape optimization. More about this can
be read in Appendix E. The added branches didn’t reduce the parasitic motions further but didn’t cost
stiffness either. In the branches itself the stress was low.

After the branches the effect of adding more flexures was investigated. In Appendix F some opti-
mization results of 3 or 4 parallel flexures are shown and discussed. Again, the parasitic motions were
not further decreased.

The previous synthesized designs were all joints. These compliant structures could be placed sym-
metrical in a final mechanism. Apart from only synthesizng joints with this method also legs could be
synthesized. One of the synthesized legs was presented in the paper (chapter 5). Although the opti-
mization time was quite long the final theoretical result was very good. Over a long range of motion the
parasitic translational motion was very good compensated.

The final step was to synthesize complete mechanism. By optimizing the legs or joints within an
initial defined topology the overall unwanted motions were compensated.
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Optimization of two parallel flexures
under the rigid body

In Figure C.1 a typical optimization result of an optimization with two parallel flexures under the rigid
body is shown. Note that each parallel flexure consist of two Bezier curves in series. This optimization
result has an motion range of +5mm due to its symmetric geometry. In the list below some conclusions
on this type of input geometry are given.

1. The parasitic motions can be reduced significantly
2. The stiffnesses are small due to the curvature

3. The stiffness ratio’s are low

Having two Bezier curves in series allows the optimizer to find geometries which have small parasitic
motions. Because the flexures needed to be positioned under the rigid body the flexures needed to be
shaped in a way that they can extend to compensate for the parasitic motion. This resulted in designs
with a high amount of curvature. For the parasitic motions this works fine, but too much curvature
impacts the stiffness a lot. Consequently this resulted in designs with poor stiffnesses and stiffness
ratios.
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Figure C.1: Optimization of two parallel flexures under the rigid body. Optimized for minimal parasitic motion.

Flexure thickness 0.4 mm
Youngs modulus 3.5 GPa
Shear modulus 2.4 GPa
Max stress 21.8 MPa

Table C.1: Flexure thickness, material and maximum stress of optimization result visualized in Figure C.1.



Optimization of networks

Different networks of flexures were optimized. Some of the better optimization results are shown in
Figure D.1, D.2 and D.3. These networks were synthesized using a genetic algorithm. From this
optimization results some conclusion were drawn. These are listed below and will be further elaborated.

1. Networks can be used to create a near zero parasitic motion joint
2. Networks have a poor stiffness ratio (Ky/Kx)
3. Optimization time increases when networks with increased complexity are used as input

4. In a network there is more chance for self contact/intersections

The optimization results show parasitic motions in the micron range with a relative large input dis-
placementrange. In comparison, if the network would have been replaced by a cross-hinge the parasitic
motion is about 260um. This shows that the networks can reduce the parasitic motions significantly.
However, the stiffnesses of these networks are poor. Especially the stiffness ratio (Ky/Kx) is not good.
These poor stiffnesses can be explained by the geometry of the joints. To have little parasitic motion
the flexures are curved in a a specific way. If flexures are curved too much the stiffnesses will also
drop significantly. This is happening in these networks. Additionally the support stiffness (Ky) of these
networks is in the order of 10*N/m, while a cross-pivot hinge has a support stiffness in the order of
105N /m with the same material and flexure thickness. Furthermore, the optimization time of these
networks is quite long. A lot of control points are needed to describe the shape of the flexures in the
networks. Although symmetry is used there are still a significant amount of control points needed. More
design variables results in an increased optimization time and complexity. Additionally, if more flexures
are present in the networks more beam elements are needed to describe these networks accurately.
This results in a longer model evaluation time. Lastly, there is also some space needed to move for
the joint. If there are more flexures there is also more space needed to avoid self intersections. For
example, in Figure D.3 the end points of the flexures are quite close to the rigid parts which could lead
to difficulties in implementing this geometry into a physical prototype.

There are also some important remarks concerning these networks. These are listed below. It
should be noted that these networks were synthesized at the beginning of the project. During the
project a lot of knowledge have been gained and changes to the design area were made. With the
current knowledge other networks could have been used as input geometry. For example, parts of the
networks could have been partly above the rigid body or a bigger design area could be used. Initially
the idea was to have small joints performing the compensation.

1. The behaviour of networks depends on the initial network configuration. Other network layouts
of which the author didn’t know or thought may have more potential to be successful. For de-
termining the input configuration inspiration was gathered from literature and from a brainstorm
session.

2. The space assigned to the networks is small resulting in high stresses.
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3. The ratio between design space and input motion might be to high. The flexures undergo quite

some deformation resulting in high stresses.
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Figure D.1: Optimization of a network of flexures. In this network intersections were tried to be avoided while having small

parasitic motions.

Flexure thickness

Youngs modulus
Shear modulus
Max stress

0.5 mm
3.5 GPa
2.4 GPa
38.6 MPa

Table D.1: Flexure thickness, material and maximum stress of optimization result visualized in Figure D.1.
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D. Optimization of networks
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Figure D.2: Optimization of a network of flexures. This network was only optimized for small parasitic motion with a minimum
support stiffness of 5 x 10*N/m. Other constraints were not taken into account.

Flexure thickness 0.5 mm

Youngs modulus 3.5 GPa
Shear modulus 2.4 GPa
Max stress 144 MPa

Table D.2: Flexure thickness, material and maximum stress of optimization result visualized in Figure D.2.
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Figure D.3: Optimization of a network of flexures. This network was only optimized for small parasitic motion with a high stiffness
ratio. Other constraints were not taken into account.

Flexure thickness
Youngs modulus
Shear modulus
Max stress

0.5 mm
3.5GPa
2.4 GPa
74.7 MPa

Table D.3: Flexure thickness, material and maximum stress of optimization result visualized in Figure D.3.



Optimization of branches

In literature also flexures with branches are optimized [22, 23] during shape optimization. During this
project also branches were optimized to find out if they could help with reducing the parasitic motion in
the mechanisms. Two parallel flexures connected to an output body are used as initial topology. These
two parallel flexures are positioned similar to a Roberts mechanism. Either one or two branches are
added to the end of the two parallel flexures. Each branch consist of two flexures. In Figure E.1 at
one flexure a branch is added. Two branches are added in Figure E.2 and in Figure E.3 a benchmark
design without branches is shown. Al flexures are optimized using the genetic algorithm and can be
curved. From these results the following conclusions were drawn:

1. Adding branches does not further reduce the parasitic motion compared to the benchmark opti-
mization

2. More control points needs to be optimized resulting in longer optimization times
3. In the branches itself the von Mises stress is small

4. The stiffnesses are little effected by the branches compared to the benchmark design

Comparing all three designs the maximum parasitic motion is comparable. All are within 10um
over a motion range of +10mm. Since, more flexures are needed to be optimized also more control
points are needed to describe the shapes. As a consequence the optimization time does increase.
The benefit of these branches is the small stress in the branches. If it is needed to have small stress
concentrations at locations where flexures are connected to rigid bodies branches could be added. A
low stress in these branches also indicates small motion is happening. Therefore, the main parasitic
motion compensation is coming from the geometry and the bending of the non-branch flexures. The
branches in the optimized geometries have an almost straight flexure in vertical direction. This is
probably for having maximal support stiffness in the vertical direction. The other flexures are curved
and constraining the motion in horizontal direction of the vertical flexures. An other benefit of these
branches is the potential to decrease the size of the moving mass in mechanisms. The results in
Figure E.2 shows that regions of the rigid structure needed to connect the flexures can be replaced by
branches. This can reduce the amount of connecting structure needed resulting in a more lightweight
design.
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Figure E.1: Optimization of two parallel flexures with a branch on one side. Optimized for minimal cross-coupling (parasitic
motion divided by input displacement). Geometry constraints on radius of curvature and distance between flexures. Minimum
stiffness ratio > 200 and maximum stress < 40MPa

Flexure thickness
Youngs modulus
Shear modulus
Max stress

0.5 mm
3.5 GPa
2.4 GPa
36.0 MPa

Table E.1: Flexure thickness, material and maximum stress of optimization result visualized in Figure E.1.
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E. Optimization of branches
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Geometry constraints on radius of curvature and distance between flexures. Minimum stiffness ratio > 750 and maximum stress

< 40MPa

Flexure thickness
Youngs modulus
Shear modulus
Max stress

0.5 mm
3.5 GPa
2.4 GPa
33.7 MPa

Table E.2: Flexure thickness, material and maximum stress of optimization result visualized in Figure E.2.
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Figure E.3: Optimization of two parallel flexures. Optimized for minimal cross-coupling (parasitic motion divided by input dis-

placement). Geometry constraints on radius of curvature and distance between flexures. Minimum stiffness ratio > 850 and
maximum stress < 40MPa

Flexure thickness 0.5 mm
Youngs modulus 3.5 GPa
Shear modulus 2.4 GPa
Max stress 36.6 MPa

Table E.3: Flexure thickness, material and maximum stress of optimization result visualized in Figure E.3.



Optimization of multiple parallel flexures

In Figure F.1, F.2, F.3, F.4 and F.5 five different optimization results of multiple parallel flexures con-
nected to a rigid body are shown. All of these examples have an input motion of £5mm except for the
last one which has an input motion of +£2.5mm. Again from these optimization results some conclusions
were drawn. These are listed below and will be further elaborated and discussed after the enumeration.

1. From the synthesized geometries it is difficult to create a rigid body connecting all flexures without
interfering with a flexure or support structure

2. There is a higher risk of finding structures which can self-intersect when deforming
3. Multiple parallel flexures can be used to compensate for the parasitic motions

4. The parasitic motions of these structures are not better than other synthesized structures with
less flexures

5. Multiple parallel flexures do not necessary increase the stiffnesses.

When optimizing multiple parallel flexures many flexures are shaped and curved around each other.
This can lead to situations in which no 2D rigid body can be synthesized without intersecting with
the flexures. For example, the result shown in Figure F.4. Creating a connecting structure between
the flexures for three parallel flexures is possible but will result in complex geometries. For these
geometries it might be difficult to keep its rigidity. Additionally there is the risk of synthesizing structures
which intersect with each other. In chapter 5 (paper) a constraint to avoid this is presented. The
optimized geometries show that structures with small parasitic motions can be synthesized. However,
these are not better in terms of unwanted motions compared to the constant stiffness joint presented
in the paper (chapter 5) or the benchmark result for two parallel flexures without branches shown in
Figure E.3. Lastly, adding more flexures might seem to be a good idea to increase the stiffnesses.
However, due to a lot of curvature added to these flexures the stiffnesses of the individual flexures
drops. Also, having more flexures can lead to higher stiffnesses in the motion direction. Normally the
flexures do have little stiffness in the motion direction. But, now more flexures are added which is at the
risk of decreasing the stiffness ratio (Ky/Kx). This stiffness ratio is important if mechanisms are needed
in which the transmission of input motion and output motion needs to be high.
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Figure F.1: Optimization of a three parallel flexures. Optimized for minimal cross-coupling (parasitic motion divided by input
displacement). Minimum stiffness ratio > 100 and maximum stress < 40MPa

Flexure thickness

Youngs modulus
Shear modulus
Max stress

0.5 mm
3.5GPa
2.4 GPa
21.4 MPa

Table F.1: Flexure thickness, material and maximum stress of optimization result visualized in Figure F.1.
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F. Optimization of multiple parallel flexures
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Table F.2: Flexure thickness, material and maximum stress of optimization result visualized in Figure F.2.
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Figure F.3: Optimization of a three parallel flexures. Optimized for minimal parasitic motion. Minimum stiffness ratio > 100 and

maximum stress < 40MPa

Flexure thickness
Youngs modulus
Shear modulus
Max stress

0.5 mm
3.5GPa
2.4 GPa
26.9 MPa

Table F.3: Flexure thickness, material and maximum stress of optimization result visualized in Figure F.3.
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F. Optimization of multiple parallel flexures
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displacement). Minimum stiffness ratio > 200 and maximum stress < 40MPa

Flexure thickness 0.5 mm
Youngs modulus 3.5 GPa
Shear modulus 2.4 GPa
Max stress 41.3 MPa
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Table F.4: Flexure thickness, material and maximum stress of optimization result visualized in Figure F.4.
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maximum stress < 40MPa

Flexure thickness
Youngs modulus
Shear modulus
Max stress

0.5 mm
3.5GPa
2.4 GPa
10.1 MPa

Table F.5: Flexure thickness, material and maximum stress of optimization result visualized in Figure F.5.



Test setup iterations

In this appendix some information about the testing phase is presented. The testing phase turned out to
be quite difficult to perform reliable measurements. In this appendix it is tried to give some more insight
in what caused these difficulties and what steps were needed towards a successful measurement.

G.1. Measurement surfaces

Different measurement surfaces were used throughout the project. In Figure G.1 six different surfaces
are shown. It was difficult to find a flat surface compatible with the laser distance sensor. This sensor
had issues when the measurement surface is too shiny. This resulted in fluctuating measurement
signals going up and down several tens of micrometers while the mechanisms and test setup were
not moving or vibrating. A short summery of the experience with the different measurement surface is
given below:

1.
2.
3.

The 3D printed surface (Figure G.1a) was not flat enough resulting in inaccurate measurements.
The stainless steel strip (Figure G.1b) was too shiny resulting in a fluctuating measurement signal.

The encoder ruler (Figure G.1c) provided by the PME department of the TU Delft was warped and
had some scratches. This resulted in measurement difficulties. Also, it was quite shiny causing
the laser distance sensor to not give a steady signal.

The silicon wafer (Figure G.1d) was too reflective. This resulted in a non-consisted measurement
signal. Also, the less reflective side of the wafer was used. However, this one was also too shiny.
Later on the wafer was used to paste a sticker on it.

. The measurement surface of the sticker (Figure G.1e) was quite flat (not perfectly) and the laser

was able to give a proper signal.

The card (Figure G.1f) performed quite good. The laser sensor gave a consisted signal and
looked more flat as the sticker. This made the card the best option for the final measurements.

G.2. Different test setup configurations

In Figure G.2 different test setups used throughout the project are shown. They are shortly introduced
and discussed in the following enumeration.

1.

The layout of the test setup shown in Figure G.2a is one of the initially used test setups. On the
left side of the figure a part with a notch hinge is mounted on a linear stage. Using this linear
stage the part can push on the mechanism causing the compliant part to undergo a near straight
line motion. At two sides of the part the parasitic motion is measured. It was expected that at
the sides the parasitic motion is largest due to parasitic rotation present. The idea was that this
would reduce the influence of measurement errors. Using Equation G.1 the parasitic motion of
the middle point could be measured.
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SRRV TR
(a) 3D printed surface (b) Stainless steal strip

(d) Silicon wafer

(e) Sticker pasted on a silicon wafer (f) Card

Figure G.1: An overview of the different surfaces used for the parasitic motion measurements

2. Instead of moving the top part of the compliant mechanism also the base can be moved. If the top
part is fixed in horizontal direction the same parasitic motions can be measured. In Figure G.2b
this is shown. The black part on the right of the figure prevents the designed moving part of the
mechanism to move. The leaf spring in this part allows the part to still move in vertical direction.
The curved surface allows the part to rotate. In this way only the horizontal position is constrained.
The base is mounted on a linear stage which was used for the input motion. The benefit of
this layout is that the surface error is eliminated. The measurement surface stays at the same
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horizontal position, but can still move in the parasitic motion direction (vertical). This layout is
still prone to the alignment error presented in chapter 6. Also, this setup is prone to the parasitic
motion in the linear stage used for the input motion.

3. Figure G.2c shows a similar layout of the previously discussed test setup shown in Figure G.2a.
Instead of pushing the prototype a rope is used to pull on it. The rope is made as long as possible
to minimize the angle of the rope with the horizontal axis. In this way an unwanted force in vertical
direction is minimized. Also, visible in this figure is the linear motion stage to perform the surface
scan and alignment measurement discussed in chapter 6.

(a) Test setup layout in which the compliant motion is pushed by a part (b) The top bar of the mechanism is kept in place by the part on the
to perform the compliant motion. Note that the part is in a compliant right of the mechanism. By moving the base the compliant motion is
motion. performed.

(c) Test setup in which the topbar of the mechanism is moved around
by pulling on the rope.

Figure G.2: An overview of the different test setup layouts used

The two test setups using contact gave less good results as the one using the rope. Therefore,
the test setup with the rope was used for the final test setup. Also, there was a method available to
determine the parasitic motions without doing all the measurement to compensate for the measurement
errors. The results of the final measurement setup were presented in chapter 6.

G.3. Testing results for measurement at two sides

In this section the final test results of the measurement at two sides is presented. The measured
parasitic motion is slightly different as the one measured using the middle measurement (chapter 6),
but shows that it is more than likely that the measured parasitic motion is in this order of magnitude. Itis
also used to illustrate how the parasitic motion in most of the experiments was measured. Additionally,
the parasitic rotation can be measured using this test setup and will be presented in this section.



G.3. Testing results for measurement at two sides 69

In Figure G.3 a schematic overview of the test setup is shown with some of the errors present.
These errors were discussed in chapter 6. A rope connects the linear stage which can move in hor-
izontal direction and the mechanism. The experiments is conducted in two parts because only two
laser sensors were available. The vertical sensor is positioned as far as possible to the sides of the
mechanism because there the biggest displacements are expected (which is easier to measure than
very small displacements). The displacements are expected to be largest because it contains also a
displacement caused by the parasitic rotation. By using the measurement at both sides this parasitic
rotation error can be eliminated in the measurement of the parasitic motion.

Laser T
Surface error distance .
N X distance
~ sensor Manufacturing error
N sensor
Y !
\

1
/]
1
]
[}
¥

Linear stage Laser
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sensor

Ap—

Alignment erro

Linear stage ——

Figure G.3: Visualization of errors

To calculate the parasitic motion of the point of interest (black dot) the Equation G.1 is used. In
Figure G.4 the important parameters to calculate the unwanted motions are visualized. Also, the point
of interest is visualized in this figure. To calculate the parasitic rotation Equation G.2 is used. La is
the distance between the sensors measuring the parasitic motion. Lm is the distance between the left
sensor and the point of interest. La and Lm are also visualized in Figure G.4.

. ) Measurement sensor 1.2 — Measurement sensor 1.1
Parasitic motion = Lm+Measurement sensor 1.1

La
(G.1)

Measurement sensor 1.2 — Measurement sensor 1.1
La

Different measurements can be performed to eliminate most of the errors. These measurements
are the so called compliant measurement, surface scan measurement and alignment measurement.
The compliant measurement the base of the mechanism is fixed and the top part is forced to translate
by pulling on the rope using the linear stage. During the surface scan measurement the rope is discon-
nected from the mechanism and the base is translated using the linear stage. During this measurement
the surface of the glued parts is scanned. The alignment measurement is very similar to the surface
scan measurement but is performed without the glued parts. In this way the alignment error can be
measured. In Figure G.3 the errors from the test setup are visualized. Note that the sources of error are
enlarged in this figure for explanation purposes. The errors are explained in more detail in chapter 6.

The alignment measurement is shown in Figure G.5. In Figure G.6 and G.7 the surface scan,
compliant motion and the corrected data are plotted for respectively the measurement performed on
the left and right side. With this data the parasitic translation and rotation are calculated and plotted in
Figure G.8 and G.9 respectively. The parasitic motions can be calculated in three different ways. The
parasitic motion can be calculated using both measurements or using one of the measurements. Since,

Parasitic rotation = atan( ) (G.2)
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Figure G.4: Measurement evaluation

the mechanism is symmetric the measurement of for example, the right side can be mirrored to the left
side. In the figure it can be seen that all different evaluation methods results in slightly different results.
But, all of them are in the same order of magnitude. With a more high-end prototype it is expected that
better measurements can be done. For example, one machined using wiring edm and with a polished
surface finish. Then there is no need to perform all types of error compensations which should result
in better measurement results.

The data of this measurement is very similar to the parasitic motion measured in chapter 6. The
measurement based on both measurement surfaces is almost identical. The difference between the
measured parasitic motion based on the left and right surface origins from the fact that both corrected
data plots are not perfectly symmetrical. This could be caused by some measurement errors. The
parasitic rotation of the three evaluation methods are much more similar, but higher than the FEA
analysis showed. The parasitic rotation of the SPACAR FEA analysis and the comsol analysis with
rigid parts are almost identical. If the compliance of the support structures is taken into account a slight

deviation is visible.
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Figure G.5: Alignment measurement
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Figure G.6: Measurements performed on the left side of the prototype.
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Figure G.7: Measurements performed on the right side of the prototype.
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Figure G.8: Experimental and FEA parasitic translation results
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Effect of compliance of the base and
moving bodies on parasitic motion

In this appendix some results of a nonlinear FEA in COMSOL multiphysics are presented. This is
done to show the effect of taking the compliance of assumed rigid bodies into account. The used
material during these simulations is PLA. The flexure thickness is 0.8mm for the Roberts mechanisms
and the double parallelogram mechanisms. The optimized design has a flexure thickness of 0.4mm.
In chapter 6 the same analysis was performed for this optimized design with 0.8mm thick flexures.

In the designs with higher stresses in the flexures (Roberts and the optimized design) the effect on
the parasitic motion of the compliance in the support structures is large (Figure H.2 and 6.12). For the
double parallelogram the stresses are smaller and the effect on the parasitic motion is much smaller
(Figure H.4). When the flexure thickness is reduced from 0.8mm to 0.4mm (Figure H.6) the parasitic
motion is much closer to a simulation using rigid bodies. The stress in the flexures is reduced and thus
the assumed rigid bodies deform much less (Figure 6.11 compared with Figure H.5).

input_x(11)=10 mm Surface: Displacement magnitude (pm)
m T T T T
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Figure H.1: Nonlinear FEA of a Roberts mechanism taking the compliance of the base and moving bodies into account.
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Figure H.2: Parasitic motion of a Roberts mechanism with rigid bodies and non-rigid bodies
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Figure H.3: Nonlinear FEA of a double parallelogram mechanism taking the compliance of the base and moving bodies into
account.
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Figure H.4: Parasitic motion of a double parallelogram mechanism with rigid bodies and non-rigid bodies
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Figure H.5: Nonlinear FEA of the optimized linear motion guide (0.4mm thick flexures) when taking the compliance of the base
and moving bodies into account.
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Figure H.6: Parasitic motion of the optimized linear guide with rigid bodies and non-rigid bodies. Instead of 0.8mm thick flexures
the flexures are 0.4mm thick.
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