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ABSTRACT
In the new competitive environment, the necessity to produce devices that have more
precision is emerging. Their construction must be economical and provide high quality.
In this way, applications which need high precision in a range of micrometers or
nanometers demand more research on different topics related to micro mechanism and
micro electromechanical systems (MEMS).
Compliant Mechanism is a topic which helps to meet requirements for high precision. In
the case of devices for microhandling such as micropositioners, compliant mechanisms
play an important role because these elements are able to provide movement in the range
of 10-6 m. Also, the compliant mechanisms have some advantages that are appropriate for
micropositioners.
This thesis has such an objective: design and construct a 3 degree of Freedom
micropositioner that uses flexure hinges to provide motion with a precision on the order
of micrometers.
For this objective, the first step was a literature review where the state of the art with
respect to flexure elements, compliant mechanism and stages of movement was founded.
With this state of the art set up, the proposed design of the micropositioner was defined
with some features.
Also, the flexure element was designed with respect to some requirements and
considering simplex geometries that were not used by other designs. The flexure element
was evaluated through an analytic model and a comparison was made with FEM
simulations (CATIA). This comparison was made to check if results from FEM
simulations are sound.
On the other hand, the compliant mechanism was made with the main requirement to
provide a relation of 10 to 1 in displacement of input with displacement of output. This
design was evaluated with FEM simulations. These simulations were evaluated with
respect to the number of elements and appropriate element type.
Also, the results from FEM simulations work as a parameter of comparison against the
results from experiments that were developed with the prototype of design and test bench
developed in this research thesis. The prototype was made in Aluminium with wire
EDM. The test bench incorporates a measure system and actuators. The measure system
is made for load cells (strain gages) and actuators use Nitinol. The Nitinol actuator
provides a continuous force and is an economical option. These actuators have advantage
over other actuators that are used in compliant mechanism. For this reason, the Nitinol
actuator is characterized in this research.
Finally, the research concluded with the proposed design is innovative because it uses a
new design of flexure elements. Also the flexural element geometry advantages are that is
simple, more economical and robust.

ITESM-Campus Monterrey

v

The prototype of this design, has a resolution in the movement is 0.005 mm. the
resolution can be decrease but the control of force is necessary.
The Nitinol actuators provided the required displacement. Also, the main contribution
with this actuators is that they provide a continuous force, which is an advantage over
other actuators used with compliant mechanism.
With the comparison between simulations and test results, a difference was found with
has different sources as measurement system, control of force, tolerances in
manufacturing process and tolerance in material properties.
Some points as to develop to control for Nitinol actuators that consider the continuous
force and temperature and to develop a measurement system that is be able to measure
this movements are tasks for future research.
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Chapter 1

Introduction

1.1 Background
In the last years, the design of high precision devices has received significant attention.
Opportunity areas are related with micromechanical applications such as tools for
microfabrication, nanofabrication and microsurgery. Also, micromanipulation and
microhandling, where fine motions with position resolution in micro- or nanometer range
are required represent where micropositioner applications play a very important roll.
Due to increasing demand of micromanipulation and microhandling systems, different
concepts have arisen that try to meet the requirements of microhandling. The uses of
piezoelectric actuators, shape memory alloys (SMA materials), compliant mechanisms,
electrothermal mechanism are examples.
In general, the participation of MEMS has increased due to economical growth in
different markets. Table 1-1 shows this tendency.
Application sector
Automotive
Environmental monitoring
Industrial/Automation
IT/Peripheral
Medical/biochemical
Telecommunications
Total

2000
$1260
$520
$1190
$8700
$2400
$130
$14200

2004
$2350
$1750
$1850
$13400
$7400
$3650
$30400

CAGR(%)
16.9
35.4
11.6
11.5
32.5
128.1
21.0

Table 1-1. MEMS Worldwide Market Shipment in $US. Millions [Madou, 2002]

With respect to Table 1-1 the MEMS market in 2000 was estimated at $14.2 billion
(U.S) and was projected to grow to 30.4 billion (U.S) by 2004, constituting a
compounded annual growth rate (CAGR) of 21%.

1.1 Research Justification
In the new competitive environment, the necessity to produce devices that have more
precision is emerging. Their construction must be economical and provide high quality.
This step can be seen in machine tools, because the new designs are faster, more accurate,
have more repeatability, their control is more robust and their cost begins to decrease.
On the other hand, applications which need high precision, in a range of micrometers or
nanometers, demand more research on different topics related to micro mechanisms and
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micro electromechanical systems (MEMS). A wide range of Microsystems has been
provided in various research projects, e.g. Electrostatics rotary micromotor [Kota, et al.,
1994][Menregany et al., 1992], Polysilicon microgripper [Kota, et al., 1994] [Kim et al,
1992], Micro magnetic motor [Kota, et al, 1994][Guckel et al., 1991]. The researches
apply MEMS in numerous areas including optics, fluidics, material handling in electronic
component assembly, microscopy with microprobes such as STM’s (scanning tunneling
microscopes) and AFM’s (atomic forces microscopes), microsurgery and in
bioengineering for handling cells.
In order to develop micro applications it is necessary to explore new concepts that
improve the efficiency and reduce the cost of these systems. Among these concepts one
can find SMA materials, piezoelectric actuators, electrothermal mechanism, and the
compliant mechanism.
Compliant mechanisms have micro and macro applications but their design is very
limited because the most common development method has been trial and error [Lyon, et
al., 1999]. In this way, there is area of opportunity for developing applications that use
compliant mechanisms.
Compliant mechanism can contribute to improve the precision engineering and decrease
the cost in devices that need a range of motion of micro or nanometers. But it is necessary
to improve the design of these mechanisms as well as to know about their behavior.

1.2 Objective and Relevance of the Research
The objective of this research is to design and construct a 3 degree of Freedom
micropositioner that uses flexure hinges to provide motion with a precision on the order
of micrometers.
Demonstrate the micropositioner´s precision with analysis in FEM.
The main purposes of this research are to develop a micropositioner to high precision
using a compliant mechanism. The design of the 3 degree of Freedom micropositioner is
validated through the simulation tools (FEM) and experimentation in a test bench.
The test bench has the instrumentation necessary to capture the movements in each
degree of freedom. Also, this test bench has actuators to provide the energy necessary for
the movements.
This research is not focused in the control of the compliant mechanism; a topic that can
be addressed in future research.

1.3 Thesis Organization
The research presented is organized in five chapters described below:
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•

Chapter 2 – A literature review analysis achieved about the state of the art in
Flexure elements, compliant Mechanism and Micropositioning stages that use
flexible elements.

•

Chapter 3 – The methodology for designing the compliant mechanism. This
chapter begins with the definition of requirements for this micropositioner. Also
this chapter characterizes flexure elements used by the compliant mechanism

•

Chapter 4 – Modeling of compliant mechanism for micropositioner. The
performance of micropositioner is analyzed through different FEM simulations
(CATIA).

•

Chapter 5 – A prototype of 3 degrees of micropositioner. Also, this chapter
presents a test bench where performance of the micropositioner is evaluated. This
test bench requires the design actuators and measurement system.

•

Chapter 6– Summarizes results and conclusions of experiments.

Finally at the end the thesis a group of appendixes are included with all documentation
derived during the phases of the design and experimentation with the test bench.
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Chapter 2

Literature Review

This chapter introduces the basic concepts upon which this work is based. Among these
concepts one can find flexure hinge definition, models for flexure hinge, compliant
mechanisms, analysis model for compliant mechanism, compliant process design and
micropositioning stages. Finally, this chapter presents what summarizes the state of the
art.

2.1 Flexure Hinge
Flexures are thin members that provide the relative rotation between two adjacent rigid
members through flexing (bending) [Lobontiu, 2002]. The flexure hinge can be compared
with a conventional rotational joint. This comparison is shown in Figure 2.1. In general
terms, flexural hinges act like a bearing with limited rotational capability [Lobontiu,
2002], as shown in Figure 2.2. The main difference shown in Figure 2.2 is that the center
of both members is not the same.

Figure 2.1. Comparison between classical rotational and flexure hinge [Lobontiu, 2002].
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Figure 2.2. Comparison between a bearing with limited capability and Flexure hinge [Lobontiu,
2002].

Flexural hinges have become more important because they can substitute classical
rotational joints in designs that require limited rotational capability. Flexural elements
have many advantages:
•
•

They don’t have friction, they have no clearance, virtually infinite resolution, and
are lightweight and compact [Wu, Zhou, 2002].
They are insensitive to vibration, shock, dirt and they don’t use any kind of
lubrication [Lobontiu, et al., 2002].

Because of these advantages, these elements are ideal for instruments that require
precision motion. These applications include stages for micromotion (microsystem
assembly and alignment) [Lu, et al., 2004] [Ryu, et al., 1997] [Chen, et al., 2002], high
precision parallel robots [Hesselbach, et al., 2004], microgrippers [Moulton,
Ananthasuresh, 2001], nanomanipulators [Culpepper, Anderson, 2004] [Chang, et al,
1999] and high precision translation mechanisms [Smith, et al., 1987] [Gao, et al., 2000].
The impact of flexural hinges in different applications has increased due to the use of
piezoelectric actuators. Piezoelectric actuators have low displacements and high force
outputs [Xu, King, 1996]. Flexural hinges are coupled with piezoelectric actuators
because they work like amplifiers. Examples of these mechanisms are a radial spoke or
harmonic motor [Xu, King, 1996]. High speed actuator for clutching a reciprocating strip
[Xu, King, 1996], micromotion stages [Lu, et al, 2004] and an ultra-precision stepping
positioner [Gao, et al., 2000].
On the other hand, flexural hinges have important limitations that the designers must take
in account [Zhang, Fasse, 2001] [Lobontiu, Garcia 2003]:
•

Limited range of motion. The levels of rotation are very low.
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•
•
•
•

For some applications, flexural hinges have a limited inherent mechanical
stiffness.
The rotation is not pure because a flexure hinge is sensitive to axial loading
shearing, torsion, and bending.
Unlike classical rotation joints that keep their center of rotation fixed, the center
of rotation is not fixed during the relative rotation produced by a flexure hinge
because it displaces under the action of the combined loads.
Flexure hinges are sensitive to temperature variations. Their physical dimensions
will be modified by thermal changes. Changes in physical dimensions will change
compliance/stiffness properties which affect the motion precision and
repeatability.

[Lobontiu, et al, 2002a] makes an analysis about the main parameters of performance of
Corner-Filleted Flexure Hinges (compliance, precision of rotation, terms of stress). The
main advantage of this research is that it uses a compliance model. This model provides
the displacements at the flexure’s free end. Also, the authors compare the results of
parameters with circular flexural hinges, and conclude that the corner-filleted flexures are
more bending-compliant and induce lower stresses but are less precise in rotation.
[Wu, Zhou, 2001] presents design equations for computing the spring rate (compliance)
for rectangular single-axis hinges and right circular hinges. A feature that is important for
the definition of a right circular hinge is that the center of the cutting radius lies on the
edge of the hinge. θ is equal to 90° as is illustrated in Figure 2.3. The main geometric
parameters for this type of flexure are also illustrated. These equations are deduced from
basic theory of mechanics of materials and the assumption is made that the deformations
in all directions are small. These results are compared with the equations obtained by
[Paros, Weisbord, 1965]. With this comparison, some limitations of simplified equations
of Paros and Weisbord were found. This limitation is that the error increases as t/R
approaches one.

Figure 2.3. Geometric parameter for right circular flexure hinges [Lobontiu, 2002].

[Xu, King, 1996] performed a comparison between corner-filleted flexure hinges, elliptic
flexure hinges and circular flexural hinges. This comparison was made for determining
which type of flexure is more appropriate as displacement amplifiers. The comparison
was made through static finite element analysis. The results of this work showed that
right circular flexure hinges have the highest stiffness. On the contrary, corner filleted
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flexure hinges have the lowest stiffness. In the case of fatigue, results showed that the
elliptic flexure hinge has the smaller stresses for the same deflections. Also, the most
accurate in terms of motion is the corner filleted flexure.
[Lobondiu, et al, 2002] analyzed the performance of parabolic and hyperbolic flexure
hinges with parameters of flexibility, motion precision and stress consideration. The
consideration for this formulation is that the flexure hinge is symmetric as shown in
Figure 2.4 and the flexure hinges are modeled and analyzed as small displacement, fixed
free Euler-Bernoulli beams subjected to bending produced by forces and momentums.

Figure 2.4. Parabolic (hyperbolic) flexure hinge [Lobontiu, et al., 2002].

A more complex flexure was analyzed by [Lobontiu, Garcia, 2003] which consists of
two-axis with axially-collocated and symmetric parabolic notches. Figure 2.5 illustrates
this type of flexure. This research characterizes this type of flexure about the main
parameters that define the performance of flexure (compliance, precision of rotation,
shearing effects, stress limitations and efficiency).

Figure 2.5. Two axis flexure hinge with collocated notches [Lobontiu, Garcia, 2003].

Another type of flexural hinge used for movements in three dimensions, called Crosssection Corner-Filleted Flexure Hinge (CCSCF) is shown on Figure 2.6. A configuration
in the cylindrical cross-section flexure hinge. Figure 2.6 (b) shows the generic structure
for circular cross-section corner-filleted flexure hinges. The right circular corner filleted
flexure hinge is illustrated in Figure 2.6 (c). [Lobontiu, Paine, 2002] analyzes the main
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factors for circular cross-section flexure hinges. The analysis characterized the CCSCF
flexure hinge in terms of the compliance, precision of rotation and stress levels. These
factors are modified by the changes given in the geometry of the CCSCF flexure hinge.
Figure 2.7 shows the main parameters of geometry for circular cross/section corner
filleted flexure hinge.

Figure 2.6. Circular cross-section corner filleted flexure hinge configurations [Lobontiu, Paine,
2002].

Figure 2.7. Geometry of circular cross-section corner filleted flexure hinge [Lobontiu, Paine, 2002].

[Goldfarb, Speich, 1999] show another flexure design that tries to substitute a traditional
revolute and increase the range of motion compared with a traditional thin beam flexure.
Figure 2.8 illustrates this flexure, called split-tubular geometry. This design has the
feature that it uses torsion as the primary mode of deformation. The torsional mechanics
help to make it extremely compliant along the revolute axis and extremely stiff in other
directions. [Goldfarb, Speich, 1999] uses the bending equations for determining the
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torsional mechanics. The authors determine the stiffness of flexure with conventional
formulation.

Figure 2.8. Split-Tube flexure Joint [Goldfarb, Speich, 1999].

Another way for creating flexible connectors is using a long flexible link. The difference
between a flexure hinge and a long flexible link is illustrated in Figure 2.9 and Figure
2.10.

Figure 2.9. Two types of flexible connectors [Lobontiu, libro, 2004].

Figure 2.10. Typical flexure elements with one DOF [Hesselbach, et al., 2004].

The elements shown in Figure 2.10 as Flexure Beam hinge are examples of
nanopositioner stages [Elmustafa, Legally, 2001], profilometers and scanned probe
microscopes (SPMs).
The models used to describe the behavior of this type of elements are more complex,
because they undergo large deflections. In this case the linear beam theory is inadequate.
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If one has a flexure beam element that is small in comparison with the rigid sections, then
the mechanism can be modeled as a rigid body with joints located in the middle of
compliant sections [Howell, Midha, 1994]. Another case is when one has a flexure beam
element similar in length to the rigid elements as shown in Figure 2.10, the case is more
complex, because the geometric non-linearities caused by large bending displacements
must be accounted for [Kimball, Tsai, 2002]. [Kimball, Tsai, 2002] proposes a model
based in a pseudo rigid body for a cantilever beam with end moments acting in the
opposite direction as the end force, which may or may not cause an inflection point. The
advantage of this model is that it can be used to optimize and efficiently analyze
compliant mechanisms subjected to any loading condition.
The last case can be resolved through numerical simulation (FEM). Another way is to use
a pseudo rigid body model for knowing the effect of loads on a generic flexural section.
There are different authors that try this problem solution in different cases. For example,
[Howell, Midha, 1995] developed a method, which computes the path of end loaded,
large deflections cantilever beams. This method uses a pseudo rigid body angle, which
parameterizes the path coordinates. [Saxena, Kramer, 1998] [Saxena, Kramer, 1999]
developed a model based in a pseudo-rigid body where the flexural beam hinge is
subjected to end forces and moments acting in the same direction as the forces. [Kimball,
Tsai, 2002] developed a model for a flexure beam hinge loaded with end forces and
moments acting in opposite directions, taking the possibility of an inflection point in the
beam. The advantage of this model is that it can be used to optimize and efficiently
analyze compliant mechanisms subjected to any loading condition when combined with
other models.
This design of flexure hinge is different to conventional flexures used in the movement
stage. [Hsiao, Lin, 2001] design a flexure hinge with three degrees of freedom, where
they incorporate three notches that work as flexure hinges, as shown in Figure 2.11. This
design is important as a base for the micropositioner proposed because it uses, in the
second section, a circular notch similar to that proposed in this research.

Figure 2.11. Geometrical configuration of flexure hinge proposed by [Hsiao, Lin, 2001]
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In the design proposed by [Hsiao, Lin, 2001], segment B a flexure curved beam that is
used to provide the three DOF to a flexure hinge. This research presents an analysis
model where the displacement is calculated through the energy method.

2.2 Compliant Mechanisms
A compliant mechanism is composed of at least one component (member) that is sensibly
deformable compared with to other rigid links. The compliant mechanisms gain their
mobility by transforming an input form of energy (mechanical, electric, thermal,
magnetic, etc.) into output motion.
A compliant mechanism is a mechanism that obtains part or all of its motion from the
deflection of flexible members (flexural hinges) rather than from rigid body kinematic
pairs. This feature provides advantages but complicates the design and the analysis. The
large-deflection beam analysis, kinematic motion analysis and energy storage are factors
that make the analysis of the compliant mechanism more difficult. In the same way, when
flexural hinges are used with joints, the motion is restricted to a small range. If the
motion is large, the stresses in a flexural hinge exceed the material strength causing
failure.
Fully compliant mechanisms are elastic continua mechanisms that are used to transmit or
transform force and motion mechanically. This kind of mechanism has some advantages
with regard to rigid-body mechanisms, for example: less friction, simplification of
manufacturing and assembly, reduction in cost, weight, wear, backlash, noise, and need
for lubrication. Among the applications of compliant mechanisms one can find products
like microgrippers [Moulton, Ananthasuresh, 2001], [Kota, et al, 2001], MEMS like
stroke-multiplier [Kota, et al, 2001] [Kota, et al, 1994], manipulators [Yi, et al, 2003] and
micropositioners [Shuo Hung Chang, et al, 1999][Ryu, et al, 1997]. There are other more
complex systems that use compliant mechanisms like compliant robots [Hesselbach,
2004] and scanning tunneling microscopes (STM) [Smith, et al, 1987].
Compliant mechanisms have some disadvantages in comparison with conventional
mechanisms. For example, flexure pivots have a limited range of motion, depending on
the geometry and material properties. Compliant mechanisms present poor properties
when subjected to multi-axis loading in contrast with an ideal revolute joint, which is
infinitely rigid in all directions of loading except about the desired axis of rotation.
Flexures exhibit a significant stiffness along the desired axis of rotation and significant
compliance along all other axes loading. The last problem with compliant mechanisms
constructed with conventional cantilever-type flexure joints is that these do not have a
fixed axis of rotation. This kinematic problem is very important in applications which
require accurate kinematic transformations, such as manipulator.
Due to the complexity of the analysis of compliant mechanism, many designs have been
limited by trial and error techniques and they tend to be used where only simple motions
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and functions are required. There are different methods to design compliant mechanisms.
These methods can be classified in two groups.
The first group uses rigid-body mechanism techniques. For example, [Howell and Midha,
1996] [Howell and Midha, 1994] use a pseudo-rigid model where compliant mechanisms
are modeled with the main concepts of rigid body mechanisms. This method tries to unify
the compliant and rigid-body mechanism. The advantage of this method is that a
methodology is proposed for offering an alternative to the trial and error methods used in
the industry. [Howell and Midha, 1996] uses a pseudo-rigid model as base of a loopclosure methodology for the analysis and synthesis of the compliant mechanism. The
objective of this loop-closure methodology is to consider the constraints for the rigidbody and compliant mechanism and to consider the effects of the potential energy of the
flexible members.
In general, the first group of methods is based in simplex concepts therefore, its use is
simplex and provides a simplex and tidy way to design the compliant mechanism.
The second group uses structural optimization methods. These methods have the main
feature to design parameterization over a fixed reference design domain. The concept
design parameterization refers to the set of variables that provides the smooth variation of
the geometrical form. “Fixed reference” implies that the geometric domain is not altered
during the iterative process of optimization [Xu, Ananthasuresh, 2003]. For example
[Xu, Ananthasuresh, 2003] proposes a freeform skeletal shape optimization for the design
of compliant mechanisms. This proposed method has the advantage to provide shapes
that meet practical constraints such as avoiding intersections with other segments, self
intersections and restrictions on the available space and material. But this method has the
disadvantage of the shapes generated which are very limited.
Another example is the method proposed by [Saxena, Anathasuresh, 2001]. This method
uses topology synthesis considering geometrically nonlinear finite element models
because the authors consider it more appropriate for large displacements. It is because
linear analysis assumes constant structural stiffness and therefore only linear deformation
responses. Unfortunately, this method is more complex than the linear analysis.
[Yin, Anathasuresh, 2001] uses a topology optimization of compliant mechanisms and
materials, which is based in a peak function that is used for material interpolation. This
method has the advantage of incorporating multiple materials without increasing the
number of design variables. This step makes this method more complete and the solution
found has advantages over other solutions due to the consideration about the material.
[Kikuchi, et al, 1998] proposes a simplex method based on the idea of adaptation of the
domain after their initial guess which is defined by appropriate functions to represent the
boundary of the unknown domain. This new method proposal is based on the extended
fixed domain method used to solve shape/topology optimization of elastic structures,
compliant mechanism design and design of the microstructure of composite materials.

ITESM-Campus Monterrey

12

[Lau, et al., 2001] proposes instead using the concepts of minimum compliance or
maximum mutual compliance, an alternative formulation, based on functional
specification which is proposed to solve the topology of compliant mechanisms. The
advantage of this method is that the objective function is approached through mechanical
advantage, geometrical advantage and work ratio. It influences the results, as well as
displacement constraint and material constraints added for narrowing the domain of
feasible research. The disadvantage of this formulation is that the arbitrary boundary
conditions might complicate the problem solving.
[Parsons, Canfield, 2002] use genetic programming techniques as a design tool for
topological synthesis of compliant mechanisms. The genetic algorithmic has features
such as multiple criteria specification, multiple-design parameter variation and final
selections that are more advantageous than other tools. Genetic algorithms provide the
option to work for multiobjective optimization that is a tool which is more robust than
other proposed models. Also, the use of multicriteria formulation helps to consider
additional factors in the design of the compliant mechanism such as mechanical
impedance, damping and resonance. Unfortunately, this tool (genetic algorithms)
complicates the formulation.
Generally, the structural optimization methods use a topology because it is a good way to
describe the geometry. Topology refers to the number of holes in the continuum and how
different regions are connected to each other.
The pseudo-rigid body model facilitates the calculation deflections. [Howell, Midha,
1994] shows a general design method for compliant mechanisms. Figure 2.12 illustrates
the flow chart that is based in a pseudo-rigid body mechanism.
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Figure 2.12. Flow chart for a compliant design process [Howell, Midha, 1994].

The pseudo-rigid body approach models flexible members as discrete springs attached to
rigid links, where rigid links represent the more rigid segments of the compliant
mechanism [Howell, Midha, 1994]. Figure 2.13 illustrates that it has flexural members
that are modeled as kinematic joints while a torsional spring is used to represent the
member stiffness. The accuracy of this method decreases as the relative length of the
flexural member increases [Howell, Midha, 1996].
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Figure 2.13. Pseudo-rigid body models [Howell, Midha, 1996].

Figure 2.13 (c) presents a model that consists of two rigid links connected by a
characteristic pivot to represent the rotational motion and a torsional spring to model the
resistance to the applied force.
Figure 2.14 shows the main parameters used in a pseudo-rigid-body-model for an end
force loaded flexible cantilever segment. These parameters are used to compute an
important factor for the design of flexural elements and compliant mechanisms. This
factor is the stiffness characteristic that determines the performance of these elements.
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Figure 2.14. Pseudo-rigid-body model for an end-force-loaded flexible cantilever segment [Howell, et
al, 1996].

To analyze the effects of the load on the beam shown by Figure 2.14(b), it is necessary to
separate components Ft and Fn, (tangential and normal) to the path of point A. The
tangential component of the load can be presented in a non dimensional way as follows
[Howell, et al, 1996]:
(α 2 ) t =

Ft l 2
Where Ft = F sin(φ − Θ)
EI
( 2-1)

where φ is the angle of applied force.
The pseudo-rigid-body angle is calculated from Eq.( 2-2)


b

Θ = tan −1 
 a − 1(1 − γ ) 
( 2-2)

The linear force-deflection relationship is written as:
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(α )
2

t

= KΘΘ
( 2-3)

Where Kθ is stiffness coefficient.
The pseudo-rigid-body method has the advantage that the models for individual segments
can be used to design compliant mechanisms. The result of pseudo-rigid body models is
the base for analysis and design of compliant mechanisms because when the stiffness
coefficients are obtained for each element, it is easier to compute the displacements for
the compliant mechanism.
[Lyon, et al., 1999] proposes the pseudo-rigid-body model for obtaining the first modal
frequency of the compliant mechanism. This work is a novel research because it
incorporates of using the pseudo-rigid-body model to predict the first modal response of
the compliant mechanism. This suggestion of application of pseudo-rigid-body model
implies a more simplex way than other methods to predict the modal frequency. Also,
this approach has the advantage that the model used in design and displacement analysis
is used to predict the first modal frequency. With this research the process of design is
simplified.

2.3 Micropositioning stage
The most important applications of compliant mechanisms are micropositioning stages. A
micropositioning stage is a device that is used in the accurate positioning in applications
that need movements in the range of microns (1x10-6 m). According to requirements,
different designs of micropositioning stages are developed for some applications. In this
section, this is a review about the state of the art in precision manipulators.
[Smith, et al., 1987] designed a monolithic high precision stage used for translation
movements. This stage is composed of flexural hinges and is driven by electromagnetic
actuators. This stage is a device and it provides high precision translation motions for
Scanning tunneling microscope (STM). They analyzed the monolithic spring movement
and the flexural hinges. [Smith, et al., 1987] uses a measurement system to determine the
exact displacements of the stage. This measurement system is formed by Laser, singlebeam interferometer and autocollimator. With this system, parasitic movements and
variation in the movement can be determined. This system represents an advantage over
other designs.
[Yang, et al., 1996] developed a micropositioning stage that has the features of low
profile, single-axial movement, driven by piezoactuators and a 200µm maximum
displacement. Also, this research proposes a strategy for selecting a piezoactuator, which
provides the horizontal motion translated for the compliant mechanism in a vertical
motion. This stage is used for laser welding applications where the requirements are a
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compact system and with a low profile to minimize the overall alignment and lower
height maximized system stiffness
[Ryu, et al., 1997] design a XYθ wafer stage. This design is based in a compliant
mechanism that is actuated by three piezoelectric actuators. [Ryu, et al., 1997] presents a
mathematical formulation for finding the optimal design referent to parameters of design;
that is to say, the performance of a micromotion stage is based in some parameters as
lever length, hinge thickness and hinge radius. On this research project, an optimization
method is proposed for selection of design parameters. The total range is 41.5µm along
the X axis and 47.8 µm along the Y axis. For the third degree of freedom (θz), the
maximum movement is 1.565mrad. These results were obtained from modelation of stage
that was modeled through Lagrange’s equation. The contribution of this research is that
the problem is with a dynamic model and the use of a pseudo-rigid model. Also, the point
to observe is the incorporation of constraints for formulating an optimization problem.
The results of tests and modelation results are very close to the results of [Paros,
Weisboro, 1965]
[Chang, et al., 1999] [Chang, et al., 1999a] designed a micropositioner that is used for
deep ultraviolet lithography applications. This micropositioner uses a monolithic flexural
mechanism (compliant mechanism), piezoelectric actuators and sensors. It has 3 degrees
of freedom (X, Y and θz) with high stiffness and low crosstalk interference. The actuator
that drives this micropositioner is a piezoelectric ceramic with a displacement of 11.6
µm. The resolution of this device is 10 nm over the travel range of 17.8 µm in the X- and
Y-axes and a 0.15 µrad resolution over the range of 585µrad in the θz. This stage of
movement is attached with a measurement system that is formed by 3 LVDTs that have a
displacement resolution of 10 nm and a laser interferometer. The problems with
performance in this design are given by the backlash and hysteresis in the actuator. The
performance can be increased if the closed loop controller is implemented. Its research
proposes a novel design but it is focused on ultra-precision. Also, this design uses
actuators that provide displacements of range of µm. This point makes the resolution very
closed but this kind of actuators is expensive.
[Gao, et al., 2000] developed an ultra-precision positioning stage that combines three
stack-type piezoelectric actuators and compliant mechanism. This positioner has a
displacement resolution of over 10nm in two degrees of freedom. The measurement
system is a laser interferometer with a 5nm resolution. The advantage of this design is a
high reproducibility in a displacement motion and stepping motion. But it is limited in the
DOF, because this design has only two (XY).
[Chen, et al, 2001] showed a design of an electromagnetically X-Y-θ stage. This research
contributes with a design that uses a flexural stage, electromagnetic actuation,
capacitance position measurement and nonlinear digital feedback control. The minimum
resolution of this stage is the 50nm with three degrees of freedom (rotational motion).
The advantages of the control implemented in this design are that it reduces the impact of
environmental effects such as base vibration and High frequency noises. The
disadvantage of this design is that it doesn’t have the sufficient damping of the rotational
mode and it limits the applicable control gain.
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[Elmustafa, Lagally, 2001] developed a flexural hinge nanopositioner stage for precision
machining. The design proposed consists in a stage with a range over 25 µm. This design
tries to provide a positioner with a performance that meets the specific conditions needed
for precision machining. The main contribution of this research is that the design
parameters of flexural hinges were selected in relation with the precision machining.
[Yi, et al., 2003] developed a design of a 3-degree of freedom microparallel manipulator.
The objective of this research is the accurate modeling flexure hinge. In this research the
stiffness modelation, kinematic analysis and simulation are more important. This
microparallel manipulator uses a piezoelectric that drives the systems and LVDT and
Force/torque sensor that are the measurement system. The motion range of this design is
0 to 100 µm in the X and Y directions and 0 to 0.1° in the θ direction. This design is
novel with respect to other designs because it proposed a parallel configuration.
[Lu, et al., 2004] designed a three degree of freedom micromotion stage with flexure
hinges. These flexural hinges are actuated by three PZT (piezoelectric) actuators. The
measurement system used in this micromotion stage is formed by strain gauges, which
are collocated in the piezoelectric. The displacement range of PZTs is from 0 to 7 µm.
With this displacement range, the outputs are ± 14 µm in X axis, ± 13 µm in Y axis and
765 µrad in θz. This design is focused on ultraprecision movement and it uses actuators
with a small range of movement therefore the flexural hinges are used as amplifiers of
this displacements. On the other hand, the strain gauges don’t measure the displacement
of stage directly, but these gauges measure the displacement of actuators. Due to this
reason, the displacement of stage is only rough.
[Culpepper, Anderson, 2004] showed a design of a low-cost nano-manipulator which
utilizes a monolithic, spatial compliant mechanism. This manipulator has a compliant
mechanism that has six degrees of freedom and is driven by electromagnetic actuators.
The requirements that this compliant mechanism meets, are a coarse work volume for
micromanipulation of 100µm x 100µm x 100µm, resolution is <10 nm, open loop
accuracy 150 nm. The big advantage of this design is its low cost. Also, the main
contribution with respect to other ultraprecision stages is that this design uses actuators
with low performance but the features of design provide a great performance in the
manipulator.
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Table 2-1 summary of stages for micro or nano movements.
Author

Degree of
Freedom

[Smith, et
al., 1987]
[Yang, et al.,
1996]
[Ryu, et al.,
1997]

[Chang, et
al., 1999]
[Chang, et
al., 1999a]
[Gao, et al.,
2000]
[Chen, et al,
2001]
[Elmustafa,
Lagally,
2001]
[Yi, et al.,
2003]
[Lu, et al.,
2004]
[Culpepper,
Anderson,
2004]
[Valverde,
2004]

Type of
Actuator

Measurement Application
System

2 degree of
freedom (X
and Y axes)

Electromagnetic
actuator

Laser, singlebeam
interferometer,
autocollimator

1 degree of
freedom (
single-axis)
3 degree of
freedom (X,
Y and θz)

Piezoactuators

Welding
applications

X: 41.5 µm
Y: 47.8 µm
θ z=
1.565mrad.
X: 17.8 µm
Y: 0.15 µm
θz= 585µrad

Piezoelectric
actuator

Wafer stage

Piezoelectric
actuator

3 LVDT

10 nm

Stack type
piezoelectric
actuators

Laser
interferometer

50 nm

Electromagnetic
actuator

3 degree of
freedom (X,
Y and θz)
2 degree of
freedom
(X and Y
axes)
3 degree of
freedom (X,
Y and θz)
2 degree of
freedom (X
and Y axes)
3 degree of
freedom (X,
Y and θz)
3 degree of
freedom (X,
Y and θz)
6 degree of
freedom
3 degree of
freedom

Range of
motion

Range of
movement
10-6 m

Deep
ultraviolet
lithography
applications

Precision
Machining

25µm
X: 100 µm
Y: 100 µm
θz= 0.1°
X: 14 µm
Y: 13 µm
θz= 765µrad
<10 nm

Scanning
tunneling
microscope

Piezoelectric

Piezoelectric

LVDTs,
Force/Torque
sensor
Strain gauges

Electromagnetic
actuators
Nitinol actuators
(Continuous
force’s control)

Microparallel
manipulator

Ultraprecision fiber
optic aligner
Load cells (strain
gage)

Table 2-1 Design of stages that uses compliant mechanism.

There is other important research referent to compliant mechanisms. Although these
researches don’t focus in design of stages, these designs are referent to microleverage
mechanisms and use compliant mechanisms. [Su, Yang, 2001] proposes a design of
microleverage mechanisms using compliant mechanism. His research includes design of
single-stage microleverage mechanism design and multistage microlevers. In this analys
the parameters used, such as compliance relationship between two microleverage stages
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and amplification factor of two-stage microleverage mechanisms just as axial spring
constant are important. This research was applied by use of an accelerometer.
[Jouaneh, M., Yang, R. 2003] developed design equations for flexure hinge type lever
mechanisms that are used in the design of translational micro-positioning stages. The
equations include the overall displacement and stiffness of the micro-positioning stage.
The results from these equations are compared to the stiffness and displacement directly
obtained from the finite element modeling and actual testing of the same micropositioning stage. The advantage of this research is that the equations include the effects
of the flexure hinge bending and stretching and the error between the equations and
simulation in FEM is minor to 10% which implies that the development equations can
accurately predict the characteristics of flexure hinge type lever mechanisms.
In general, the review of literature can be divided in the following topics:
•
•
•
•
•
•

Formulation for flexural hinges and Flexural elements
Analysis of mechanism through FEM
Methods for designing a compliant mechanism with rigid body models
Methods for designing a compliant mechanism with optimization techniques
Design of manipulator of 3 DOF
Kinematics for manipulator or formulation

The research projects were analyzed for identifying the main topic and support the
importance of this research. The evaluation parameters are defined as follow:
Symbol
•

Level
High
Medium
Low
Null

π

Description
Included and described completely
Included and described briefly
Included but not described
Not included

Results from this evaluation are shown in Table 2-2.

Kinematics of Analysis of
Design of
Formulation
manipulator or mechanism Manipulator of for Flexural
formulation through FEM
3 DOF
Hinges

Methods for
designing a
compliant
mechanism
with rigidbody models

Methods for
designing a
compliant
mechanism
with
optimization
techniques

Boyle, et al, 2003
Bruns, Tortorelli, 2001
Carricato, et al, 2002
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Table 2.2. Table about Literature Review-Continue.
Kinematics of Analysis of
Design of
Formulation
manipulator or mechanism Manipulator of for Flexural
formulation through FEM
3 DOF
Hinges

Chang, et al, 1999a

π

Methods for
designing a
compliant
mechanism
with rigidbody models

Methods for
designing a
compliant
mechanism
with
optimization
techniques

π

Chang, et al, 1999b
Chen, et al, 2002
Culpepper, Anderson,
2004
Culpepper, et al., 2004
Edwards, et al, 2001
Elmustafa, Lagally, 2001
Gaikwad, et al, 2004
π

Gao, et al, 2000

π

Goldfarb, Speich, 1999
Her, Chang, 1994
Hesselbach, et al, 2004
Howel, Midha, 1994
Howell, Midha, 1995
Howell, Midha, 1995a
Howell, Midha, 1996a
Howell, Midha, 1996b
π

Hsiao, Lin, 2001
Jensen, et al, 1999
Jensen, Howell, 2002
Jouaneh, Rengi, 2003.
Kikuchi, et al, 1998

Table 2.2. Table about Literature Review-Continue.
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Kinematics of Analysis of
Design of
Formulation
manipulator or mechanism Manipulator of for Flexural
formulation through FEM
3 DOF
Hinges

Kim, Byung-Ju, 2000

Methods for
designing a
compliant
mechanism
with rigidbody models

Methods for
designing a
compliant
mechanism
with
optimization
techniques

π

Kim, et al, 2001
Kimball,Tsai, 2002
π

Kota, et al, 1994
Kota, et al, 2001
Larsen, et al, 1997.
Lau, et al, 1999
Lobintiu, 2000
Lobontiu, et al, 2001
Lobontiu, Paine, 2002
Lobontiu, Paine, 2001
Lobontiu, et al, 2002
Lobontiu, Garcia, 2003
Lu, et al, 2004
Lyon, et al, 1999
Midha, et al, 2000
Moulton, Anathasuresh,
2001
Murphy, et al, 1996
Noll, 2002
Paros, Weisbord, 1965

Parsons, Candfield,
2002
Ryu, et al, 1997
Ryu, et al, 1999

Table 2.2. Table about Literature Review-Continue.
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Kinematics of Analysis of
Design of
Formulation
manipulator or mechanism Manipulator of for Flexural
formulation through FEM
3 DOF
Hinges

Methods for
designing a
compliant
mechanism
with rigidbody models

Methods for
designing a
compliant
mechanism
with
optimization
techniques

Ryu, et al, 2004
Saggere, Kota, 2001
Saxena,
Anathasuresh,2001
Saxena, Kramer, 1998
Smith , et al 1987

π

Su, Yang, 2001
Tai, et al, 2002
Woronko, et al, 2003
Wu, Zhou, 2002

Xu, Anathasuresh, 2003
Xu, King, 1996
Yang, et al,

π

Yi, et al, 2003
Yin, Ananthasuresh,
2001
Zhang, Fasse, 2001

Table 2-2. Table about Literature Review.

The literature and current practice indicate that there are different applications where the
precision is necessary in a range of micrometers. For this reason, the use of flexure
elements and compliant mechanism is an important option for providing these
movements.
In general, the analysis indicates that the majority of the research focuses in analysis and
characterization of the flexural hinge and the compliant mechanism because they are
mathematically complex. The research proposes simplified methods for calculating the
main parameters in order to know the performance of the flexure. Also these models
proposed for flexure elements and compliant mechanisms are compared with FEM
simulations.
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Another group of research focuses in synthesis and optimization of the different designs
of the compliant mechanism. It represents an advantage with respect to this research
because the design proposed in this research was not developed through an optimization
method.
With this literature review some advantages of design can be determined, because it
obtains high precision motions with geometry simplex and its cost is very low. Also some
advantages about performance are shown in the following chapters; that is to say, the
main contributions of this thesis are following:
•

•

•
•
•

This design uses a geometric configuration that is not used in another research
reviewed in state of the art about flexure elements and compliant mechanisms.
The curve beams are used by [Hsiao, Lin, 2001] but this element is just a
complement of all flexure.
The compliant mechanism is used as a reducer of movement. The actuator
provides a displacement, which is reduced 10 times. The review literature gave as
a result that flexure elements are used as amplifiers mainly when they are used
with piezoelectric actuators.
This design incorporates using an action system different to that normally used by
other research. The piezoelectric and electromagnetic actuators are replaced by
Nitinol actuators.
The Nitinol actuators provide a continuous force control. When the temperature is
controlled, the force can be controlled in a continuous way over Nitinol wire.
The stages and compliant mechanisms shown in the literature review use a very
expensive action system and measurement system. This proposed design is an
economical option to provide micro displacements.
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Chapter 3

Analysis of flexure element used in the
design

This chapter models the flexure hinge used by the compliant mechanism. The analysis for
flexure element was made through energy equations and FEM simulations (CATIA).

3.1 Requirements for 3 degrees of freedom micropositioner
The design of the micropositioner must meet the following requirements, which
determine the structure of the design.
•
•

Positioning movements must be in the range of micrometers.
The micropositioner must provide three degrees of freedom to cover the majority
of applications.

The design must include a use of the compliant mechanism within the structure of the
micropositioner. This feature is needed because the use of a compliant mechanism is an
economical option to provide movement of afore mentioned range. Also, the manufacture
is simpler when a compliant mechanism is used because generally flexure hinges are
typically monolithic, that is, the compliant mechanism does not use joints.
The important requirement for the micropositioner is the relation between the input and
output movements. The displacement provided by the actuator should be 10 times greater
than the displacement of the micropositioner. This feature results in a less expensive
actuator; because its coarser movements are translated into fine displacements through
the design of the compliant mechanism.

3.2 Configuration and analysis model for the proposal flexural
element
In this research, a new monolithic flexure beam that provides a motion in the range of
micrometers is used. Figure 3.1 shows the geometric configuration of this flexure beam.
In this design there are three important sections. The first section is a curved beam with a
constant thickness and width. The curved beam is formed by two semi-circles. The
centers of these semi-circles are coincident and are localized in the center of the
monolithic flexure. The span angle in the outer and inner arc is 90°. Also, two ends of
these semi-circles are tangent to the ground and the second section.
The second section is formed by two amplifiers beams. These beams are not flexure
elements because they receive the applied load and they transmit this load to the flexure
elements. The extremes of these beams provide a geometric configuration that can be
adapted to the actuators. The third section is also a flexure beam, which joins the
amplifier beams with the final component. The geometry of this section is also a curved
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beam with a constant thickness and width. The transversal area is constant. The centers of
the semi-circles, which form the flexural element, are coincident and are localized in the
center of the monolithic flexure. This flexure beam is tangent to the second section and
the connection with the stage.

Figure 3.1. Geometrical model for Flexure element

This flexure is used for providing 3 DOF in a motion plane to a micropositioner stage.
The different sizes between to two curved beams help to provide an output displacement
10 times smaller than the input (displacement over the beam amplifiers). The reason for
orienting the semi-circles in opposite directions is that the movement in one direction,
such as rotation, can be more easily controlled.

3.3 Modeling of the flexural hinge
The modeling for the flexural hinge is based on FEM simulations. In addition, an analysis
model was created using differential equations for curved beams.

3.3.1 Analysis model from Differential equations
This analysis is used to find the displacements at fixed points selected by the designers.
Generally, the differential equations that are obtained are resolved by the energy method.
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The curved beam is a member that carries bending loads. Also, its axis describes an arc
rather than a straight line. For the flexure, curved beams are sharply curved. It is
necessary to make some assumptions: the curved beams axis lies in a plane; the beam
axis and inner and outer edges of the beam form circular arcs about a common center in
the plane of curvature; the cross section is constant and is symmetric about the plane of
curvature; Loads act in the plane of curvature; the material is assumed to be
homogeneous, isotropic and linearly elastic; plane cross sections are assumed to remain
plane as the beam is bent; the distortion of the cross section in its own plane is negligible
[Cook, Young, 1985].
The flexure curved beams are modeled from general differential equations [Oden,
Ripperger, 1981]:
du o
−
ds
d 2v
+
ds 2

Mz
v Ns
=
−
R AE RAE
M z J z − M y J yz
v
=−
2
R
E ( J y J z − J yz2 )

M y J z − M y J yz
d 2w
=−
2
ds
E ( J y J z − J yz2 )
Where uo = Tangential Displacement in Y direction
v = Radial Displacement
w = Displacement in a direction normal to the plane of the bar (Z direction)
Ns = Normal Force
My = Moment in Y direction
Mz = Moment in Z direction
Jy = Torsional constant in Y direction
Jz = Torsional constant in Z direction
Jyz = Torsional constant in YZ direction
R = Radius of beam
s = Arc length
A = Cross area
E = Modulus of Young
Obviously Jy, Jz and Jyz are functions of the geometry of the cross section. These
coefficients can be defined just as [Oden, Ripperger, 1981]:
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z2
y
A1−

Jy = ∫

dA

R
yz
J yz = ∫
dA
y
A1−
R
2
y
Jz = ∫
dA
y
A1−
R

Figure 3.2. Curved bar of constant radius R with a circular cross section [Oden, Ripperger, 1981]

The equations can be simplified because the cross section is symmetric therefore Jyz =0.
Also, if the load P is applied in the plane XY, My= w=0. Then the equations can be
written such as:
dU o v N s
Mz
− =
−
ds
R AE RAE
2
M
d v v
+ 2 =− z
2
EJ z
ds
R
( 3-1)

Where:
N s = − Psenψ
M z = − PR cosψ
V y = − P cosψ
( 3-2)

For the flexure curved beam, it is necessary to simplify a model of this flexure. This
flexure is shown in Figure 3.3:
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Figure 3.3. Simplified model when a load is applied.

The load applied in the amplifier beam can be replaced by a moment and another load
applied in the center of the curved beam. The analysis for this flexure curved beam can
be made by dividing the flexure into two parts. In this way, the total displacement in the
flexure will be obtained by analyzing the first curved beam and a second flexure beam
can be analyzed as an independent shape. The superposition principle is used to establish
the combined effect.
The model used to describe the first curved beam is shown in Figure 3.4.

Figure 3.4. Model for first section of flexure elements

The analysis begins by defining the forces that are applied over the curved beam of the
first section of the flexure:
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V = P cos θ
N = Psenθ
M x = P( x − Rsenθ )
( 3-3)

To find the displacements it is necessary to use the Energy equation [Cook, Young,
1985]:
Θ
 kV 2 R N 2 R
Am M x2
M N
U* = ∫
+
+
+ x  Rdθ
2 AG 2 AE 2 A( RAm − A) E
EA 
0 

( 3-4)

Where: k= Shear coefficient
V= Applied shear
R= Radius
N= Normal Force
A= Area
Mx = Moment
E = Modulus of Young
G = Shear Modulus
The fourth term of Eq.( 3-4) can be neglected because it is assumed that plane sections
remain plane and that the effect of the radial stresses on U are negligible.
If Eq.( 3-3) is substituted into Eq.( 3-4), the following equation is obtained:
U =∫
*

Θ

0

 k ( P cos θ ) 2 R ( Psenθ ) 2 R Am (P( x + Rsenθ ))2 
+
+

 dθ
2 AG
2 AE
2 A(RAm − A)E 

( 3-5)

In order to compute the total energy, it is necessary consider the strain energy for the two
straight beams and the curved beams. Therefore the strain energy for the straight beams
and the curved beam and taking the derivative with respect to P, the total energy is given
by:
2
Θ  kPx
∂U
Px 3 kP(cos θ ) 2 R P( senθ ) 2 R PR( x − Rsenθ ) 
δT =
= 
+
+
+
+
 dθ
∂P ∫0  AG 3EI x
AG
AE
EI


( 3-6)

Eq.( 3-6) computes de vertical deflection in a curved beam joined to two straight beams.
In the case of the first section in Table 3-1 the values that are used for evaluating the case
of Figure 3.4 are shown:
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Parameter
k (Shear coefficient)
P (Load)
R (Radius)
A (Area)
G (Shear Modulus)
E (Modulus of Young)
Ix (Moment of Inertia)

Value for First Section
1.2
10 N
7.57 mm
6 mm
26117 Mpa
68950 MPa
4.5 mm4

Table 3-1. Parameters and values for first section of flexural hinge.

With values from Table 3-1, the Eq. ( 3-6) is evaluated. From this equation, the vertical
deflection for the first section when a load of 10 N is applied is equal to 0.0535 mm.
Also, Eq.( 3-6) is used for computing the vertical displacement for the second section
(second curved beam). The values of parameters are shown in Table 3-2.
Parameter
k (Shear coefficient)
P (Load)
R (Radius)
A (Area)
G (Shear Modulus)
E (Modulus of Young)
Ix (Moment of Inertia)

Value for Second Section
1.2
10 N
21.41 mm
6 mm
26117 Mpa
68950 MPa
4.5 mm4

Table 3-2.Parameters and values for second section of flexural hinge.

The value of vertical displacement for this second case is 0.5847 mm.
The analysis continues with the variation of parameters in Eq. ( 3-6). With this variation
tendencies can be determined in the behavior of flexure element.
On the other hand, Figure 3.5 illustrates effects that change in the radius produced over
the displacements. This plot shows that displacement increases exponentially with the
Radius when other variables such as loads (10 N), thickness (3 mm) and width (2 mm)
are constant. Therefore, an increase in radius modifies the stiffness of the curved beam.
This feature is used in this design for obtaining the compliant mechanism that provides an
output 10 times less than input.
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Displacements vs Radius
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Figure 3.5. Displacements Vs Radius

Figure 3.6 and Figure 3.7 illustrates the displacements when thickness or widths are
modified. This figures illustrates the effect is smaller than other variables such as radius
or load. Also, the plots in both cases have the same behavior considering that other
variables are constant.
Displacements Vs Thickness
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0.888

0.886

Displacements
Vs Thickness
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Figure 3.6. Displacements Vs Thickness
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Displacements Vs Width
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Figure 3.7. Displacements Vs Width

This analysis helps to determine that the geometric variables can have more influence
over displacements and stiffness of the flexure element. For example, from Figure 3.5,
Figure 3.6 and Figure 3.7, the Radius is determined such as variable with major influence
over the displacements of the curved beam. Also, the thickness and width are variables
that have a minor contribution in the change of stiffness. In this way, if the radius can be
increased for obtaining more flexibility in the element but there is a limit that is equal to
Yield strength of material (Aluminiun = 275.79 MPa). The size of the element has a
limit; but if the size is bigger then the stiffness is smaller.
On the other hand, thickness and width work in opposite direction; that is to say, if
thickness or width is decreased in the flexure element, the stiffness is decreased. But
these variables have a inferior limit. These variables can not be decreased arbitrarily
because the yield strength can be exceeded.
Based on these variables (radius, thickness and width) the flexure element is designed.
Also, the length of amplifier beams is another variable for meeting requirements.
However, the difference of dimensions between first section and second section of
flexure element is justified by the influence given by Radius.
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3.3.2 Analysis model from FEM simulation
With the objective to verify the results from model of differential equations, a FEM
simulation was developed. The Fem simulation consists of a curved clamp at an end and
an applied force in the other end. Figure 3.8 shows the model for this simulation.

Figure 3.8. FEM Simulation for first section of flexure element.

The simulation was developed with the tetrahedron element type linear. In this simulation
92699 nodes and 425873 elements were used and the time of CPU was of 600 seconds.
The magnitude of displacements in this simulation is 0.0501mm, that is to say, the error
between the FEM simulation and mathematical model is 5.087 %. Therefore the results
are sound.
Figure 3.9 shows effect that loads has over the displacements as they increase in their
magnitude. It also compares the difference. This analysis shows that the difference is less
than 5 %.
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Figure 3.9. Graphic of Load Vs displacements applied in the first section of flexure element

The stiffness of the flexure is the slope of the line and it is equal to 186802 N/m.

3.3.3 Prediction of the Stiffness of flexure hinge
An important parameter for analyzing the flexure hinge is its stiffness.
This analysis works isolating a flexure hinge (two curved beam elements) and applying
different loads. When a known load is applied, a displacement is obtained. This
displacement is registered with a mark inside the simulation. The model used for bringing
out this experiment is shown in the Figure 3.10.

Figure 3.10. Model of flexure for obtaining the stiffness.
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This model was resolved through FEM simulation, because the analytic model is
complex.
This model can be simplified if each flexure is considered to be a spring. It is necessary
to find the stiffness for each spring (each flexure) and then to find an equivalent stiffness.
Figure 3.11 can represent this simplification.

Figure 3.11. Stiffness representation with springs about the flexure

To find the stiffness in the Y axis of the second curved beam, a simulation with CATIA
was prepared. This simulation is repeated with different magnitudes of loads applied in
the Y direction. Table 3-3 shows the results of this first simulation.
Force
1N
5N
10 N
15 N
20 N
25 N
30 N

Displacement
-0.086 mm
-0.432 mm
-0.865 mm
-1.297 mm
-1.73 mm
-2.162 mm
-2.594 mm

Table 3-3. Vertical defection in the flexure element

The data is plotted in Figure 3.12 with the objective to calculate the stiffness of flexure.
With a lineal regression, the slope is equal to 11562.2008 N/m. This represents the
stiffness of the flexure.
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Figure 3.12. Plot for computing the equivalent stiffness in the flexure element

In general, in this chapter, the flexure element was modeled with the help of two tools
(analytic model and FEM simulation). It permits to analyze stiffness of flexure element
and estimate loads necessary for get a required displacement.
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Chapter 4
Modeling of Compliant Mechanism for
micropositioner
4.1 Configuration compliant mechanism for micropositioner
The compliant mechanism proposed is made up of four pairs of flexure hinges. These
flexure hinges were shown in the last section. Each pair of flexure is attached to ground
in an end of the flexure. In the other extreme, they are connected with the central base
that is the part that provides the output of the micropositioner. This configuration is
illustrated in Figure 4.1.

Figure 4.1. Configuration of compliant mechanism for micropositioner.

The configuration of this micropositioner is square because it is the best way to control
the displacements in X, Y and provides the rotation with respect to Z axis. This point is
explained in more detail in the next section.
The material proposed for the construction of this micropositioner is Aluminium 6061.
This material was selected because Young’s modulus is smaller with it than with other
metals. Also, this material is easy to manufacture.
Figure 4.2 illustrates the dimensions of the micropositioner. It can be seen that the
amplifier beams are larger to provide more displacement in the extreme. This implies that
the flexure has less displacement, allowing for a relation of 10:1 between the input and
output. But the main reason to provide this relation is the difference between each curved
flexure beam.
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Figure 4.2. Dimensions for micropositioner (mm).

Figure 4.3. Dimensions for each Flexure (mm).
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4.2 Analysis Simulation
FEM is a tool that helps design different mechanisms and this method gives excellent
approaches for solving cases where it is required to know stiffness, displacements, stress
and strain.
In this way, FEM is used like a design tool for modeling flexural hinges and compliant
mechanisms. FEM reduces time used to design these elements and mechanism because
the task to model flexural elements mathematically is very complex. Although there is
research about simplified methods for calculating the most important parameter of
flexure design (spring rate) [Paros, Weisbord, 1965] [Wu, Zhou, 2002].
On the other hand, there is research about computing the stiffness properties of flexure
elements using finite element methods. For example, [Zhang, Fasse, 2001] exposes a
finite element method, which computes stiffness parameters for a six degree-of freedom
flexure element. This research is relevant because this method tries to cover a lack of
tools for designing and analyzing flexure and compliant mechanisms.
In this job, FEM is used to determine the behavior of the proposed design and FEM
provides a tool for improving the designs continually. The tool used is analysis module of
CATIA.
With the objective of knowing sensitivity of FEM simulations, a case was selected where
the number of elements was changed in each simulation. With this exercise the effect on
the result in each simulation is known as well as the CPU’s required time for computing
FEA.
The selected case consists on applying a force in X axis for receiving as response a
movement over X-axis. Figure 4.4 shows selected case.
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Figure 4.4. Boundary conditions and Loads for selected case.

Figure 4.4 shows boundary conditions, which are clamps in the fourth end of the
compliant mechanism. Also, applied force is equal to 10 N in X-axis direction over the
amplifier beams of the compliant mechanism.
The simulations need as inputs for material some important parameter such as the module
of Young, Poisson Ratio, Density, Thermal Expansion and Yield Strength. The material
used in these simulations was Aluminum 6061. Then parameters are showed by Table
4-1:
Properties
Young’s Modulus
Poisson Ratio
Density
Thermal Expansion
Yield Strength
Tensile strength
Shear modulus of rupture
Fatigue Strength
Elongation in 2 In
Brinell Hardness

Value
68950 MPa
0.32-0.34
2700 kg/cm3
23.1 (10-6K-1)
275.79 MPa
310.26 MPa
206.84 MPa
93.08 MPa
17 %
95 H_b

Table 4-1. Table for Mechanical Properties for Aluminium

The sensitivity analysis consists on repeating the same case with a different number of
elements used for simulation. With this exercise, the simulation time is modified and the
response that is given by each simulation changes up to convergence. Table 4-2 shows
results about nine simulations where the boundary conditions and applied loads are the
same, but the big difference consists in the number of elements used; therefore the output
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is given in X-axis (where movement is required). The rest of variables and boundary
conditions stay without variation constant. The simulations use an element Tetrahedron
type linear of four nodes.
Number of
elements
1093 Elements
618 Nodes
1486 Elements
802 Nodes
3015 Elements
1456 Nodes
14228 Elements
4901 Nodes
22221 Elements
7420 Nodes
38760 Elements
12413 Nodes
84211 Elements
25767 Nodes
645948 Elements
156610 Nodes
807128 Elements
194928 Nodes

Simulation time
(CPU)
0.005 seconds

Displacement

Size of Element

X=0.000175 mm

25 mm

0.006 seconds

X=0.000551 mm

20 mm

0.03 seconds

X=0.000709 mm

10 mm

0.7 seconds

X=0.00311 mm

5 mm

1 seconds

X=0.00434

4 mm

4 seconds

X=0.00563 mm

3 mm

20 seconds

X=0.00731 mm

2 mm

800 seconds

X=0.014 mm

1 mm

1000 seconds

X=0.0148 mm

0.9 mm

Table 4-2. Analysis of simulations using tetrahedron element type linear with four nodes

The second and four columns from Table 4-2 are very important because these columns
show influence of the number of elements. Due to the increase of the number of elements
the simulation time is increased and the response in the displacement in the X-axis
increase. Also, the response given by simulation has less variation when the number of
elements increase, but the simulation time has bigger variations.
The maximum number of elements for this exercise was equal to 807128 elements
because the geometry of design does not permit more elements due to tangency problems.
This problem is shown in Figure 4.5.
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Figure 4.5. Tangency’s error for simulation

This experiment was repeated with another type of element that is tetrahedron parabolic
with ten nodes. This element permits better results than tetrahedron linear with four
nodes. But the disadvantage of this element is that the time required for simulation is
more than with another type of element. The results of this experiment are shown in
Table 4-3.
Number of
elements
2956 Elements
1093 Nodes
3900 Elements
1486 Nodes
3015 Elements
7386 Nodes
14228 Elements
28009 Nodes
22221 Elements
42964 Nodes
38760 Elements
73098 Nodes
84211 Elements
154668 Nodes

Simulation time
(CPU)
0.2 seconds

Displacement

Size of Element

X=0.00398 mm

25 mm

0.3 seconds

X=0.00565 mm

20 mm

2 seconds

X=0.0149 mm

10 mm

40 seconds

X=0.0194 mm

5 mm

80 seconds

X=0.0193 mm

4 mm

200 seconds

X=0.0199 mm

3 mm

900 seconds

X=0.02 mm

2 mm

Table 4-3. Analysis of simulation using tetrahedron element type parabolic with ten nodes

Unfortunately, with the tetrahedron parabolic of 10 nodes presents the same problem of
tangency as tetrahedron linear of 4 nodes.
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FEM analysis helps to solve problems of more complex designs in a fast and simplex
way. But the results of simulation depend on the type of element, boundary conditions
and number of elements. These parameters have influences over the required computer
resources as well as the CPU’s time. The simulations must be constructed considering the
used time, the precision of response and required resources.
Due to these parameters, in this research a tetrahedron element type parabolic was used
with approximately 84211 elements and 154668 nodes, because this simulation can give
good results.
The tangency error in the simulations can be resolved when mesh is made in a local way,
increasing the size of the element in the zones where the error is. This way of meshing
makes the simulation more complex but gives better results.

4.3 Performance analysis with loads
With the squared configuration chosen, it is necessary to make more simulations in order
to evaluate different important points about its performance.
The simulations are needed to predict the behavior of this micropositioner’s design with
different magnitudes of loads. The cases selected are when the movement is only in X
axis, Y axis and θz. The important points which must be in charge are the displacement in
only one direction, the stress that is felt by the compliant mechanism and the movement
necessary in the amplifier beams (movement provided by the actuators).
These three points are very important for the performance of the micropositioner. The
first point is important because generally compliant mechanisms have poor properties
when subjected to multi-axis loading in contrast with an ideal revolute joint, which is
infinitely rigid in all directions of loading except about the desired axis of rotation. The
flexures exhibit a significant stiffness along the desired axis of rotation and significant
compliance along all other axes loading. For this reason, there is an undesired
displacement in other axes.
Stresses are important because they limit the use of the compliant mechanism. If the
motion is large, the stresses in a flexural hinge exceed the material strength causing
failure.
Movement is necessary to analyze because it is a requirement of the design. The
requirement is that the input of actuator must be 10 times bigger that the output in the
micropositioner.
Table 4-4 analyses the performance of the micropositioner when only the movement in
the X axis is required. This case is illustrated by Figure 4.6. For these simulations,
different loads are used and the results reported are the displacement obtained in the
center of the micropositioner and the displacements in the amplifier beams (input of
actuator). Also the maximum stress in the compliant mechanism is reported in this table.
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Figure 4.6. Simulation for movement in X-axis direction.

Load applied
(magnitude)

Displacement in
the center of
micropositioner
(mm)
X= 0.00199
Y= -0.000539
Z= 1.31x10-5
X=0.00994
Y=-0.0027
Z=5.25x10-5
X=0.0199
Y=-0.00539
Z=0.000114
X=0.0298
Y=-0.00809
Z=0.000184
X=0.0398
Y=-0.0108
Z=0.000196

1N
5N
10 N
15 N
20 N

Displacements in
the amplifier
beam (input of
actuator) (mm)
X=0.0139
Y=0.00195
Z=4.24x10-5
X=0.0697
Y=0.00975
Z=0.000212
X=0.139
Y=-0.0195
Z=-0.000424
X=0.209
Y=0.0292
Z=0.000635
X=0.279
Y=0.039
Z=-0.000839

Maximum stress
(Pa)
1.4878x106
7.4374x106
1.48748x107
2.23x107
2.97496x107

Table 4-4. Results for analysis of loads for Movement in X axis.
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The last analysis was developed for Y movement of micropositioner. Figure 4.7 shows a
case for this movement. This analysis was made with different cases of loads. Table 4-5
shows these cases.

Figure 4.7. Results for analysis of loads for Movement in Y axis.

Load applied
(magnitude)
1N
5N
10 N
15 N
20 N

Displacement in
the center of
micropositioner
(mm)
X= 0.000532
Y= 0.00198
Z= 6.77x10-6
X=0.00266
Y=0.00988
Z=3.35x10-5
X=0.00532
Y=0.0198
Z=6.04x10-5
X=0.00798
Y=0.0296
Z=0.0001
X=0.0106
Y=0.0395
Z=0.000131

Displacements in
the amplifier beam
(input of actuator)
(mm)
X=-0.00476
Y=0.0136
Z=3.42x10-5
X=-0.0228
Y=0.0639
Z=0.000153
X=0.0476
Y=0.139
Z=0.000354
X=0.0714
Y=0.209
Z=0.000531
X=0.0952
Y=0.278
Z=0.000708

Maximum stress
(Pa)
1.44x106
7.20x106
1.44011x107
2.16017x107
2.8802x107

Table 4-5. Results for analysis of loads for Movement in Y axis.

The other important movement is the third degree of freedom (θz). This DOF is simulated
applying a pair of forces (Figure 4.8). The magnitude of the forces is modified to predict
the behavior of micropositoner. Table 4-6 shows the results of these simulations.
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Figure 4.8. Results for analysis of loads for Spin movement.

Load applied
(magnitude)

Rotation(θz)
(Degrees)

1N

0.0107

5N

0.05517

10 N

0.11125

15 N

0.1674

20 N

0.2240

Displacements in
the amplifier beam
(input of actuator)
(mm)
X= -0.00809
Y=0.263
Z=-0.000653
X=-0.0405
Y=1.32
Z=0.00327
X=-0.0809
Y=2.63
Z=-0.00653
X=-0.121
Y=3.95
Z=-0.0098
X=-0.162
Y=5.09
Z=-0.0124

Maximum stress
(Pa)
3.6089x107
1.80x108
3.60896x108
5.41x108
7.2179x108

Table 4-6. Results for analysis of loads for Spin (θz).

From Table 4-4, Table 4-5 and Table 4-6 can be concluded that the design follows
linearity in its behavior because the results are proportional to applied load. For example,
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the displacement in the center of micropositioner when a 1 N load is applied in X axis is
ten times minor than when a 10 N load is applied in the same direction. It happens with Y
direction and θz, too.
Also from the fifth column of Table 4-4, Table 4-5 and Table 4-6 it can be verified that
the maximum stress doesn’t exceed the Yield strength of the material. With these results
a main problem is avoided in the use of the flexure elements that is, exceed the yield
strength and deform the flexures. Figure 4.9 shows the zones where the mayor and minor
stress is concentrated in the micropositioner. But in the case for θz, the stress obtained
with a force more than 5 N exceeded the Yield strength; that is to say, there are plastic
deformations. Then the suggestion is just to use a load of 5 N as maximum (θz= 0.05
degrees).

Figure 4.9. Zones with mayor and minor stress in the Stress in the micropositioner.

Another important point to test with the simulations is that the design must be
symmetrical. That is the magnitude of displacement obtained to apply a load in a
direction is the same when the same load is applied but in opposite direction. Table 4-7
shows a case when a movement in X-axis is desired and a group of loads is applied for
getting this movement.
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Case

Load applied in
X axis (N)
10

-10

Displacement in
the center of
micropositioner
X=0.0199 mm
Y=-0.00539 mm
Z=9.22x10-5 mm

X=-0.0201 mm
Y=-0.00549 mm
Z=0.000255 mm

Table 4-7. Table for testing the symmetry of design with respect to loads in X.

This test was developed with loads applied in Y direction. Table 4-8 summarizes the
results for this test.
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Case

Load applied in
Y axis(N)
10

-10

Displacement in
the center of
micropositioner
X=0.00532 mm
Y=0.0198 mm
Z=6.31x10-5 mm

X=-0.00554 mm
Y=-0.0202 mm
Z=0.000103 mm

Table 4-8. Table for testing the symmetry of design with respect to loads in Y.

Table 4-7 and Table 4-8 show that the design of the micropositioner is symmetric when a
load is applied in a different direction but with the same magnitude. Although there is a
small difference between the results in each case, the error is smaller than 3 %. A feature
of this design is that it provides symmetry with respect to X-axis and Y-axis. That is, the
displacement obtained when a load of 10 N is applied in X-axis is almost the same as that
of the displacement obtained when a load of 10 N is applied in Y-axis.
Table 4-4 and Table 4-5 show that there is a small displacement in the direction not
desired. For this reason it is necessary to apply a load to make up for this displacement
and obtain the output in the micropositioner in just one direction. For example, if a
movement to 0.004 mm in Y direction is required, it is necessary to apply a load in X
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direction together with the main load that is in Y direction. This is demonstrated by the
following simulation showed in Figure 4.10.

Figure 4.10. Simulation for displacement in Y-axis of 0.04 mm.

The main movement that represents this simulation is in Y-axis. In Figure 4.10 the load
in X-axis is showed because it is necessary for decreasing the error in this direction and
to obtain just in Y-axis. If a load of 20 N is applied just in Y-axis, the results are the
following:
•
•
•

X=0.0106 mm
Y=0.0395 mm
Z=-0.000129 mm

When a load of -3 N in X-axis is applied, the results are the following:
•
•
•

X= 0.00462 mm
Y=0.0412 mm
Z=-0.000218 mm

With the FEM analysis made of the micropositioner a configuration was found that meets
the requirements in magnitude of displacements and three degrees of freedom. Also, the
simulations show that the flexure elements don’t have only one axis, but they have two
sensible axes. These sensible axes permit three DOF but they don’t have infinite stiffness
in two axes, therefore it makes the control of the micropositioner more complex.
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Chapter 5

Micropositioner Performance validation

This chapter presents a test bench where the performance of micropositioner is evaluated.
This test bench required the design of actuators and a measurement system.

5.1 Prototype of 3 Degrees of micropositioner that uses flexure
elements
With the objective to test the conceptual design, a prototype was manufactured in
Aluminium 6061. Material and dimensions were described in the previous chapter.
The process of fabrication selected for building this prototype was wire EDM. This
process was selected because it meets tolerances required and it doesn’t cause residual
stress as other process. Figure 5.1 shows the prototype.

Figure 5.1. Prototype manufactured with EDM process.

The results of the tests test are presented in the next sections of this chapter.

5.2 Design of Actuators
A requirement of this design is that it has is to use actuators of low cost, which results in
precision. The flexure elements allow the micropositioner to provide high precision by
reducing the actuators in a scale of 10 to 1.
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The majority of micropositioning stages use piezoelectric drives. Piezoelectric actuators
provide large forces in a compact size. However they provide very small displacements
and are very expensive. Electromagnetic actuators provide another option. They have a
good frequency range, excellent force and stroke output; however they generally are
heavy and require significant electrical current.
The proposed actuator uses a shape memory alloy, which provides large displacement
and force. The specific shape memory alloy used is Nitinol, a binary nickel titanium alloy
It shape memory properties arise from a change in the crystal structure between the
austenite and martensite phases [Lagoudas, et al, 2000].
The important feature of Nitinol is its ability to return to its original shape upon
unloading, even after substantial deformation. This ability is referred to as superelasticity.
Superelasticity occurs when the shape memory alloy deforms above a critical
temperature, and shows a large reversible elastic deformation as a result of a stressinduced martensitic transformation [Askeland, Phule, 2003]. In general, the superelastic
effect provides a unique combination of high strength, high pliability and high energy
storage.

5.2.1 Characterization of Nitinol
With the objective of predicting the behavior of Nitinol wire, an experiment was
prepared. The purpose determines the forces and displacements that the Nitinol wire can
develop. The Nitinol has the following composition: Nickel 50.0 wt%, Titanium 50 wt %,
Carbon 0.033 wt % Maximun, Oxigen 0.028 wt % Maximum, Hydrogen 0.0025 wt %
Maximum. Nitinol wire has a caliber equal to 0.381 mm (0.015 in).
This experiment consists of measuring the contraction that Nitinol wire suffers and to
compute the force that the wire provides when a known current is applied. The
experiment as set up consists of a base where an aluminium beam is clamped. The
stiffness of this beam is high in comparison with the load applied. Nitinol is put in an end
beam and a spring is attached to an isolated support. This spring is attached at the end of
Nitinol wire used for measuring the force developed by the wire. The other side of the
wire is attached to the base. Figure 5.2 shows parts of this experimental set up.
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Figure 5.2. Experiment to characterize Nitinol

A Nitinol wire of know length attached to end beam and base. A wire’s segment is driven
by current applied. The segment length is modified to three different lengths (100 mm, 70
mm and 40mm) where current is applied. Figure 5.3 shows a sketch of the set up.

Figure 5.3. Sketch about experiment with Nitinol

The input variables are the wire’s length and amperage. The amperage was modified by a
variable source of voltage. On the other hand, the variables outputs are: the final length
of wire, final length of spring, voltage, wire’s strain, percent of contraction and force
provided by the wire. Stiffness of spring (3288.24364 kg/s2) and initial length of spring
(38.32 mm) are assummed constant. Table 5-1 summarizes the values and results of this
experiment.
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Initial
distance
between
terminals
(mm)

Current
(Ampers)
100
100
100
100
100
70
70
70
70
70
40
40
40
40
40

0.8
1
1.2
1.4
1.6
0.8
1
1.2
1.4
1.6
0.8
1
1.2
1.4
1.6

Final
Final
distance in
distance of
Voltage
Nitinol(mm) Spring (mm) (volts)
97.99
41.18
97.28
41.5
97.1
42.14
96.92
42.44
96.76
42.02
66.99
40.94
66.7
41.54
66.54
41.61
66.18
41.63
65.98
41.44
38.77
40.41
38.45
40.77
38.35
40.94
38.46
40.96
38.39
40.95

0.8
1
1.1
1.2
1.5
0.4
0.5
0.9
1.1
1.2
0.3
0.4
0.5
0.6
0.7

Wire's Strain
-0.0281
-0.0313
-0.0377
-0.0407
-0.0365
-0.0367
-0.0453
-0.0463
-0.0466
-0.0439
-0.0510
-0.0600
-0.0643
-0.0648
-0.0645

Percentage
of
Nitinol Wire's
Contraction Force
2.810
9.240
3.130
10.292
3.770
12.397
4.070
13.383
3.650
12.002
3.671
8.451
4.529
10.424
4.629
10.654
4.657
10.720
4.386
10.095
5.100
6.708
6.000
7.892
6.425
8.451
6.475
8.517
6.450
8.484

Table 5-1. Table with results of experiment for characterizing nitinol

Figure 5.4, Figure 5.5, and Figure 5.6 summarize the results of this experiment data.

Load vs Nitinol wire current
16

Load (Newtons)

14
12
10

Distance =
100 mm
Distance = 70
mm
Distance= 40
mm

8
6
4
2
0
0.6

0.8

1

1.2

1.4

1.6

1.8

Current (Ampere)
Figure 5.4. Load vs Current from experiment.
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Contraction vs Current
0

Contraction (mm)

-0.5
-1
-1.5
Distance=
100 mm
Distance= 70
mm
Distance=
40mm

-2
-2.5
-3
-3.5
-4
-4.5
0

0.5

1

1.5

2

Current (Ampere)

Figure 5.5. Contraction vs Current from experiment.

Strain vs Current
0
-0.01

Strain

-0.02

Distance =
100 mm
Distance =
70 mm
Distance =
40 mm

-0.03
-0.04
-0.05
-0.06
-0.07
0

0.5

1

1.5

2

Current (Ampere)

Figure 5.6. Strain vs Current from experiment.
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Figure 5.4 shows the relationship that exists between the current applied to the Nitinol
wire and the force provided by it. It is easy to notice that wire’s length has an influence
over the output force. The longer wire provides more force for the different applied
currents. A length equal to 70 mm provides smaller force. Figure 5.4 illustrates that the
force increases when current is increased although there is a limit. Obviously, the force
provided by Nitinol wire is limited by the wire’s contraction.
Figure 5.5 shows the behavior of the Nitinol wire. Nitinol contracts when it changes its
temperature due to current flow. This graph shows that magnitude of the contraction is
directly proportional to the wire’s length; as the length increases the contraction
increases. Also, the contraction of the wire depends on the current applied.
Figure 5.6 reinforces the observation, because this graphic shows the relationship
between strain and current applied to wire. In this graph, the measurements with a
distance of 100 mm had the smallest strain although they were that had the biggest
contraction; the contraction suffered by the wire vs total length of wire is smaller, for this
reason the strain is smaller when the length is bigger. From this plot it can be concluded
that the percent of contraction depends to the total length of wire.

5.3 Measurement System
Due to the small displacements are provided by micropositioner, the measurement system
that is required must have high precision and high resolution of the order of 1X10-5 m.
The options are LVDTs, laser interferometers, single-beam interferometer and
Force/torque sensors. These devices have the capability of measuring displacements in 1
x 10-6.
The measurement system proposed for this research is based on strain gages, because
these devices have a resolution of 1x 10-6 mm. Also, they are very economical compared
to other gages. Their size, weight and data acquisition system, are simple and provide
good handling of data.
The strain gages typically dimension are 4 mm x 9 mm, with a gage factor of 2.075, and
are used for steel. Each gage was installed on a displacement cell of brass, because its
modulus of Elasticity (117215 MPa) is low in comparison with other materials. The
important point in the selection of material for this displacement cell is that the stiffness
of displacement cell must be smaller than the stiffness provided by the flexure elements
used for in the micropositioner. In such a was that the measuring system must not
interfere with the performance of micropositioner. If the stiffness in the displacement cell
is similar to stiffness of the flexure element, the system can be visualized as two parallel
springs. Figure 5.7 shows the final dimensions of the displacement cell. Thickness and
width of this displacement cell are small with the objective of providing a small stiffness.
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Figure 5.7. Dimensions for displacement cell.

Figure 5.8 shows a displacemeny cell with a strain gage installed for measuring
displacements of range to1 X10-5 m micrometers.

Figure 5.8. Displacement cell with a strain gage

5.4 Design of test bench
The test bench used for measuring the performance of micropositioner in its three degrees
of freedom is shown in Figure 5.9. This test bench integrates systems described in
previous sections.
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Figure 5.9. Test bench.

To maintain the supports (aluminium blocks) were machined in a Huron KX10
Machining Center critical dimension of height. The height of blocks was machined in a
Huron KX10 MC to provide the same level in fourth supports for micropositioner.
Nitinol wire was attached to the amplifiers beams of the micropositioner. The other
extreme was secured to the supports. The actuators must be isolated due to current’s flow
induced in Nitinol wire. This system can be observed in Figure 5.10.

Figure 5.10. Actuators of Nitinol

On the other hand, an important point to consider in relation to measurement system is
one displacement cell are installed over the micropositioner, but due to configuration
used in test bench, this measurement system is only able to register displacements in Xaxis and Y-axis; that is to say, the measurement system that provides measure about third
degree of freedom is not available.
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5.5 Characterization of micropositioner
With the objective to know the behavior of this design of a 3-DOF (X-Y-θz)
micropositioner a group of test in the tests bench using the proposed measurement system
and Nitinol actuators were conducted. These tests were intended to determine
effectiveness of the measurement system and actuators. The characterization was made
for just one movement that was defined as positive X-axis movement.
Something important with the realization of this test was the integration of three systems:
kinematic system (micropositioner and test bench), measurement system (displacement
cells and measuring devices) and action system (Nitinol wire and sources of current).
Figure 5.11 shows this integration.

Figure 5.11. Configuration for Test Bench.

Current is provided to two Nitinol wires that develop force in the same direction (positive
X-axis). The current is provided to Nitinol wires through two terminals connected to a
source. Each Nitinol wire has an independent source of current which permits the control
of each wire. The array is illustrated on Figure 5.12.
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Figure 5.12. Configuration for getting movement in X-axis

A variation of this test is that the distance between terminals is modified. This change in
distance has an influence on the behavior of Nitinol wire because distance between
terminals is heated by flow current; if the distance between terminals is longer, the
contraction is bigger. The distances between terminals for these tests are 40 mm, 70 mm
and 100 mm in a total constant length of Nitinol wire of 192 mm; the same length used
for calibration of the wire. The experiment was prepared for measuring the displacement
only in X-axis direction. For this case, the configuration is shown in Figure 5.13.

Figure 5.13. Configuration of test bench for experiment

For checking repeatability of measurement system (displacement cell), it was made two
changes of displacement cell with the same distance between terminals. Each distance
was check twice. Finally, the input variable for this test is the current supplied to Nitinol
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wires. The range of current for these experiments was to 0.5 amperes to 1.5 amperes at
0.1 amperes intervals
.
• The experimental set up is as follows:
1. Attach micropositioner to supports of test bench with care to avoid that
micropositioner is not preloaded, because this condition affects the behavior of
micropositioner.
2. Attached the Nitinol wire to amplifier beams of micropositioner and supports of
test bench. The system must be electrically insulated. In this test, only two Nitinol
wire were used to avoid that the rest of Nitinol wires interfere in the
measurement. Verify that each Nitinol wires are fully stretched.
3. Attach displacement cell that measure displacement in the X-axis direction.
•

Experiment Procedure:

1.
2.
3.
4.

Connect terminals on Nitinol wire to first distance (100, 70, 40 mm).
Supply current to each Nitinol wire. The first value of current is 0.5 amperes.
Verify the measurement in the measuring devices when the value is stable.
Register this measurement. The measurement that provides the measuring devices
is the strain of displacement cell (1 x 10-6).
5. Remove current from Nitinol wires. Wait for wires to reduce their temperature.
6. Supply current with an increase to 0.1 Amperes and repeat steps 2 to 6 up to 1.5
amperes.
7. Change the distance of terminals and continue with steps 2 to 6.
Figure 5.14 and Table 5-2 shows the results of this experiment for each distance between
terminals in Nitinol wires.
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Displacement vs Force
Test
displacements

0.015
0.014

y = 0.001x + 3E-05

0.013

2

R = 0.9999

0.012

Displacements
with equivalent
stiffness

Displacements (mm)

0.011
0.01
0.009

Lineal
(Displacements
from
simulations)

0.008
0.007

y = 0.0011x - 0.003

0.006

2

R = 0.2466

0.005

y = 0.0007x - 0.0034

0.004

Lineal (Test
displacements)

2

R = 0.2289

0.003
0.002
0.001
0
0

1

2

3

4

5

6

7

8

9

10

11

12

13

14

Force (N)

Figure 5.14. Displacement of center of compliant mechanism vs Force applied to flexure beam

ITESM-Campus Monterrey

64

15

Lineal
(Displacements
with equivalent
stiffness )

Measure from first Strain Gage
Load with respect
to nitinol's
Distance between
Characterization
terminals (mm)
Current (Amperes) (N)
First Measure

Second Measure

Measure from second Strain Gage

Displacement from Displacement from
first measure
second measure First Measure

Second Measure

third measure

Displacement from Displacement from Displacement from
first measure
second measure third measure

100

0.5

7

0.0000000

0.0000000

0.0000000

0.0000000

0.0000010

0.0000030

0.0000020

0.0001180

0.0003540

0.0002360

100

0.6

7.8

0.0000000

0.0000020

0.0000000

0.0002380

0.0000030

0.0000030

0.0000000

0.0003540

0.0003540

0.0000002

100

0.7

8.5

0.0000060

0.0000000

0.0007140

0.0000000

0.0000080

0.0000060

0.0000110

0.0009440

0.0007080

0.0012980

100

0.8

9.23

0.0000130

0.0000050

0.0015470

0.0005950

0.0000130

0.0000050

0.0000200

0.0015340

0.0005900

0.0023600

100

0.9

9.7

0.0000180

0.0000060

0.0021420

0.0007140

0.0000070

0.0000130

0.0000210

0.0008260

0.0015340

0.0024780

100

1

10.29

0.0000200

0.0000050

0.0023800

0.0005950

0.0000160

0.0000150

0.0000320

0.0018880

0.0017700

0.0037760

100

1.1

11.3

0.0000420

0.0000090

0.0049980

0.0010710

0.0000270

0.0000310

0.0000420

0.0031860

0.0036580

0.0049560

100

1.2

12.4

0.0000300

0.0000200

0.0035700

0.0023800

0.0000230

0.0000660

0.0008500

0.0027140

0.0077880

0.1003000

70

0.5

8.3

0.0000000

0.0000000

0.0000000

0.0000000

0.0000030

0.0000040

0.0000020

0.0003540

0.0004720

0.0002360

70

0.6

7.3

0.0000000

0.0000020

0.0000000

0.0002380

0.0000030

0.0000050

0.0000020

0.0003540

0.0005900

0.0002360

70

0.7

7

0.0000000

0.0000020

0.0000000

0.0002380

0.0000060

0.0000100

0.0000020

0.0007080

0.0011800

0.0002360

70

0.8

8.45

0.0000090

0.0000060

0.0010710

0.0007140

0.0000130

0.0000270

0.0000070

0.0015340

0.0031860

0.0008260

70

0.9

9.3

0.0000210

0.0000090

0.0024990

0.0010710

0.0000200

0.0000410

0.0023600

0.0048380

0.0000000

70

1

10.42

0.0000280

0.0000160

0.0033320

0.0019040

0.0000200

0.0000630

0.0000200

0.0023600

0.0074340

0.0023600

70

1.1

10.55

0.0000200

0.0000200

0.0023800

0.0023800

0.0000600

0.0000540

0.0070800

0.0063720

0.0000000

40

0.5

4.7

0.0000010

0.0000000

0.0001190

0.0000000

0.0000000

0.0000000

0.0000000

0.0000000

0.0000000

0.0000000

40

0.6

5.2

0.0000020

0.0000020

0.0002380

0.0002380

0.0000030

0.0000030

0.0000000

0.0003540

0.0003540

0.0000000

40

0.7

6

0.0000020

0.0000020

0.0002380

0.0002380

0.0000050

0.0000040

0.0000020

0.0005900

0.0004720

0.0002360

40

0.8

6.7

0.0000060

0.0000050

0.0007140

0.0005950

0.0000100

0.0000090

0.0000080

0.0011800

0.0010620

0.0009440

40

0.9

7.3

0.0000120

0.0000120

0.0014280

0.0014280

0.0000230

0.0000280

0.0000230

0.0027140

0.0033040

0.0027140

40

1

7.89

0.0000180

0.0000150

0.0021420

0.0017850

0.0000300

0.0000560

0.0000330

0.0035400

0.0066080

0.0038940

40

1.1

8.2

0.0000220

0.0026180

0.0000000

0.0000650

0.0000480

0.0000480

0.0076700

0.0056640

0.0056640

Table 5-2. Data from experiment
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The theoretical behavior of the mechanism was simulated using Figure 5.15. Table 5-3
shows results from simulations. Results are shown as a solid black line on Figure 5.4. The
slope of this line represents the total stiffness for whole compliant mechanism. The value
of stiffness is equal to 995.860 N/mm.

Figure 5.15. FEM simulation for X-axis direction

Results from simulations
Force (N)

Displacement
1
2
3
4
5
6
7
8
9
10

0.002
0.00399
0.00599
0.00804
0.0102
0.0121
0.0143
0.0161
0.0181
0.0201

Force (N)

Displacement
11
12
13
14
15
16
17
18
19
20

0.0221
0.0239
0.0261
0.0282
0.0302
0.0321
0.0342
0.0363
0.0381
0.0402

Table 5-3. Results from simulations in X-axis direction

From Figure 5.14, the yellow points represent only the movement given by compliant
mechanism because the blue points (measurements from experiment) have influence of
displacement cell. The displacement cell and compliant mechanism works as two parallel
springs. Figure 5.16 shows the model that represents that displacement is the same for
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displacement cell and compliant mechanism but the force is different. An equivalent
stiffness is computed and the displacements from experiment are separated to forces
provided just by compliant mechanism (compliant mechanism). The effects were
decoupled to show only the force that flows through the flexure.

Figure 5.16. Model of springs for displacement cell and compliant mechanism

From Figure 5.16 shows that the measurements taken from the displacements cells and
displacements computed are different and there is a considerable magnitude of error. This
error can be give because the stiffness of displacement cell (711.30 N/mm) is almost
equal to stiffness of compliant mechanism. To reduce the error, the displacement cell
must have stiffness smaller than compliant mechanism for decreasing the error.

5.6 Successful results from experiments
From the mentioned experiment, good results were observed that refer to the design of
the micropositioner, the actuators and the measurement system. In general, in this
prototype it was observed that the geometry used allows to obtain the range of
movements expected, in other words, the obtained movements are in the movement range
of 10-6m. It is important to say that the micropositioner has three degrees of freedom,
although the measurements were made only in one axle.
This geometry allows the micropositioner to be robust, because its production is easy, it
has a low cost, and it is more difficult to reach the plastic limit comparing it with the
conventional compliant mechanisms.
On the other hand, the Nitinol actuators give us an adequate range of forces required to
move the compliant mechanism, they might become more economical actuators, and easy
to use and install. Also, the principal advantage that was found in the experiment is that
Nitinol wire could provide with a continuous force, by varying and controlling the
temperature over each one of the wires on independent way. This represents an
advantage, because almost all of the actuators provide a step-type force. By implementing
a continuous control loop the micropositioner can be taken to different positions.
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Finally, with the composed design a comparison can be made vs an important design of
the manipulator. This design is reviewed in Chapter 2 and it is selected because it has
important features over other designs. This design was proposed by Culpepper and
Anderson [Culpepper, Anderson, 2004] and this design is called Hexflex.
The first point in this comparison is the geometrical configuration. This is very important
in these devices because it determines performance of the micropositioner. The advantage
of the proposed design in this thesis over HexFlex [Culpepper, Anderson, 2004] is that
geometrical configuration is streamlined because it makes a lower cost design (the
HexFlex has a higher cost) and a simpler fabrication process.
The main advantage of this design over Culpepper’s design is the Nitinol actuators. They
can provide continuous forces. Electromagnetic actuators cannot provide a continuous
force, just a step force. This feature provides a better control and performance in the
micropositioner. Table 5-4 summarizes this comparison.

Geometry
Actuators
Force
Degree of freedom
Range of movement

[Culpepper, Anderson,2004]

[Valverde, 2004]

Complex
Electromagnetic
Step Force
Six
<10 nm

Simple
Nitinol wires
Continuos force
Three
10-6 m

Table 5-4. Comparison [Culpepper, Anderson, 2004] vs [Valverde, 2004]

5.7 Possible sources of error
From Figure 5.4, the line that represents test displacements has a different slope than the
line that represents the displacements with equivalent stiffness (yellow points). This
difference between slopes is 10%. This difference between slopes has different possible
sources. Always the error will exist because there is an error between the analytic model
and FEM simulations.
Other source of error for this experiment is the force’s control because the force that is
provided by Nitinol wire is not controlled by current. The temperature is the input that
must be controlled. The suggestion is that the temperature must be controlled in
continuous way. In the test, the force was not controlled with precision.
Also, the measurement system has contribution over the magnitude of error. The
displacement cell has a force previous to measure. This force is for setting up the
displacement cell in test bench.
The dimensional tolerances in the manufacturing process have a contribution in the error.
This contribution is given because the simulations were considered with exact
dimensions but EDM process has a tolerance. This tolerance can be in the curved beams
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and it will affect the performance of compliant mechanism because the curved beams are
very important for flexure element.
The material properties have influence in the results because there is a tolerance in the
properties. For example, the Young‘s modulus has a tolerance for the materials. The
specific aluminium or brass can have a value different to shown in the handbooks. This
tolerance is in other material properties. Then, the simulations and calculus were made
with general values therefore the results are different because the material properties for
specific materials were not used.
Other source of error is the anisotropy of material. This point is important for this
prototype because the aluminium was rolled then the properties of material change
according to direction. This point is not considered by simulations, because the
simulations consider a homogenous material and isotropic.

5.8 Possible opportunity areas observed from experiments
In the design and in the test bench opportunity areas were found that can be improved for
a better performance. There are differences among measurements and results from
simulations. These differences are produced due to factors that have influence, for
example, displacement cells that cannot be calibrated for the required movement range,
although this displacement cells measure movement, they are not accurate.
A suggestion for improving this measurement system is to calibrate these displacements
cells through a frame load or testing machine that provides small forces and can measure
the displacements in this range (10-6). Other alternative solution is to use other
measurement system such as LVDTs for this range of movement, or measurement
systems such as the KGM 181 Grid encoder. Both have the required resolution for this
application. The problem with KGM 181 (Heidenhain) is that it can only measure up to
two degrees of freedom (X-axis and Y- axis), the third degree of freedom cannot be
measured by this system. Also, the micropositioner doesn’t have dimensions for using the
KGM 181. The micropositioner must be redesigned because the weight of this measuring
system is high considering that the thickness of the micropositioner is 3 mm. An option
for using the KGM 181 (Heidenhain) is to incorporate an encoder because this sensor is
able to measure angles with high precision.
Other possible problems with this characterization are small deflections in the supports
where Nitinol is secure. This can be solved, if supports are changed for other supports
with more stiffness. Also, Nitinol wire, when contracted, could have sliding. These
sliding influences in the force applied to the amplifier beams of the micropositioner.
The control of Nitinol actuators must be implemented. For this purpose, an improvement
for this characterization is to use temperature as the Nitinol’s input variable instead of
current, due to the contraction of Nitinol that is caused by temperature. Therefore,
temperature must produce a better control over Nitinol actuators. Also the control system
must consider controlling the force in a continuous way.
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Chapter 6

Conclusions and Further Research

This chapter presents the comparison among results obtained with FEM simulations and
results obtained experimentally with a test bench. Also, this chapter presents the
conclusions and future research.

6.1 Results
Some results that were obtained in this research are going to be exposed in this section.
First of all, the design was developed and built through EDM process. This design uses a
3-DOF (X-Y-θz) complaint mechanism and provides movements with a resolution of
0.005 mm.
Tools such as FEM and mathematical models were developed to analyze the complaint
mechanism and the flexible elements. A mathematical model was developed to prove the
results founded by the FEM analysis. The simulation with FEM was really important
because it helped to analyze the behavior of the design and the results of this simulation
said that all the criteria were accomplished. FEM analysis showed that stress condition on
the critic elements were 30 N below yield strength.
The test bench was integrated with a measurement system and actuators. With this system
built, a test was elaborated in order to measure the movement in one axis. The results
from FEM and measurement from this test were confronted. Similar conclusions were
obtained from both approaches.
Nitinol actuators served as source of continuous force to provide movement in the
micropositionator. These actuators were controlled through the current source.

6.2 Conclusions
The proposed design of a 3-DOF is innovative because it uses a new design of a flexure
element containing two compliant axes. The flexure element geometry advantages are
that is simple, more economical and robust. Also, the geometry makes it difficult to reach
the plastic limit comparing it with the conventional compliant mechanisms, in resume, it
is more reliable.
The measurement system must be improved because the current measurement can be
altered by the displacement cells, and displacement cell stiffness is high compared to
other compliant mechanisms. Also the displacement cell calibration was not appropriate
because on the experiment does not have an appropriate test machine.
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In this research, it was observed that the Nitinol actuators provide the required
displacement for this application, but their behavior requires further research. Also, to
have more control over these actuators, the temperature in Nitinol wire must be sensed.
The force that is provided by Nitinol actuator is continuous, which is an advantage over
other actuators used with compliant mechanism.
The main micropositioner design contributions in comparison to state of the art designs
are:
•
•
•

Geometrical configuration is simpler and it results in a more economical design
and a simpler manufacturing process.
This design has a low cost in comparison with the HexFlex.
The main contribution is that Nitinol actuators provide a continuous force over
the HexFlex, which uses electromagnetic actuators that provide a step force.

6.3 Further Research
Improve the characterization of the compliant mechanism. To improve this
characterization it is necessary to optimize the measurement system. The displacement
cell must be calibrated or another device that can measure movements in a range of 10-6
m must be implemented. Also, a new part must be added to measurement system with the
objective to measure the third degree of freedom (θz). A new device must be considered
if a KGM 181 Grid Encoder (Heidenhain) is used. A possible option for measuring θz is
to use an encoder because this sensor is able to measure small angular displacements.
Also, the use of a KGM 181 Grid Encoder implies a change in the design of the
micropositioner because the weight of this measuring system is too heavy for the current
design.
To provide a better performance, it is necessary to develop a control system for the
micropositioner in its three degrees of freedom. This system must consider the features of
flexure elements and the Nitinol actuators. To obtain a better option to control Nitinol
actuators, the temperature must be considered as an input due its important in contraction
phenomenon of Nitinol. For measuring Nitinol’s temperature, a temperature sensor is
required; its main requirement sensor is that it must sense the temperature over Nitinol
wire which has a very small diameter and current flow. For example, some laser sensors
are not appropriate because wire is very thin. Thermocouples cannot be used because
current flow damages these sensors. On the other hand, the force can be controlled in a
continuous way, and the control system must be able to meet this feature.
The analysis developed in this research can be complemented with a dynamic analysis.
This dynamic analysis should help predict performance and behavior of a 3-DOF (X-Yθz) micropositioner that uses a compliant mechanism.
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AppendixA

Actuator with Nitinol wire

Although Nitinol wire can be used such as actuator was developed a prototype of actuator
that use a container of wire with the objective to provide contractions and loads bigger
was developed. This design is showed in Figure A.1.
Spring

Support

Container of Wire
Nitinol Wire

Figure A.1. Prototype of actuator with Nitinol wire

This prototype consists of two isolated supports where is attached Nitinol wire, a spring
that provides a preload for keeping stretched, a cylinder that works like container of the
wire and Nitinol wire. The container is used for providing more wire. Therefore, the size
of actuator can be reduced but the length of Nitinol wire where current is applied is more
in the space occupied by actuator. Then, constraints and loads are also was bigger.
An important feature is that the container of actuator was recovered with a plastic
cylinder that is an insulator. Also, the supports are isolated with plastic.
This prototype works when a current is applied in Nitinol wire between the spring and
another support. The Nitinol wire contracts due to an increase of temperature and this
contraction makes that container or cylinder spin and stretch the spring. When the value
of current is modified, then elongation of spring can be controlled.
With the objective to test this actuator, an experiment was developed. This experiment
consists on the measure the elongation suffered by spring. With this configuration of
actuator, current can be applied in different segments of wire. The conditions which
affect in the performance of this actuator are: total length of wire equal to 380 mm,
spring’s stiffness equal to 3288.24364 kg/s2 and initial length for spring equal to 38.52
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mm. Input variables are: applied current, load and spring’s elongation. Figure A.2, Figure
A.3 and Figure A.4 shows results from this experiment.
Initial Length Final Length
of Spring
Current
of Spring
(mm)
(ampers)
(mm)
38.52
38.61
38.52
39.13
38.52
39.55
38.52
43.24
38.52
44.08
38.52
43.84

0.5
0.7
0.8
1
1.3
1.5

Wire's
Spring's
Force of wire
Lenght (mm) change
(N)
380
0.09 0.295941928
380
0.61 2.00582862
380
1.03 3.386890949
380
4.72 15.52050998
380
5.56 18.28263464
380
5.32 17.49345616

Table A-0-1. Results from experiment with Nitinol actuator.
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Figure A.2. Force vs Current for actuator that uses Nitinol wire.
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Spring's Elongation vs Current
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Figure A.3. Spring’s Elongation vs Current for actuator that uses Nitinol wire.
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Figure A.4. Force vs Spring’s Elongation actuator that uses Nitinol wire
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Figure A.2 shows that force increases when current is increased, but this growth in force
has a limit, because when the current is more than 1.4 amperes the resulting force is
smaller than when the applied current is equal to 1.3 amperes.
From Figure A.3 can be determined that this kind of actuator can be solution when bigger
forces are required, because Nitinol wire’s length can increased to provide bigger forces.
Figure A.4 is used to relate current vs spring’s elongation. From this graphic it can be
determined that this actuator has a good range of displacements provides such as output
because a displacement smaller then .1 mm can be obtained when a current equal to 5
amperes. Also, displacements bigger can be obtained when bigger currents are used.
A point to consider is wire’s length is an important variable that has influence in final
displacement obtained such output.
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AppendixB

Nitinol’s Features

B.1 Structure of Nitinol
In general, shape memory linear actuators made from Nitinol, Cu-Zn-Al or Cu-Al-Ni
alloys are used because they are capable of producing a large actuation force or
displacement due to intrinsic phase transitions. Also, the design of actuators with this
kind of materials can be very simplex, because features are used.
For the case of Nitinol, which is a binary nickel-titanium alloy, shape memory properties
arise from a change in the crystal structure between the austenite and marthensite phases
[Mantovi, 2000]. When Nitinol is heated to high temperature austenite phase, NiTi
assumes a rigid BCC structure. In the matensite phase, the crystal structure of NiTi
becomes orthorhombic. It is in the martensite phase that NiTi is most readily deformed.
The shape memory phenomenon occurs when the temperature of NiTi is increased up to
austenite finish temperature, where deformation retained from martensitic phase is
recovered [Mantovi, 2000].
Nitinol alloy can exist in two different temperature-dependant crystal structures.Figure
B.1 shows the relation between phases and temperature.

Figure B.1 Martensite – Austenite Structures [Mantovi, 2000].

Where: As= Austenite start temperature
Af= Austenite finish temperature
Ms= Martensite start temperature
Mf= Martensite finish temperature
Md= Highest temperature to strain-induced martensite
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On the other hand, Nitinol is very sensitive to temperature and is able to convert its shape
to a preprogrammed structure.

B.2 Superelasticity
Superelasticity is the ability to recover a shape upon removal of an applied stress over a
narrow range of deformation temperatures. Superelasticity is based on a stress-induced
martensite formation. About 8% strain can be recovered by unloading and heating. Most
materials have maximum elastic strains of less than 1% [Mantovi, 2000].
With Nitinol, the application of stress causes martensite to form at temperatures higher
than the martensite start temperature. Macroscopic deformation is accommodated by
formation of martensite. When the stress is released, martensite transforms back into
austenite and the specimen returns back to its original shape [Mantovi, 2000].
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AppendixC

Specifications for KGM 181 Grid Encoders

C.1 Features for KGM 181 Grid encoders
Measuring standard
Signal period

KGM Grid Encoders
Two-coordinate TITANID reflection-type diffraction
grid on glass

Thermal expansion coefficient αtherm ≈ 8 ppm/K
Measuring range KGM 181
Accuracy grade
Output signals
Evaluation electronics
Evaluation software
Electrical connection

Diameter 140 mm (5.5 in)
± 2 µm (±0.00008 in)
∼ 1 Vpp
IK 220 counter card for AT-compatible PCs
ACCOM for AT-compatible PCs
• Cable 0.5 m with D-sub connector (15-pin);
interface electronics integrated in connector.
• Separate adapter cable, * length 3m (9.9 ft), for
connection to the Ik 220.

Figure C.1. KGM 181 Grid encoders [Heidenhain Catalog, December 2004]
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Figure C.2. Dimensions for the KGM 181 Grid Encoger [Heidenhain Catalog, December 2004]
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AppendixD

Dimensions for Compliant mechanism

D.1 Dimensions for Compliant mechanism

Figure D.1. Dimensions for compliant mechanism (mm)
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D.2 Dimensions for Flexure element

Figure D.2. Dimensions for flexure element (mm)
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