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ABSTRACT

Research and development of various parallel mechanism/manipulator applications in
engineering are now being performed more and more actively in every industrial field.
Simulation driven designs are used for the efficient development of these high precision devices.
Accurate prediction of these simulations depend upon the fact that how closely actual conditions
are incorporated in the analysis.

Stiffness is a key property for parallel platforms as it is directly affects the positional
accuracy of system. It is directly related to deformations in mechanisms. These deformations in
parallel platforms have adverse effects on static and fatigue strength, reduces wear resistance &
efficiency in terms of frictional losses. Thus compromising the dynamic stability and accuracy
of the system. Modeling the static and dynamic stiffness is the lead up for optimizing the

mechanical structure, which in turns aides in development of efficient control system.

Overall stiffness of the platforms is not only driven by the stiffness of the links but also by
contact stiffness of joints. For large heavily loaded manipulators, top plate presents itself as
critical component; as it shares a major percentage of the cumulative mechanism's weight.
Consequently, top plate stiffness will dominate the overall stiffness of platform throughout the
regular workspace. This makes the operational accuracy and safe working of the system largely

dependent on accurate modeling of top plate’s stiffness.

In this thesis, an accurate stiffness modeling methodology is proposed for special application
of 6-DOF platforms i.e. subjected to heavy loads. Effect of joint contact conditions on both static
and dynamic stiffness behavior of platform's top plate is analyzed. Top plate was designed using
simplified loading and joint contact conditions. A prototype was developed using this design and
failed when tested on operating conditions. Detailed design was carried out using actual loading
conditions and introducing the realistic joint contact formulation. Resulting stiffness parameters

obtained were found to be in good agreement with experimental results.

The findings of this work are used as an additional index to find an optimum compromise
between a lightweight design and the stiffness performance of top plate by performing multi-
objective structural optimization. Design of the top plate was optimized for size and shape in

order to minimize the mass in motion while guaranteeing a desired stiffness through-out a
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regular workspace of the mechanism. Stiffness behavior of optimized structure matched the
experimental results when developed and tested.
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CHAPTER 1

INTRODUCTION

Parallel kinematic manipulators (PKM) have emerged as leading candidate for research
during the past few decades. Researchers and manufacturers worldwide are constantly striving
for better, safer and cost effective designs (Bonev, 1998). This trend implicates their distinct
advantages over serial kinematic manipulators as these manipulators have various serial
kinematic chains working in tandem. These advantages are the reason behind their diverse
practical application such as motion simulators (Stewart D., 1965), assembly cells (McCallion et.
al., 1979), micro-positioning systems, coordinate measuring machines, milling machines, surgery

robots (Grace, 1995; Lazarevic, 1997) and many others.

The availability of various serial kinematic chains in PKMs gives them an edge in
operational aspects such as higher loading capacity, increased stiffness, and motion redundancy.
Consequently, these manipulators prevent buildup of individual errors in various actuators of
mechanism (Anderson et al., 2004; Hall et al.,2003). Thus considered as an ideal candidate for

applications demanding precise positioning (Memet, 2006).

However, many of manipulator applications are situated in environments where it is hard to
completely isolate the system from certain degrees of disturbances. The vibrations resulting from
these disturbances have an adverse effect on the performance of the sensitive instruments which
are critical for precision positioning. This underlines the need to generate an environment free of
such vibrations in order to meet the objective of precise positioning. But designing a whole
system free of vibrations is a daunting task as the cost effectiveness and feasibility is very low.
Therefore, the disturbances need to be eliminated at the interfaces between either the vibration
source and the main structure or the main structure and the sensitive equipment used for
precision applications (Figure 1). From a design perspective; 6-DOF manipulator becomes the

foremost logical choice for providing such vibration isolation (Memet, 2006).

6-DOF mechanisms have been used in machining processes, simulators, simulation of wave
induced motion on naval cargo ships, military applications i.e. to provide a stable platform

against ship movement for mounting the turret and space applications. Space applications are the
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most promising area of research involving the use of these mechanisms for vibration isolation,

where the vibration isolation of precision position equipment is highly critical. (Memet, 2006).

Vibration Sensitive
Source Equipment

Host Structure Host Structure
"Quuet" "Noisy"

Figure 1. Two possible cases of vibration isolation

The essential performance measuring criteria for most parallel manipulators can be
underlined in terms of positioning accuracy and high payload capability, both of which are
directly governed by their overall stiffness. Stiffness is defined as mechanical system's capacity
to withstand loads without excessive deformation (Aftab, 2012). Failure to keep these
deformations within acceptable range can have adverse effects on static/fatigue strength &
efficiency in terms of frictional losses; reduces wear resistance, compromises dynamic stability

(vibration effects) and accuracy.

Current design trends (mechanical design) of robotic manipulators lay primary emphasis on
minimizing the moving masses. This will lead to use of small actuators with improved dynamic
performances, thus resulting in an energy efficient design. This instigates the use of advanced
kinematical architectures, materials with high strength to weight ratios and cross-sectional area
reduction of every critical element. Any such minimization is directly linked to the mechanical
stiffness of the manipulator if the desired accuracy and performance is to be achieved (Aftab,
2012).

In general practice, the stiffness is evaluated numerically through the calculation of “stiffness
matrix”, K. This matrix express the relation between the displacement (translational/rotational)
and the forces/torques (Aftab, 2012).



Several different approaches exist for calculation of stiffness matrix. Broad categories are the
virtual joint method (VJM), the finite element analysis (FEA) and the matrix structural analysis
(MSA). Every one of these approach uses different computational technique and are based on
different modeling assumptions. The FEA method has proven to be the most accurate and

reliable, because of its ability to model the links/joints exactly to its dimension and shape.

In order to have accurate stiffness models and better match between theoretical and
experimental results, special consideration has to be given to joints used in manipulators. Joints
play an vital role in mechanical stiffness of parallel manipulators. For parallel manipulators, the
most commonly used joints, in increasing order of degrees of freedom are: revolute, prismatic,
universal and spherical joints. In most of research, joints are considered as rigid with constant
stiffness value. To achieve more realistic results complex effects such as joint stiffness must be
incorporated in the stiffness analysis of parallel manipulators as they also play a part in

degrading the positioning accuracy.

Having discussed briefly the different aspects and relative factors associated with design of
parallel manipulators, it is evident from literature that 6-DOF manipulators are most complex
mechanism among the family. Many of its applications, i.e. military, simulators & space launch,
involve large platforms with a heavy payload. For such manipulators, top plate presents itself as

critical component; as it shares a major percentage of the cumulative mechanism's weight.

Prediction of overall stiffness of a mechanism plays a pivotal role during its design phase.
For large and heavily platform applications, top plate stiffness will dominate the overall stiffness
of platform throughout the regular workspace. This makes the operational accuracy and safe

working of the system largely dependent on accurate modeling of top plate's stiffness.

Conclusively, the thesis to follow has hence, attempted to draft a FEA based simulation
methodology where in an algorithmic approach was proposed for accurate prediction of stiffness
of 6-DOF platform's top plate. Top plate was subjected to various joint contact conditions and
stiffness behavior was analyzed for each of these conditions. Experimental testing was
performed on prototype developed based on design for each joint condition. The aim was to

achieve a design that presents a perfect match between the simulation and experimental results.



Lastly, an optimization study was performed to obtain a weight optimum design incorporating
the actual boundary conditions and ensuring safe working for given operating conditions.

The rest of thesis is organized as follows: Chapter 2 presents the literature review of some
work done on static/dynamic stiffness analysis, joint contact and clearances effect on stiffness, as
well as optimization work carried for parallel platform manipulators with special emphasis on 6-
DOF manipulators. In Chapter 3 the methodology adopted for carrying out the work is
presented and all the mathematical & technological tools used in this thesis are explored. In
Chapter 4, the results regarding the effect of different boundary conditions on the stiffness
behavior of top plate are discussed. In Chapter 5, the results of the optimization study carried

out for design of top plate are discussed. Finally, the future scope and conclusions are presented.



CHAPTER 2
LITERATURE REVIEW

1. Parallel Manipulators

General composition of parallel mechanism consists of two platforms connected
together by parallel acting legs/joints. The widely used configuration consist of six legs
either operated hydraulically (linear actuators) or spring loaded (for passive
mechanism). Among the two platforms, upper one is defined as "movable platform or
top-plate” and exhibits six degrees of freedom with respect to other one which is fixed
and is known as "base". Due to six degrees of freedom, top plate is capable of
translating/rotating in all three linear and angular directions either independently or in
combination of both, (Dan Zhang, 2000). Gough (1956) was the first to introduce such
platform, to be used as tire testing machine, later on Stewart (1965) used the same as
an aircraft simulator. The platform is now known as "Gough-Stewart” platform and is
continually been investigated by many researchers up-till now (Liu et. al.,2000;
Mahmoodi et. al., 2009; Vakil et. al. 2008).

Figure 2. 6-DOF (Stewart-Gough) parallel manipulator



Over the past few years, researchers (e.g., Kohli, Hunt, Bailey etc) and industries have
developed a considerable interest in PKMSs. This inclination has led to continuous development
and refinement of all related research fields. This trend is depicted by many instances that can be
seen in recent literature: work is done concerning forward pose solution generation of analytical
PKMs (Kong & Gosselin, 2001), PKM dynamics (Perreira, 1999), singularity analysis of spatial
PKMs (McCarthy & Hao,1998), modular parallel platforms (Zhenqun & Zhiming, 1999), PKM
application for calibration of inertial measurement unit (Hall,2000) and closed form forward

kinematics for especial platform structures (Selfridge & Matthew,2000).

The reason behind the popularity of parallel manipulators is their lower overall compliance
(or higher stiffness) resulting in increased positional accuracy. Higher stiffness is associated to
the fact that forces acting on the mechanism are transferred to the legs which are stiffer in
response to compression/tension as compared to other components. The parallel distribution of
legs in PKMs helps in negating the buildup of error as forces are distributed equally among the
legs. In addition, certain PKM designs offer high operational speeds by mounting their actuators
at base thus reducing the moving masses (Bonev,1998). But using PKMs is not always a win-win
situation as they various shortcomings like low dexterity, relatively small workspace, high
anisotropy and requirement of complex control due to the highly coupled dynamics.
(Bonev,1998).

2. Stiffness analysis of parallel manipulators

While estimating the performance of robotic systems, one of the most important indicator is
the mechanical stiffness (Park,2008; Angeles,2008; De Luca, 2008). This is the reason for which
the past research and development work is targeted mainly towards the ever increasing need for
higher stiffness and thus more rigid manipulators. Particularly, for industrial applications of these
manipulators, where the prime objective is the accurate placement of tool, mechanism's stiffness
dictates the magnitude of positioning error that may arise under the effect of external loading. In
industrial pick and place applications e.g. warehouses, assembly lines etc require simple but fast
manipulations. Here stiffness requirements are such that an admissible velocity/acceleration is
achieved, to avoid any unwanted inertial displacements, while approaching the desired (Y.
Nof,1999). On the other hand examples involving large PKMs such as being used for patient

positioning in medical applications, here positioning errors are primarily caused by the
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deformations in mechanical components under the effect of their own weight and payload
mounted on them (Meggiolaro,2005). In all of above mentioned cases, it is desirable to keep
stiffness at a higher level so that relevant system requirements can be achieved safely. Similar to
general structural mechanics (Timoshenko,1970; Hjelmstad,1997), the stiffness analysis of
mechanism calculates its resistance to the deformations produced as results of external
force/torque acting on end-effector (Duffy,1996). This property is usually represented
numerically in terms of the stiffness matrix K, which gives a linear relation between the
translational/rotational displacement and static forces/torques responsible for this transition (for
small quantities of all of these). The inverse of stiffness matrix (K) is compliance matrix denoted
by 'k'.

The existing methodologies for modeling the stiffness of PKM's can be listed as follows:

i.  Matrix Structural Analysis (MSA)
ii.  Virtual Joint Method (VJM) also known as lumped modeling
iii.  Finite Element Analysis (FEA)

i. Matrix Structure Analysis (MSA)

The MSA integrates the main ideas of FEA (Deblaise et. al., 2006; Martin,1996; Nagai et. al.,
2008; W.L.i et. al.,2002;), links are assumed to be rigid and manipulator's structure is defined
using large elements and flexible beams. In this technique each compliant element is identified
and stiffness matrix is developed using local coordinates which are then transformed to reference
coordinate. Overall stiffness of mechanism is then calculated by assembling the stiffness
matrices in reference coordinate. Computational time and expense is saved using this strategy,
but a comprise has to be made on accuracy of parametric stiffness obtained as it does not provide

any exact physical relationship.

Due to its constraint in accurate prediction of parametric stiffness analysis MSA has been
mostly employed to determine the static stiffness of parallel manipulators. For example stiffness
analysis methodology of a 6-RSS PKM s presented by Soares et. al. (2011). Author assembled
the global stiffness matrix by considering joints as fixed and structure as free. Static stiffness of
manipulator has been modeled to calculate the end effectors' compliant displacement when

subjected to external torques and forces. Experimental results have been used for validation.
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Another instance of MSA technique is adopted by (Clinton et al.,1997) for development of a
static stiffness model for a Stewart platform-based milling machine. The stiffness matrix for each
element has been derived first using this approach and then these individual matrices are

assemble to form a system stiffness matrix.

Dynamic stiffness have also been analyzed in few works but the application is mostly
restricted to mechanisms with lesser DOF such as work done by Alessandro (2012) where MSA
has been used to evaluate the linear elastic dynamics of PKMs. Top plate and base are
considered as rigid. Links are either modeled as rigid or flexible. When considered as flexible it
can be divided into two or more bodies. Three different scenarios are analyzed to couple the
bodies with the help of joints i.e. rigid-flexible, flexible-flexible and flexible-rigid. Static
deformation and the natural frequencies have been calculated for a 4-DOF PKM using this
method.

ii. Virtual Joint Method (VJIM)

The VIM method describes the elastic deformations of the joints, links and actuators by
adding the virtual joints (localized springs) to the traditional rigid model. This technique is
widely employed during pre-design phase, particularly for analytical parametric analysis. At
preliminary design stage, the flexibilities (both distributed and lumped) in manipulator joints are
incorporated in stiffness analysis using VJM by locating localized virtual springs at joints. The
Cartesian stiffness matrix is then calculated for current pose (configuration) of this compliant

mechanism.

In general, using the lumped modeling technique, a minimal computational resources are
required and reasonable accuracy is achieved. However, one dimensional springs are used to
model the system stiffness. Thus results obtained through this technique are hypothetical as it
fails to capture the coupling effects between translational and rotational. Its application is

generally limited due to some other restrictions as well.

Salisbury (1980) was the first who derived mathematical relation for Cartesian stiffness
matrix. He actually came up with closed form expression for calculation of this matrix for serial
manipulators with an assumption that actuated joints are the locations where whole of

mechanical elasticity is concentrated. Under the same assumption, Gosselin (1990) carried
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forward these results to be used for parallel manipulators (assuming rigid links and perfectly
working passive joints). With further advancements in this approach, effect of link elasticity was
also included by augmenting the rigid beams with linear and torsional springs (Gosselin et.
al.,2002). Currently various variants and simplifications of VIM exists, with slight variation in
modeling assumptions and numerical techniques applied. VIM has been applied particularly to
CaPAMan (Ceccarelli et. al.,2002), Orthoglide (Majou et. al.,2007; Pashkevich et. al.,2009) and
H4 manipulators (Company et. al.,2002), specific designs of Stewart—-Gough manipulator with
US/UPS legs and other kinematic architectures (Vertechy et.al., 2007).

Fairly recent publication is of Anatol Pashkevich et al. (2011) where they have proposed a
new stiffness modeling methodology for manipulators with loaded passive joints. The proposed
method incorporates non-linear effects in stiffness calculation and employs VJM technique
where link elasticity is incorporated through the use of 6-DOF springs. The spring parameters are
calculated using FEA.. The developed methodology has been used to calculate the static stiffness
of Orthoglide type parallel manipulator for four vertices of cube inside the workspace and has

been able to detect non-linear behavior when subjected to loading.

iii. Finite Element Analysis (FEA)

The FEA method, over the years has established its reputation of being the most accurate and
reliable, as it provides the freedom to model the links/joints with its true dimensions and shape
but at the cost of high computational time (El-Khasawneh et. al.,1999; Rizk,2006; Nagai,2007;
X. Hu et. al.,2007) and is usually applied at final design stage. FEA is widely used to study the

structural behavior of a mechanical system.

Extensive application of FEA in the recent years, to analysis of different structural designs,
owes to the fact that it is the by far the most reliable analysis technique especially in the design
phase. The advancement in computational resource has significantly reduced the analysis time,
thus facilitating in faster design modification decisions and optimization of new/existing designs.
FEA, though not completely, is providing an alternative to product testing thus saving huge
amount of capital that was previously needed during product development phase. The accuracy
of FEA results augmented with experimental data can provide a strong base for even the most

complex design changes.



The technique has been used extensively in research to analyze the static stiffness of parallel
mechanisms and much of application areas have been restricted to lower mobility platforms such
a planer mechanisms, 4-DOF mechanism, T3R1 robots etc. (Long et. al.,2003; Corradini et.
al.,2004; Bouzgarrou et. al.,2004; Piras et. al.,2005). Wang et al. (2008) have employed FEA and
presented a semi-analytical approach for calculating static stiffness of PKMs having complex
machine frame. The PKM is divided into two sub-systems. The modeling process is
implemented by: (i) modeling the stiffness of each subsystem by considering the other as rigid;
(ii) using linear superposition to generate overall stiffness model. TriVariant-B (5-DOF) robot’s
stiffness evaluation has been evaluated using this approach. Bonnemains et. al. (2008), in their
article have studied the static behavior of PKM using FEA. Model incorporates leg and joint
compliances and is implemented on two architectures: Exechon-like and Tricept PKM (both
having 5-DOF). Joints modeling is done considering the local behavior of the components used.
Experimental testing is conducted to identify the model parameters.

Due to FEA's capability to model a system with great detail it has been widely used in the
recent years to simulate the effect of complexities, which can arise due to joint contact variation,
joint clearances, link flexibility etc. But the application is mostly limited to analyze the static
stiffness response of PKM. Boyin et. al. (2013) have analyzed the stiffness of a novel Stewart
platform-based manipulator via kinematic error model combined with FEA. ANSYS 12.0
workbench environment have been used for calculating joint deformation errors which are then
used in model to calculate stiffness. Static stiffness of manipulator has been analyzed at three
different robot poses. Aftab et al. (2012) developed an analytical method for static stiffness
modeling of Haptic devices. At first a simplified model is presented considering the platform and
joints as rigid and excluding the actuation system. Then detailed model has been proposed
considering stiffness of both passive joints and actuation system. Hertzian contact model has
been used for calculation of contact stiffness of the spherical (nominal point contact) and
universal joint (nominal line contact). The bending stiffness of the universal joint is calculated by
assuming that two axis act like a simply supported beam. Results for both cases have been
validated by comparing them with ANSYS and experimental results for eight different positions

within workspace.
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Dynamic stiffness response has mostly been evaluated for Hexapods, a special 6-DOF
platform, used in precision machining operations where vibration response is the primary
concern. Mahoubkhan et al. (2008,2009) have presented a model for vibration analysis of
hexapod table and vibration behavior of moving platform during machining operation is of main
concern. Parameters such as mass, stiffness, damping and inertia of the hexapod’s elements
(including the joints) have been taken into account. Only upper platform is considered rigid rest
all are modeled as flexible elements. The Eigen-value problem has been used to obtain modal
frequencies for ten different configurations and analytical results have been evaluated by
comparing them with FEM results. The operating frequencies are high as table is subjected to

machining operations.

3. Joints & mechanical stiffness of manipulators

Joints play an important role in mechanical stiffness of parallel robots. In most of research,
joints are considered as rigid with constant stiffness value. To achieve more realistic results
complex effects such as joint stiffness must be incorporated in the stiffness analysis of parallel

manipulators as they also play a part in degrading the positioning accuracy.

Zili Zhou et al. (2010) have presented model for flexible joint of a PRS parallel manipulator
that depends on its configuration. The variation in joint looseness with change in system's
configuration causes joint flexibility and has been simulated by adapting virtual springs between
the joint components. Parameters for flexible joints are set using the dynamic characteristics of
system and are obtained by conducting experimental modal testing for a selected set of robot
configurations. Results showed a good agreement between calculated and measured mode
shapes. Carlo et al. (2011) has discussed a 3D model of a revolute joint (having clearances)
which poses force constraint (perfect joint imposes kinematic constraints). Four different contact
scenarios i.e. one point, two point (both in and out of plane) and line contact have been evaluated
using FEA to determine the stiffness parameters. The dynamic behavior prediction of industrial

manipulator is improved by adopting proposed technique.
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4. Optimization

Over the years optimization techniques have been extensively applied to PKMs for optimum
configuration of joints, link lengths, work space optimization, compact and light weight designs
etc. Most of this work is based on the traditional optimization techniques. These techniques,
however, fail to converge to a true solution when handling a problem involving large number of
geometric variables. Many researchers have seeked an optimum design for various robotic
manipulators (Bergamaschi et al, 2006; Rout & Mittal, 2008; Miller & Stock, 2003; Ceccarelli
et. al., 2004). Lum et al. (2006) have come up with an kinematic optimization technique that
enables the design of compact and light weight surgical manipulator with smallest possible
configuration. Chablat (Chablat & Angeles, 2002) have employed Jacobian matrix to reach an
optimum size for revolute-coupled planar manipulators. Jacobian distances are compared with
given isotropic matrix to be further used as reference model. Link length of spatial PKM have
been optimized by Zhao et al. (2007) using the method of least variables. Boeij et al. (2008)
worked on optimization of a contactless electromagnetic 6-DOF actuator using sequential
quadratic programming method. Xinjun LIU et al. (2011) have designed two rigid links of a
PKM by employing the techniques of topology and size optimization. Development of structures
with minimum weight but maximum rigidity has been optimization criteria. A new optimal
algorithm called the Guide-Weight method is introduced for carrying out topology optimization.
Results of topology optimization have been used to design the applicable structures of the rigid
links. Size optimization is performed using the commercial software ANSYS in order to model

the structures parametrically and to optimize these parameters.

Evolutionary optimization methods, i.e. genetic algorithms (GA), as compared to traditional
techniques can find global optima as they use stochastic search methods, thus eliminating the
problem of sticking to local optima (Holland, 1975). Thus the optimization using the
evolutionary methods has proved as an effective solution. Anténio et. al. (2012) have used neural
network and genetic algorithm to optimize the kinematic design of 6-DOF PKM where

maximum dexterity is set as an objective function.
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5. Motivation

Although a lot of research has been carried out to analyze the stiffness behavior of parallel
platforms but after reviewing the work done to date it is evident that there are certain gaps in
application of FEA to stiffness analysis of PKM's. This includes the scarcity of its
implementation to determine the dynamic stiffness response, especially for large heavily loaded
6-DOF platforms (space launch, military applications, motion simulators etc). A research gap
exists and a need is felt to develop an accurate modeling and simulation technique for application
of FEA, so that a better match between FEA and experimental results could be obtained; for

such parallel mechanisms.

Most of work reviewed lays primary emphasis on work space analysis, active/passive joint
contacts/clearances, link flexibility effect on static stiffness of PKMs in terms of deformation/
displacement. The top plate stiffness behavior greatly dominates the overall stiffness
characteristics of large mechanisms subjected to heavy loads. The absence of incorporation of
top plate structure design in overall system modeling and analysis questions the accuracy of

overall stiffness of these PKMs.

Moreover, joints also play an important role in degrading the positional accuracy, thus
complex effects i.e. joint stiffness must also be incorporated in model to achieve more realistic
stiffness results. Most commonly used strategy for modeling joint flexibility (as seen in
literature) is to consider joint stiffness constant and is applied for active joints only. In most of
existing FEA based methods if joints behavior is ignored by considering their stiffness constant,

it could result in

i.  Overdesign that compromises the performance
ii.  Excessive deflections

iii.  Can even encounter failure in terms of vibration or strength

This necessitates the investigation of effect of joint contact condition on the overall stiffness
(both static and dynamic) behavior of top plate. This includes the selection of suitable joint
boundary condition in order to reach a design that will behave the same way when tested

experimentally as predicted in simulation results.
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Lastly as for large heavily loaded manipulators, top plate shares a major percentage of the
cumulative mechanism's weight. For increased dynamic performances it is imperative to have a
light weight design using small actuators which operates at lesser power level (energy efficient).
So an optimization study is required for top plate to reach a lightweight design while keeping the
desired stiffness of top plate.

6. Objectives
Thus the objectives of this work relates to following different aspects of top plate

i.  Stiffness behavior analysis of 6-DOF platforms’ top plate subjected to various joint
boundary conditions under heavy loading.
ii.  Multi objective structural optimization of top plate to achieve weight optimum design
matching experimental results.
iii.  Anoptimum design which is stiffer against deflections and presents higher frequency

ranges to avoid vibrations.
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CHAPTER 3

MODELING AND METHODOLOGY

A methodical procedure is presented in this section for analyzing the overall stiffness
characteristics of heavily loaded manipulator’s top plate under different joint and loading
conditions. The evaluation of the results was concluded via physical experiments. Further
refinement in the analysis procedure was done to minimize the deviation from experimental
results. The methodology adopted to carry out the research work is presented in the form of flow
chart in Figure 3. The brief description of each step involved is given in the next sections.

1. Top plate design

Top plate design is of prime importance if operational accuracy and safe working of the
system is to be ensured. The main emphasis of this analysis is to optimize the dynamic response
of the top plate. Thus the objective is to design a light weight structure with maximum
frequency. The broad requirements for which the top plate of parallel platform is designed are

summarized in Table I.

Payload capacity 20 ton

Motion Requirements +30° tilt (global x, y and z axis)
Frequency 3.0 Hz

Minimum deflection 4.0 mm

Acceleration 2.5¢

Factor of safety 3.0

Platform Shape Triangular

Table 1. Broad requirements for top plate design
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Irregular hexagon shape is considered for top plate design. Three joint attachment points are
located at an angle of 120° along the three small sides to control the platform’s 6-DOF motion.
Joint attachments with the top plate are modeled as rectangular cavity in order to keep the
stiffness analysis simple for simulating the joint contact conditions. A hollow rib patterned top
plate structure is used in order to fulfill the objective of light weight design. The shape of top
plate to be designed and joint attachment points are depicted in Figure 4 and Figure 5.

0.00 1500.00 3000.00 {mm) 0.00 1500.00 300000 {mm)
] [ EEaaa— E—

750.00 2250.00 750,00 2250.00

Figure 5. Geometry used for simulating joint attachment.
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2. Simplified modeling

In the simplified modeling stage it is assumed that joints are rigidly attached with the top
plate on which task load is mounted and thus contact stiffness of joints is ignored. Load is
applied in order to analyze the stiffness behavior of top plate under the weight of the payload.

The approach used can be summarized as follows.

i.  Parametric Modeling of Initial Design

Top plate is designed using these simplified assumptions. The parametric modeling of
finalized structure is then done using a solid modeling tool. This in turn gave a simplified model
to be further used for FEM analysis which is followed by prototype development and

experimental testing for stiffness evaluation.

ii.  Simplified FEM Modeling

In this step, stiffness of joints is ignored by considering them to be rigid i.e. complete volume

of joint is making contact with top plate in order to support the load.

Moreover in order to simulate the effects of 20 ton task load, actual load is modeled (shown
in Figure 6. Both static and dynamic stiffness behavior of top plate is analyzed for this contact

type.

Figure 6. Load applied to simulate payload
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iii.  Prototype Development and Physical Experiments

To complement and validate the results from FEM models, the following structured physical
experiment is proposed.

a) Prototype of top plate is developed based on the design using simplified modeling.

b) Top plate is assembled with the joints to complete the 6-DOF mechanism.

c) Actual loading is applied and the static deflection is noted.

d) Mechanism is tested for operating conditions to calculate the fundamental resonant
frequency.

iv.  Evaluation of Simplified Results

Simplified physical experiment is set up to verify the results obtained through FEA model.
The deviation from the experimental results would ascertain the amount of accuracy to which the
model is implemented to the problem. Improvement in the procedure adopted, if any, is to be
made by taking into account percentage relative error criterion.

3. Detailed Modeling

In the detailed model, the contact stiffness of joints is incorporated by simulating different
type of contacts that joints can make with top plate. Actual load is modeled to analyze the
stiffness behavior of top plate with the payload. The approach used can be summarized as

follows.

i. Detailed FEM Modeling

In detailed FEM modeling, actual payload is modeled and applied on the top plate geometry
in order to simulate the actual loading conditions. The details of task load modeled are given in
Table 2.

The nominal area contact and line contact conditions are proposed to calculate the contact
stiffness of joints, respectively. The static and dynamic stiffness behavior of top plate is analyzed

for these two joint contact conditions.
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Weight 20 ton

Diameter 25m
Height 6.0 m
C.G. 2.0 m from base

Mass moment of inertias

IxX 6.12 x 107 t-mm2
lyy 2.33 x 10" t-mm?
12z 6.12 x 107 t-mm2

Table 2. Task load specifications
ii.  Physical Experiments

In the detailed physical experiment, the complete system is experimentally tested. The steps
proposed for the simplified physical experiments can also be used to perform these tests.

Evaluation of detailed results

A similar procedure, as used for simplified modeling, is adopted to verify the detailed
modeling results i.e. results from a detailed physical experiment are correlated with the detailed
analysis results to determine their accuracy. The same criterion of percentage relative error is

used for this instance to find the deviation from actual results.

4. Top plate optimization

Once the correct boundary conditions have been identified and stiffness parameters of initial
design of top plate have been validated using the experimental results. The structure of top plate
is optimized to have desired stiffness characteristics with the minimum overall weight. For this

purpose a two step approach is proposed

a) Size of top plate is optimized to achieve the desired static and dynamic stiffness
characteristics.
b) Shape of top plate is optimized in order to have a structure with minimum possible

mass while satisfying the desired stiffness requirements.
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For carrying out this work a goal driven optimization study on top plate has been carried out
using ANSYS design exploration module. It employs design of experiments (DOE) technique in
order to determine the response of component for variation in given input parameters. Then
optimization techniques, i.e. screening, multi-objective GA, are employed on the generated
search space in order to determine the best design meeting the desired objectives and constraints.

i.  Size Optimization

In size optimization the overall height and rib thickness of top plate are chosen as design
variables to be optimized for having desired static and dynamic stiffness of top plate under the
effect of constant payload. The minimum weight is used as constraint in this step. In order to
carry out this optimization two parameters were created to drive the whole top plate assembly

DS_height: representing the height of each rib been used in the structure and thus controlling
the overall height of top plate (Figure 7)

DS_width: representing the thickness of each rib, width of the upper plate and lower plate in

the top plate assembly (Figure 7)

Thus the total height of top plate = DS_height + 2*DS_width

D$S_height DS_width \ =3 €=Ds_width /
0.00 50.00 100.00 {mmj 0.00 T 400.00 800,00 (mm)
I T ]

I
25.00 T5.00 200.00 600,00

Figure 7. Height and width parameters used for controlling top plate assembly
ii.  Shape Optimization

After having optimized the overall height and rib thickness of top plate. Shape of the top

plate is optimized with the objective of having a light weight structure with minimum possible
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weight. For this purpose the structure height at centre is kept fixed while height at outer section
is optimized for weight reduction. The optimized structure thus bear desired static and dynamic
stiffness behavior but with the minimum possible mass. In order to carry out this optimization
three parameters were created to drive the whole top plate assembly

DS_total_height: representing the height of ribs of top plate at centre section carrying the
payload (Figure 8).

DS_outside_height: representing the height of each rib at outer section including the joints
cavity (Figure 8).

DS_width: representing the thickness of each rib, width of the upper plate and lower plate in
the top plate assembly (Figure 8).

Thus

Total height of top plate at centre = DS_total_height + 2*DS_width

Total height of top plate at outer section = DS_outside_height + 2*DS_width

DS_width

)
|
“100.00 20000 (mm)

800,00 (mm)

200,00 600.00
50.00 150,00

Figure 8. Height and width parameters used for controlling Top plate assembly
iii.  Prototype Development and Physical Experiments

A prototype of top plate based on the results of the optimized design is developed. The
experimental testing is performed on this design and the actual stiffness response of the

optimized structure is determined.
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iv.  Evaluation of Optimized Results

The same procedure is adopted to verify the results of optimization as adopted for detailed
modeling. The FEM results are correlated with experimental results. A validation criterion based

on percentage relative error is used to validate the simulation results.
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CHAPTER 4

BOUNDARY CONDITIONS EFFECT ANALYSIS

Static stiffness results were evaluated in terms of total deformation of the top plate while the
dynamic response was measured in terms of modal frequencies. The first modal frequency is of
prime interest as it is the lowest frequency at which the structure would resonate when subjected
to operating conditions, so the result evaluation was primarily based on checking the first modal
frequency.

As the factor of safety (FOS) for the current design is set to 3.0, it corresponds to a minimum
1% modal frequency of 9.0 Hz while keeping the static deformation within the allowable limit of

4mm for final design of structure.

1. Top plate design

For initial design of top plate the free modal analysis was conducted using the ANSYS
workbench environment in order to determine the 1* natural frequency of top plate while static
deformation of top plate under its own weight was calculated. The top plate is designed in

following steps.

i.  Geometric shape selection

ii.  Circumscribed diameter specification
iii.  ldentification of joint location points
iv.  Material selection

v.  Determining the thickness/height of top plate based on static & modal analysis

Rib patterned structure was used to design the top plate in order to achieve the objective of
light weight design. For this purpose various rib patterns were considered. Static and modal
analysis were conducted for each structure until a design is achieved which deforms and vibrate
in the same way as solid top plate. The material used is structural steel whose properties are

given in Table 3.
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Density 7850 kg/m®
Elastic Modulus 200 GPa
Poisson Ratio 0.3

Tensile Yield Strength 0.25 GPa

Table 3. Material properties of Structural Steel

The results for static and modal analysis were obtained considering the ideal joint behavior ,
i.e. rigid, which is a standard practice for designing such structures. The 1% natural frequency
obtained was 21.03 Hz which is approximately seven times the operating frequency while total
deformation is less than 1mm (Table 4). The static deformation and 1% mode shape contours are
shown in Figures 9 & 10. As the results obtained are meeting the objectives set in terms of FOS,
so this design was selected for further evaluation of its stiffness behavior under loaded mode.
The specifications of top plate design finalized for further evaluation are given in Table 5.

Static total deformation (mm) 0.7638
1* Natural frequency (Hz) 21.036

Table 4. Stiffness response of initial design of top plate
Top plate mass (ton) 2.64
Top plate height (mm) 80
Rib Thickness (mm) 10
Upper & Lower plate thickness (mm) 10
Length of longer side (mm) 4460
Length of shorter side (mm) 800
Circumscribed diameter (mm) 7000
Circular rib diameter (mm) 1000
Joint attachment geometry (mm?®) 500 x 300 x 50

Table 5. Specification of initial design of top plate
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Figure 9. Static total deformation for initial design of top plate

{ 0.33006
— 0.22004
0.11002
0 Min

Figure 10. 1¥ Mode shape contours initial design for top plate
2. Simplified modeling

To apply the proposed analysis methodology to the structure, a parametric model of top plate

designed was generated according to the specifications presented in Table 5.

i. FEM Results

FEA based results were obtained using ANSYS workbench and are presented in this section.
The static deformation obtained is 4.24 mm (Table 6) and 1% modal frequency is 4.36Hz (Table
7). Static total deformation contours are shown in figure 11, while mode shapes for first three

frequencies are shown in figure 12-14.
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Static total deformation (mm) 4.2379

Table 6. Static stiffness results for simplified FEM model

Mode Frequency (Hz)
1% 4.3637
2" 4.3744
3" 7.7538
4t 101.69
5t 102.30
6™ 102.80

Table 7. Dynamic stiffness results for simplified FEM model
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Figure 11. Static total deformation contours (simplified FEM)
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Figure 12. Mode shape for 1 mode frequency (simplified FEM)
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Figure 13. Mode shape for 2" mode frequency (simplified FEM)
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Figure 14. Mode shape for 3 mode frequency (simplified FEM)
ii.  Experimental Setup

To validate the results from FEM model, a physical prototype of the selected test case was

developed and tested experimentally.

A set of guidelines, how to experimentally evaluate the stiffness parameters are presented
here. The stiffness measuring method requires common metrology devices, such as a dial
indicator with resolution of 0.01 mm, a vernier caliper and weights. These were calibrated and
specified according to standards. Their working temperature range is [-10°C, 60°C].

Approximate test conditions were, 1 atm pressure and 25°C temperature.

The structure started to resonate when tested for operating conditions and results obtained for

static deformation and 1* modal frequency during experimental testing are presented in Table 8.
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PO P1 P2 P3 P4 Avg. Value

Static (mm) 128 | 12.8 | 13.6 | 13.9 | 12.7 13.2

1* Modal (Hz) 28 | 27 | 27 | 30 | 32 2.88

Table 8. Experimental values for top plate designed (pre-optimized)
iii.  Results Correlation and Evaluation

To validate the results obtained from simplified FEM modeling, they were compared with the
results obtained through experiments and are shown in Table 9. The maximum relative error for
1* modal frequency is 61.5% while average relative error is 52.1%. Similarly the maximum
relative error for static deformation is 69.5% and average value is 67.7%. The percentage error

was beyond the acceptable range, which motivated the development of a more detailed model.

PO P1 P2 P3 P4 Avg. Value

Static (%) 66.9 | 66.9 | 68.8 | 69.5 | 66.6 67.7

1** Modal (%) 55.7 | 61.5 | 61.5 | 453 | 36.3 52.1

Table 9. Relative error between experimental & simplified FEA results

3. Detailed Modeling

An iterative procedure was adopted in which joint contact conditions were changed
systematically until a desired accuracy is obtained between the FEM results and experimental

results.

i.  Area Contact Analysis Results

Results obtained considering the area contact between joints and top plate is presented in this
section. The static deformation obtained is 5.04 mm (Table 10) and 1% modal frequency is
4.20Hz (Table 11). Results show that 1st mode frequency has dropped as compared to rigid joint
condition; moving more closer to experimental results. Similarly static deformation value has

increased.
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ii.  Line Contact Analysis Results

In order to get more accurate results another contact condition i.e. one line of joint making

contact with top plate is considered and results for this case are presented in Table 10 & 11. The

results obtained depict a sharp increase in the static deformation from 5mm to 12.63mm and drop

in resonant frequency from 4.2 Hz to 3.143 Hz. The static deformation contours and first three

mode shapes using line contact scenario are shown in figure 15-18.

Area joint contact | Line joint contact

Static total deformation (mm) 5.0465 12.63

Table 10. Static stiffness results for detailed FEM modeling

Frequency (Hz)
Mode
Area joint contact Line joint contact

1% 4.2012 3.134

2nd 4.2125 3.326

3 7.1012 4.4767

4 99.805 76.227

5 100.37 78.829

6" 101.18 92.276

Table 11. Dynamic stiffness results for detailed FEM modeling
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Figure 15. Static total deformation contours (detailed FEM)
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Figure 16. Mode shape for 1 mode frequency (detailed FEM)
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Figure 17. Mode shape for 2" mode frequency (detailed FEM)
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Figure 18. Mode shape for 3 mode frequency (detailed FEM)
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iii. Results Correlation and Evaluation

The results from detailed FEM modeling were compared with the experimental results in

order to validate their accuracy in predicting the actual behavior and are shown in Table 12.

The maximum relative error for 1% modal frequency using area joint contact condition is
55.6% while average relative error is 46.5%. The deviation from the experimental results for this

scenario is more than acceptable value.

For line contact condition the maximum relative error obtained for 1% modal frequency is
13.7% and average relative error is 8.7%. The errors for this case are within acceptable range.

Thus no further joint condition needs to be analyzed.

PO [PL |P2 |P3 |P4 AvG.
Value
Static (%) | 60.5 |60.5 | 629 |63.6 |60.2 |6L5
Area
\]Olnt st
Contact 1"Modal | 4 556 [556 |400 |31.3 |465
(%0)
Static (%) |1.30 |1.30 |7.10 |9.10 |0.60 |3.90
Line Joint
Contact
IstModal | 1,4 | 137 137 |430 |220 |8.70
(%0)

Table 12. Relative error between experimental & detailed FEA results

Figure 19-20 compare the average experimental value with variation of static total
deformation and resonant frequency for three joint contact conditions considered. By looking at
these figures it could be ratiocinated that the line contact condition gives a more realistic
prediction of overall stiffness behavior for the top plate and thus is best condition to be applied in

order to design a top plate.
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CHAPTER 5

TOP PLATE OPTIMIZATION

The initial design of top plate failed to give the desired performance once the correct
boundary condition for joints were identified. Thus the top plate needs to be redesigned using the
correct boundary condition. In order to achieve this purpose a goal driven optimization study on
top plate was carried out using ANSY'S design exploration module and the results are presented
in this chapter.

Design of experiments (DOE) technique was employed to generate the design space to be
further used for optimization. Response surface methodology was used to generate response
surface of component for variation in given input (design) parameters. Central composite design
technique was used for DOE and values of design variables were generated using face centered
(enhanced) method. Full 2" order polynomial method was applied for creating response
curves/surfaces for these values of design variables. Finally two optimization techniques i.e.
screening and MOGA were employed in order to obtain optimum candidates within generated
search space. At the end the best design meeting the desired objectives and constraints was
selected.

1. Size optimization

The first step in optimization procedure was to optimize size of top plate so that design
provides the best possible performance meeting the desired objectives with minimum possible
mass. For this purpose the cross sectional area of ribs was optimized (figure 21). Thus the two

design variables for the optimization problem are rib height and rib thickness respectively.

Figure 21. Top plate structure used for size optimization
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The overall height of top plate is given by:
Overall height of top plate = rib height + 2*rib thickness

The optimization problem thus can be formulated as

Objectives:
Maximize Frequency (Hz)
Minimize Total Deformation (mm)
Minimize Top plate mass (ton)
Constraints:
80 < Rib Height (mm) <220

8 < Rib Thickness (mm) < 16
i. DOE Matrix

DOE matrix used for input parameters and results of mass, static total deformation and 1%

mode frequency are shown in figure 22.

Table of Schematic D2: Design of Experiments {Central Composite Design : Face-Centered : Enhanced)

A B C D E H
1 Name .~ P74-DS_HEIGHT ~ | P75-DS_WIDTH ~ P4 -Total Deformation Maximum (mm) ~ | P7 - Total Deformation Reported Frequency (Hz) = P79 - Top Plate Mass (tonne) =
2 1 140 12 3.3051 6.744 3.5844
3 2 B0 12 9.9576 3.7558 3.1531
< 3 100 12 5.0869 5.3579 3.3688
5 4 220 12 2.0468 8.8905 4.0156
[ 5 130 12 2.4548 7.9224 3.8
7 [ 140 8 5.1103 5.4256 2.4208
8 7 140 10 4,1325 6.0501 3.0028
9 8 140 16 2.3558 7.9889 4.7465
10 9 140 14 2.7756 7.3547 4.1656
il 10 B0 8 16,402 2.9497 21222
12 11 100 10 5.2861 4,8252 2.8203
13 12 220 8 3.0739 7.2192 2.7195
14 13 130 10 3.0443 7.1584 3.1853
15 14 B0 16 6.6875 4.6058 4.1834
16 15 100 14 4,2209 5.8665 3.917
17 16 220 16 1.494 10,441 5.3095
18 17 130 14 2.1175 8.5884 4.4142

Figure 22. DOE matrix used and results obtained for objectives
ii.  Response Surface

The response surface generated as a result of DOE was used as a design space for carrying
out the optimization. The 3D response curves of 1¥ modal frequency, static deformation and top
plate mass against the design variables are shown in figures 23-25. Figures 26-28 show the
response of all these three objectives with variation in height of structure and thickness of ribs

individually. The 1% resonant frequency varies almost linearly with the increase in top plate
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height and rib thickness but is more sensitive to height of structure. The static total deformation

decreases as top height and rib thickness is increased. But this decrease is elliptical with height

becoming almost constant at higher values and linear with thickness. There is a linear increase in

top plate mass with the increase in the values of design variables.

Response Chart - Total Deformation Reported Freguency
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Figure 23. 1% mode frequency response against design parameters
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Figure 24. Static deformation response against design parameters
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iii.  Sensitivity Analysis

Sensitivity analysis was performed after generation of response curves in order to quantify
the variation of desired objectives with the design variables and determine which variable i.e. top
height or rib thickness is more critical in achieving the desired objectives.

Bar graph of the sensitivities of three objectives set for carrying out the size optimization
with variation in the design variables are shown in figure 29. It is evident from the chart that 1%
mode frequency and maximum total deformation of top plate are much more sensitive to
variation in structure’s height as compared to rib thickness while mass of top plate increases
more with the increase in rib thickness. Based on the sensitivity analysis height of structure of
needs to be increased more compared to rib thickness.

Local Sensitivity

DS HEIGHT s
DS_WIDTH  m—

Local Sensitivity
i

Total Deformation Maximum Total Deformation Reported Frequency Top Plate Mass

Output Parameters

Figure 29. Local Sensitivity of output parameters with variation in input parameters

As the objective of size optimization was to design a structure with maximum stiffness while
keeping the mass to minimum. Local sensitivity curves of top plate mass against the 1% modal
frequency and static deformation for variation in design variables are shown in figure 30(a) & 30
(b). These curves are again suggesting that the height of top plate to be increased in greater

proportion in order to have light weight design with maximum stiffness characteristics.
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Figure 30. Sensitivity Curves

iv.  Optimization

As the dynamic stiffness behavior of top plate was main focus of the optimization study.

Three different objective criterions were employed for frequency maximization in order to find

an optimum design point.

a) Maximize frequency
b) Frequency greater than target value (as goal)
C) Frequency greater than target value (as hard constraint)

Two different optimization schemes i.e. Screening and MOGA were used for each of these

criterions and results obtained for each of these are given below.

a) Maximize Frequency

Setting the objective for frequency as maximization; screening and multi objective genetic

algorithm (MOGA) optimization methods were employed to determine the optimum design

within the design space. A 3D plot of Pareto fronts obtained as a result of employing MOGA and

screening are presented in figure 31. While figures 32 & 33 presents the Pareto fronts obtained

for 1 modal frequency with maximum total deformation and top plate mass respectively.
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The optimum candidate designs obtained as result of

optimization techniques are presented in Table 13 and 14.

employing these two different

Candidate Top plate Static 1st modal Top plate
oint Height | Width deformation Frequency mass
P (mm) (mm) (mm) (Hz) (ton)
A 235 8 3.02 7.31 2.795
B 214 8 3.34 6.87 2.706
C 194 8 3.74 6.42 2.633

Table 13. Optimum candidate points obtained using screening optimization [Max freq]

Candidate Top plate Static 1st modal Top plate
oint Height | Width deformation Frequency mass
P (mm) (mm) (mm) (Hz) (ton)
A 235 8 3.05 7.27 2.767
B 205 8 3.55 6.62 2.642
C 185 8 3.91 6.25 2.622

Table 14. Optimum candidate points obtained using MOGA optimization [Max freq]

b) Frequency greater than target value (as goal)

With the operating frequency of top plate as 3Hz and FOS of 3.0 the minimum desired

frequency becomes 9Hz. So a value of 9.5 Hz was set as target value in the objective criterion

and constraint was set as goal for this optimization. Both screening and multi objective genetic

algorithm (MOGA) optimization methods were employed to search the optimum design within

the design space. A 3D plot of Pareto fronts obtained as a result of employing MOGA and

screening are presented in figure 34. While figures 35 & 36 presents the Pareto fronts obtained

for 1% modal frequency with maximum total deformation and top plate mass respectively.

The optimum candidate designs obtained for this optimization scheme using screening and
MOGA are presented in Table 15 and 16.
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Candidate Hei(;rhcch olatV\?idth defc?:?rf;ion Fliéqr[ljzgi;/ Tor?wg:‘ ¢
point (mm) (mm) (mm) (Hz) (ton)
A 235 8 3.02 7.31 2.795
B 214 8 3.34 6.87 2.706
C 194 8 3.74 6.42 2.633

Table 15. Optimum candidate points obtained using screening [value greater than 9.5Hz (as goal)]

Cand_idate Heig-]rhip ple:;[\?idth defg;[?rf;iion Fl?;qrﬂgggl/ Torir)w;sls “
point (mm) (mm) (mm) (Hz) (ton)
A 246 14 1.71 9.70 4.714
B 238 14 1.75 9.56 4.718
C 247 14 1.70 9.74 4,722

Table 16. Optimum candidate points obtained using MOGA [value greater than 9.5Hz (as goal)]

c) Frequency greater than target value (as hard constraint)

Setting the objective criterion for frequency as value greater than target value and constraint

handling as hard resulted in the exactly the same Pareto fronts as was obtained in previous

section (figure 34-36).The optimum candidate designs search by using Screening and MOGA are
given in Table 17 & 18.

Candidate Top plate Static 1st modal Top plate
oint Height | Width deformation Frequency mass
P (mm) | (mm) (mm) (H2) (ton)
A 246 14 1.75 9.59 4.611
B 242 14 1.75 9.58 4.665
C 240 14 1.73 9.63 4.749

Table 17. Optimum candidate points obtained using screening [value greater than 9.5Hz]

Cand_idate Hei;;?cp platV\(/aidth defg;[ﬁ:ziaiion Flicgqrzggg;/ Tor%gsa “
point (mm) | (mm) (mm) (H2) (ton)
A 246 14 171 9.70 4714
B 238 14 175 9.56 4718
C 247 14 1.70 9.74 4.722

Table 18. Optimum candidate points obtained using MOGA [value greater than 9.5Hz]
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As ours objective was to optimize the dynamic response of top plate. So the candidate having
the maximum frequency i.e. designs C, obtained using MOGA, for frequency greater than target
value (as hard constraint), was selected as optimized design. Thus the optimum design of top

plate based on size optimization has following characteristics (Table 19).

Height (mm) 247
Rib Thickness (mm) 14.0
Top plate mass (ton) 4.722
Static Deformation (mm) 1.70
1% mode frequency (Hz) 9.74

Table 19. Salient features of optimum top plate design obtained after size optimization
2. Shape optimization

After finalizing the top plate height and rib thickness based on size optimization study.
Shape of the optimized structure obtained was optimized in order to reduce its weight
guaranteeing the stiffness characteristics desired set for final design. For this purpose a step
plate design (figure 37) is used in which

a) Height of top plate is increased at centre section where a payload is to be mounted
b) Whereas the height at outer section is decreased in order to achieve the purpose of
mass reduction without any significant loss in static and dynamic stiffness

(a) Outer structure (b) Rib structure

Figure 37. Preview of top plate design used for shape optimization
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Thus the three design variables for carrying out shape optimization are top plate height at
centre (DS_total height), top plate height at outer section (DS_outside height)and rib thickness
(DS_width). Two different cases were run for this purpose.

Case 1

All the three variables were varied in order to have an optimized design in terms of mass
producing the desired performance. DOE and MOGA optimization is used. The optimization
problem is formulated as follows

Objectives:

Minimize Top plate mass (ton)
Constraints:

Frequency > 9.0 Hz

Static total deformation <2 mm

12 < Rib thickness (mm) < 18

60 < Rib height at outer section (mm) < 180
200 < Rib height at center section (mm) <230

i. DOE Matrix

DOE matrix used for input parameters and results of mass, static total deformation and 1%

mode frequency are shown in figure 38.

Table of Schematic D2: Design of Experiments (Central Composite Design : Face-Centered : Enhanced)

A B @ D E & L
- Name = Dsfu?ﬁm—c = DSiDUTS?]?)éiHE[GHT = DS;FD'?:ES—IE[GD—H’ b 'T“bégirfénméhfﬁfwmd = £ 'wg’ﬂf.’:m?“m T || P2 -TopFlate Mass (tonne) T
B 1 15 116 215 7.4732 2.3239 2.5368
3 2 12 116 215 5.4272 3.0265 3.6312
4 3 13.5 116 215 6.9672 26169 2.0841
5 4 18 116 215 5.4698 18752 5.4416
3 5 16.5 116 215 5.004 2.0692 2.9893
7 5 15 56 215 4.5747 7.3976 2.2683
8 7 15 86 215 5.2348 3.6543 2.4011
3 E 15 176 215 9.5086 1.2587 2.8193
10 9 15 146 215 8.5502 1.6579 4.676
11 10 15 116 200 7.4484 2.3412 4.5036
12 11 15 116 207.5 7.9602 2.327 4.5201
13 12 15 116 230 7.5104 2.3093 4.5709
14 13 15 116 222.5 7.5098 2.3194 4.5537
15 14 12 56 200 4.0601 2.0168 3.3869
16 15 13.5 86 207.5 5.7592 4.1787 3.9%
17 16 18 56 200 5.5291 5.1137 5.0766
18 17 16.5 86 207.5 6.6635 3.2255 4.3209
13 18 12 176 200 8.1604 16225 3.8344
20 19 13.5 146 207.5 7.9307 1.8809 4.1953
= 20 18 176 200 10.616 1.0424 5. 7451
22 Z1 16.5 146 207.5 5.0916 14513 5.125
23 = 12 56 230 3.8937 5.5773 3.4454
24 23 13.5 36 222.5 5.7752 4.2084 3.5778
25 24 18 56 230 5.3119 5.5532 5164
26 25 16.5 36 222.5 6.6581 3.2527 4.3596
27 25 12 176 230 5.2242 16123 3.3818
28 27 13.5 146 222.5 7.9568 1871 4.2235
22 28 18 176 230 10.741 1.0228 5.5159
30 29 16.5 146 222.5 5.1405 1.4809 5. 1598

Figure 38. DOE matrix used for shape optimization [Case 1]
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ii.  Response Surface

The 3D response curves of 1% modal frequency, static deformation and top plate mass against
the design variables are shown in figures 39-41. Figures 42-44 show the response of all these
three objectives with variation in height at centre, outside height and thickness of ribs
individually. Response curves are clearly showing that for a fixed value of rib thickness and
outside height; apart from adding to total mass variation in top plate height at centre plays no
role in increasing the stiffness characteristics of top plate. Thus total height at centre is redundant

variable while carrying out the optimization study.
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Figure 39. 3D response surfaces against DS_outside_height & DS_width parameters
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Figure 40. 3D response surfaces against DS_total _height & DS_width parameters
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Figure 41. 3D response surfaces against DS_outside_height & DS _total_height parameters
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(c) DS_width Parameter

Figure 44. Top plate mass (ton) variation
iii.  Sensitivity Analysis
The bar graph of sensitivities of 1% modal frequency, static total deformation and top plate

mass are shown in figure 45. Sensitivity analysis also predicted the same results i.e. total height

parameter is redundant and is not required during the weight optimization study.

Local Sensanaty
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Figure 45. Local sensitivity of output parameters [Shape optimization Case 1]
iv.  Optimization

MOGA optimization technique was employed to determine the optimum design among the
search space. 1% mode frequency was constraint to value greater than 9 Hz in order to meet the

objective set for dynamic stiffness. As the primary purpose of this optimization was to reduce the
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mass of top plate so objective criterion for top plate mass was set as target value less than 4.5 ton
(hard constraint). Optimum candidate points obtained are given in Table 20. Optimization study
for this case effectively yielded one optimum point. The value obtained for rib thickness of the
structure is same as obtained through size optimization study.

Top plate .
. - - - Static 1st modal | Top plate
Cand_ldate Height at Out_3|de _Rlb deformation | Frequency Mass
point centre Height | Thickness (mm) (H2) (ton)
(mm) (mm) (mm)

252 203 14 1.40 9.06 4.498

253 203 14 1.40 9.06 4.499

253 203 14 1.40 9.06 4.500

Table 20. Optimum candidate points for shape optimization using MOGA [Case 1]

Case 2

Upon reviewing the results of case 1 it was found that height of top plate at centre is
redundant variable for shape optimization study and rib thickness yielded the same results as size
optimization. A second case was run in which the top plate design obtained through size
optimization was further optimized for weight. In this case the height of top plate and rib
thickness were kept the same as obtained in size optimization study i.e. 247 mm & 14 mm
respectively. The shape of the top plate was varied by removing the material from the outer
sections. The optimum height of ribs for the outer section is determined using DOE and MOGA
optimization. The optimization problem formulated is shown below.

Objectives:

Minimize Top plate mass (ton)
Constraints:

Frequency > 9.0 Hz
Static total deformation < 2mm
60 < Rib height at outer section (mm) < 180

i. DOE Matrix

DOE matrix used for input parameters and results of mass, static total deformation and 1%

mode frequency are shown in figure 46.
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A B c D F
P1 - Total Deformation
| e | | e | o
2 1 116 7.4939 2.3202 4,5458
3 2 116 6.4539 2.9907 3.6384
4 3 116 6.9525 2.6214 4.0922
5 4 116 B.4965 1.8676 5.4524
6 5 116 7.9865 2.0705 45992
7 3 56 4.5721 7.4501 4.278
8 7 85 6.2332 3.6625 4.4105
9 8 176 9.552 1.2592 4.8272
10 3 196 8.5632 1.6474 4.6845
11 0 56 3.821 10,304 34237
12 11 85 5.7751 4,1929 3.9703
13 12 56 5.2822 5.6397 5.1316
14 13 M 6.6677 3.246 4.8505
15 14 17 8.1793 1624 3.864
16 15 196 7.9728 1.8646 42172
| 17 I3 176 10.666 1.0322 5.7893
| 18 17 146 9.1391 14822 5.1516

Figure 46. DOE matrix used for shape optimization [Case 2]

Response Surface

The response curves obtained as result of DOE are shown in figure 47. The curves show that

the 1% modal frequency and top plate mass vary almost linearly with variation in outside height.
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Figure 47. Response curves for shape optimization study [Case 2]
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iii.  Optimization

MOGA optimization technique was employed to determine the optimum design among the

search space. 1% mode frequency was constraint to value greater than 9 Hz in order to have a

design meeting the required dynamic stiffness and objective criterion for top plate mass was set

as target value less than 4.5 ton (hard constraint). The optimum candidate designs obtained are

presented in Table 21. Candidate B was selected as final optimized design of top plate.

Top plate .
Candidate | Outside _ . fStatlc_ I:1st modal | Top plate
ooint Height Width eformation requency mass
(mm) (mm) (mm) (Hz) (ton)
A 201 14 1.42 9.00 4.482
B 201 14 1.42 8.99 4.480
C 200 14 1.43 8.94 4.457

Table 21. Optimum candidate points for shape optimization using MOGA [Case 2]

Once the optimum design for top plate have been selected a comparative analysis was done

in order to quantify the amount of weight loss that have been achieved through the shape

optimization study. For this purpose weight of top plate design obtained after size optimization

have been compared with the final optimized design. A weight reduction of 5.12 % has been

achieved by employing the shape optimization (Table 22).

Original weight Optimized weight Difference Reduction
(ton) (ton) (ton) (%)
4.722 4.480 0.242 5.12

Table 22. Weight Reduction achieved through shape optimization
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4. FEM Results

The parametric model of this final optimum design was developed according to
specifications given in Table 23 and stiffness behavior was analyzed using ANSY'S workbench.

Top plate mass (ton) 4.480

Top plate height at centre (mm) 247

Height of outer section (mm) 201

Upper & Lower plate thickness (mm) 14.0

Rib thickness (mm) 14.0

Circular rib diameter (mm) 1000

Joint attachment geometry (mm?) 500 x 300 x 160

Table 23. Specifications of final optimized design

The static stiffness results obtained are tabulated in Table 24 and deformation contours in
figure. 48. Table 25 presents the dynamic stiffness results while mode shapes for first three
frequencies are shown in figure 49-51. The static total deformation is less than 2mm and 1*
modal frequency is 9 Hz. Thus design is meeting the desired stiffness criterion set initially for

satisfactory performance therefore the design was carried forward for prototype development.

Static total deformation (mm) 1.3935

Table 24. FEM results for Static stiffness of optimized design

1.3935 Max
12387
10838

0.929
0.77417
0.61934
0.4645
0.30967
0.15483

0 Min

0.00 1500.00 3000.00 (mm)

750,00 2250.00

Figure 48. Static deformation contours (Optimized design)
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Mode Frequency (Hz)
1% 8.9931

2" 9.0153

3" 13.501

4t 69.878

5t 70.408

6™ 113.3

Table 25. FEM results for dynamic stiffness of optimized design

- oase127
L 0030751

0.019376
0Min

0.00 1500.00 3000.00 {mm)
750.00 2250.00

Figure 49. 1¥ mode shape contours (Optimized design)

0.019349
0Min

0.00 1500.00 3000.00 (mm)
750.00 225000

Figure 50. 2" mode shape contours (Optimized design)
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0.16271
0.13946
0.11622
0.092976
0069732
0046488
0.023244
0 Min

0.00 1500.00 3000.00 {mm)
750,00 225000

Figure 51. 3 mode shape contours (Optimized design)

5. Experimental testing

A prototype of final optimized structure was developed and experimental testing was carried
out in order to determine the actual stiffness characteristics. The test conditions and procedure
was same as adopted for testing of detailed model. The results obtained are shown in Table 26.

Top Plate Mass (ton) 4.5

PO P1 P2 | P3 P4 Avg. Value

Static (mm) 13 |11 |14 |14 |15 |1.34

1"Modal (Hz) |89 |89 |95 |99 |88 |9.20

Table 26. Experimental values for top plate (Optimized design)
6. Evaluation of results

The results obtained from FEM modeling were evaluated by comparing them with the
experimental results in the form of percentage relative error and are tabulated in Table 27. There
is a good agreement between results obtained through FEM models and physical experiments.
The maximum relative error obtained is 9.1% and 6.9% for 1% mode frequency and static
deformation respectively. While average error for fundamental frequency is 3.8% and 8.3 for
static total deformation. These small errors again emphasize that line contact boundary condition

for joint is to be applied if realistic prediction of stiffness characteristics is to be achieved.
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PO |P1 |P2 |P3 |P4 |Avg. Value
Static (%) 69 (263 |07 |07 |73 |84
1" Modal (%) | 1.0 |1.0 |54 |91 |22 |38

Table 27. Relative error between experimental & FEA results (Optimized design)
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FUTURE SCOPE

The subject thesis was an attempt towards the accurate prediction of stiffness behavior of 6-
DOF top plate. The analysis work is done considering only one pose of platform and only
contact stiffness of associated joints is considered. Therefore, there is a lot of room for further
research in the concept at hand. The future work can be related to a mix of procedures given
below:

a) Finding a global stiffness response by carrying out an analysis for various poses of
platform within the workspace to determine its behavior throughout the whole
workspace.

b) Finding the effect of various other complexities that can arise in joints such as Joint
clearance, as it also plays a critical role in overall stiffness. An analysis considering
both the different contact types and clearance can be carried out to have even more

realistic prediction of platform’s behavior.
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CONCLUSION

In this thesis an accurate simulation driven stiffness modeling methodology has been
proposed for top plate of special application of 6-DOF platforms i.e. subjected to heavy loads.
Both static and dynamic stiffness characteristics, in terms of total deformation and frequency,
have been analyzed for simplified model and detailed model. The FEM results have been
verified with those obtained through experimental testing.

The thesis started with introduction of parallel manipulators and their applications in the
various fields wherein a special emphasize was laid on 6-DOF manipulators as it was topic of
current research. Moreover various advantages and challenges associated with these
manipulators are also highlighted. In literature review importance of stiffness modeling of
parallel manipulators has been discussed in detail. Various techniques that have developed over
the years for modeling and analyzing the stiffness characteristics are discussed. Joints, different
complexities associated with the joints and issues pertaining to modeling these complexities have
also been presented. The optimization work that has been done in regard to parallel platforms

and various aspects/components that are covered in optimization studies are highlighted.

Next in, a detailed and comprehensive step by step methodology adopted for carrying out the
work has been explained. The effect of considering different joint boundary conditions on
stiffness of top plate has been analyzed in the next section. At first a simplified FEM model has
been developed wherein the joint complexities were ignored and stiffness behavior has been
analyzed. Then a detailed modeling incorporating various types of joint contacts has been done
to analyze the static and dynamic stiffness response. The results obtained through simplified and
detailed modeling are compared and analyzed, which depicts that by taking into account the
contact stiffness of joints the relative error between FEM and experimental results has reduced
from 61.5 to 13.7 % and the average error from 52.1 to 8.7% for 1% mode frequency. This shows

the contact stiffness of joints has a significant effect on accuracy of the model.

Thus results obtained through this work depict that the correct application of boundary
conditions for heavily loaded 6-DOF platforms is highly essential for realistic prediction of static

and dynamic response to applied load.
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At the end GA based size and shape optimization techniques have been used to reach a
design meeting the required stiffness characteristics. A weight reduction of 5.1% has been
achieved through shape optimization.

Considering the scarcity of available references for employing correct analysis technique for
this particular application area. This work will not only serve as a guideline for future work but
also provide the correct methodology for simulation driven design of platform's top plate thus
reducing the dependency on experimental work and amount of testing required.

Last future work for the research was discussed by giving various options through which the
current study can be made more fruitful and vast in terms of both the deliverables and optimum

operative performance.
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