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Chapter 1

Introduction

Assembly is a major operation in the manufacture of any product.  It is estimated that

over 50% of total costs are related to assembly processes (Rabemanantsoa and Pierre,

1996).  Automating assembly processes can increase productivity and hence reduce the

cost of a product.  Assembly automation involves the use of machines and tools to carry

out desired assembly operations without human intervention and can be broadly

classified into two groups based on the use, or not, of feedback systems – active assembly

and passive assembly.  Active assembly involves automatic assembly with the aid of

feedback systems (like visual sensors, proximity sensors, etc.) whereas passive assembly

involves automatic assembly without the aid of any feedback systems.  We are concerned

with passive assembly in this thesis.

Figure (1.1) shows the different steps in assembly automation.  Part presentation

includes optimizing part layout at the workstation.  Hunt and Sturges (Hunt and Sturges,

1993) have developed a heuristic for determining an optimum part layout for a manual

assembler.  This work can be extended to an automatic assembler as well.  Once the part

layout has been optimized, it is necessary to have an optimum assembly sequence to

reduce the assembly time and cost.  The next step in automation is assembly path
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planning.  Assembly path plans usually fail because of inevitable uncertainties (like

grasping, orientation, etc.).  In such situations, contact state recognition is necessary to

ensure that path plans can be retrieved.

In this thesis, we address the assembly sequence optimization problem and the

contact state recognition problem.  Part acquisition, which is also a very important step in

the assembly process is a completely different field and is not in the scope of this thesis.
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Figure (1.1) – the different steps involved in an assembly process.
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1.1 Objective

As mentioned above, this thesis concerns two important aspects of assembly

automation viz., assembly sequence planning and assembly path planning.  The main

objective in assembly sequence planning is to derive an optimal assembly sequence for a

given set of parts to be assembled.  A heuristic is presented here to optimize the assembly

sequence.  Another objective is to categorize parts/subassemblies based on their preferred

direction of assembly while allowing re-orientation of the base part.   By categorizing

parts/subassemblies, we intend to avoid unnecessary indexing of the base fixture and thus

contribute towards reducing assembly time and cost.

The second part of this thesis concentrates on contact state recognition.  The objective

is to verify the theory of principal contacts (PC – discussed in section 3.1.1) and contact

formations (CF – discussed in section 3.1.1) that a change in contact state from one PC to

a neighboring PC yields an abrupt change in contact force.  Another important objective

is to be able to categorize neighboring contact states as distinguishable or

indistinguishable based on force/torque sensing alone.  If any two neighboring contact

states are found to be distinguishable by force/torque measurements alone, we aim to

predict the force/torque which will most easily distinguish the concerned neighboring

contact states.  Categorizing contact states into distinguishable/indistinguishable

neighboring states based on force/torque sensing provides a very important input to

automatic path planning algorithms which use contact state recognition to overcome the

effect of inevitable uncertainties.  Only the 2D peg-in-corner problem has been studied in

this thesis.
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A brief introduction to assembly sequence planning and assembly path planning (with

emphasis on contact state recognition) is given in the following sections.  Existing

literature in the fields of assembly sequence planning and path planning are also reviewed

to introduce the reader to some basic concepts involved in the respective fields.

1.2 Assembly Sequence Planning

Assembly often accounts for a significant percentage of the total manufacturing cost

of a product (Desai et. al., 1988).  Automating product assembly could reduce cost of the

product through a reduction in assembly time.  An important step in assembly automation

is assembly sequence planning.  Assembly sequence refers to the order in which the

various components of a product are put together so as to realize the desired product.  An

assembler needs to know the order in which to assemble the components (or the assembly

sequence) so as to realize the desired product in the least possible time.  Optimizing

assembly sequences plays an important role in determining the assembly cost of the

product and helps suggest changes (if any) to the design of the product.  A related issue in

assembly sequence optimization is optimizing the layout of the components presented at

the workstation.  The heuristics presented by Hunt and Sturges (Hunt and Sturges, 1993)

give an optimum part layout at the assembly workstation (for a manual assembler)

assuming that the part has been pre-oriented i.e., no time is lost in part re-orientation.

This is an important assumption in passive assembly because of the absence of real-time

part pose detection. (Sturges and Laowattana, 1995)

For optimizing a product assembly, one needs to be able to identify as many (if not

all) feasible sequences as possible.  However, the number of feasible assembly sequences
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rises very rapidly as the complexity of the product increases.  Hence an efficient

algorithm is necessary.

Current research has been concentrated on deriving an efficient algorithm to optimize

assembly sequences (Whitney and De Fazio, 1987, Homem De Mello and Sanderson,

1991 a,b, Woo and Dutta, 1991) .  Most of these algorithms are based on user-specified

inputs / constraints to reduce the solution space and do not result in  a ‘single’ optimum

assembly sequence.  This process works well to reduce the number of assembly

sequences to a computationally manageable number (Homem De Mello and Sanderson,

1990).  However, there may arise several instances wherein the user has to merely

‘choose’ from two or more assembly sequences based on experience.  Choices made by

judgement do not necessarily yield the best results.  In this thesis, a heuristic to find an

optimal assembly sequence is presented.  We briefly describe the existing algorithms for

assembly sequence optimization and demonstrate our approach to assembly sequence

optimization with the assembly of a small engine.  We use the engine as an example

because of the variety of parts involved.

 The approach to finding the heuristics presented in this thesis is an extension of

the “liaison” technique outlined by Abell, et. al. (Abell et. al., 1991).  The liaison

technique is a comprehensive search tool to establish all the feasible assembly sequences

based on precedence constraints.  The number of feasible sequences is reduced by

applying some user-specified constraints (usually, to avoid the need for extra tooling).

For each of the feasible assembly sequences remaining after applying all the constraints,

the assembly difficulty is quantified in terms of an index of difficulty (ID).  We use an

Index of difficulty (ID) for a component defined by the base 2 log of the range over the
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resolution (Fitts, 1954).  Mathematically, ID = log2(range/resolution).  The assembly

sequence with the lowest cumulative ID is the optimum sequence.

The optimum sequence gives us valuable information regarding the different

orientations of the components of the assembly.  Knowing the assembly orientations of

the components, the different configurations necessary for grasping the components are

derived.  A low cost end effector to grasp these components is designed by considering

their grasping directions and geometries.  In this thesis, we outline a method that uses the

results of the optimization (described earlier) to derive the ‘universal’ gripper.

1.2.1 Background in assembly sequence planning

Many algorithms have been proposed to optimize assembly sequence planning.  Of

these, Woo and Dutta attempt an assembly by disassembly approach (Woo and Dutta,

1991).  The programs use mating condition information while ‘removing’ parts and

continuously checking for interference.  Frequently, reversing the order of parts removal

yields an assembly plan.

De Fazio and Whitney present a liaison technique in which the user enters contact

relationships between parts to create a liaison diagram (Whitney and De Fazio, 1987).  A

question and answer process finds precedence between part-installation moves.  In

answering the questions, the user has to determine if the liaisons can be done before the

current liaison is established.  Answering these questions may be hard even for

experienced engineers.  Finally, sequences for establishing all the liaisons are

algorithmically generated subject to the precedence constraints and all possible assembly

sequences are deduced.
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Homem de Mello and Sanderson present an algorithm that starts with a conventional

CAD geometry description and deduces relational graph models that specify contacts and

attachments among the components (Homem de Mello and Sanderson, 1990).  An

AND/OR graph representation of the search space of disassembly plans is used for a

recursive enumeration of all possible decompositions of the assembly.  Constraints are

later imposed to select the ‘feasible’ decompositions and eventually to come up with

optimal assembly sequences.

Kroll presents an approach to automatic generation of assembly sequences in which

the design engineer specifies individual part geometries and relates the parts to each other

to create assemblies (Kroll, 1994).  A program then analyzes the design and suggests

sequences for assembling the product. This approach does not yield an optimal sequence,

but gives a select set of sequences.

A modified version of De Fazio and Whitney’s Liaison method uses cut-sets of the

liaison diagram and poses fewer questions that require ‘yes’ and ‘no’ answers only

(Abell, et al., 1991).  As in the earlier version of the “liaison” technique, all the feasible

assembly sequences are established.  Constraints are applied to prune the solution tree by

eliminating “awkward” assembly operations or states.

In contrast to the above mentioned approaches to optimizing assembly sequences, the

heuristic presented in this thesis gives a ‘single’ optimum assembly sequence, if one

exists.
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1.3 Assembly Path Planning – Contact State Recognition

An important goal in assembly automation is flexible assembly.  Flexible assembly is

not widespread at present because only a relatively small class of parts can be assembled

automatically without manual programming.  Automatic programming provides an entry

for flexible assembly in assembly automation compared to manually programmed,

sensor-based robotic systems.  In order to facilitate automatic programming, automatic

motion planning is very important.  Several strategies have been proposed and

implemented for automatic motion planning (Sturges and Laowattana, 1995, Lozano-

Perez, 1983 and Donald, 1985).  These strategies take advantage of contact between the

parts being assembled and are called contact-based motion planning strategies.  Some of

these strategies are discussed below.

Buckley (1988) developed a strategy to generate translational compliant motion plans

as a search through a state graph derived from the C-space of the task environment.

However, constructing the state graph requires extensive searching of the C-space, which

is computationally expensive.

Sturges and Laowattana (Sturges and Laowattana, 1995) developed a spatial remote

center compliance device (SRCC), extending Whitney’s RCC device, to accomplish

square peg-in-hole task.  They identified all the possible contact states manually and

derived the contact constraints together with the constraints for avoiding jamming and

wedging.  A contact motion strategy was then manually identified from the contact states

and constraints (arranged in a constraint network).

However, due to uncertainties, some unintended contact between the two parts being

assembled may occur and cause most contact motion plans to fail.  In order to retrieve a



9

motion plan from such failures, it is necessary for the automatic programmer to recognize

the contact at the point of failure.  Hence contact state (defined in section 3.1) recognition

is a very important part of automatic programming.  Many schemes have been proposed

for contact state recognition (Desai et. al., 1988, Sturges and Laowattana, 1995, Lozano-

Perez, 1983 and Donald, 1985).  A crucial issue in contact state recognition is contact

state representation.

Xiao (Xiao, 1993) developed a systematic replanning approach toward assembly

motion planning.  In this replanning approach, planning was decomposed into off-line

nominal planning assuming no uncertainty and on-line replanning based on contact

recognition and analysis of constraints relating parameters of uncertainty models to

nominal task parameters.  This approach utilizes the concept of principal contacts and

contact formations.  The concept of using CFs (as sets of PCs) has the inherent advantage

that a change of CF is often coincident with a discontinuity of the general contact force

(force and torque).  Previous work (Sturges and Laowattana, 1995, Lozano-Perez, 1983

and Donald, 1985) in contact motion planning has shown that contact information at the

level of PCs along with the sensed location and force information is often sufficient for

planning high precision assembly operations.  In this thesis, we present results from

experiments involving planned contact motions to validate the notion of PCs and CFs --

an abrupt change in general contact force often accompanies a change between CFs.  We

are only concerned with solving the 2D peg-in-corner problem.
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1.4 Organization

This thesis is organized into four chapters.  Chapter 2 details the heuristic developed

for optimizing assembly sequences.  An example is also developed to demonstrate the

working of the heuristic.  Chapter 3 describes the concept of principal contacts (PCs) and

contact formations (CFs).  The experiments conducted to verify the notions of PCs and

CFs are also described.  The experimental apparatus and set-up are also briefly described.

Chapter 4 presents the results and suggests improvements in the present work.

                                                


