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De kennis over het assemblageproces is minder geformaliseerd dan
de kennis over andere voortbrengingsprocessen, omdat assemblage
grotendeels ook zonder hulpmiddelen uitvoerbaar is.

Het aantal goed automatiseerbare samenvoegmethoden dient te worden
uitgebreid om optimaler produkten te kunnen ontwerpen.

De nauwkeurigheidseisen aan assemblagemachines worden
noodzakelijkerwijs te hoog gesteld, om succesvolle assemblage
te kunnen garanderen.

Een grijper voor industri€le assemblage hoeft niet te kunnen strelen.

Een onderzoeksgroep zal eerder externe financiering vinden voor het
onderzoek waarin zij naam heeft opgebouwd, dan voor onderzoek in een
alternatief aandachtsgebied.

Ondanks de begeleidingsinspanning van de promovendus en
de inleerkurve van de student leveren (afstudeer)opdrachten
een positieve bijdrage aan het onderzoeksresultaat.

Een tijdens het promotieonderzoek ontwikkeld prototype is geen
industrieel gereedschap, het dient slechts ter evaluatie van
een principe-ontwerp.

Het wonen in het centrum van een stad als Rotterdam heeft een positief
effekt op het leefklimaat, behalve voor de bewoners zelf.

Een zeil-team is als een produktiebedrijf. Succes wordt bepaald door

dezelfde faktoren, onder andere:

- alleen het continu kiezen van de juiste koers leidt tot resultaat;

- zelfs een licht team kan succesvol zijn, mits zij de juiste techniek
beheerst;

- iedere vorm van berusting is gif voor de prestatie.
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Summary

A Flexible Assembly System (FAS) is an automated system for industrial assembly of
low-volume batches of product variants within one or more product families. The
DIAC-project (Delft Intelligent Assembly Cell) aims at the development, implementa-
tion and integration of technology that makes up a flexible assembly system for
assembly of mechanical products.

A concept is researched in this thesis for the process planning of the assembly of a sin-
gle part into a partial assembly. The concept is based on a subdivision into an off-line
macro planner, and an on-line micro planner. The macro planner is a generative tool
that helps the human process planner generate part-assembly-strategies (PAS’s) for
each transition in an assembly sequence. A PAS consists of a description of the opera-
tions that are necessary to assemble a part, a description of the required assembly
equipment, and an estimation of assembly quality and time. The PAS provides suffi-
cient process information for scheduling, programming and error recovery. The micro
planner automatically generates programs for the execution of the assembly opera-
tions, according to the PAS, using on-line information such as vision measurements
and calibration data. The following issues have been addressed during this research
project to evaluate the validity of the macro/micro planning concept: reasoning on the
reliability of assembly operations due to spatial uncertainty, determination of grips on
parts, and modeling and execution of fine motions.

The PAS’s should be planned in such a way that a reliable assembly process results. A
new method is developed for reasoning about the influence spatial uncertainties have
on operations that are planned. Due to the complexity of the assembly environment,
only a simple model of the spatial information can be used. A spatial relation is
expressed as homogenous transform between object frames. The uncertainty of the
relative location is represented in a covariance matrix (e.g. a sensor measurement pro-
vides a relation between the sensor and a feature on a part). Computation of the spatial
uncertainty of an operation is done by evaluating critical relations with criteria for that
operation (e.g. the location of a peg, relative to a hole, should be such that chamfer-
crossing can be ascertained). The critical relation is computed from a local network of
connected relations. A heuristic set of rules determines when a stochastic approach
can be used, or when a conservative deterministic approach should be used. The
developed model has been verified by computer simulation, and by experiment. The
results are not very promising. Constraints and dependencies between the objects in an
assembly system make that the assumed simple model can often not be constructed
(simulation methods lead to better results). The stochastic errors are often negligible
compared to the systematic errors in an assembly system, so that only deterministic
methods can be used. The influence of sensor measurements can then not be verified.
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Planning with stochastic information is only possible if the information that is avail-
able beforehand is accurate. Only then, the sub-domain of assembly problems that do
have significant stochastic uncertainties can be tackled.

A generative algorithm is described for calculating grips on a part. A grip is defined as
‘the position of the gripper fingers on the part, so that it can be held in a desired posi-
tion and orientation’, whereas a grasp is defined as ‘the motion of the gripper and grip-
per fingers towards the part’. A problem reduction method is proposed that reduces the
grip planning problem to a number of sub-problems that are more easily solved, based
on the mechanical properties of industrial grippers. Adapted versions of known grip
planning algorithms can be used on these sub-problems. All gripper contact points are
assumed to be located in a grip plane. The intersection of this plane with the part
results in a grip slice. Non-free regions on a part exist because of finger size, and pos-
sible contact with gripper, feeder, assembly and fixture. Furthermore, non-free regions
exist because some functional surfaces on the part should not be used. These non-free
regions are used to determine the area where gripper fingers can be placed. The grips
that are found can efficiently be represented, so that a continuum of stable grips is
available to the micro-planner.

A fine motion is a robot motion that can be in contact with the environment, as it will
be during many assembly operations. The traditional approach to fine motion execu-
tion is to move accurately, so that a deviation from the programmed path due to con-
tact does not lead to large interaction forces. Introducing additional compliance in the
system is a less used, but simple and often adequate approach. Robot force control
adds desired functionality to the assembly system, including the ability of controlled
motion in contact. Fine motion experiments have been carried out to research the pos-
sibilities of force controlled robot motion during insertion of a part.

The modeling of motion in contact has not yet led to adequate verification of fine
motions, given the uncertainties that exist. The influence of interaction forces on the
assembly process has been studied. Wedging and jamming are two phenomena, where
interaction forces build up and cause failure of the assembly motion. Fine motion
planning has only been successful for restricted application areas. A possible solution
for using successful fine motions in flexible assembly is; to develop standard fine
motion strategies, for assembly of completely defined connection types.

The flexibility of a FAS is still only marginal. One approach to increase flexibility is to
develop equipment that is more versatile (but not more than required for mechanical
assembly). Based on the results of the grip planning research, a gripper has been
developed that is able to quickly (0.2 sec), stably, and accurately (+28um) grasp vari-
ous part shapes. During the approach motion of the robot, the gripper pre-shapes to the
desired gripper pose within a range of 0-50x0-50 mm? in 0.5 sec. The three fingers
that move with two degrees of freedom are actuated by two brushless DC motors. The
gripper is controlled by a built-in transputer, which also takes care of communication
with the host controller. This simplifies the mechanical and electrical interface with
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the robot significantly. The gripper shows that more flexible grippers can be built that
are still applicable in an industrial environment.

Further development of the macro/micro planning concept is difficult. Reliability of
assembly operations is not easily verified, even not within the restricted domain of
product, process and assembly system of this thesis. A planning system that is based
on fortuity is not desired in industrial assembly. If a model of the assembly process
can be found that describes the behavior of the assembly system, algorithms can be
devised to react on known uncertainties and optimize the plan real-time.

Modeling of assembly operations and experimenting for model verification is consid-
ered to be very important for the further development of both the devices of a FAS,
and the planning and control of a FAS. Solutions should be sought in: simple logistic
concepts, simple tools, simple robots, and simple sensors. In general, a product should
be designed for assembly on a FAS, only using processes that are available on a FAS.
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Introduction

Webster’s dictionary defines the verb assembly as the fitting together of manufactured
parts into a complete machine, structure or unit of a machine: parts are joined
together to form a unit. Also the operations that indirectly are necessary to fit parts
together are considered as assembly. The assembly of mechanical products is exam-
ined in this thesis.

In the beginning of the industrial age, parts were manufactured to fit. In the beginning
of the 19th century, the arms industry demanded exchangeability of the manufactured
parts, to be able to repair the weapons in the field. This was first realized by Eli
Whitney, who first built a mother model of the product, from which gauges were made
that could be used to check the dimensions of the manufactured parts. This method
lasted until the beginning of the 20th century, when the first product drawings were
augmented with tolerancing information. Examples are the ISO system of limits and
the ISO thread standards. Exchangeable parts could be manufactured directly from
drawings. From then on parts manufacturing and assembly could be decoupled. Parts
could even be manufactured by other companies. This advantage was first utilized by
Henry Ford. He was the first to realize mass production of cars (2.000.000 cars per
year). His slogan was: “In mass production, there are no fitters!”.

The assembly of products is the final step in the manufacturing process. For most
products, assembly is done manually. The labor cost for assembly vary between 50%
and 75% of the total labor cost for manufacturing the product. Optimization of the
assembly process is therefore very important. In the sixties, this was mainly done by
optimization of the manual assembly operations. Assembly times were recorded and
evaluated, and operator motions were analyzed. In the seventies, automation of the
assembly process was seen as solution to the increasing labor cost. These automation
projects were not very successful because of the many technical problems that had to
be overcome. One began to realize that the only way to improve the assembly process
was to optimize the product design for assembly.



The assembly of mechanical products is under a continuing cost pressure, because of
the low labor cost of the developing countries. Automation of assembly is only possi-
ble if the required investment pays off within a few years. The investment must be
economically justifiable, and is not seen as expansion of the factory know-how and
capabilities, as it is done in the Eastern countries (e.g. Taiwan). One of the reasons is
the fact that the assembly automation has until now been a fixed automation for the
product involved, with dedicated equipment engineered from scratch. The assembly
lines for the automotive industry proved to be justifiable, but dedicated assembly sys-
tems.

Only recently it has become clear that besides the reduction of assembly cost there are
other advantages in automating the assembly process. The demand for high quality
products has become very important. If automation is carried out correctly, the quality
of the products can be guaranteed, by assuring zero defects assembly processes. The
human worker is often seen as ideal flexible assembly machine, but his production rate
is neither constant, nor of constant quality.

Many medium sized companies put a lot of effort in assembly, but are not suited for
automation, because production volumes of their products are too low, or the products
have a life cycle that is too short to justify dedicated automation.

Since the first use of industrial robots for assembly purposes, there has been a search
for assembly equipment that could execute product-independent assembly operations.
The flexible assembly systems should assemble different products at low volumes, and
should be productive for longer periods than one product life cycle. In 1987, a
research project was started at Delft University of Technology, partly funded by SPIN
(a funding by Dutch government for information technology projects in the Nether-
lands), to investigate the technical aspects of such an assembly system. Members of
four faculties work on various aspects, the focal point of the project is building the
Delft Intelligent Assembly Cell.

The DIAC-project aims at the development, implementation and integration of tech-
nology, which makes up a flexible assembly cell that fulfils the following require-
ments:

» reconfiguration flexibility: the cell can be used for a large number of assembly
tasks. Cell components can be reconfigured or exchanged without great difficulty;

* programming/planning flexibility: the cell is simply reprogrammable for specific
new assembly tasks for a given cell configuration and within the range of supported
product families;

* semi-random production capability: the cell is able to perform ‘random’ production
of products within the product family;

« fault tolerance: the cell has limited automatic recovering ability after the occur-
rence of errors; '

* high production capacity: the cell is sufficiently reliable and fast enough to enable
industrial use;

2 Chapter 1



» good user-interface: although the cell is built from components from various sup-
pliers, each offering their own interface, the cell has just one uniform, user- friendly
interface.

The Faculty of Mechanical Engineering has mainly been concerned with planning the
assembly for such an assembly system. Previous Ph.D.-studies are described in
[Heemskerk 1990], [Martens 1991] and [Boneschanscher 1993].

This thesis, Automation of assembly operations on parts, is also part of the DIAC-
project. The primary goal is research into process planning for assembly operations on
a flexible assembly system, to get a part assembled into an assembly. The term process
planning has been omitted from the title, because the title would then not carry the
load: the close relation of process planning with the technical capabilities of assembly
systems makes that investigation and development of suitable assembly equipment
became an important ingredient of this thesis.

The 10 chapters of this thesis can be grouped into four parts, as shown in figure 1.1.

Chapters 1,2, 3and 4
Introduction and background

Chapters 5, 6,7 and 8
Process planning

Chapter 9
A flexible industrial gripper

Chapter 10
Conclusion

Figure 1.1: layout of the thesis.

The first part of this thesis forms the general background to the research into automat-
ing the assembly of parts. Chapter 2 deals with the product to be assembled, the
assembly process, and the flexible assembly system. Chapter 3 introduces planning for
flexible assembly. The chapters illuminate the shortcomings that this research focuses
on. Chapter 4 refines the scope to the subject of this thesis, and concludes with a
description of the pursued deliverables.

In the second part of this thesis, the process planning research that has been carried

out is described. First a concept for a process planner for the assembly of a part into a
partial assembly, within a planning and control system such as proposed in the DIAC-
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project, will be proposed in chapter 5. The next three chapters (chapters 6, 7, 8) give a
detailed description of three subjects that have been further analyzed: spatial reason-
ing, grip planning and fine motion planning.

A flexible industrial gripper is the subject of the chapter 9. It is an addition to the
development of more flexible assembly tools.

Chapters 5 to 9 can easily be read independently, and do therefore not have to be read
sequentially. Related results and conclusions are presented at the end of each chapter.

The final chapter (chapter 10) evaluates the goals of this project. An outline will be
given of future work in order to continue the research into automation of assembly
operations on parts.

Assembly- and planning-related terms in this thesis are defined where they are first
used and indexed on page 223.



Flexible assembly

Although flexible assembly systems (FAS) have been discussed for over 20 years
already, the systems have not been realized in industry. The reason for this can, among
others, be found in the bad relation between product and assembly process. Product
design should incorporate the assembly process. The assembly process, as we know it
today, is a compilation of traditional manual techniques. Assembly needs to be ratio-
nalized, so that it can be better automated. The recent assembly systems have been
built around industrial robots, which are thought to be the mechanical replacement of
the human worker. However, the assembly systems should be built around the assem-
bly process instead.

In this chapter, the product, process and system will be looked at, to give an overview
of the achievements in the field of flexible (automated) assembly.

2.1 Product

The recent progress in industrial assembly is mainly due to the achievements made in
product design. Products should be designed for assembly, to be assembled efficiently.
This section does not deal with design-related issues, but only defines the mechanical
product. A separate research project in the Laboratory for Flexible Production
Automation on design for parts manufacturing and assembly is described in

[Tichem 1993].






