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1.1

Introduction

Taken from the book ‘The Mechanical Design Process’ [Ullman, 1992, page 16], the
following quotation illustrates the subject of this thesis.
“For most of history, the discipline of mechanical design required knowledge only of
mechanical parts and assemblies. But early in the twentieth century, electrical components
were introduced in mechanical devices. Since that time, the discipline has undergone a
steady transformation from purely mechanical to electromechanical products. In the 1960s
and 1970s, another discipline was added to electromechanical design, namely software
design. Many electromechanical products now have microprocessors as part of their control
system. The products having mechanical, electronic and software components are called
mechatronics devices. What makes the design of these devices difficult is the necessity for
domain and design process knowledge in three overlapping but clearly different
disciplines.” (Figure 1.1).

Figure 1.1: Decomposition of design principles.

“The success of industries in manufacturing and selling goods in a world market
increasingly depends upon an ability to integrate electronics and computing technologies
into a wide range of primarily mechanical products and processes.” [Bradley et al., 1991a]
This results in systems that are less expensive, simpler, more reliable and with greater
flexibility of operation than their predecessors.
Mechatronics is an artificial word, created in Japan in the mid-1970s by combining
mechanics and electronics [Buur, 1989].
The following definition of mechatronics has been adopted within the European Union.
Mechatronics is the synergetic combination of precision mechanical engineering,
electronic control and system thinking in the design of products and processes.
From this definition, it is clear that mechatronics in itself is no separate discipline within the
overall spectrum of engineering, but rather represents an integration bridging a number of
different fields within engineering [Bradley et al., 1991a].
9
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Organisation of this chapter

Section 1.2 defines the research aims of this thesis. Section 1.3 introduces the MART
project and Section 1.4 presents a detailed overview of the thesis.

1.2

Research aims of this thesis

The main question of this thesis is how the different skills and disciplines involved can be
combined to fully exploit the potential of a mechatronics design approach. The choice made
was to gain experience in the field of mechatronics design by developing a technical system
of high complexity, which requires optimum performance of the participating disciplines to
fulfil the pre-set specifications. The key to the success of this development is the extent to
which the disciplines involved are able to collaborate.
The first aim of this thesis is to present the insight gained in the mechatronics design
process in a more general approach and illustrate this approach by describing the design and
the design process of the Mobile Autonomous Robot Twente (MART) prototype. This
includes emphasising the process of creating design solutions for mechatronics design
problems based on the input of the different disciplines involved.
Although project management aspects (i.e. planning, budget, etc.) are of major importance
to the successful completion of a project, these are not emphasised in this thesis because
they do not differ from other projects.
The second aim of this thesis is to demonstrate the technical feasibility of the applicability
of mobile robots in a fully automated assembly factory. This thesis presents design solutions
for the different functions of the mobile assembly robot. These design solutions have been
realised and tested successfully.

1.3

MART project

Mechatronics research at the University of Twente was carried out in the Mechatronics
Research Centre Twente (MRCT)1, a combined initiative of four research groups of the
departments of Mechanical Engineering, Electrical Engineering, Applied Mathematics and
Computer Science [van Amerongen et al., 1989].
The MART project was started in July 1990 and completed in July 1995. During these five
years, a multidisciplinary design team developed and realised the MART prototype and
published papers about different subjects of the mobile robot system and the mechatronics
design approach [de Graaf, 1993; Schipper et al., 1993; Oelen et al., 1994].

1 In the mid-1990s, the Mechatronics Research Centre Twente was transformed into the Cornelis
Drebbel Institute.
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The MART project has been presented several times at both scientific and industrial
exhibitions. International interest resulted in an invitation to the ProMat ’95 exhibition in
Chicago.

MART project team

The MART project team consisted of a multidisciplinary group of six staff members and a
floating group of about fifty MSc students. Four members of the staff completed a PhD
thesis on their contribution to the MART project [Oelen, 1995; de Graaf, 1994; Nauta,
1996, Schipper, 2001].
Organisation of the project team:
•
•
•
•
•

project manager
system design and mechanical engineering
modelling and control engineering
measurement systems
hardware and software engineering

M.P. Koster
D.A. Schipper
W. Oelen
A.-J. de Graaf
H. Tillema / J. Nauta

The project team worked together in one room. This ‘one room approach’ is considered one
of the essential aspects of how the Japanese organise their design departments [Buur, 1989].
During the MART project, the team members experienced how to work in a mechatronics
design team. In close collaboration with both the mechanical and electrical workshop of the
University of Twente, most of them also experienced the actual realisation of their design
(Figure 1.2).

Mobile robot research

At the start of the project, a study on mobile robots was conducted [Schipper, 1990].
A literature search and several visits to leading institutes2 resulted in an overview of the
state of the art of mobile robot research in Europe (Figures 1.3, 1.4, 1.5). The state of the art
of mobile robot research in Japan and North America was beyond the scope of this research.

2 The Catholic University of Leuven in Belgium [Song, 1989], the University of Karlsruhe in Germany
[Rembold et al., 1990], Delft University of Technology [van Turennout, 1994] and the Esprit project
(MARIE). This overview dates back to the early 1990s.
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Figure 1.2: Testing the infrared beacon sensor (Van der Schoot, 1992).

The mobile robot research projects mentioned above were conducted by software and
control engineers focusing on the realisation of autonomous system behaviour in ‘unknown’
environments. Most of the systems only consist of a vehicle and are not equipped with an
advanced device for handling and manipulation purposes. The Karlsruhe robot (KAMRO),
however, has two common industrial robots. The research aims of this project are the
vehicle navigation and the automatic generation of robot assembly operations. Because the
vehicle and robots are not designed to fit in one system, the overall performance in terms of
speed of operation and accuracy is by far insufficient to apply the KAMRO system in an
industrial application.

12
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Figure 1.3: Karlsruhe robot – KAMRO
(Karlsruhe Autonomous Mobile Robot.
[Rembold et al., 1990].
Courtesy of Prof.Dr.Ing. R. Dillmann.

Figure 1.4: Delft robot – PAVLOV
(Programmed Autonomous Versatile Local
Operational Vehicle). [van Turennout, 1994]
Courtesy of dr. P. van Turennout.

Figure 1.5: Esprit robot – MARIE (Mobile Autonomous Robot Industrial Environment)3. Courtesy of

drs. A. Visser.

3 MARIE in the Mobile Robot Laboratory of the University of Amsterdam. This robot was one of the
test platforms developed within the framework of the Esprit II programme (project 2043; 'Mobile
Autonomous Robots in an Industrial Environment',1989-1993).
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All the disciplines relevant for mechatronics design were represented in the MART project,
each of them contributing state-of-the-art design solutions to the project. The result is an
automated assembly system, consisting of a freely navigating mobile robot and a station
providing the mobile robot with the necessary parts and tools. The mobile robot consists of
a vehicle and a manipulator. The vehicle is designed to optimally support the manipulator,
resulting in superior overall system behaviour. The mobile robot is capable of accurate
assembly operations while driving on a relatively rough floor surface. Another problem that
has been solved is the manipulating accuracy of the mobile robot relative to the stations.
Both problems and the proposed solutions are presented in Chapter 5.
After studying the mobile robot research projects, a concept for an industrial application for
mobile robots was adopted [Abrahams, 1985]. Abrahams developed a new concept for a
highly flexible assembly factory, based on the application of mobile robots (further
identified as the ‘MART factory’).
According to a specific production schedule, the mobile robots travel along the parts supply
stations to pick up the parts needed for the assembly of particular products. Assembly takes
place on board the mobile robots, while connected to a parts supply station or while
travelling to the next station. The required product-specific tools, such as gripping devices
and product carriers, are available on board the mobile robots or at a tool change station.
Completed products are delivered to a delivery station. The MART factory is described in
more detail in Chapter 4.
A mobile robot and a parts supply station were realised as part of the MART project
assembly factory. The concept of the MART factory can be demonstrated by the actual
assembly of a product, redesigned according to the design for assembly rules [Rikken,
1993]. As such, a two-finger robot gripping device, four specific product carriers and
several trays with parts were designed and realised.

Realisation of the MART prototype

The technical realisation of the MART prototype was carried out by several workshops of
the University of Twente. The design team members were responsible for communicating
with the workshops. The suggested design solutions were thoroughly discussed as to their
feasibility. This was without a doubt a useful experience for junior engineers.

1.4

Overview of the thesis

This section offers a detailed overview of the content of the thesis (Figure 1.6).
After introducing the scope of this thesis in Chapter 1, the state of the art in mechatronics is
discussed in Chapter 2.
Chapter 3 presents the mechatronics design process, emphasising the role of the different
disciplines involved and the application of design tools in the successive stages of the
product creation process.
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Figure 1.6: Overview of the thesis.

Chapter 4 describes the MART factory, followed by the specification of the shop floor, the
mobile robot, and the parts supply station.
Chapter 5 describes the conceptual design of the MART prototype. Design solutions are
introduced for the following five functions:
1. The manipulator carries out accurate assembly operations relative to the assembly
platform on top of the vehicle, while the vehicle moves on a relatively rough floor
surface.
2. The mobile robot moves freely through the shop floor without being restricted to
physically fixed paths. As a consequence, the configuration of the shop floor can be
adapted easily.
3. The manipulator picks up the parts from the top of the parts supply station. Therefore, a
mechanical connection is realised between the vehicle and the parts supply station in
order to ensure reliable and accurate handling operations.

15
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4. The gripping device concept is capable of handling a wide variety of parts, products
and tools.
5. The mobile robot operates 24 hours a day, which requires special attention to the choice
of the energy supply system.
The MART prototype can be divided into five subsystems: the vehicle, the manipulator, the
gripping device, the parts supply station and the infrared beacon system. Below is a short
description of these five subsystems.
The vehicle (Chapter 6) consists of two parts: a lower frame, containing the wheels and
drive system, and the upper frame, which carries the manipulator, batteries and electronic
control system. The suspension system, which carries the upper frame, consists of three air
springs, creating a low-pass filter of approximately 3 Hz.
The manipulator (Chapter 7) is a 4-dof SCARA type robot with a double arm configuration.
All four drive motors are located in the base of the manipulator. The main column of the
manipulator contains four concentric drive tubes. Two of them drive the upper arms and the
other two drive the spindle axis (wrist module) by means of timing belts located inside the
arms.
A gripping device capable of handling a wide variety of parts and products is presented in
Chapter 8. Two basic concepts might fulfil this function. The first is a universal gripping
device, which is able to adapt itself automatically to various shapes. The second solution
consists of a set of task-specific gripping devices and a common interface for the
manipulator arm. At the time the decision was made, the idea of a universal gripping device
was rejected because this solution seemed more problematic from a practical point of view.
As a consequence, the idea of a common interface in combination with task-specific
gripping devices was adopted and realised. Within the framework of the MART project,
only one specific gripping device has been realised. This gripping device consists of two
parallel moving fingers, which can be adapted to a specific part.
In the meantime, two universal gripping devices have been developed and tested
successfully. The first solution is based on pre-positioning exchangeable fingers [Berents,
1996]. In an offline preparation cell, the automatically selected fingers are manipulated into
position according to the shape of the part that has to be grasped by the gripping device.
The common base then picks up the set of fingers while maintaining the pre-set relative
positions (Figure 1.7).
The second solution is a gripping device that consists of a set of individually driven fingers.
This set of fingers physically touches the contour of the part that has to be picked up. The
relative positions of the fingers are fixed in a mechanical way and the gripping device has
been adapted to that particular shape of the part [Lalkens, 1997].
The required parts and tools are stored on top of the particular stations. A mobile robot
connects with a certain station and carries out the pre-described handling operations. A
temporary connection at a relatively high stiffness between the frame of the mobile robot
and the station body suppresses undesired movement of the manipulator relative to the parts
16
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and tools on top of the station. Two CCD cameras are used to calibrate the position of the
manipulator base relative to the position of the station (Chapter 9).
For navigation purposes, the actual pose (position and orientation) of the vehicle has to be
known within a certain degree of accuracy. The choice has been made to determine the pose
of the vehicle using a combination of an odometer and an absolute position measurement
system (Chapter 10). A rotating optical detector on top of the vehicle measures the pose of
the vehicle relative to a number of unique infrared beacons at known, fixed locations,
according to the Snellius triangulation principle.
At the start of the MART project, there were few industrial, free-ranging navigation systems
for vehicles available on the market. The MART team consequently decided to develop
such a system. Nowadays, many solutions are commercially available and applied
successfully in industrial applications. Most of these systems are based on a rotating laser
on top of the vehicle and reflecting passive beacons at known, fixed locations.
Chapter 11 presents the evaluation of the MART prototype.
Chapter 12 presents conclusions with regard to the mechatronics design approach and the
technical feasibility of the application of mobile assembly robots.

Figure 1.7: Universal gripping device (courtesy of Demcon).
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Computer hardware and software

Although the design and realisation of hardware and software was an important topic in the
MART project, an extensive description of this result is beyond the scope of this thesis.
The MART prototype is controlled by means of a transputer network, divided over the
mobile robot and the central host computer system. The wireless communication connection
between the mobile robot and the host computer system is designed as a low-speed
transputer link [Does, 1992; Dorlandt, 1993].
The software is distributed throughout this transputer network and is hierarchically
structured according to high-level and low-level tasks. Low-level tasks include the control
of the drive motors, infrared beacon sensor, etc. These tasks are effected in the computer
system on board the mobile robot. The high-level software is responsible for traffic
regulation, production scheduling, etc. and is effected in the host computer [Pellenkoft,
1992; Ploeger, 1992].

18
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2.1

Introduction

The objective of mechatronics is to design better products and production systems by
making optimal use of the possibilities of mechanics, electronics and software. This
approach is not new. In fact, a lot of companies have already been implementing
mechatronics for many years. However, the awareness of mechatronics as a competitive
edge in the design of products and production systems is growing.
Following from the changing market situation – resulting in increased diversity of products
– there is growing demand for rapidly re-configurable production systems. The systems
must be flexible enough to handle a range of product types with short production runs
without changeovers that require significant amounts of time. Well-known examples of
mechatronics systems (including robots, automatic guided vehicles and numericallycontrolled computer machine tools) play a significant role in the concept of flexible
production systems. An example of such a flexible production system suitable for low
volume batches is the MART factory (Chapter 4).
Another area in which mechatronics has been fully adopted and has demonstrated its added
value is in the development of production systems for electronic components and printed
circuit boards.
Besides the development of production systems, the mechatronics approach has led to a
revolution in consumer products:
• the improvement of existing products – more functions (features), higher reliability, and
cost reductions;
• the development of completely new products, which would not have existed without the
full integration of mechanics, electronics, and software (for example, video cameras
and compact disc players).
It may be clear that the opportunity to create the optimal mix of mechanics, electronics and
software is early in the design process [Buur, 1990; Bradley et al., 1991a; Salminen et al.,
1992].
The curve of Figure 2.1 shows how the life cycle cost of a product is determined during
various phases of design [Nevins et al., 1989].
Life cycle cost includes the cost of materials, manufacture, use, repair, and disposal of a
product. Thus, concept formulation determines about 60% of the cost, and all activities up
to the start of full-scale development determine about 75%. This means that the design
decisions made early in the process determine most of the costs, and later decisions make
only minor changes to the final total.
The mechatronics approach strives to increase the quality of the design process by taking a
more integrated approach and improve the crucial early decisions in the design process by
involving all the disciplines from the beginning.
The development of the MART prototype illustrates these figures. The crucial design
choices regarding how to solve the major functions of the MART prototype were made
during the conceptual design phase (Chapter 5). The MART team required about six months
to complete this phase. Based on these early design choices, a budget and planning was
21
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drawn up for the further development and realisation of the MART prototype. Upon
completion, the project costs were just slightly over budget. The team required more than
four years to complete the development of the subsystems (Chapters 6-10) and to realise the
prototype.

1. Define use patterns, 2. Define alternatives, 3. Develop alternatives, 4. Freeze subsystems,
5. Prove feasibility, 6. Provide preliminary designs, 7. Provide detail designs,
8. Provide manufacturing plans, 9. Product
Figure 2.1: Life cycle phases.

2.2

State of the art in mechatronics

The team approach is an important prerequisite for the effective development of state-ofthe-art mechatronics systems. Teams of specialists from the different disciplines have to
pool their knowledge to design high-quality products. No single designer can have all the
knowledge needed to design mechatronics products and there are also no computer-based
design tools available to replace the ‘team function’. The quality of a mechatronics concept
depends on the skills of the representatives of the disciplines and in particular their ability to
co-operate.
The relevant literature describes different research projects, focusing on the development of
computer-based model building environments that support the design of mechatronics
concepts [de Vries, 1994; Bradley et al., 1991b]. These tools were not available during the
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development of the MART prototype. For this reason, no practical experience from the
MART team with these tools can be mentioned in this thesis.
Simple models were used in the development of the concept of the MART prototype.
Although simple models incorporate only the dominant mechanical properties and those of
the PD control concepts (in the case of an electromechanical system), these models have
proven their value in understanding the design problems and creating unanimity between the
members of the team regarding problem solutions.
The conceptual design of the MART prototype, based on the insight gained using these
simple models, is validated during the design process by means of more extended 3D
models and finally the testing of the prototype.
In addition to the use of simple models in the conceptual design phase, the different
disciplines used their own specific design tools in the engineering phase, such as finite
element calculations of mechanical structures, software design tools, 3D modelling and
simulation tools.
In the introduction of an internal Philips mechatronics course, two essential qualities of
team members are identified [van Eijk et al., 2000]:
• a membership attitude, based on curiosity, mutual respect and support;
• a basic grasp of the overall system behaviour and sufficient ‘fluency’ in the languages
of the different disciplines.
These aspects correspond with the experiences gained during the MART project. The first
aspect depends heavily on the personal characteristics of the team members and the ability
of the project manager to promote a team spirit. The one room approach certainly helped to
create such a spirit and establish a mutual understanding to finish the job. The second aspect
grew over the years as the team members gained experience and worked together as a team.
The results of this research are based on the real ‘struggle’ of a design team to develop a
complex mechatronics product using state-of-the-art solutions. Based on the results of this
thesis, mechatronics design research projects can be formulated on more specific subjects.
An interesting issue is to evaluate the added value of more sophisticated control concepts
early in the design process. This could positively improve the performance-cost ratio of the
final solution. However, this requires a design tool to systematically evaluate the
consequences of different control concepts with respect to the overall system behaviour and
the mechanical design. This tool should be characterised by its use in a phase during which
no detailed information is available and insight prevails over precise figures4.

4 The recently available modelling and simulation program ’20-sim’ shows promising results
(www.20sim.com).
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Figure 3.1: MART prototype.
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3.1

Introduction

In a mechatronics design project, experts from different disciplines work together in one
team. The team’s objective is to design products or production systems composed of
contributions from different disciplines. These designers must share a common
understanding about the design process (or how to design). A structured approach is
essential to offer each of the team members the opportunity to exert some influence (from
the start) on design decisions.
“Genius is 1% inspiration and 99% perspiration” (Thomas Edison). Such inspiration can
only occur if the perspiration is properly directed and focused [Ullman, 1992].
In the design process, a series of techniques (design tools) are used with the objective to
organise ‘the perspiration’.
The overall process of designing a mechatronics-oriented product is not different from the
design process of any other product:
• The first step is to fully understand the design problem and to formulate the user
specification.
• The second step is to generate potential (alternative) solutions for solving the design
problem and to choose the most promising concept.
• The third step involves the actual engineering down to the smallest details.
• The last step involves realising the prototype, testing it and implementing
improvements.
Basically, the mechatronics design approach emphasises the participation of more
disciplines, assuming that more and perhaps better design solutions will become available as
a result. This creates the opportunity to design better products.
The challenge in a mechatronics design project is to choose the best alternative originating
from each discipline and to create technical coherence between these inputs. The
opportunity to optimally match mechanics, electronics and software presents itself in the
conceptual design phase.

Organisation of this chapter

The objective of the MART project is to gain experience with mechatronics by developing a
mobile robot system. Section 3.2 presents a general description of the mechatronics design
process based on these experiences. Section 3.3 discusses the use of design tools in more
detail. Section 3.4 considers some general issues with regard to the mechatronics design
team.
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3.2

Mechatronics design process

The mechatronics design process can be subdivided into four phases (Figure 3.2).

Figure 3.2: Mechatronics design process.

The activities in the different phases are described in more detail below, with references to
the design of the MART prototype. Although the design process is presented as a sequence
of consecutive activities, in reality the process has a more iterative character.

Specification phase

The first activity of the design team is to understand the design problem. A list of user
requirements is formulated in close co-operation with the end user. This may seem a simple
task, but most design problems are poorly defined. Finding out exactly what the design
problem is can be a major undertaking.
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Based on an idea of using mobile robots to assemble products [Abrahams, 1985], a new
concept for an automated assembly factory was developed [Schipper, 1991].
The specification of this assembly factory and its components such as the mobile robot and
the parts supply station is based on an evaluation of realistic applications (Chapter 4).

Conceptual design phase

In the conceptual design phase, ideas about how to solve the design problem are generated
and evaluated for feasibility. Dependent on the difficulty of the design problem, a more
refined breakdown into subproblems is made in order to obtain a better understanding of the
problem. This subdivision into smaller pieces results in a more structured (design)
discussion between the team members.
Specific design tools are required to understand the technical features of certain concepts in
relation to the required system performance. These design tools should provide reliable
information about the feasibility of potential solutions. In the case of the MART project,
simple models are used to evaluate potential solutions and to choose the final concept of the
mobile robot (Chapter 5).
For the generation of concepts for mechanical design problems, potential solutions are
described and categorised extensively in the handbook of design principles [Koster, 2000].
Proven design principles are suggested for problems related to accurate motion and
positioning. Various solutions implemented in the MART prototype are based upon these
design principles.
The conceptual design phase of the MART prototype is described in Chapter 5. In this
phase, the design effort is focused on solving the five basic functions of the mobile
assembly robot (Section 1.4). Based on the solutions that are selected, five subsystems are
specified. Each subsystem is a mechatronics design project of its own, with more detailed
design problems at subsystem level. The five subsystems include the vehicle, manipulator,
gripping device, parts supply station and infrared beacon system. In Chapters 6-10, each of
the five subsystems is described in more detail.

Engineering phase

In the engineering phase, the conceptual design is detailed to the level of drawings of
mechanical parts, schemes of electrical wiring and printed circuit boards, and software
code.
After a conceptual design is adopted, a coherent subset of design tasks is formulated for
each of the disciplines involved (Figure 3.2). In the next step, each of the disciplines fulfils
the specified design task. The experts carry out their task more or less independent of one
another. However, communication between the disciplines remains absolutely essential to
fine tune the process on a more detailed level. In realising the specific design tasks, each of
the disciplines use their own well-known proven methods and design tools.
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More details emerge during the engineering phase. Consequently, more refined models can
be made, resulting in a better prediction of the performance of the final product [Ullman,
1992].

Prototype and test phase

In the last phase of the project, a prototype is realised and tested. First the mechanical and
electrical components are realised and assembled. After the assembly is tested, the software
is downloaded. In this phase, the different functions of the prototype are tested and
debugged. In most cases, additional software fine-tuning is required to compensate
mechanical and electrical irregularities or shortcomings.
In the case of the MART project, each of the five subsystems was designed, realised and
tested separately. After completion, the subsystems were then assembled without any
serious problems. Here, the attention given to concept identification and design solutions,
influenced by the set of the proven principles in accordance with the methodology
advocated in the handbook of design principles [Koster, 2000], worked to our advantage.
Testing of the complete system demonstrated that the team had attained the required system
performance (Chapter 11).

3.3

Use of design tools

The use of design tools is succinctly outlined in the following quotation [van Eijk et al.,
1992]. “Considering the industrial application of design tools, it is important that these tools
become acceptable with respect to accuracy, speed and cost, and that they become accepted
by the design engineer. The right modelling tool (accuracy versus speed) should be used at
the right moment during the design process.”
The design process paradox illustrates the knowledge about the design problem versus
design freedom [Ullman, 1992]. Knowledge about the problem and its potential solutions is
gained throughout the process and, conversely, design freedom diminishes (Figure 3.3). It is
important to generate knowledge about the problem as early as possible in the design
process.
It may be clear that, in the early stage of the design process, tools are required to understand
the design problem and evaluate the initial problem solutions [Soemers et al., 2000].
On the one hand, the accuracy of these tools is supposed to be high enough to support the
choices. On the other hand, the amount of available information is limited, as is time.
In the case of the design process of the MART prototype, simple 1D models, representing
the basic dynamic properties, were successfully used to generate and evaluate the final
concept. Based on these models, the crucial design decisions were made, including opting
for the two-frame vehicle design with a soft suspension in between, the choice of the
manipulator and the choice of how to connect the mobile robot and the parts supply station
to one another (Chapter 5).
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In the subsequent project phases, the assumptions based on the simple models were
compared to the evaluation of more detailed models and finally the test results of the
prototype. This comparison proved the reliability of the simple modelling approach
(Chapter 12).

Figure 3.3: The design process paradox.

3.4

Mechatronics design team

A group of people assembled for a task will not automatically be successful [Charney,
1991]. From the experience gained, the following aspects are essential:
•
•
•
•
•
•
•

the team must have a clear idea about what they have to accomplish;
the different disciplines must give full commitment to the project and supply the team
with the experts that are needed;
all team members must have a clear understanding about their role and responsibility in
the design team;
to improve communication, the team members need a common basic knowledge of the
different disciplines;
a structured problem-solving approach is needed (design process and design tools);
decisions have to be reached by consensus as far as possible;
team spirit is vital.

The qualities of true mechatronics engineers are described well by Jack Dinsdale (Dinsdale,
1989, 1991). “True mechatronics engineers have interests and abilities that cut across
disciplinary boundaries to identify the blend of technologies that will provide the most
economic, elegant and appropriate solution to the problem in hand. They also tend to be
communicators who can enthuse others about technologies outside their own, and hence
break down incorporated resistance to new ideas.”
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Project manager

The project manager has an important role. It is his task to keep the group together and to
establish a certain harmony. This requires not only broad technical skills, but also good
management skills. He should be a champion in both areas [Charney, 1991].
The project manager, representing one of the stakeholding disciplines, should develop an
attitude to look beyond the limits of his own discipline so that, without knowing all the
details, he can assess the opportunities presented by others.

One room approach

During the development of the MART prototype, the one room approach appeared to be
crucial to the success of the project. People working in the same area interact more
frequently and have the opportunity to get to know one another. The informal contacts are
especially important. Philosophising about a problem during a coffee break can sometimes
work more efficiently than a formal meeting.
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4.1

Introduction

The changing nature of the consumer market demands a different approach towards the final
assembly of products. The need to respond rapidly to market changes, increase product
diversity, shorten the product life cycle, and produce smaller batches demands flexible
production systems. These systems are characterised by small volume production and are
easy to reconfigure for the production of new product families.
The idea is that products belong to families of products, ranging from the low end to the
high end of specifications. Each member is composed of a subset of modules intended to
fulfil a particular (set of) function(s). A particular module finds its application in different
members of a product family and may last longer than one product generation. For this
reason, producing those modules in an economy-of-scale factory is effective. The modules
are distributed to local assembly centres. These assembly centres are located in particular
geographic areas, where a large variety of products are produced in relatively small batches
according to the just-in-time principle and the needs of the local market [van Breukelen,
1991].
This form of production organisation offers a number of advantages:
• Modules last longer than one product generation. As such, both product performance
and reliability take full advantage of proven modules.
• The production of modules takes place for the lowest cost, due to the large scale.
• The locally-oriented final assembly enables a rapid response to changing market
demands.
In order to achieve this, product diversity has to be controlled from the very start of the
product definition phase.

Low volume flexible assembly systems

The assembly time of products tends to decrease more and more. The two main reasons are
design for assembly [Boorsma, 1985] and backward integration, both resulting in fewer
parts and simpler assembly operations [van Breukelen, 1991]. Therefore, the indirect costs,
which are strongly related to the handling of the diversity, have become dominant with
respect to the direct labour costs, which are related to the assembly time. As such, a state-ofthe-art assembly system should not only focus on the automation of the assembly
operations, but also on the indirect handling operations of modules and parts.
The MART factory describes such an assembly system suitable for low volumes. This
automated assembly system is based on the application of mobile robots. A prototype of the
mobile assembly robot was realised as part of the MART project. This first attempt is called
MART prototype to indicate that the development is not finished. A great deal of effort is
still required to upgrade the design to a fully qualified production system.
The performance of this prototype was evaluated in order to judge the technical feasibility
of the MART factory (Chapter 11). Although the economic feasibility of the MART factory
was briefly studied, it is beyond the scope of this thesis [Dalstra, 1992; Erckens, 1993].
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Organisation of this chapter

Section 4.2 briefly explains the basic concept of the MART factory. Section 4.3 formulates
the specification of the MART prototype.

4.2

MART factory

The MART factory describes an automated assembly factory, based on the application of
mobile robots [Abrahams, 1985; Heijboer, 1986; de Morrée, 1987; Koppers et al., 1992].
A mobile robot can simply be regarded as a vehicle with a manipulator on top of it. The
assembly of products takes place on board the vehicle and is carried out by the manipulator.
The parts and modules are stored in what are known as parts supply stations. Each parts
supply station stores one type of part or module. Depending on the type of product a mobile
robot has to assemble, the vehicle is routed along a sequence of parts supply stations
(Figure 4.1).
In the assembly hall, a number of mobile robots and five different types of stations can be
distinguished [Schipper, 1991].

Mobile robot

A mobile robot (MR) consists of a manipulator on board a vehicle. The vehicle moves the
manipulator through the assembly hall and carries the products that are under assembly. The
manipulator performs the pick up and the assembly operations and other tasks, while the
mobile robot is connected to a station and while moving to the next station. Trays with
small parts are on board the mobile robot.

Parts supply station

A parts supply station (PS) serves as a small stock of parts. The parts are offered to the
mobile robots arriving alongside the specific station. The parts are delivered in accordance
with the just-in-time philosophy to the parts supply station either by an in-house
manufacturing facility connected to the parts supply station or by a third party supplier. The
manipulator operations take place as long as the vehicle and the parts supply station are
connected.

Workstation

Specific operations are carried out at a workstation (WS), such as welding of parts and
tuning of electrical components. The products stay on board the vehicle, while the
manipulator handles the specific tools.
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Figure 4.1: Layout of the assembly hall.

Test station

Product tests are conducted at a test station (TS). As in the case of the workstations, the
products stay on board the vehicle and the manipulator handles the specific testing tools.

Tool change station

Specific tools such as product carriers and gripping devices, which belong to a specific
product or part, are taken on board the mobile robot at the tool change station (TCS).

Delivery station

The finished products are unloaded from the vehicle at the delivery station (DS). After
packing, the products are transported directly to the distribution centre or customers.
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4.3

Specification of the MART prototype

This section formulates the specification of the MART prototype. This survey is far from
complete, but focuses on the problems related to the specific application of mobile robots as
a high-end assembly tool. As few practical references are available with respect to this
subject, assumptions have been made without having complete insight into the
consequences for economic feasibility.

Assembly hall

•

A number of stations are installed in the assembly hall. The location of these stations is
of great importance for the efficiency of the factory. It depends on many aspects, but is
beyond the scope of this thesis [Dalstra, 1992].

•

The flexible routing throughout the hall along the stations and the possibility of
relocating the stations require what is known as a free navigation system for the vehicle
(not limited to fixed paths determined by rails, guidance wires or other hardware).
In principle, the location of all the objects in the hall is known. Safety regulations,
however, require an obstacle detection system, especially to protect human beings
(service personnel). An automatic (autonomous) procedure to avoid ‘unknown’
obstacles is unnecessary. In the few cases an unknown obstacle is detected, human
intervention is acceptable [Lansink Rotgerink, 1993].

•

The dimension of the hall is 50×50×5 m3. The floor contains irregularities of maximum
5E-3 m.

Vehicle

•

The vehicle carries the manipulator through the assembly hall and serves as a working
table on which the product carriers and the gripping devices are stored.

•

Regulations prescribe a maximum speed of 1 ms-1 for automated guided vehicles in
areas where (service) personnel are allowed. This maximum speed was adopted
because full automation without intervention of service personnel is not feasible.
Furthermore, the vehicle is provided with an obstacle detection system. A mechanical
bumper is used in combination with an optical sensor for long-range scanning.

•

The energy supply system provides the mobile robot with energy 24 hours a day. This
requires battery recharges during operation. The option of changing the batteries is not
feasible because the mobile robot would be out of operation for too long.

Navigation system of the vehicle

•

The vehicle’s navigation system controls the vehicle from its current position to a new
position along a prescribed path. This requires a position detection system for each
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mobile robot, a map with the positions of the stations and up-to-date information about
the position of all mobile robots and an overall path planning system [Pellenkoft, 1992;
Ploeger, 1992].
•

The navigation accuracy is specified at 1E-1 m. However, in an area of 5×5 m2, an
accuracy of 1E-2 m is specified in front of the stations. This accuracy enables the
mobile robot to approach a station close enough without losing too much working area.
The choice of vehicle drive system and its consequences for the navigation of the
vehicle are discussed in Chapter 5.
At the start of the project, no suitable solution for measuring the position of the mobile
robot was commercially available. Based on a feasibility study, it was decided to
develop an infrared beacon system capable of detecting the position of the vehicle
according to the specification (Chapters 5 and 10).

Manipulator

•

The major task of the manipulator is to handle parts or tools. The parts or tools are
manipulated, while the mobile robot is connected to a station or while the mobile robot
is moving. In that case, the mobile robot has to take a tray with parts on board.

•

The purpose of the mobile robot is to assemble all kinds of small consumer products,
which have to be properly designed for automatic assembly. The required number of
degrees of freedom of the manipulator is related to the complexity of the handling
operations. In accordance with the design-for-assembly philosophy, products are
assembled using vertical stacking operations, which require a 4-dof manipulator
(Chapter 7).

•

The absolute positioning accuracy of the manipulator relative to the product carriers on
top of the vehicle is specified at 1E-4 m. This accuracy is based on the tolerances
applied in the design of the products to be assembled. Additionally, the accuracy should
be maintained, while the vehicle moves on an irregular floor.

•

The parts are supplied in trays, which are positioned on top of a parts supply station.
The positioning accuracy of the manipulator relative to the parts in the trays is specified
at 5E-4 m.

•

High velocity and acceleration of the manipulator contributes to the economic
feasibility of the MART factory. Based on an average moving distance of 5E-1 m, a
velocity of 2 ms-1 and an acceleration of 10 ms-2 are specified.

Gripping device

•

The gripping device should be capable of handling a wide variety of parts. In order to
obtain maximum flexibility, a concept of exchangeable part specific gripping devices is
adopted and realised (Chapter 8).
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Parts supply station

•

The main task of the parts supply station is to store the trays filled with parts and to
offer an interface to the vehicles.

•

Some of the stations are equipped with electrical contacts in order to recharge the
battery of the mobile robot.
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Figure 5.1: Mobile robot connected to the parts supply station.
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5.1

Introduction

This chapter describes the conceptual design of the MART prototype.
Based on the required system performance as described in Chapter 4, the following five
functions are considered essential to the final design of the MART prototype.
•

The manipulator has to assemble parts while the mobile robot moves through the
assembly hall. The vehicle’s tabletop serves as the working platform on which the
assembly is carried out. The accuracy of the manipulator relative to the vehicle is
specified at 1E-4 m in each direction. This accuracy has to be maintained while the
mobile robot moves on a floor that is not absolutely flat. The floor roughness is
specified in terms of a single 5E-3 m high threshold. The vehicle speed will be 1 ms-1.

•

The floor of the assembly hall is covered with stations. The location of these stations is
changed from time to time. Therefore, the route of the mobile robots should not be
physically fixed to the floor. A free navigation system for the mobile robots is required.

•

The mobile robot has to pick up parts from the different parts supply stations and has to
exchange tools with the tool change stations. The required accuracy of the manipulator
relative to a particular station is specified at 5E-4 m during pick-up operations.

•

The manipulator has to handle a large variety of parts. This requires a gripping device
that adapts to different parts.

•

The assembly factory is operational 24 hours a day. This requires an energy supply
system for the mobile robot that can be recharged during operation and that can be
easily replaced in the event of malfunction.

Organisation of this chapter

Sections 5.2 to 5.6 describe the design considerations and final solutions for each of the five
functions mentioned above.
Section 5.2 describes the problems with manipulating accuracy during driving. Section 5.3
discusses the navigation of the vehicle. Section 5.4 addresses the manipulating accuracy
relative to a station. Section 5.5 addresses the gripping device. Finally, Section 5.6 presents
a solution for the energy supply system for the mobile robot.

5.2

Manipulating relative to the vehicle

One of the unique features of the MART factory is the assembly of products or modules
while the mobile robot is moving between two stations. In order to achieve smooth
assembly operations, the positioning accuracy of the tip of the manipulator is specified at
1E-4 m in each direction, relative to the assembly platform on top of the vehicle. This
accuracy should be maintained while the vehicle crosses the specified threshold. In addition
to the disturbances of the rough floor, the vehicle motion and the manipulator motion also
influence the accuracy of the manipulator relative to the vehicle.
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In most industrial applications, the base of a manipulator is fixed to the ground. In case of
the MART prototype, the manipulator base is mounted on top of the vehicle. The motion of
the vehicle and the motion of the manipulator both induce continuous vibrations. In order to
maintain the required positioning accuracy during the assembly operation, the dynamic
properties of the vehicle have to be taken into account.
In examining the dynamic properties, the various sources of disturbance were considered
separately:
• sensitivity to floor roughness;
• sensitivity to vehicle motion;
• sensitivity to manipulator motion.
This stage of the design process is characterised by insufficient knowledge of the design
problem. In order to create a better understanding of the complexity of the design problem
and examine the feasibility of the respective concepts, simple models were evaluated
(Sections 5.2.1, 5.2.2, 5.2.3 and 5.4). Of course, directing the design process using simple
models requires great care and specific experience. Such models should contain the essence
of the problem, on the one hand, and be so simple that they are considered a tool in the
design process, on the other.

5.2.1

Sensitivity to floor roughness

The sensitivity of the mobile robot to the maximum floor roughness while moving was
examined using a fourth-order model, representing the basic dynamic properties of the
system in the vertical direction (Figure 5.2). Based on the evaluation of this model, it was
concluded that a low-pass filter was required to isolate the manipulator from the floor
[Rutgers, 1991]. Given the estimated vehicle mass, a mechanical low-pass filter with the
required specification could be achieved using extremely soft tyres. However, given the fact
that dead reckoning5 will be applied as part of the vehicle’s navigation system, soft tyres are
not recommended. The large contact areas between the tyre and the floor induce rolling
friction and creep, which make dead reckoning uncertain (Section 5.3). Next, the concept of
the split-up vehicle frame arose6. In this concept, a lower frame rolls on the floor using
relatively rigid tyres. This lower frame carries an upper frame using relatively resilient air
springs. This upper frame contains such relatively large components as the manipulator and
the batteries. This concept is evaluated using a sixth-order model (Figure 5.5).
The evaluation of the respective models is described below.

5 The dead reckoning system estimates the relative position and orientation of the vehicle from the
angles of the drive motors.
6 The concept of providing the wheels individually with a resilient support was rejected because this
solution was judged to be more complex from the mechanical point of view.
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Modelling

Figure 5.2 shows the manipulator on top of the non-split vehicle frame and the fourth-order
model, representing the basic dynamic properties in the vertical direction. This model only
describes coupled motion in one direction (vertical). Coupled rotational motions will occur,
of course.

Figure 5.2: Fourth-order model of the mobile robot.

The dynamic performance of a manipulator is usually expressed in terms of its bandwidth.
Because the bandwidth can be approximated with sufficient accuracy by the lowest natural
frequency of the controlled system, the controlled manipulator is represented by a secondorder model (mm, cm) with a resonance frequency equal to that of the lowest natural
frequency of the controlled manipulator.
The moving mass of the manipulator is modelled as a point-mass (mm), located at the tip of
the manipulator. The stiffness of the controlled manipulator is modelled as the stiffness (cm),
which – according to Equation 5.1 – is determined using the bandwidth (fm) and the mass
(mm). According to Equation 5.2, damping (dm) is determined by the relative damping (ζm),
the stiffness (cm) and the mass (mm).

fm =

1
2π

cm
mm

d m = 2ζ m c m m m

(5.1)
(5.2)
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The vehicle is also modelled as a second-order model with a mass (mv) and a spring-damper
pair (cw, dw), representing the properties of the vehicle wheels. In reality, the stiffness of the
wheels is non-linear because of the changing dimension of the contact area. Another
simplification is that all the wheels pass the threshold at once, which is unlikely to occur in
reality.
The motion of a wheel over the floor roughness is modelled as a disturbance input at the
bottom of the wheel (Figure 5.3). The function (h(t)) is based on a sharp 5E-3 m threshold
(h), 2E-1 m wheel diameter (D), and 1 ms-1 vehicle speed (v). Occurring at the instance of
touching the threshold, the step in velocity in vertical direction (u) dominates the response.
Therefore it is sufficient to assume h(t) = ut, from t >= 0, with

u = 2v

h
D

(5.3)

Figure 5.3: Model of the floor roughness.

High-quality industrial manipulators have a bandwidth in the order of 10 to 15 Hz [Brada,
1992]7. The moving mass (mm) of a manipulator is about 15 kg. The mass of the vehicle
(mv) is estimated at 485 kg (including the pedestal of the manipulator, which is connected to
the vehicle). The relative damping of the controlled manipulator (ζm) and of the wheels (ζw)
is assumed to equal 0.5 and 0.1, respectively. The remaining parameter is wheel stiffness
(cw).
In order to obtain the required accuracy of 1E-4 m between the manipulator and vehicle,
a relatively low stiffness (cw) is required. A 15-Hz bandwidth manipulator requires a
stiffness (cw) of no more than 7E4 Nm-1, resulting in a static deformation (due to gravity) of
the wheels of approximately 7E-2 m. Figure 5.4, one of the many simulation results, shows
that the accuracy between the manipulator and the vehicle (zv - zm) is within the specified
1E-4 m. Even an extremely high-performance manipulator with a 40 Hz bandwidth still
requires a wheel stiffness of 9.4E5 Nm-1. In that case, the static deformation of the wheels is
approximately 5E-3 m.
7 This information dates back to the early 1990s.
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Manipulator:
mm =
15 kg
ζm = 0.5
fm =
15 Hz

Vehicle:
mv =
485 kg
ζw = 0.1
cw =
7E4 Nm-1

Figure 5.4: Fourth-order model response.

In the final design of the MART prototype, the wheel stiffness equals 2E7 Nm-1. In that
case, a manipulator bandwidth of 90 Hz is required in case no other solution is adopted to
realise resilient support of the vehicle.
Figure 5.5 represents the manipulator mounted on top of the vehicle. The vehicle frame is
split up into two parts, which are resiliently connected. The vehicle is regarded as two rigid
bodies representing the lower and the upper frame (mlf, muf). The properties of the
suspension are represented using the spring-damper pair (cs, ds).
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Figure 5.5: Sixth-order model of the mobile robot.

In the total system configuration, the batteries represent a mass of approximately 200 kg.
Simulations using different mass distributions revealed that it is better to have as much mass
as possible in the upper frame. For this reason, the choice was made to place the batteries in
the upper frame.
The location of the batteries in the upper frame deserves some attention. The manipulator
and the batteries represent the majority of the mass of the upper frame. Acceleration forces
are transmitted to the frame using the air springs. If the mass centre were located in the
plane where the three acceleration forces on the frame are active, the tilt of the upper frame
would remain zero. In order to approximate this, the batteries are located at such a height
that they are just free from the floor surface (Chapter 6).
The wheels were selected from standard components available. The stiffness of the three
wheels in the vertical direction totals 2E7 Nm-1. If a 15-Hz manipulator were selected, the
stiffness of the suspension would be maximised at 6E4 Nm-1 in order to obtain the required
accuracy of 1E-4 m between the manipulator and the upper frame. A disadvantage of this
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low stiffness of the suspension is the relatively large motion of the upper frame that occurs
when the system is excited by one of the sources of disturbance (including floor irregularity,
vehicle motion and manipulator motion). For this reason, a bandwidth higher than 15 Hz
was chosen. The selected manipulator has a bandwidth of 25 Hz (Chapter 7). With the
25-Hz manipulator, the maximum stiffness of the suspension equals 1.5E5 Nm-1 in order to
achieve the 1E-4 m accuracy between manipulator and upper frame (zuf - zm) (Figure 5.6).
In the final design, the vehicle suspension is realised using three air springs, resulting in a
low-pass filter of approximately 3 Hz (Chapter 6). The stiffness of the air springs is about
the same in each of the directions of motion.

Manipulator:
mm =
15 kg
ζm = 0.5
fm =
25 Hz

Vehicle:
mlf =
75 kg
ζw = 0.1
cw =
2E7 Nm-1

muf =
ζs =
cs =

410 kg
0.1
1.5E5 Nm-1

Figure 5.6: Sixth-order model response.
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A first concept was adopted, based on the evaluation of these initial models. This concept
comprises:
•
•
•
•
•

a vehicle consisting of two parts (lower and upper frame), separated by a very
compliant connection;
a 25-Hz bandwidth manipulator;
suspension between upper frame and lower frame achieved using air springs, resulting
in a 3-Hz low-pass filter;
sufficiently rigid wheels to enable dead reckoning for vehicle navigation;
batteries, which are located in the upper frame.

In Sections 5.2.2 and 5.2.3, this concept is verified with regard to the influence of vehicle
and manipulator motion on manipulating accuracy.

5.2.2

Sensitivity to vehicle motion

The second source of disturbance to be investigated is acceleration of the vehicle in the
horizontal plane. The influence of vehicle acceleration on the manipulator upper frame
accuracy is examined using a sixth-order model representing the basic dynamic properties
of the system in the horizontal direction. The motion of the vehicle is in the longitudinal
direction of the vehicle and the manipulator arm is positioned perpendicular to the direction
of vehicle motion (Figure 5.7). Again, various dynamic couplings are not considered.
The dynamic properties of the manipulator and the vehicle are about the same in the
different directions of motion. However, the vehicle parameters (cd) and (dd) are different.
In the horizontal (x) direction, these parameters are not only determined by the mechanical
properties of the wheels but also by the properties of the vehicle controller. Stiffness of the
controlled vehicle (cd) equals 1E6 Nm-1 (Chapter 6) and the relative damping (ζd) equals
0.5.
The input signal (h(t)) represents a second-degree function with the specified acceleration
and velocity of the vehicle. During 1 s, the acceleration is equal to 1 ms-2 resulting in a
maximum speed of 1 ms-1 (the derivative of the acceleration is infinite). The accuracy
between the manipulator and upper frame is not much improved with a third-degree input
function, because of the 3-Hz low-pass filter.
Evaluation of this model shows that the concept is also satisfactory for vehicle motion
disturbances [Brada, 1992]. The positioning error of the manipulator relative to the upper
frame is well within the specified 1E-4 m.
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Figure 5.7: Sixth-order model of the vehicle motion influence.

5.2.3

Sensitivity to manipulator motion

The third source of disturbance is the main motion of the manipulator itself. Both
translation and rotation motions of the manipulator are evaluated with respect to the
required manipulating accuracy relative to the upper frame [Brada, 1992].
Figure 5.8 shows a sixth order model by which the translation motion of the manipulator is
evaluated. The main difference with the model as described in Section 5.2.2 is the input
signal (h(t)), which represents the manipulator motion.
The evaluation of these models shows the feasibility of the concept with respect to the
manipulator motion disturbances.
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Figure 5.8: Sixth-order model of the manipulator motion influence.

The final conclusion is that a simple, mechanics-based, low-pass filter, together with a
25-Hz bandwidth manipulator, can be applied to meet the positioning error specifications of
the assembly operations of the manipulator, while moving across floor irregularities. In
Chapters 6 and 7 the concept is further detailed.

5.3

Free navigation of the vehicle

The navigation system is responsible for guiding the vehicle along predetermined paths,
which are generated by the central traffic control system and defined by the assembly tasks
of the mobile robot. As explained in Chapter 4, vehicle routing has to be flexible. This
requires what is known as a free ranging navigation system.
The vehicle is equipped with a 2-dof drive system, realised using two driven wheels and one
free castor (Chapter 6). A closed loop control system compares the set points of the path
generator with the measured pose of the vehicle to generate control signals for the actuators
of the vehicle’s drive system.
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The following considerations motivated the choice of a 2-dof drive system:
•
•

The mechanical design of a 2-dof drive system is much simpler than a 3-dof drive
system.
However, the control system of a 2-dof drive system is more complex due to the
presence of a non-holonomic constraint. Although the vehicle cannot move sideways,
any pose in the horizontal plane can be reached using well-selected paths. The extra
cost to develop the more complex control algorithm and the extra room required to
manoeuvre the vehicle outweighs the higher cost of development and production of a
3-dof drive system.

The drive system and the vehicle control system are discussed in more detail in Chapter 6.
The solution selected for measuring the vehicle pose is discussed in the remaining part of
this section.
The vehicle pose in the horizontal plane is defined by the two co-ordinates (xp, yp) of the
point (P) between the two driven wheels and the rotation (φz) of the line through point (P)
perpendicular to the wheel axis (Chapter 6).
The accuracy of navigation is specified at 1E-2 m in front of a station and 1E-1 m in the
remaining areas. This accuracy applies to the (xp) and (yp) co-ordinates of reference point (P).
For the orientation (φz) of the vehicle, the accuracy is specified at 2E-3 rad and 2E-2 rad,
respectively.

Vehicle pose sensing

The actual pose of the vehicle is estimated using a dead reckoning system in combination
with an absolute position measuring system.
The dead reckoning system performs a high-frequency update of the vehicle pose from the
angles of the drive motors. However, this integrating system accumulates all of the errors
and results in drift. In addition to the finite resolution of the encoders, the drift is strongly
dominated by creep – the phenomenon in which the rubber tyres roll unevenly across the
rigid floor. As such, an absolute position measuring system is adopted to adjust the state of
the dead reckoning system. This absolute position measuring system operates at a much
lower frequency. This combines the advantages of both dead reckoning and absolute
position measuring (limited drift and an actual estimation of the pose available at a high
sample frequency). The manner in which the absolute pose update is implemented in the
navigation system requires attention. Sudden pose corrections should be avoided. For this
reason, an algorithm has been developed to generate a correction track that guides the
vehicle gradually back on track, taking into account the non-holonomic constraint of the
vehicle [Oelen, 1995].
Absolute pose measuring is achieved using active infrared beacons and a rotating receiver
on top of the vehicle [Bijnagte, 1991; de Graaf, 1994].
The position of the vehicle – or more accurately the position of the receiver – is computed
from the map positions of three beacons and two measured angles between the respective
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beacon directions (φ12, φ23). The angle between the heading direction and one of the beacon
directions is used to determine the orientation (Figure 5.9).
The required specification of the infrared beacon system is determined by the performance
of the dead reckoning system and the specified vehicle navigation accuracy. The
performance of the dead reckoning system is specified by its drift error.

Figure 5.9: Triangulation according to Snellius.

The literature contains very little information about the phenomenon of drift. For this
reason, a study was conducted [Rouppe van der Voort, 1992].
Using a specially designed test facility, the drift of a free rolling vehicle was measured
along a straight line. The vehicle was guided using an external force in order to avoid
traction of the rolling wheels. The absolute position was measured using a laser
interferometer. During motion (constant velocity), both the absolute position and the dead
reckoning position were constantly measured and the resulting data was stored in a
computer. Next, the drift error was determined by calculating the difference between the
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absolute position and the dead reckoning position. This information was used to improve
the dead reckoning estimate.
In reality, both the acceleration of the vehicle and the curves in the route influence drift
error, as do changing environmental conditions such as temperature, floor roughness and
moisture. All these aspects should be examined thoroughly in order to estimate drift error
more accurately.
A more promising option is to implement a neural network. With a learning algorithm, the
neural network will adapt continuously and eventually result in an optimised model of the
drift error [van Luenen, 1993; Starrenburg, 1996]. The learning algorithm can use the
known drift error if the mobile robot is connected to a station (Section 5.4). This drift error
is calculated as the difference between the calibrated pose of the vehicle relative to the
station and the pose determined by the dead reckoning system. It goes without saying that
the positions of the stations must be known. This option was not used in the final design of
the MART prototype.
Initial research revealed that the maximum drift error between two parts supply stations will
not exceed 2% of the distance. The frequency with which the dead reckoning estimate is
updated equals 100 Hz. The frequency of the rotating receiver equals 4 Hz. In order to
reach the specified navigation accuracy of 1E-2 m in front of a station, the infrared beacon
system has to reach 5E-3 m accuracy in the (x) and (y) directions (Chapter 10). The
orientation of the vehicle has to be measured with an accuracy of 1E-3 rad in front of a
station.
The design of the infrared beacon system is described in more detail in Chapter 10.
The above-mentioned considerations led to the following design choices:
•
•
•

A 2-dof vehicle is chosen due to its mechanical simplicity. The consequence of this
choice is a more complex control algorithm to manoeuvre the vehicle in any pose
required (Chapter 6).
The vehicle pose is measured using dead reckoning in combination with an infrared
beacon system.
The infrared beacon system is specified at 4 Hz rotating frequency, a position accuracy
of 5E-3 m and an accuracy of orientation of 1E-3 rad, both defined in front of a station.
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5.4

Connecting the mobile robot to a station

One of the specific problems of the application of mobile robots in industrial environments
is connecting the mobile robot to a station. No references or solutions are found in the
literature with respect to this problem.
More specifically, the problem is how to position the vehicle relative to the station and to
maintain this position while the manipulator on board the vehicle interacts with the station.
The accuracy of the manipulator relative to the station is specified at 5E-4 m in different
directions.
In a conventional set-up, the manipulator base as well as the product carriers and parts trays
are fixed to a common reference frame. However, the current situation involves a common
frame comprised of two parts – one belonging to the vehicle and the other to the station. A
mechanical connection was proposed to achieve a single frame during assembly operations.
This connection mechanism is located at the interface between the vehicle (upper frame)
and the station.
The connection has to meet the following two requirements. The first addresses the
connection stiffness, which should be at least 1E6 Nm-1 in different directions. This stifness
is determined by evaluating a simple model, which is discussed further on in this section.
The second requirement is that the connection must be free of clearance.
Two connection concepts were evaluated:
• repositioning the vehicle relative to the station;
• freezing the position of the vehicle relative to the station at its pose of arrival.

Repositioning the vehicle relative to the station

The first concept consists of a set of contact points on both sides of the interface. These
contact points are configured in such a way that only one relative position between the
bodies is taken once all (6) points are in contact (Figure 5.10). A well-known design
principle to realise such a defined 6-point contact uses three spheres on one side of the
interface and three corresponding grooves on the other side [Koster, 2000, Section V4.6].
After the vehicle has been positioned relative to the station within the navigation accuracy
of 1E-2 m, the remaining distance has to be bridged by a repositioning operation. Assuming
that the vehicle or upper frame is able to move freely in the necessary directions, a pre-load
is applied that moves the vehicle to the station or the station to the vehicle. This solution is
quite complex from a mechanical point of view.
Another option is to reposition the mobile robot with respect to the station using the
vehicle’s own drive system. This solution requires a 3-dof vehicle drive system. However,
as already concluded in Section 5.3, realising a 3-dof vehicle is quite complicated. A 2-dof
vehicle was adopted for that reason. As such, the vehicle’s drive system excludes this
alternative.
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Figure 5.10: Connection using three spheres falling into three grooves.

Freezing the vehicle relative to the station

The concept of freezing the vehicle position is based on the insight that there is no need for
a predetermined position of the manipulator relative to the station. Maintaining a position
suffices if the requirements of stiffness and absence of clearance are met and the relative
position can be measured.
The idea is that the vehicle is positioned in front of the station within a certain positioning
error, which is determined by the accuracy of navigation. This relative position is then
frozen during assembly operations using a ‘freezing mechanism’.
The concept of the freezing mechanism is derived from the design principle described in
Figure 5.10. Each sphere in its V-groove fixes a vertical co-ordinate (z) and a radial coordinate (u). The same kinematics properties can be attributed to the concept of the three
leaf springs (Figure 5.11). The three leaf springs rotate relative to each other over a 120°
angle.
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Figure 5.11: Connection using the three-leaf spring configuration.

The stiffness of the leaf spring configuration is estimated using Equation 5.4.

c x = c z = 1 .5

Edb 3
4l 3

(5.4)

An elasticity modulus (E) equal to 2.1E11 Nm-2, leaf spring thickness (d) equal to 3E-3 m,
leaf spring width (b) equal to 1E-1 m and leaf spring length (l) equal to 1.5E-1 m achieves a
relatively high stiffness of approximately 8E7 Nm-1. This stiffness is much higher than the
required 1E6 Nm-1, which indicates the feasibility of this concept.
In the final implementation of the concept, the leaf springs are mounted to the upper frame
at three points, which are rigidly connected with the base of the manipulator using a rigid
sub-frame (Chapter 6). Blocks are mounted at the other ends of the leaf springs. These
blocks are positioned between clamps, which are part of the station (Chapter 9).
After freezing the position of the vehicle relative to the station, a calibration measurement is
carried out. In the solution opted for, the co-ordinates of the manipulator tip relative to the
station are measured using a two-camera system (Chapter 9).
After realisation, this solution proved to be very reliable and robust, which can be regarded
as a result of the mechatronics approach. The solution shows the combined application of
mechanical design, sensing technology and software engineering.
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Alternatives for the rigid mechanical connection

Instead of realising a rigid mechanical connection, the possibility of compensating the
motions of the manipulator base or upper frame using opposite motions of the manipulator
itself was examined. The motions of the upper frame have a relative low frequency
compared to the manipulator bandwidth. However, this requires an accurate dynamic model
and a real-time measuring system that can measure the motions of the upper frame in all six
directions. Another complication is the necessity of a 6-dof manipulator instead of a 4-dof
manipulator. For this reason, it was decided not to pursue this concept.
Another alternative examined was the mechanical connection of the manipulator base to the
floor. A rigid mechanical connection between the upper frame and lower frame is feasible
[Rouppe van der Voort, 1993]. However, realising a rigid lower and upper frame within the
room available is complicated and causes a considerable increase in mass.

Modelling the mobile robot connected to the station

The required connection stiffness and station stiffness were examined using an eighth-order
model of the mobile robot connected to the station [van den Berge, 1993]. The model
represents the basic dynamic properties in the horizontal (x) direction (Figure 5.12).
Starting from the sixth-order model of the mobile robot (Section 5.2.3), an extra mass was
added, which represents the parts supply station. The parts supply station is connected to the
upper frame (cc, dc) and to the floor (cps, dps).
The positioning error of the manipulator relative to the station (xm - xps) is specified at
5E-4 m. Based on the evaluation of the model, it was concluded that in order to meet this
accuracy, the stiffness of the connection (cc) should be at least 1E6 Nm-1.
Based on this study of concepts, the following design choices were made:
•
•

Instead of repositioning the vehicle relative to the station, the mobile robot is frozen at
its point of arrival. A calibration procedure was adopted in order to match the coordinates of the manipulator with the co-ordinates of the station.
The freezing mechanism is based on a three-leaf spring configuration with a stiffness of
approximately 8E7 Nm-1. The stiffness by which the manipulator base and station
platform have to be connected is at least 1E6 Nm-1.
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Manipulator:
mm =
15 kg
ζm = 0.5
fm =
25 Hz

Vehicle:
mlf =
75 kg
ζd = 0.5
cd =
1E6 Nm-1

Station:
mps =
150 kg
ζps = 0.1
cps =
1E5 Nm-1

Connection:
ζc = 0.1
cc =
1E6 Nm-1

muf =
ζs =
cs =

Figure 5.12: Eighth-order model of the mobile robot connected to a station.
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5.5

Gripping device

The MART factory can manage the assembly of low volume batches and a wide variety of
products. As such, the manipulator has to handle various parts successively, which differ
strongly in terms of mass, dimension, possibility to grasp, etc.
The most suitable solution would be a universal gripping device capable of handling all
parts. However, such a solution is complex because the gripping device should be able to
adapt (immediately) to a large variety of different shapes. Section 1.4 discusses two
feasibility projects involving the development of such a universal gripping device.
The second alternative is to provide all parts with a common interface. In that case, only one
relatively simple gripping device is required. This solution is not realistic because of the
required adaptations to the existing product designs and of unwanted restrictions in shaping
parts.
A third alternative is based on the application of task-specific gripping devices in
combination with a common interface to the manipulator. This concept was adopted for the
MART project because it offers maximum flexibility (Chapter 8).
This concept has to meet the following requirements:
• An automatic procedure to exchange the gripping devices within a certain period of
time in order to avoid non-productive operation time. An exchange period of 1 s is
defined.
• An interface that ensures high repeatability of the position and orientation of the
various gripping devices relative to the wrist module of the manipulator. The accuracy
is defined at 1E-5 m in each direction, which is ten times more accurate than the
accuracy of the manipulator itself. This requires a solution that is sufficiently stiff and
free of clearance.
Section 5.4 introduces a design principle (three spheres falling into three grooves) in which
two bodies are positioned relative to each other in an accurate manner that can be repeated
frequently. This concept was adopted to realise the common interface between the various
gripping devices and the manipulator. The end of the manipulator arm is equipped with a
frame on which the three spheres are mounted. Each of the gripping devices is equipped
with the corresponding three grooves. The pre-load is accomplished using three permanent
electromagnets.
The advantage of this solution is that no extra contact points are introduced (Section 8.3).
The stiffness of the interface is determined by the stiffness of the spheres and grooves, and
the distance between the spheres relative to each other. The relation between the load and
deformation of a sphere is non-linear. The stiffness of a sphere on a flat surface depends on
the load (F) and the radius (r) of the sphere (Equation 5.5, Hertz Theory, material: steel).
1

c = 4300 (Fr ) 3

(5.5)

The final design comprises a sphere that consists of two segments with a radius of 3E-2 m.
The distance between the spheres is approximately 1E-1 m. Based on the load, a stiffness of
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at least 1E8 Nm-1 is achieved. The rotational stiffness equals at least 5E7 Nm-1 in each
direction. This stiffness far exceeds the required stiffness.
For demonstration purposes, a gripping device was developed with two parallel moving
fingers. The design is described in Chapter 8.

5.6

Energy supply system

The energy supply system has to provide the mobile robot with energy 24 hours a day.
Because the mobile robot has to operate autonomously, a battery-based solution is preferred.
However, it must be possible to exchange or recharge the batteries at regular intervals.
The exchange of batteries takes too much time. A more elegant solution involves NiCd
batteries, which allow a relatively high recharge current. As such, the batteries can be
recharged while the mobile robot is connected to a station. The ratio between standstill time
and travelling time is large enough to recharge the batteries at specific stations.
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Figure 6.1: Vehicle drive.
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6.1

Introduction

This chapter describes the design of the vehicle in more detail.
As part of the conceptual design considerations of the MART prototype (Chapter 5), the
choice was made to split the vehicle into a lower and an upper frame separated by a nonrigid suspension to realise a low-pass filter between the floor and the manipulator. The
wheels selected were relatively rigid to ensure good driving characteristics and to enable
estimating the optimal pose using dead reckoning.
Another important design choice was the specification of the vehicle’s drive system.
A 2-dof vehicle was selected instead of a 3-dof vehicle. A 2-dof vehicle can attain each
pose in the horizontal plane but it does require a predetermined path. A description of the
path generation system is beyond the scope of this thesis.
The velocity and acceleration of the vehicle is specified at 1 ms-1 and 1 ms-2, respectively,
along the trajectory.

Organisation of this chapter

The remaining part of this chapter is divided into three sections. Section 6.2 describes the
vehicle’s drive system in more detail. Section 6.3 describes the design of the vehicle frame.
Section 6.4 addresses the vehicle’s pose control.

6.2

Drive system of the vehicle

The MART vehicle’s drive system consists of three wheels, two driven wheels and one free
castor (Figure 6.2).
The three wheels determine the vertical co-ordinates (z1,z2,z3), which define the three
vehicle co-ordinates (z,φx,φy) relative to the floor. The castor only determines the vertical
(z3) co-ordinate. The two driven wheels determine the co-ordinates (x1,y1) and (x2,y2), as
long as the slip limit is not exceeded. The co-ordinates (x1,x2) determine the vehicle coordinates (x,φz). The (y) co-ordinate is determined by both (y1,y2) co-ordinates, which
results in conflict regarding kinematics principles. This problem is overcome by mounting
the wheels parallel to one another and taking into account the presence of micro slip.
A three-wheel configuration ensures continuous contact of each of the wheels with the floor,
independent of floor unevenness. This guarantees constant tracking ability, which is a
precondition for estimating the pose of the vehicle using dead reckoning.
The non-holonomic constraint of the 2-dof configuration was already mentioned in the
introduction of this chapter. Each pose can be attained but only by following a certain
predetermined path.
The pose of the vehicle is defined by the two co-ordinates (xp,yp) of the point (P) between
the two driven wheels and the rotation (φz) of the line through point (P) perpendicular to the
wheel axis (Figure 6.2).
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Figure 6.2: 2-dof drive system.
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The longitudinal velocity (v) of the point (P) along the predetermined path and the angular
velocity (ω) of the vehicle are defined by Equations 6.1 and 6.2.

v=

v wl + v wr
2

(6.1)

ω=

v wr − v wl
b

(6.2)

The parameter (b) is the distance between the two driven wheels along their axis. The floor
contact point velocity of a driven wheel is specified by (vwl) and (vwr) respectively.
The relation between the velocity co-ordinates and the pose is:
x = v cos(φ z )

(6.3)

y = v sin (φ z )

(6.4)

φz = ω

(6.5)

The non-holonomic constraint is expressed using the relation between the velocity in
direction (x) and (y), which depends on the orientation (φz) of the vehicle. This can be
written explicitly as:
sin(φz) dx - cos(φz) dy = 0

(6.6)

Alternative drive systems

Different types of vehicle drive systems are described in the literature [Rutgers, 1991].
The most realistic are:
• caterpillar tracks;
• air cushion systems;
• ball wheels;
• omni-directional wheels;
• conventional wheels.
The more complex caterpillar tracks are not necessary because of the specified flat, hard
floor conditions. Caterpillar tracks are generally used outdoors under extremely rough
conditions. Well-known examples include military vehicles and tractors.
An air cushion system has the advantage of providing soft suspension and also has no
motion constraint. However, such a system is quite difficult to control accurately.
Both ball wheels and omni-directional wheels are a realistic option when the use of a 3-dof
vehicle is required. However, ball wheels are difficult to control and omni-directional
wheels have the disadvantage of relatively high friction and complex control. Furthermore,
the possibility of estimating the pose using dead reckoning is uncertain.
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Most commercially available 3-dof vehicles are equipped with omni-directional wheels8.
The mechanical design of the drive system is quite simple. The vehicle control, however, is
quite complex because of the complicated relation between the direction of motion and the
contributions of each of the wheels.
Figure 6.3 schematically depicts the concept of omni-directional wheeled vehicles. If
wheels 1 through 4 rotate in the same direction, the vehicle moves in direction (x).
However, if wheels 1 and 2 rotate in a direction opposite to that of wheels 3 and 4, the
vehicle moves in direction (y).
This concept is the same as the screw spindle of the manipulator. The screw spindle consists
of two identical parts, each of which have equal thread but in opposite directions
(Chapter 7).
A 2-dof drive system with two driven wheels and one free castor was selected for the
MART prototype. Other 2-dof configurations were considered but are more complex to
realise and do not offer extra features [Rutgers, 1991].

Figure 6.3: Schematic representation of an omni-directional wheeled vehicle.

8 An omni-directional wheel has a number of free-spinning rubber rollers around its circumference. The
axle of each roller is at a 45° angle to a line parallel to the wheel axle (MIAG Fahrzeugbau brochure).
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6.3

Vehicle frame

The design of the vehicle meets the following requirements (Figure 6.4):
•

In considering the dynamics of the MART prototype (Chapter 5), it was concluded that
it was best to concentrate as much of the mass as possible in the upper frame. For this
reason, the batteries are located in the upper frame. The 60 NiCd battery cells are
divided into two similar units, each with a mass of 100 kg.

•

The batteries are mounted underneath the upper frame. If the manipulator is mounted
on top of the upper frame, the combined centre of mass is located approximately at the
height of the suspension. As a result, unwanted motion is avoided as much as possible
when the mobile robot turns.

•

Checking or replacing the two battery units is possible. Because of the T-shaped lower
frame, it is possible to use a pallet carrier to transport the units directly underneath the
upper frame.

•

In the upper frame, six standard 19” units are mounted to house all the electronic
equipment. The computing equipment is placed at the front side and the power
equipment at the rear side. This obviates problems of electronic interference of the
computing and power signals (EMC).

•

The manipulator pedestal is located on top of a platform. This platform is one of the
sides of a tetrahedron sub-frame, which is part of the upper frame. The tetrahedron subframe is described in more detail further on in this section.

•

The top side of the upper frame serves as the assembly platform. The size of this
assembly platform and the working area of the manipulator are related to one another.
Depending on the products to be assembled, dedicated product carriers are taken on
board. Furthermore, a set of gripping devices is stored on top of the assembly platform,
which devices are adapted to the specific components.

•

For safety reasons, the vehicle is equipped with bumpers along the outside, containing
electrical switches and a long distance infrared scanner that scans in a forward
direction.

•

Another safety feature is the electrically driven brakes that are fixed at the wheels. In
the event of a power failure or a software crash, the brakes will be applied
automatically.

•

Both sides of the vehicle contain electrical contacts for charging the batteries. The
charging contacts located on the side of the station are driven using an air cylinder.
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1. Tetrahedron sub-frame, 2. Leaf spring, 3. Upper frame, 4. Air spring, 5. Lower frame, 6. Castor,
7. Battery pack, 8. Driven wheel, 9. Timing belt transmission, 10. Motor
Figure 6.4: Vehicle frame.

Lower frame

The lower frame contains the drive system of the vehicle. The two driven wheels and the
free castor are fixed at the respective three end points of the T-shaped frame (Figure 6.5).
The two wheels are driven using brushless AC motors in combination with a timing belt
transmission (Figure 6.1). A timing belt transmission was selected due to the minimum
clearance and relatively high stiffness. Moreover, friction makes the clearance traverse
gradually after the direction of the torque is changed. With a gear wheel transmission, a
higher stiffness can be realised but it has the disadvantage that the clearance is not gradually
traversed. In the design of the manipulator, a clearance-free gear wheel transmission was
achieved using a controlled pre-load (Chapter 7).
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Figure 6.5: T-shaped lower frame.

In order to realise the required transmission ratio, a two step timing belt transmission was
selected. Commercially available timing belt pulleys are minimal in size. Moreover, their
pitch is limited. These limitations, in combination with the fact that the diameter of the
pulley – fixed at the wheel – cannot exceed the diameter of the wheel itself, explain why a
two step transmission is needed.
Chapter 5 explains why relatively stiff wheels were selected as a means to achieve optimal
driving properties of the vehicle on the flat floor and to improve the quality of dead
reckoning to estimate the vehicle pose. Stiff wheels are achieved using a metal rim with a
relatively thin, solid rubber tyre [Rutgers, 1991].
The stiffness of the timing belt transmission is high enough not to limit the relatively low
frequency track corrections, which are controlled by the navigation system [Rutgers, 1991].
The feedback information, required for controlling the vehicle, is provided by resolvers,
which are fixed at the shaft of the two motors.

Vehicle suspension

The suspension of the vehicle consists of three cylindrical air springs with approximately
the same stiffness in each direction. The low stiffness of the air springs in combination with
the relatively large mass of the upper frame results in a low-pass filter with a frequency of
approximately 3 Hz. The large mass of the upper frame consists of the manipulator, the
batteries and the frame itself. The air springs carry the upper frame and are fixed at the
lower frame directly above the wheels (Figure 6.4).

Upper frame

In Section 5.4, a solution was proposed to connect the manipulator pedestal rigidly to the
station during the pick-up operations. The connection is based on a three-leaf spring
configuration. On the vehicle side, the leaf springs are fixed at the rigid sub-frame. On the
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other side, the leaf springs are provided with what are known as clamping blocks. Chapter 9
describes the clamping mechanism in greater detail.
Figure 6.6 shows the rigid sub-frame. The manipulator pedestal rests on top of the frame.
The leaf springs are fixed at the three points (P1,P2,P3) at the side of the frame. The
connection between the manipulator pedestal and the three points is realised by means of a
tetrahedron structure consisting of rectangular bars. Two tetrahedron structures are
combined into one rigid frame as a way of enabling connection on both sides of the vehicle.
As a consequence, the top plane of the rigid frame consists of four bars.

Figure 6.6: Sub-frame based on two tetrahedron structures.

Initial finite element calculations have indicated that the sub-frame has a stiffness of
approximately 2E8 Nm-1 in each direction, assuming a more or less ideal situation with the
bars only push-pull loaded and the connection between the bars infinitely stiff [Valk, 1991].
In reality, the bars are also under strain of bending, which means a reduction of the stiffness.

6.4

Vehicle control

This section briefly introduces the concept of the vehicle control. The PhD thesis of W.
Oelen [Oelen, 1995] presents a full description of the design of the control system.
Section 5.3 introduced the concept of using dead reckoning in combination with an absolute
position measuring system to determine the vehicle pose. Commercially available options,
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such as electrical wires in the floor, were rejected in order to preserve the option of
changing the layout of the factory. For this reason, an infrared beacon system was
developed (Chapter 10). The absolute vehicle pose is estimated using a set of unique
beacons at known positions.
Figure 6.7 shows the implemented vehicle control, which controls the currents through both
motors of the vehicle. Because of the non-holonomic constraint, the pose P = [x y φz]T of
the vehicle cannot be controlled directly by the motor currents using pure feedback.
Therefore, an indirect pose control is implemented, which is based on a twofold nested
control strategy [Oelen, 1995]. The inner loop, called the velocity controller, controls the
longitudinal velocity (v) and angular velocity (ω) of the vehicle (V = [v ω]T) using a
feedback controller to compute the motor currents I = [Iwl Iwr]T. The outer loop – called the
pose controller – computes the desired velocity co-ordinates (Vdes) from the reference pose
(Pref) and velocity (Vref) and the estimated pose (Pest) and velocity (Vest).

Figure 6.7: Vehicle control.

An advantage of this twofold nested control strategy is that the pose controller is vehicle
independent. Therefore, one can use any pose controller that has been designed for a 2-dof
vehicle.

Velocity controller

With regard to the design of the velocity controller, the MART prototype is regarded as one
rigid body with a certain mass (m) and inertia (J) (Figure 6.8). This approach is justified
while the 3-Hz vehicle suspension is still relatively high compared to the bandwidth needed
to follow the relatively smooth paths.
With respect to the vehicle control, Equations 6.7 and 6.8 represent the most dominant
behaviour of the MART prototype.
mv = mω 2 h + Fwl + Fwr − F fwl − F fwr
( J + mh 2 )ω = − mv ωh +

b
( Fwr − Fwl − F fwr + F fwl )
2

(6.7)

(6.8)
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The two forces (Fwl,wr) and the friction forces (Ffwl,fwr) are applied at the driven wheels. The
centre of mass is at a distance (h) in front of the wheel axis. The parameter (b) is the
distance between the effective floor contact points of the driven wheels. When moving, the
vehicle should preferably be positioned such that the castor is in front and the driven wheels
are at the rear. If this orientation is reversed, i.e. with the castor at the rear, the uncontrolled
vehicle will become unstable. Turning is amplified by the centripetal force on the centre of
mass.
For the realisation of the velocity controller, different methods of non-linear control have
been evaluated [Blom, 1992; Oelen, 1995].

Figure 6.8: Two-dimensional model of the vehicle dynamics.

Pose controller

In order to control the pose of the vehicle, the pose controller generates the desired
longitudinal and angular velocities for the velocity controller.
The pose error is defined by ∆P = [∆x ∆y ∆φz]T, representing the difference between the
reference pose and the estimated pose (Figure 6.9). A more useful definition is obtained by
expressing the pose error in co-ordinates of a base, which is fixed relative to the vehicle. In
this case, the pose error equals to ∆Pv = [∆xv ∆yv ∆φzv]T.
The pose controller has to minimise the pose error to such an extent that the specified pose
accuracy of the vehicle is met. The proposed solution is based on the non-ideal behaviour of
the velocity controller of the inner loop. This means that the real pose will drift more and
more from the reference pose.
The idea behind the implemented pose controller is that (small) corrections (δVcor) are
added to the reference longitudinal and angular velocity for the velocity controller. This will
compensate for the pose error.
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Figure 6.9: Pose error definition.

Figure 6.10: Pose controller.

Due to the non-holonomic constraint of the vehicle, it is quite simple to correct for errors
(∆xv) and (∆φzv). However, it is much more complicated to correct for a lateral error (∆yv)
because no motion is possible in that direction. However, this error can be reduced by
gradually changing the direction of the vehicle. One should not try to correct the error
(∆φzv) equal to zero, while an error (∆yv) exists.
To overcome this problem, a new error (∆zv) is introduced with a positive constant (α),
which replaces both the orientation and lateral error (Equation 6.9).

( )

∆ z v = ∆φ zv + α∆ y v sign v ref

(6.9)
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Below are the equations for the correction signals. Taken from the PhD work of W. Oelen
[Oelen, 1995], these equations illustrate the more complex control algorithm, necessitated
by the non-holonomic constraint of the vehicle.

δv cor = − K x ∆x v − (1 − cos( ∆φ v )) v ref − ω∆y v

(6.10)

δω cor = − K z ∆z v − α sin( ∆φ v ) v ref + αω ∆x v sign (v ref )

(6.11)

This solution has been proven to be robust with respect to perturbations. The only limitation
is that the reference path should not contain excessively sharp turns [Oelen, 1995;
van Amerongen et al., 1997].
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Figure 7.1: Manipulator.
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7.1

Introduction

The MART manipulator is a redesign of the Fast and Accurate Manipulator Modules
(FAMM), designed by Philips CFT [Soemers, 1990]. FAMM is a 4-dof, SCARA9 type
manipulator with the characteristic double-arm configuration (Figure 7.2). The manipulator
is suitable for stacking assembly operations.
The choice to adopt the FAMM manipulator was based on the following considerations:
•

•

•

The specification of the FAMM manipulator fulfils the required minimum bandwidth of
25 Hz in each degree of freedom. The relatively high bandwidth is achieved using the
double-arm configuration in combination with a rigid and lightweight design based on
optimum use of sheet metal [Koster, 2000, Section V4.13].
The FAMM manipulator concept has unique features, which makes it suitable for
integration into the design of the MART prototype. In the original design of the FAMM
manipulator, the two motors of the wrist module are located at the end of the double
arm. This increases the moving mass of the manipulator. With the MART manipulator,
the location of these motors is modified. Both motors are located in the base of the
manipulator. This concept reduces the moving mass of the manipulator, but also
reduces the stiffness of the drive train between the motors and the drive nuts of the
spindle of the wrist module (Section 7.4).
The availability of all manner of drawings, calculations, documents, etc. of the FAMM
manipulator design.

Figure 7.2: Schematic representation of the MART manipulator.
9 SCARA is an acronym for Selective Compliance Assembly Robot Arm.
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The working area of the MART manipulator is determined by (Figure 7.2):
• the primary motion with two dofs in the horizontal plane, in rectangular co-ordinates
(x) and (y) and in polar co-ordinates (r) and (ϕz);
• the wrist module with the two co-ordinates (z) and (φz).
The specification of the working area of the manipulator is based on the dimensions of the
vehicle, the parts to be assembled and the distance to the parts on top of the station.
The velocity, acceleration and positioning accuracy of the manipulator are specified in
accordance with similar industrial assembly applications (Table 7.1).
Table 7.1: Specifications of the manipulator.
Quantity

Symbol

Value / range

Primary motion

r

Wrist module

z

2 - 7E-1 m
0 – 2π rad
0 - 3E-1 m
0 - 2π rad
1 - 2 ms-1
5 - 10 ms-2
1E-4 m

Velocity
Acceleration
Positioning accuracy

ϕz
φz

The mass of the parts to be handled by the manipulator cannot exceed 1 kg
Organisation of this chapter

The remaining part of this chapter is divided into three sections. Section 7.2 describes the
design of the primary motion. Section 7.3 describes the design of the controlled pre-load
gear wheel transmission. This gear wheel transmission is part of the primary motion.
Section 7.4 describes the wrist module.

7.2

Primary motion of the manipulator

The general design of the manipulator consists of the main column, the double-arm
configuration and the wrist module [Brals, 1992]. The main column consists of four
concentric tubes driven by four brushless AC motors. Two tubes are connected directly to
the two upper arms (Figure 7.3). The other two tubes are connected to the wrist module
using timing belt transmissions (Section 7.4).
The kinematics of the primary motion of the manipulator is defined by Equations 7.1 and
7.2 (Figure 7.4). The equations define the relation between the angles of the upper arms (ϕr,
ϕl) and the polar co-ordinates (r,ϕz).
æϕ −ϕr ö
æϕ −ϕr ö
r = l1 cos ç l
÷ + l 22 − l12 sin ç l
÷
2
2 ø
è
ø
è

ϕz =
80

ϕr + ϕl
2

(7.1)
(7.2)
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(ϕz)
(r)
(ϕr)
(ϕl)
(l1)
(l2)

angle between the central axis of the arm structure and the x-axis
distance of the central axis of the main column to the central axis of the wrist module
angle between the upper right arm and the x-axis
angle between the upper left arm and the x-axis
length of the upper arms
length of the lower arms

Figure 7.3: Primary motion.

The two angles of the upper arms (ϕr) and (ϕl) are related to the angles of the two drive
motors (ϕm1) and (ϕm2) (Equation 7.3).

ϕ l = iϕ m1

ϕ r = iϕ m 2

(7.3)

In both cases, the transmission between motor and arm is achieved by means of a drive tube,
which is connected directly to the arm at one end and to the motor at the other using a gear
wheel transmission with transmission ration (i). The gear wheel transmission is described in
Section 7.3.
The inverse kinematics is defined by Equations 7.4 and 7.5.
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ϕ m1 =

ϕ z +α
i

ϕ m2 =

ϕ z −α
i

æ l2 −l2 − r2 ö
÷
α = arccosçç 2 1
÷
2l1r
è
ø

(7.4)

(7.5)

Figure 7.4: Kinematics of the primary motion.

Figure 7.5 shows a model of the primary motion of the manipulator.
This symmetrical model has the property that if both motors rotate in the same direction
with the same velocity (ϕr = ϕl), the tip moves along a tangential path (q). If the two motors
rotate in opposite direction with the same velocity (ϕr = -ϕl), then the tip moves along a
radial path (r) (Figure 7.4).
From the model, one can distinguish both the drive systems – consisting of a motor, gear
wheel transmission and drive tube – and the coupling using the arms. The instantaneous
transmission ratio (itan) models the relation between the angles (ϕr, ϕl) and (q). The relation
between the angles (ϕr, ϕl) and (r) is modelled by the instantaneous transmission ratio (irad).
The arms are considered infinitely stiff in the horizontal plane. However, the same does not
apply to the main column. The horizontal deflection of the main column will result in an
extra position error (q2, r2), in addition to the position error (q1, r1) of the servo train itself.
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Figure 7.5: Model of the primary motion of the manipulator.
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This was taken into account in the total error budget of the accuracy of the manipulator. The
dimensions of the main column were chosen such that its contribution to the total error
budget was within the specifications.
The model of Figure 7.5 was reduced to facilitate the design of a controller. The bending of
the main column was excluded from the model. By assuming either purely radial
(differential mode) or purely tangential motion (common mode), the other mode can be
excluded from the model. Figure 7.6 shows a model for the tangential motion. The left and
right branch are combined. This model was reduced to a fourth-order model, facilitating the
design of a PD controller.

Figure 7.6: Model of tangential motion of the manipulator.

As already described, the motors are connected to the drive tubes using a gear wheel
transmission. However, structural problems accompany the implementation of a gear wheel
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transmission in an electromechanical system, such as backlash and friction. The gear wheel
transmission can be avoided by adopting a direct drive, which requires a motor with a high
torque at almost zero velocity. However, very few motors of this type were available for an
acceptable price at the start of the 1990s. If the gear wheel transmission is selected, the
backlash can be reduced to zero, but only at the cost of pre-load and additional friction. The
higher friction can be avoided if the pre-load is controlled. The instantaneous pre-load is
just high enough to keep the gear wheels in contact [Koster, 2000, Section V2.3.6]. The
result is that at low loads little additional friction occurs than in the non pre-loaded situation
and that backlash is avoided regardless of the load condition (Section 7.3).
Here again, a typical mechatronics design solution is adopted. A mechanical shortcoming of
a gear wheel transmission is overcome by implementing a controlled pre-load.

7.3

Controlled pre-load gear wheel transmission

With regard to the primary motion of the manipulator, the transmission between the drive
tube and the motor is in both cases achieved using a gear wheel transmission. The option of
using a timing belt transmission, which is preferable in servo systems (Chapter 6), is not
feasible because of the high stiffness required.
In the original design of the FAMM manipulator, a clearance-free gear wheel transmission
is achieved using two gear wheels, pre-loaded in the rotational direction with constant
torque (Figure 7.7).

Figure 7.7: Pre-loaded gear wheel pair.

This pre-load torque selected is sufficiently large to avoid clearance in case of the maximum
load. This option comes with the disadvantages that the pre-load causes friction, resulting in
hysteresis, and that the positioning accuracy is negatively influenced.
A solution to this involves controlling the pre-load as a function of the torque, acceleration
and velocity [Kruijer, 1992; Rutgers, 1993].
The following part of this section considers two alternatives for controlling the pre-load.
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Rotational versus radial pre-load gear wheel transmission

The first option is to control the rotational pre-load. A potential solution is to use an
additional motor that drives the second gear wheel in such a manner that the wheels are
forced in opposite rotational directions relative to each other. The second option is to
control the pre-load in the radial direction.
The concept of radial pre-loading involves one gear wheel, fixed in its bearings, and a
second gear wheel, fixed in the tangential direction and free to move in the radial direction.
The radial direction involves an active pre-load (Fpre) (Figure 7.8), resulting in two point
contact between the teeth of the respective gear wheels. Maintaining this pre-load to a value
that exceeds any tangential load, originating from the load to be transmitted, leads to a zero
backlash gear wheel pair.

Figure 7.8: Concept of controlled radial pre-load gear wheel pair.

The concept of radial pre-loading is considered more advantageous than the concept of
tangential pre-loading. Radial pre-loading only requires one gear wheel and the pre-load can
be applied using a simple electromagnet instead of a servo motor.

Implementation of radial pre-load gear wheel transmission

In the final implementation of the radial pre-load gear wheel transmission, the motor was
attached to the fixed world using a set of leaf springs. These springs determine a pole (P)
around which the motor can rotate. An EI type electromagnet is used as an actuator to force
the motor pulley radial into the gear wheel (Figure 7.8).
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The actuator force has to compensate the tooth force in order to avoid clearance. This tooth
force is caused by the torque, which is transmitted through the gear wheel transmission, and
the gear wheel geometry errors.
The torque (TE) is calculated using the motor current (Im) and the motor constant (km) minus
the torque to accelerate the rotor of the motor, the motor axis, and the motor pulley
(Equation 7.6). The tooth force (Ft) is equal to the torque (TE) divided by the gear wheel
radius (r) (Equation 7.7).
TE = k m I m − J mot ϕmot
Ft =

TE
r

(7.6)

(7.7)

Gear wheel faults can be divided into eccentricity faults and tooth faults. The eccentricity
faults have a relatively low frequency, resulting in a negligible low tooth force. However,
the tooth fault-generated tooth force is considerable. This force is based on the amplitude of
the tooth fault, the moving mass and the square of the frequency at which the tooth faults
occur. The amplitude of the tooth fault is determined by the quality of the gear wheel. The
choice of the motor and the mechanical design determine the mass. The velocity of the gear
wheel and the number of teeth determine the frequency.
The gear wheels, the motors, etc. were selected, based on this specific application. The
dynamic characteristics of the concept were evaluated using a simple model [Rutgers,
1993]. From this evaluation, one could learn that the tooth forces reach a value, which
exceeds the maximum specified load (Figure 7.9, dashed line). At the maximum frequency,
the tooth force equals about 700 N. The figure also shows that the first resonance frequency,
corresponding to the finite stiffness of the radial connection between the motor and motor
pulley, occurs outside the working area and that the tooth force is reduced at higher
frequencies.
The explanation for this is that the motion of the motor pulley is not related to the motion of
the motor. This results in a lower moving mass and a corresponding lower tooth force. In
selecting a lower radial stiffness for the connection between the motor and the motor pulley,
the maximum tooth force is reduced to an acceptable level (Figure 7.9, solid line). As a
consequence, the resonance frequency occurs inside the working area.
This concept is implemented using an extension of the motor axis. The frame of this motor
axis extension is rigidly connected to the motor house in the tangential direction and with a
relatively low stiffness in the radial direction (Figure 7.10). The radial stiffness selected is
such that the tooth force at the resonance frequency is roughly the same as the tooth force at
maximum frequency (Figure 7.9). The axis of the extension is connected to the motor axis
using an Oldham coupling. The amplitude of vibration at the resonance frequency is
reduced using a tuned damper mounted on the motor.
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Figure 7.9: Tooth force as a function of the stiffness of the motor axis extension.

Figure 7.10: Motor axis extension.
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The analysis of the tooth forces yielded the following concept of a radial pre-load controller
(Figure 7.11).
The torque dependent tooth force is calculated by measuring the motor current and
estimating the motor acceleration. The calculated tooth force (Ft) is compensated using an
analogue root extractor because of the non-linear characteristic of the EI type
electromagnet, which shows a quadratic relation between force and current.
The tooth fault-dependent part is implemented using the roughly known relation between
the tooth force and the velocity of the gear wheel (Figure 7.9). As shown in Figure 7.11, the
relation is represented using straight lines. The peak represents the resonance frequency.
Because of the non-linearity of the EI-type electromagnet, the relation between the actuator
force and the velocity of the gear wheel has a parabolic character, which better
approximates Figure 7.9.

Figure 7.11: Concept of radial pre-load controller.

7.4

Wrist module of the manipulator

In the original design of the FAMM manipulator, the wrist module is driven by two custommade direct drive motors [Soemers, 1990]. These motors are attached to the end of the
double-arm configuration. This concept was selected while a high stiffness is required
between the motors and the drive nuts of the spindle. However, the disadvantages are the
high cost of the motors and the considerable contribution of the motors to the moving mass
of the manipulator. An additional problem is the power supply to the motors.
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The performance of the MART manipulator specified is lower than the performance of the
original FAMM manipulator. Therefore, the option became feasible to locate the drive
motors of the wrist module in the base of the manipulator. A drive train is implemented
from the motors through the main column and the arms to the drive nuts of the spindle. As
mentioned in Section 7.2, the transmission through the main column is achieved using
concentric tubes. One side of the tubes is connected to the respective motors using a timing
belt transmission. The other side is connected to the drive nuts using a pair of timing belt
transmissions (Figure 7.12). Moreover, conventional AC motors were selected.
Reducing the moving mass of the manipulator not only improves the bandwidth of the servo
system itself but also reduces the motion of the upper frame.

Figure 7.12: Wrist module.

The wrist module of the manipulator consists of a screw spindle, which is driven by two
nuts. The screw spindle comprises two identical parts that have equal slope but are
positioned in opposite directions. If both nuts rotate in the same direction at the same
velocity, the spindle makes a purely rotational motion (φz) in the same direction and at the
same velocity as the nuts. However, if both nuts rotate in the opposite direction at the same
velocity, the spindle makes a purely vertical motion (z). All other combination of motions of
the nuts result in a combined (φz, z) motion (Figure 7.13).
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Figure 7.13: Kinematics of the wrist module.

Equations 7.8 and 7.9 express the kinematics of the wrist module of the manipulator. The
parameters are the pitch of the spindle (p), the angle of the upper nut (φn1), and the angle of
the lower nut (φn2).
z=

φ n 2 − φ n1 p
2
2π

(7.8)

ϕ n1 + ϕ n 2
2

(7.9)

ϕz =

The radii of the timing belt pulleys selected are not the same for practical reasons. As a
result, the orientation of the spindle changes if the angle between both upper arms changes.
This effect is regarded as a static effect because the stiffness of the timing belt transmissions
is relatively high. Compensating the change of orientation of the spindle is purely an issue
of kinematics, involving adjustment of the reference signal for the controller of the spindle
[Oelen, 1995].
Figure 7.14 depicts a detailed model of the drive of the wrist module. The springs in the
model represent the stiffness of the various mechanical parts, such as the motor axis, drive
tube, timing belts, pulleys, and bending of the main column. Corresponding to the model of
the primary motion, one can distinguish a common (pure rotation) and a differential (pure
translation) mode.
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Figure 7.14: Model of the wrist module.
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Figure 8.1: Manipulator assembles a part.
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8.1

Introduction

In the MART factory, the mobile robot has to assemble complete products. That means the
robot has to handle a wide variety of parts and tools.
The solution that has been adopted consists of a common interface and a set of
exchangeable, task-specific, gripping devices [Ottevanger, 1993]. Gripping devices are
exchanged automatically. First, the manipulator is positioned relative to the required
gripping device, which is stored on board the mobile robot. Next, the manipulator connects
to the gripping device (Section 8.3).
For the MART project, only one application-specific gripping device was designed,
manufactured and tested (Section 8.4). This gripping device consists of two parallel moving
fingers and is adapted to the parts belonging to the product that was used for testing the
performance of the mobile robot [Rikken, 1993].

Organisation of this chapter

The remaining part of this chapter is divided into three sections. Section 8.2 describes the
conceptual design of the gripping device. Section 8.3 describes the details concerning the
design of the common interface. Section 8.4 describes the design of the two-finger gripping
device.

8.2

Conceptual design of the gripping device

A set of gripping devices is available on board the vehicle. These gripping devices are
adapted to the various parts that have to be assembled.
The gripping devices should be kept as simple as possible. Therefore, the actuator is
implemented as part of the non-exchangeable, common part of the gripping device,
indicated as the base. An advantage of this concept is that no electrical connection is
required between the base and the gripping device, only a mechanical connection for the
driving force.
The base (Figure 8.2) consists of a housing (no. 2) with a central drive shaft (no. 3). The
motor (no. 6) drives the central drive shaft of the base using a timing belt transmission
(no. 7). The shaft itself is equipped with a permanent electromagnetic brake (no. 4), which
maintains the gripping force. The main advantage is that the motor can be switched off after
a part is clamped, which causes a considerable reduction in the duty cycle of the motor. A
lower duty cycle allows the selection of a smaller motor.
The common interface was already introduced in Section 5.5. The choice was made to
connect a gripping device with the common base using a well-known design principle,
based on three spheres (no. 10) that fall into the three corresponding grooves (no. 13). The
solution selected guarantees high repeatability when gripping devices are exchanged
(Section 8.3).
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Base
1. Wrist module, 2. Housing, 3. Shaft, 4. Brake, 5. Permanent electromagnet, 6. Motor/encoder,
7. Timing belt, 8. Oldham coupling, 9. Sphere (shaft), 10. Sphere (housing)
Two-finger gripping device
11. Housing, 12. V-groove (spindle), 13. V-groove (housing), 14. Spindle, 15. Nut,
16. ‘Elliptic motion’ mechanism, 17. Finger
Figure 8.2: Gripping device.
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The two-finger gripping device satisfies the following two requirements. First, the gripping
device consists of two fingers, which can be exchanged manually. The fingers are adapted
to the specific task to be carried out. The second requirement is that both fingers move
linearly without any rotation, parallel to a plane perpendicular to the (z) axis of the wrist
module.
The conceptual design of the two-finger gripping device consists of a housing (no. 11) with
a central spindle (no. 14). A nut (no. 15) converts the rotation of the spindle into a linear
motion. The well-known design principle ‘elliptic motion’ (no. 16) generates the motion of
the fingers in a plane perpendicular to the spindle axis (Section 8.4).
The spindle is connected to the drive shaft of the base in such a way that it is not overconstrained (Section 8.3). Because the position of the fingers is measured using an encoder
fixed at the motor axis, the connection has to be free of clearance.
The main transmission ratio of the drive train between the motor and the fingers is achieved
using the spindle-nut combination, which is located behind the interface. As such, the
mechanical load of the interface is relatively low (high angular velocity, low torque).
The performance of the two-finger gripping device is specified in Table 8.1.

Table 8.1: Performance of the two-finger gripping device.
Opening distance between the fingers
Maximum moving distance of a finger
Position accuracy of a finger
Maximum time to close the fingers
Maximum clamping force of each finger

0 - 1.5E-1 m
0 - 2.5E-2 m
2.5E-5 m
1s
50 N

This last requirement is based on the specified mass of the parts – which should not exceed
1 kg – the acceleration of the vehicle and manipulator, and an estimated friction coefficient
of 0.5 between parts and gripping fingers.

8.3

Interface between a gripping device and the base

In this section, the common interface is described in more detail. This interface contains the
connection of the two housings and the drive shaft of the base to the spindle of the gripping
device. Based on this common interface, a variety of gripping devices can be designed and
attached to the base.
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Housing connection

The housing connection is achieved using three spheres that fall into three corresponding
grooves (Section 5.5). Each sphere consists of two segments of a sphere with a radius of
3E-2 m. The distance between the balls is approximately 1E-1 m.
The force required to keep the two housings units connected to one another is achieved
using three permanent electromagnets (Figure 8.2, no. 5). The magnetic circuit of these
components consists of both a permanent magnet and an electromagnet. Three iron disks
are located on the opposite side. Energising the coils generates an electromagnetic field in a
direction opposite to the field of the permanent magnets, in which case the housing units are
disconnected. A clear advantage of this solution is that no electrical energy is required to
maintain the connection, which also ensures fail-safe operation in the event of a power
failure. The permanent electromagnets are positioned between the spheres to ensure optimal
and symmetrical introduction of the forces.

Drive shaft - spindle connection

In addition to the connection of the housing units, the drive shaft of the base has to be
connected to the spindle of the gripping device. Both the drive shaft and spindle are fixed in
their respective housings using two bearings, which allow them to move only in a rotational
direction. Because the housing connection is very rigid and the shaft and spindle are not
expected to align precisely, the connection should only define the rotational motion.
In order to solve this problem, an Oldham coupling (Figure 8.2, no. 8) is introduced. The
Oldham coupling has a high stiffness in the rotational direction and a relatively low stiffness
in the other five directions [Koster, 2000, Section V1.2.4].
One end of the coupling is fixed permanently at the base shaft. The other end is connected
temporarily to the spindle, for which the solution described above, involving the three
spheres (Figure 8.2, no. 9) that fall into three grooves is used again. However, this situation
involves nine grooves instead of three (Figure 8.2, no. 12), which ensures connection from
either mutual position. After connecting, calibration is required to know the position of the
fingers with respect to the encoder position, which is fixed at the motor axis.

8.4

Two-finger gripping device

The MART gripping device system consists of a base, a common interface, and a set of
gripping devices, which are adapted to the specific parts to be grasped. The top side of the
housing of the gripping device carries three grooves and three iron disks. Furthermore, a
central spindle belongs to the concept of a gripping device. A nut converts the rotation of
the spindle into a linear motion. The upper end of the spindle carries the nine grooves as
part of the common interface to the base shaft.
In general, a gripping device has two or more fingers. The problem that has to be solved for
every type of gripping device (within the chosen concept) is how to convert the linear
motion of the nut into the required finger motions. The fingers should maintain an accuracy
of 2.5E-5 m relative to the base housing, despite the dynamic load caused by the motion of
98

Chapter 8. Design of the Gripping Device

the manipulator and the vehicle. The minimum required stiffness has been calculated at
5E5 Nm-1.
A gripping device with two parallel moving fingers was designed as part of the MART
project. The grasping motion is parallel to the assembly platform on top of the vehicle and
the topside of the parts supply station. The well-known design principle of ‘elliptic motion’
was adopted to generate the motion of the fingers in a plane perpendicular to the spindle
axis [Koster, 2000, Section V11.6]. This section presents this solution in more detail.
The first alternative is to guide both finger supports along a horizontal rail. A belt transmits
the linear motion of the nut to the linear motion of the finger supports (Figure 8.3). One of
the advantages of this concept is that the drive force is parallel to the direction of motion of
the fingers and the nut. However, the required stiffness is difficult to achieve.

Figure 8.3: Belt drive.

The stiffness of the belt drive is calculated using the tensile stiffness (ct) and the stretch
stiffness (cB) (Equations 8.1 and 8.2). In order to obtain a low bending stress (Equation 8.3)
and a high stretch stiffness of the belt around the roller, a low belt thickness (t) is required.
ct =

Ebt
l

(8.1)

cB = 2D F
2

σb =

tE
D

5
3
2 ( EI ) 2

(8.2)
(8.3)
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However, a low belt thickness results in low tensile stiffness. Instead of choosing a low belt
thickness, a high stretch stiffness can also be achieved by selecting a large roller diameter
(D) or a large pre-load (F). A large roller diameter is problematic because of the limited
space available. Introducing a large pre-load has the disadvantage that the direction of this
force is opposite of the clamping force.
An alternative is to replace the belt with a connection rod (Figure 8.4a), which solution is
indicated as ‘elliptic motion’. A drawback of this solution is the variable transmission ratio
between the nut and the fingers, calculated using the instantaneous angle (α).
Point (A) and (B) make a linear motion in (z) and (x) direction, respectively. Point (M)
describes a circular motion around point (O). An elegant alternative for the guiding rail is to
use a connection rod between point (M) and point (O) (Figure 8.4b).

Figure 8.4: ‘Elliptic motion’ mechanism.

The transmission ratio of the mechanism (imech) shown in Figure 8.4b depends on the angle
(α) and is described by Equation 8.4.

i mech = tan (α )

dx
= tan (α )
dz

dFz
= tan(α )
dFx

(8.4)

If the fingers are clamping a part, the transmission ratio (itot) should be minimal, resulting in
a maximum finger force (Ff). A minimum transmission ratio is achieved with a minimal
angle (α) (Equation 8.5).

Ff =

100

Tm
itot

v f = ω m itot

(8.5)
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The parameters represent the finger force (Ff), the motor torque (Tm), the transmission
between the motor axis rotation and the finger motion (itot), the finger velocity (vf), and the
rotational velocity of the motor axis (ωm).
However, a minimum angle (α) means maximum opening distance between the fingers. The
inverse of this mechanism is used because it is more suitable to have minimum clamping
force (and maximum finger velocity) at maximum finger opening and a maximum clamping
force (and minimum finger velocity) when the fingers are closed (Figure 8.5).
The working area of the gripping device can be adapted manually to the dimensions of the
specific part to be assembled. The working area is determined by the position of the fingers.

Figure 8.5: Inverse ‘elliptic motion’ mechanism.

The inverse mechanism is implemented in the final design of the gripping device. The righthand finger support is connected to the left mechanism and the left-hand finger support to
the right mechanism.
A single mechanism constrains only the (x) and (z) direction of the finger support
(Figure 8.5). By adding a second parallel mechanism, the (θx) and (θz) rotation of the finger
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support are also constrained. What remains is the (y) direction and the (θy) rotation. The
(θy) rotation of the finger support can be constrained using a force in (z) direction at a
maximum distance from the point of rotation (B). The (y) direction of the finger support is
constrained by using a roller and a guiding rail with a V-groove. The force to maintain
contact between the roller and V-groove is achieved using a bearing, which is elastically
connected to the housing.

Control of the gripping device

This section briefly discusses the control of the gripping device.
The motor axis of the gripping device is equipped with an angular position encoder. The
position of the fingers is calculated using the transmission ratio between the motor and the
fingers. However, the mutual position of the base shaft and the spindle can vary
(Section 8.3). For this reason, a one-time calibration between the position of the fingers and
the motor axis position is needed upon connection. This calibration is carried out by closing
the finger opening. This position is considered the zero position.
In addition to the position and motion of the fingers, the clamping force is also important. In
combination with the friction coefficient between the fingers and the part, the clamping
force determines the maximum allowable load, above which level the part slips between the
fingers and is released. This load is caused by the force of gravity and other forces, which
are introduced because of the motions of the manipulator and the vehicle.
A detailed model of the drive train of the gripping device has been described [Ottevanger,
1993]. This model is reduced to a fourth-order model in order to study the finger control
problems (Figure 8.6a). The mass (m2) represents the clamped part. The spring (cg)
represents the stiffness of the drive train, the spring (cp) represents the stiffness of the part.
The mass (m1) represents the mass and inertia of the drive train, from motor to nut, reduced
to the nut. The transmission ratio (i = tan(α)) represents the variable transmission of the
‘elliptic motion’ mechanism.
If a constant value is assumed for tan(α), this model can be reduced to the model shown in
Figure 8.6b. If the lowest possible value for tan(α) is selected (clamped position), the mass
(m3) equals about 300 kg. The stiffness (cg) equals about 1E6 Nm-1.
From the model, one learns that the mass (m3) exerts a considerable force of impact when
the part stiffness is relatively high. This can be limited if an extra element with a (wellknown) low stiffness is added. The most suitable place would be one of the fingers. In that
case the other finger continues to offer a stiff connection.
A control based on the measurement of an increase of the motor current at the instance the
fingers touch the part, is problematic when a low clamping force is required (which is
conceivable with consumer products).
Therefore, a position control of the fingers is proposed. This solution assumes that the size
and stiffness of the part is known.
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m2 = 1 kg
cg = 1E6 Nm-1
m3 = 300 kg
Figure 8.6: Model of the gripping device.
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Figure 9.1: Parts supply station.
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9.1

Introduction

The solution selected to connect the mobile robot to the parts supply station dominates the
design of the parts supply station itself. The manipulator on board the vehicle is specified to
operate within position errors equal to 5E-4 m relative to the parts supply station, which is
sufficient for the operations that are foreseen. In order to achieve this accuracy, it was
decided to develop a temporary, rigid connection between the manipulator pedestal and the
station frame (Section 5.4).
The first idea evaluated was to reposition the vehicle relative to the parts supply station
using an external force. A well-known design principle to realise a defined contact involves
three spheres on one side of the interface and three corresponding V-grooves on the other
side. It was decided to select an alternative because this solution was judged to be
mechanically too complex (Section 5.4).
Instead of repositioning the vehicle, the idea was adopted to ‘freeze’ the vehicle in the
arrival position (as determined by the navigation system) in front of the parts supply station,
using a mechanical connecting device. After ‘freezing’ the position of vehicle relative to the
parts supply station, an additional measurement system gauges the position and the
orientation of the manipulator with respect to the parts supply station. This information is
used to convert the manipulator pedestal co-ordinates to those of the station frame coordinates.
The ‘freezing’ mechanism must ensure that the upper frame of the vehicle remains in a fixed
position while at the parts supply station. If the parts supply station and the upper frame are
rigid bodies, six co-ordinates of the upper frame relative to the station frame must be
constrained.
The concept selected for freezing the two rigid bodies involves the use of a three-leaf spring
configuration, mounted at both sides of the upper frame (Section 5.4). The three leaf springs
are evenly distributed in a circular pattern. A stiff sub-frame – which is part of the upper
frame – connects the leaf springs to the base of the manipulator (Section 6.3). Three clamps,
which are integrated into the station design, connect the ends of the leaf springs, which
consist of rigid clamping blocks, and the parts supply station frame (Section 9.2).
Theoretically, the leaf springs should be equipped with an elastic ‘hole joint’ (Figure 5.11)
in order to prevent over-constraint [Koster, 2000, Section V3.6]. However, this is only a
theoretical problem given the fact that, just before the clamps are closed, the leaf springs
can take their positions without being forced into a buckled shape. For this reason, none of
the leaf springs are equipped with elastic ‘hole joints’.
A two camera system conducts the measurements needed to calibrate the manipulator base
with the frame of the parts supply station, which system is attached to the wrist module of
the manipulator. The cameras measure the position and the orientation of the circular
targets, located on top of the containers, which hold the parts to be handled. The position
and the orientation of the markers with respect to the position of the parts must be known.
After calculating the co-transformation matrix, which represents the respective actual
position and orientation of the manipulator base and the parts supply station, the gripping
device moves to the parts required [De Graaf, 1994].
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Section 5.4 already mentioned that this critical ‘docking’ problem was solved using the
combined application of mechanical design, available sensing technology and software
engineering. After completion, the MART prototype proved to be a robust and reliable
solution.
One of the functions of the parts supply station is to handle the containers with parts. The
containers are stacked manually and moved one by one within the working range of the
manipulator of the mobile robot connected. Detailed information can be found in [Dibbets,
1994]. The parts are positioned inside of the container using part-specific trays. This
enables the use of standardised containers, which facilitates handling.
The batteries of the mobile robot are charged while the mobile robot is connected to a parts
supply station. Both battery charging and parts handling occur simultaneously. A pneumatic
cylinder connects the robust charge contacts to the mobile robot. The batteries are charged
with 100 A during the few minutes that the mobile robot is connected.

Specification

•

The MART prototype uses a 4-dof manipulator, which involves movement along four
co-ordinates (x,y,z,φz) (Section 7.1). Movement along the two remaining co-ordinates
(φx, φy) is impossible. This means that the top side of both the upper frame and the
parts supply station have to be parallel to within a certain degree of accuracy
(Figure 9.2).
The parts supply station is installed with the top side parallel to the floor. The floor
near a parts supply station has no irregularities and should be flat. If the manipulator
faces forward and the assembly platform is loaded equally, the top side of the upper
frame of the mobile robot should be sufficiently parallel to the floor.
Based on the conditions mentioned above, the ‘freezing’ operation should not influence
the orientation of the upper frame more than 5E-3 rad in (φx) and (φy) direction relative
to the floor plane.

•

The distance between the upper frame and the floor can vary a maximum of 5E-3 m
because of the differences in load. This is caused by the low stiffness of the suspension
between the lower and upper frame and a maximum variable load of 25 kg, which load
comprises product carriers, products, parts and gripping devices. This means that the
reach of the clamps in (z) direction has to be 5E-3 m in order to capture the clamping
blocks at the end of the leaf springs.

•

The maximum reach of the clamps in (x) and (y) direction, required to connect to the
clamping blocks at the end of the leaf springs, is determined by the navigational
accuracy of the vehicle while in front of a station . The reach is specified at 1.5E-2 m in
both directions.

•

The required stiffness between the base of the manipulator and the station platform is
equal to 1E6 Nm-1 in the respective directions (Chapter 5). This stiffness is determined
by the sub-frame, which connects the manipulator base to the leaf springs, the three-leaf
spring configuration, the clamps, and the parts supply station frame.
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The stiffness of the sub-frame in the respective directions is relatively high (Chapter 6).
The leaf spring configuration has a stiffness of about 8E7 Nm-1 in the respective
directions (Section 5.4). The connection between the clamping blocks and the station
platform, which connection involves the clamps and the station frame, is specified at a
minimum stiffness of 1E7 Nm-1 in the respective directions. This figure indicates that
some effort is required to achieve this stiffness. Unfortunately, no measurements have
been conducted to compare the stiffness achieved with the pre-set specification.
However, initial tests involving the prototype indicated that the stiffness achieved was
sufficiently high to ensure accurate and reliable pick-up operations.

Figure 9.2: Mobile robot connected to the parts supply station.

Organisation of this chapter

Section 9.2 describes the design of the clamp. Located at the end of the leaf spring, this
clamp connects the clamping block to the station frame. Section 9.3 describes the design of
the parts supply station frame.
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9.2

Clamp

Each station is equipped with a standard interface for connecting to mobile robots. The
interface located at the side of the mobile robot comprises three leaf springs with rigid
clamping blocks. The interface located at the side of the station comprises three clamps,
which connect the clamping blocks to the station frame.
The mechanical connection is achieved in two phases. In the first phase, the clamping block
is held between the two jaws. In the second phase, the jaws are stiffly connected to the
station frame using wedges.
Each clamp consists of a pair of jaws, in between which the clamping block is grasped
(Figure 9.3). The size of the jaws selected is large enough to cover the specified reach in the
(x) and (y) direction. The opening distance between the jaws is large enough to cover the
specified reach in the (z) direction, which is determined by the variation in load.
Because the position of the clamping blocks varies in the vertical direction, the clamps
should be adjustable in this direction so as to affect the orientation (φx) of the vehicle as
little as possible. This is achieved by connecting the clamp to the station using a leaf spring
at a maximum distance (l).

Phase 1 (Figure 9.3a)

The clamp body, comprised of the pneumatic cylinder, is connected to the rear side of the
station using a leaf spring. The ends of two leaf springs are connected to the front of the
cylinder body. Rigid blocks are located on the other end of these leaf springs, which make
up the clamp jaws. If the pneumatic cylinder is not energised, both jaws rest with a bevel
face against the rolls of two levers each.
When the mobile robot arrives at a station, the clamping blocks come to rest between the
jaws of the clamps. By energising the cylinder, the piston rod moves forward, activating the
console on which the levers are mounted. The bevel faces of the upper and lower jaw cause
them to move towards one another until they lock the clamping block. Moving further along
the slope, the rolls force the upper and lower levers apart against the force of the Belleville
springs. After the piston has moved approximately 30 mm, the rolls reach the end of the
slope and are raised 2 mm, creating a clamping force of about 2.5E3 N.

Phase 2 (Figure 9.3b)

After the clamping block is locked between the jaws, the jaws are then stiffly connected to
the station frame during the second phase. By moving the console further, the wedges are
guided into corresponding wedge-shaped openings, created by the supporting surfaces of
the station frame and bevel sides of the jaws. The jaws are fixed after the piston has moved
40 mm from the zero position.
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Figure 9.3: Schematic representation of the clamp.

Table 9.1 presents the successive phases of the clamping procedure.
As the piston moves along the remaining 10 mm, the compressive force of the springs
increases, building up to a clamping force of about 8E2 N between the jaws and the
supporting surfaces of the station.
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Table 9.1: Successive phases of the clamping procedure.
Phase

Piston distance (mm)

1

0 - 10
10 - 30
30 - 40
40 - 50

2

The jaws close
The clamping blocks are locked between the jaws
The wedges are guided between the jaws and station frame
The jaws are clamped to the station frame

The clamping action of the clamping blocks and of the jaws is carried out successively.
Because the clamping force of the clamping blocks is determined by the pre-load in the
Belleville springs and not the cylinder, nearly the entire force of the cylinder can be used to
direct the wedges.
Figure 9.4 shows a drawing of the clamp.

Figure 9.4: Clamp.

9.3

Station frame

The station frame has to support the three clamps and provide a rigid connection between
the supporting surfaces of the wedges and the top side of the station, where the container
with parts is positioned. The stiffness of this connection should be at least 1E7 Nm-1 in the
different directions. The stiffness of the support of the station frame to the floor is not
critical. In general, the design of the parts supply station consists of three sub-frames, which
are rigidly connected to one another. A clamp is mounted in each of the sub-frames
(Figure 9.5).
In order to optimise the design of the parts supply station frame, it is essential to know the
points where the dominant forces are applied. Because the clamps rotate relative to the
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station frame in order to adjust to the vertical position of the clamping blocks, the points
where the horizontal (x) force is applied vary.
A solution to this was developed, which involves mounting a pin at the rear side of the
wedge. This pin is guided into a horizontal slide bar and constrains the position of the
wedge in the vertical direction. The other side of the wedge is double curved. In this way,
the point at which the horizontal (x) force is applied on the station frame is known
(Figure 9.5).

Figure 9.5: Clamp sub-frame.

In order to prevent over-constraint with regard to the position and orientation of the wedge
in the wedge-shaped opening, the wedge is connected to the console of the clamp using a
relatively thin bar (Figure 9.3). This bar is rigid in the (y) direction, but not in the (x) and
(z) direction. In the (y) direction, the wedge can move along the bar.
The station must support a wedge with sufficient rigidity in each direction. The ideal
solution would be to create a vertical plane (xz) through the points at which the horizontal
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forces are applied on the wedges (Figure 9.5). However, this solution is impossible due to
the free corridor, which is required for the clamping blocks to pass between the jaws of the
clamps, and due to the clamps, which have to cross this plane in a perpendicular direction.
The final solution is presented in Figure 9.5. The point at which the clamping forces are
applied is determined by the sliding bar. A vertical plate supports the wedges in the (y) and
(z) direction, in which a corridor is cut out to leave room for the clamping blocks. The
support in the (x) direction is realised using a horizontal plate. Because of the limited space
available, this plate is rotated in the (θx) direction with the axis of rotation at the point at
which the force is applied in the (x) direction. The dimensions of the respective plate
sections are based on finite element calculations [van den Berge, 1993].
The connection of the above-mentioned wedge support plates is achieved using a box
girder. The plates are integrated into the design of the box girder. Figure 9.6 shows the
design of the station frame.

Figure 9.6: Station frame.
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Figure 10.1: Beacon detector on top of the vehicle.
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10.1

Introduction

One of the features of the MART factory is that the layout of the factory can be easily
changed. Stations and beacons can be added or removed without changing the
infrastructure. However, this requires a flexible vehicle navigation system. Routing
flexibility is determined by the flexibility of the vehicle pose measuring system.
The choice was made to calculate the pose of the vehicle using a dead reckoning system in
combination with an absolute measurement system, involving active infrared beacons and a
rotating beacon detector on top of the vehicle (Chapter 5).
In this chapter the design of the infrared beacon system is described. The beacon detector
measures the vehicle pose relative to infrared beacons, the position of which is known.
The dead reckoning system of the MART vehicle is an incremental measuring system,
which is based on measuring the wheel angle of both two driven wheels. The frequency, by
which the vehicle pose estimate is updated, is about 100 Hz. This dead reckoning
measurement contains errors due to creep in the contact between the wheels and the floor,
and due to error in the effective wheel radius. Because of the integrating nature of these
errors, the vehicle pose estimate drifts away from the actual pose (Section 5.3)
The infrared beacon system is incorporated to update the state of the dead reckoning
estimate. The infrared beacon system operates at a frequency of about 4 Hz. A Kalman filter
approach was adopted to calculate the vehicle pose update, based on the two measurements
available [Boomsma, 1992; Laarhuis, 1993; de Graaf, 1994].
The beacon detector is mounted above the upper frame of the vehicle in order to achieve
maximum unobstructed visibility of the beacons (Figure 10.1). However, the platform on
which the beacon detector is mounted is not connected to the upper frame, but rather to the
lower frame. The relatively large 3 Hz motion of the upper frame relative to the lower frame
would cause additional error in the vehicle pose measurement.
In addition to the infrared beacon system, a solution was developed that uses cameras
mounted on the factory ceiling, which are directed downwards. Each camera observes a part
of the floor area. The cameras are used to detect markers attached to the mobile robots and
the various stations [Schrap, 1992; de Graaf, 1994].
From a technical point of view, this solution proved feasible. At the time, however, the cost
of such a solution far exceeded the cost of the infrared beacon system because of the large
number of cameras required.

Specification

•

The required, maximum vehicle navigation error is specified by the vehicle pose
(Section 5.3). The pose is defined by the two co-ordinates (xp,yp) of the point (P)
between the two driven wheels and the rotation (φz) of the line through point (P)
perpendicular to the wheel axis (Table 10.1).
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Table 10.1: Accuracy of pose co-ordinates.
Pose co-ordinates

xp (m)

yp (m)

φz (rad)

Local accuracy
Global accuracy

1E-2
1E-1

1E-2
1E-1

2E-3
2E-2

•

The local navigation accuracy is required in an 5 m2 area in front of a station. Only the
global navigation accuracy is required outside that area.

•

Section 5.3 already described the required local accuracy of the infrared beacon system
in front of a station. Based on a worst case dead reckoning drift error of 2% at 1 ms-1
vehicle velocity, and a measuring frequency of 4 Hz of the infrared beacon system, the
maximum drift error equals 5E-3 m in both the (x) and (y) direction. This drift error
equals 50% of the total error budget of 1E-2 m. The remaining 50% of the error budget
is allocated to the inaccuracy of the infrared beacon system.
The local navigation accuracy is only required in the close range of a station. In that
case, the velocity of the vehicle is slowed down considerably, which results in a much
lower drift error between the updates of the dead reckoning system.

•

The accuracy of the beacon direction measurement is calculated using the required
local accuracy of the infrared beacon system. The accuracy depends on such aspects as
the position of the detector with respect to the beacons. A beacon direction accuracy of
about 1E-3 rad is required (Figure 10.2), based on beacon location, in which one
beacon is located on top of the station and the other beacons are placed perpendicular
to the station at a distance of 5 m. The specified vehicle orientation can also be
calculated using this beacon direction accuracy.
In the areas where performance of the infrared beacon system is specified less
accurately, the location of the beacons with respect to the mobile robot and its beacon
detector is less critical.
The required beacon direction accuracy of 1E-3 rad is based on calculations, presented
in literature [McGillem et al., 1989; van der Schoot, 1992]. However, these calculations
are based on a non-moving beacon detector. In reality, the beacon detector moves
continuously (Section 10.2).

•

The infrared beacon system is an optical instrument and should be able to operate in an
environment with different possible sources of interference, such as sunlight and
electromagnetic radiation.

•

Each beacon has a unique identification code. The infrared radiation is encoded and
modulated to identify the specific beacon that is detected by the beacon detector. In this
way, the system is able to initiate itself in the event that a mobile robot loses
information about its absolute position.
Another advantage of encoded beacons is that it avoids other sources of infrared
radiation being recognised as beacons.
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A prototype of the infrared beacon system was developed and extensively tested. The
system appeared to be very robust and the final accuracy of the beacon direction
measurement was much better than the required 1E-3 rad [de Graaf, 1994].

Figure 10.2: Reference beacon location.

Organisation of this chapter

Section 10.2 describes the measuring principle of the infrared beacon system. Section 10.3
describes the design of the beacon detector.

10.2

Measuring principle

Extensive research has been carried out regarding different measurement principles for
calculating the vehicle pose [Bijnagte, 1991].
In most factory applications, the principle of electromagnetic guidance involving cables in
the floor is still used. The main disadvantage of this solution is that the paths along which
the vehicle navigates are fixed and cannot easily be changed.
Several solutions have been introduced during the last decade, which are based on the use
of floor grid patterns. These patterns are achieved using magnets in the floor or optical grid
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patterns involving contrasting colours. In this case, the vehicle is not restricted to predefined paths. However, mounting several hundred magnets in the floor is time consuming
and expensive. A practical disadvantage of optical floor patterns is the high probability of
contamination, which threatens its robustness.
Instead of mounting references to the floor, the vehicle pose can also be calculated using
beacons, which are mounted in a horizontal plane. Both passive and active beacons can be
used.
One currently commercially available solution involves the use of passive beacons in
combination with a rotating laser beam on top of the vehicle. However, this solution can
only be used above a certain height due to personnel safety considerations. Although a low
power laser beam is used, the laser light can damage human eyes. For that reason, the
MART team adopted an active infrared beacon system in combination with a rotating
receiver on top of the vehicle.
The principle of measurement is based on triangulation according to Snellius (Section 5.3).
The position of the vehicle, or more precisely the position of the beacon sensor, is
calculated using three beacons placed at known positions and two angles between the
beacon directions. The positions of the beacons are mapped in the computer system of the
mobile robot. The orientation of the vehicle can be calculated when the position is known.
The angle between the heading direction and one of the beacon directions is used to
calculate the orientation.
As mentioned in Section 10.1, the vehicle with the beacon detector moves. The three
beacon directions are measured at different vehicle positions. Using the dead reckoning
system, the distance travelled between the successive beacon direction measurements is
calculated. This information is used to estimate the instantaneous vehicle pose while moving
[de Graaf, 1994].

Principle of beacon direction measurement

Measuring the beacon direction means determining the moment when the beacon detector is
directed at a beacon. The beacon detector angle is measured at this moment.
The infrared radiation, originating from a beacon, is directed to the beacon detector photo
diode using a flat mirror and a optical lens combination (Section 10.3). The characteristic
of rotation angle with respect to radiant flux is shown in Figure 10.3a. The magnitude of the
characteristic is approximately proportional to the inverse of the squared distance between
beacon and detector. The photo diode converts the radiant flux into an electrical current.
This current is amplified and converted to a voltage. The resulting angle-to-voltage
characteristic is comparable to Figure 10.3a.
Several principles for measuring the beacon angle were evaluated [de Graaf, 1994].
A robust way to measure the beacon angle involves using a transducer pair. A second
transducer is mounted and rotated about the sensor axis, relative to the first transducer
(Figure 10.3b). Both transducers need not have an equal characteristic of angle to radiant
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flux, but since they are mutually shifted along the horizontal axis, the zero crossing of both
channels marks the beacon angle (Figure 10.3c).
The advantage of this method is that the variation in the magnitude and shape of both
characteristics, resulting from external influences, may be assumed to be equal. Therefore,
the location of the zero crossing is not dependent on the distance to the beacons nor the
intensity of the radiation.

Figure 10.3: Beacon angle measurement by dual transducer principle.

Infrared beacon

A beacon comprises a vertical line array of sixteen infrared emitting diodes. All diodes are
directed in the horizontal plane such that they form a helix, achieving a 180° uniform
emitter. Each beacon has a unique code number. This 5-bit number can be set using
switches.

10.3

Infrared beacon detector

The mechanical design of the beacon detector (Figure 10.4) comprises the lower stator
containing one photo diode and the upper stator containing the other photo diode. The rotor
contains two lenses and two mirrors, which deflect and focus the incoming radiation to both
photo diodes.
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Figure 10.4: Infrared beacon detector.
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The lower stator supports the rotor using two pre-loaded angular contact bearings. The only
co-ordinate of the rotor that is not fixed relative to the lower stator is the rotation (θ). The
upper stator on its turn is supported by the rotor, again by two bearings. The thin bar
prevents the rotation of the upper stator relative to the lower stator.
The lower stator holds the motor used to drive the rotor, the encoder used to measure the
rotor angle, the photo diode, and the main electronics. The upper stator holds the second
photo diode and the electronics to amplify the small signal from the photo diode before it is
transmitted to the main electronics in the lower stator housing.
The remaining part of this section describes the design of the infrared beacon detector in
more detail.
Transmission of signals from rotor to stator

One of the design problems involves addressing the transmission of signals from the rotor to
the non-rotating stators. In the final design, the solution adopted involves the transmission
of optical signals. The incident radiation is bundled first, using a lens, and projected to the
photo diodes, which are located on the lower and upper stator.
Several alternatives have been evaluated, which involve the transmission of an electrical
signal instead of an optical signal [van der Schoot, 1992]. These solutions are rejected
because the introduction of slide contacts would result in a more complex mechanical
design and the introduction of signal noise.
Optical system

The rotor consists of two identical optical systems. Each optical system is mounted to a
cylindrically shaped sub-frame. Both sub-frames are mounted to the rotor and aligned
relative to each other. The lower sub-frame is mounted first, followed by the upper subframe, which is rotated and fixed in such a position that the signals of the photo diodes are
shifted as a function of the beacon detector angle, according to Figure 10.3b.
The optical system has two main functions. First, the optical system has to deflect, focus
and transmit the infrared radiation to the photo diode. Secondly, the optical system has to
limit the field of view of the beacon detector. Mounting the diaphragm in the focal point of
the lens achieves off axis rejection. The field of view is now determined by the rejection
angle (αra), which depends on the size of the diaphragm and the focal length of the lens.
Radiation with an angle (α) – relative to the optical axis – that is larger than the rejection
angle (αra), is blocked.
Positioning of the mirror

The purpose of the mirror is to deflect the incoming radiation along the sensor axis.
Because the mirror must be positioned very accurately, a mirror support is designed in
which the mirror can be adjusted in the direction (φx) and (φy) (Figure 10.5).
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Three base points support the mirror, which are mounted as eccentrics located at two axes.
One base point is positioned in the middle of one axis (axis 1). The remaining two base
points are positioned symmetric to the middle of the second axis (axis 2). If the axis 1
rotates, the mirror rotates around the (φy) axis. If axis 2 rotates, the mirror rotates around
(φx) axis. Both mirror angles are adjusted independently of one another.

Figure 10.5: Mirror support.

Measuring of the rotor angle

The rotor angle is measured using a high resolution optical encoder. The encoder measures
the rotor angle at the moment the beacon detector is directed towards a beacon.
The mechanical connection of the encoder shaft and the rotor requires some care.
The housing of the encoder is connected to the lower stator (Figure 10.4). The encoder
house supports the hollow shaft with bearings. As a result, the encoder shaft can only rotate
in the direction (θ) relative to the lower stator. In its turn, the lower stator supports the rotor
with two bearings. This means that the rotor can also only rotate in the direction (θ) relative
to the lower stator.
Based on this consideration, a mechanical connection is required that only fixes the rotation
(θ) of both the encoder shaft and rotor. An Oldham coupling offers a connection that
requires a minimum of room and is free of clearance. The Oldham coupling was already
introduced in Chapter 8.
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During the five-year research project, a mobile assembly robot and a parts supply station
have been specified and developed, and a fully operational prototype realised. This
prototype has been thoroughly evaluated. The solutions selected proved quite reliable and
the system performance met the pre-set specifications.
Chapter 5 introduced five functions, which are considered key problems in the application
of mobile robots for automated assembly. In solving these problems adequately, the
technical feasibility of the concept of the MART factory (Chapter 4) has been demonstrated.
These functions include:
1.

The manipulator performs accurate assembly operations on board the mobile robot
while the mobile robot moves between two stations. Accuracy is maintained despite an
uneven floor.

2.

The vehicle navigates freely through the assembly hall. The routes can easily be
changed.

3.

The manipulator picks up the parts required at the parts supply stations.

4.

The mobile robot system assembles complete products, handling a wide variety of parts
in the process.

5.

The mobile robot operates 24 hours a day.

In the remaining part of this chapter, the design solutions for these functions are evaluated
in more detail.

Manipulating accuracy while driving

One of the challenging features of the MART factory is the possibility that the manipulator
assembles parts while the mobile robot moves through the assembly hall to the next station
in order to pick up parts, exchange gripping devices or deliver products. Exchangeable
product carriers are located on top of the vehicle. These carriers contain the items in
production. Parts can be assembled while the mobile robot is mechanically connected to a
parts supply station or while the mobile robot moves to the next station, in which case, the
mobile robot takes a tray with parts on board.
However, this unique function requires great care with regard to the dynamics of the mobile
robot system. In contrast to a conventional robot concept, the base of the manipulator is not
fixed to the floor, but on a moving vehicle. Floor irregularities, the moving vehicle and the
moving manipulator cause system disturbances, which influence the accuracy of the
assembly process.
Based on an evaluation using simple models, the choice was made to introduce rigid wheels,
a lower and upper vehicle frame connected by a soft suspension, batteries that are mounted
in the upper frame, and a manipulator with a relatively high bandwidth.
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This solution may be considered the result of a typical mechatronics design approach.
Sufficient bandwidth of the manipulator – due to its high mechanical natural frequencies –
together with a vehicle, which serves as a mechanical low-pass filter, enables sufficient
positioning accuracy of the manipulator relative to the assembly platform on top of the
vehicle.
Various tests were conducted after completion of the prototype, which indicated the
feasibility of accurate assembly operations while driving.

Free navigating vehicle

The vehicle drive system comprises two driven wheels at the rear and one free castor at the
front. This configuration was selected because of its mechanical simplicity. However the
non-holonomic constraint requires a more complex control strategy to take a particular
pose.
The vehicle navigation system directs the vehicle along pre-determined paths. Because the
infrastructure of the factory layout must be flexible, these paths should be easy to change.
This requires what is known as a free ranging navigation system with a path-independent
pose measuring system. After an extensive study, a pose measuring system was developed,
based on a dead reckoning system, in combination with an absolute measuring system. This
solution was selected because the disadvantage of the drift error between the actual pose
and the estimated pose is counteracted while maintaining the advantage of the high frequent
update of pose information. The pose estimate is updated with a frequency of 100 Hz, while
the absolute pose measuring system operates at a frequency of only 4 Hz.
The absolute pose measurement is achieved using an infrared beacon system, based on
active beacons and a rotating receiver on top of the vehicle.
The beacon system proved to be a very reliable solution with a final accuracy that exceeds
the specification.

Manipulating accuracy relative to the station

In a conventional set up, the manipulator base, product carriers and parts trays are located in
a rigid, common frame. In this case, however, the manipulator and the parts tray are not
permanently mounted. As such, a temporary mechanical ‘freezing’ system was introduced.
The solution comprises a three-leaf spring configuration, attached to the manipulator
pedestal using a rigid, tetrahedron-shaped sub-frame. The other ends are temporarily
connected to the parts supply station frame using rigid clamps.
The positioning accuracy offered by the navigation system combined with the mechanical
‘freezing’ system, and the optical marker sensing combined with software-based co-ordinate
conversion, guarantees sufficient manipulating accuracy relative to the station platform.
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Various tests proved the reliability of this solution. The parts could be picked up from the
parts supply station and assembled on top of the vehicle.

Handling a wide variety of parts

The mobile robot system is supposed to perform a wide variety of tasks, such as assemble
parts, handle various tools, etc. In general, the sizes and the shapes of these parts and tools
differ strongly, which require an adaptable gripping device or exchangeable task-specific
gripping devices. This last solution was adopted and realised.
The system ultimately developed comprises a modular base, attached to the wrist module of
the manipulator, and a two-finger gripping device. The connection between the base and the
gripping device and the drive shafts connection were achieved using a well-known design
principle, involving three spheres that fall into three grooves.
The solution selected for connecting a gripping device to the common base proved to be
reliable. The concept was even introduced in a preliminary design study on how to
exchange instruments in a space platform [Ramaker, 1994].

Energy supply system

The problem of an energy system – capable of supplying the mobile robot with energy 24
hours a day – was solved using NiCd batteries, which are recharged while the mobile robot
is connected to a station. Battery maintenance proved to be quite low.
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This chapter presents the conclusions regarding the research aim of this thesis.
The main objective of this thesis is to gain experience in the field of mechatronics design.
The second aim of this thesis is to investigate the technical feasibility of the application of
mobile robots in a fully automated assembly factory.

Mechatronics design approach

The mechatronics design approach was experienced through the development of a
sophisticated production system. In a five-year project, a multi-disciplinary design team
consisting of mechanical, electrical and software engineers developed a prototype of a
futuristic assembly factory. This may be considered remarkable, if one takes into account
that this work was carried out by about fifty students with no experience in designing and an
average work time in the project of only nine months. The four project managers,
representing the disciplines involved, also lacked experience.
The success can be attributed to the fact that solutions have been adopted, which are more
or less based on proven technology. The individual contribution of the disciplines involved
probably cannot be considered major breakthroughs within their respective fields. However,
the integration of the contributions, resulting in a unique robot system of outstanding
performance, can be regarded as a major innovation.
Of all the different steps in the mechatronics design process (Chapter 3), the conceptual
design phase was the key to the final result. The challenge in this phase was to create an
optimal mix of contributions from each of the disciplines. In order to focus the attention of
the team members on solving one and the same problem, it was essential to establish a
common understanding about the design problem.
During the development of the MART prototype, simple models proved useful in
supporting the initial phase of the design process. Important design choices such as the
concept of a lower and upper vehicle frame connected by a non-rigid suspension, the high
bandwidth manipulator, and the high stiffness connection between the mobile robot and the
parts supply station were based on the evaluation of these models. The simple models only
represent the basic dynamic properties of a concept.
Characteristic for the models used is that the directions of motion were not connected. A
model represents only one direction of motion. In reality, the directions of motion are
strongly connected, which can have a considerable influence on system performance.
Extensive 3D models of the mobile robot were evaluated using the CAMAS10 experimental
design tool. This evaluation revealed only a minimal difference with the results of the
simple models [Boomstra, 1992]. From this comparison and the evaluation of the prototype,
one can conclude that the concept choices, based on the evaluation of simple models, are
justified.
10 During the MART project, CAMAS (Computer Aided Modelling, Analysis and Simulation) was in the
prototype stage of development and, as such, only available on a limited basis. In recent years CAMAS
has been further developed into the 20-sim modelling and simulation program.
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During the engineering phase of the manipulator and the gripping device, more extensive
models were used to support the design of the mechanics and the controller. By adopting the
right design principles, backlash and friction in the mechanical design were avoided as
much as possible. This approach resulted in a robust solution, which could be controlled
relatively easy – from control engineer perspective.
For the vehicle, a mechanically simple 2-dof drive system was selected. A relatively
complex control concept – from the control engineer perspective – was implemented in
order to compensate for non-holonomic constraint. Another example of this typical
mechatronics approach to decision making is the concept of mechanically ‘freezing’ the
mobile robot at its arrival position in front of a station, followed by a calibration
measurement to fit the co-ordinates of the manipulator base with the co-ordinates of the
station. The alternative would be to re-position the mobile robot relative to the station. On
the one hand, this would obviate the need for the calibration measurement, but on the other
hand, a more complex mechanical solution would then be introduced.
Another useful tool during the development of the MART prototype was the availability of
a catalogue with proven design principles [Koster, 2000]. Several design problems have
been solved by adopting the right design principle. One can conclude that the ‘first time
right’ development of the MART prototype is based on the availability of demonstrated
solutions.
A discipline – not highlighted in this thesis – is software engineering. One should not
conclude, however, that software is of minor importance for the final outcome of a
mechatronics project.
Although the social aspects of a team of people working together was deemed essential for
the final outcome of the project, extensive discussion of this topic is beyond the scope of
this thesis. However, two aspects are worth mentioning. The ‘one room’ approach proved
very effective in improving communication and creating understanding between team
members. Secondly, the project manager should play an active role in creating a positive
atmosphere in which people enjoy working together.

Feasibility of the MART factory

Chapter 11 presents an evaluation of the performance of the MART prototype. Based on
this evaluation, it can be concluded that the technical problems with regard to the
application of a mobile assembly robot have been solved adequately. The solutions for the
isolation of the manipulator relative to the disturbances caused by floor irregularities,
connecting the mobile robot to the parts supply station, the free navigation system, the
gripping device, and the power supply system proved reliable and robust.
The result of the MART project is a prototype of a mobile robot system and a parts supply
station. It goes without saying that much more development is required before this prototype
can be put into actual operation.
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The economic benefits of an automated assembly factory, based on the application of
mobile robots, have only been studied briefly. The studies indicate that automated assembly
with complicated and expensive equipment such as the MART prototype cannot be justified
purely from an economic point of view. Globally, manual assembly is still very cheap in the
low wage countries, which by far outweighs the extra cost of transportation.
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Samenvatting (Dutch Summary)
Mechatronica is een manier van ontwerpen gebaseerd op de combinatie van mechanica,
elektronica, regeltechniek en informatica. De gezamenlijke inzet van deze disciplines maakt
het mogelijk producten en processen te ontwikkelen die eenvoudiger, goedkoper,
betrouwbaarder en flexibeler zijn dan voorheen mogelijk was. Een mechatronisch ontwerp
maakt gebruik van de kennis en vaardigheden van de verschillende disciplines om tot een
optimaal resultaat (synergie) te komen. Dat vereist kennis van de verschillende disciplines
en vooral ook samenwerking en communicatie tussen de vertegenwoordigers van die
disciplines.
De centrale vraag in dit proefschrift is hoe het potentieel van de mechatronische
ontwerpaanpak kan worden gerealiseerd. De auteur heeft zich in de eerste plaats ten doel
gesteld algemene inzichten over de mechatronische ontwerpaanpak te verkrijgen en deze te
illustreren aan de hand van het mechatronisch ontwerp van het prototype van MART, de
Mobiele Autonome Robot Twente. Het tweede doel van de auteur was de technische
haalbaarheid te onderzoeken van de toepassing van mobiele robots in een volledig
geautomatiseerde assemblage-omgeving (de MART-fabriek).
De auteur presenteert hier het proefontwerp voor MART inclusief een beschrijving van de
ontwerpoplossingen voor verschillende functies van deze mobiele robot, de realisatie
daarvan en de resultaten van tests.
Het hier beschreven onderzoek vond plaats in de periode 1990-1995 in het kader van het
MART-project van het Mechatronics Research Centre Twente van de Universiteit Twente.
De auteur maakte deel uit van het vijfkoppig projectteam en was daarin verantwoordelijk
voor het systeemontwerp en de werktuigbouwkundige engineering. Het projectteam werkte
volgens de uit Japan bekende ‘one room approach’, volgens welke samenwerking en
communicatie de succesfactoren zijn voor de organisatie van een ontwerpafdeling.
In de concept fase zijn ontwerpoplossingen gegenereerd voor de volgende vijf functies:
1. Nauwkeurige assemblageactiviteiten op het voertuig dat over een oneffen fabrieksvloer
beweegt.
2. Vrije beweging (navigatie) van het voertuig over de fabrieksvloer, niet beperkt tot
routes die door middel van vast aangebrachte voorzieningen zijn voorgeschreven.
3. Een tijdelijke vaste verbinding tussen voertuig en voorraadstation, op het moment dat
de manipulator daaruit onderdelen moet oppikken.
4. Een grijper die geschikt is voor uiteenlopende onderdelen, producten en
gereedschappen.
5. Energievoorziening voor volcontinu bedrijf.
Het ontwerp voor het voertuig is gebaseerd op een systeem bestaande uit twee frames, met
op het bovenste frame onder meer de manipulator bevestigd. De ophanging van dit frame
fungeert als een laagdoorlaatfilter dat verstoringen ten gevolg van vloeroneffenheden
nauwelijks doorgeeft aan de manipulator. Het voertuig is uitgerust met twee door motoren
aangedreven wielen en een vrij zwenkwiel. Een dergelijk ontwerp met twee vrijheidsgraden
is mechanisch eenvoudiger te realiseren dan een aandrijving voor drie vrijheidsgraden, maar
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vereist wel een complexere regeling. Deze keuze voor de twee vrijheidsgraden kan worden
beschouwd als een mechatronische oplossing, namelijk een slimme combinatie van
disciplines die leidt tot een optimale oplossing in de zin van effect en complexiteit.
Voor de navigatie moet continu de positie en de oriëntatie van het voertuig bekend zijn. De
bepaling daarvan gebeurt met een zogeheten odometer, die de hoeksignalen van de twee
motoren integreert tot een afgelegde weg. Om drift en andere onnauwkeurigheid te
minimaliseren moet de op deze manier verkregen informatie herhaaldelijk gecorrigeerd
worden aan de hand van een absolute referentie. Daarvoor is een systeem ontworpen met
een aantal infraroodbakens die in de fabriekshal worden geplaatst en een bakendetector
boven op het voortuig. Hiermee kan dan de absolute positie en oriëntatie worden bepaald
door middel van triangulatie.
De manipulator heeft vier vrijheidsgraden. De motoren, behorende tot deze vier
vrijheidsgraden, zijn ondergebracht in het voetstuk van de manipulator. Het ontwerp
voorziet in een configuratie met een dubbele arm, hetgeen zorgt voor relatief hoge
mechanische stijfheden. Deze relatief hoge stijfheden geven aanleiding tot het realiseren
van een relatief hoge bandbreedte in de diverse relevante richtingen. In combinatie met de
reeds genoemde laagfrequente ondersteuning door het voertuig, zijn daardoor verder geen
voorzieningen nodig, ondanks rij- en bewegingsdynamica, om de vereiste nauwkeurigheid
van de manipulator ten opzichte van het werkvlak te realiseren. Dit is een ander voorbeeld
van het mechatronisch afwegen van opties.
Voor de grijper is gekozen voor een concept, aangeduid als een grijperwisselsysteem,
bestaande uit een set van verwisselbare, specifieke grijpers en een standaard interface. Een
ontwerp is uitgewerkt voor een grijper met twee parallel bewegende vingers die kunnen
worden aangepast aan een specifiek onderdeel. Een set grijpers, aangepast aan de te
assembleren onderdelen, wordt op het voertuig meegevoerd.
Voor de tijdelijke verbinding tussen voertuig en voorraadstation is een klemverbinding met
hoge stijfheid ontworpen. Twee camera’s maken het mogelijk de juiste positie nauwkeurig
te bepalen, zodat vervolgens de manipulator precies zijn weg kan vinden op het
voorraadstation. Ook hier is weer sprake van een mechatronisch afwegen van
mogelijkheden. Hier heeft deze afweging geresulteerd in een relatief simpele mechanische
functie, namelijk het stijf handhaven van een ingenomen positie van het voertuig ten
opzichte van het station. Daarop volgt het optisch waarnemen van de ingenomen relatieve
positie en oriëntatie, en ten slotte een coördinatentransformatie om de voertuig- en
stationscoördinaten te koppelen.
De energievoorziening tijdens bedrijf vereist accu’s die worden opgeladen gedurende een
contact van het voertuig met een onderdelenstation. Vanwege hun hoge oplaadstroom zijn
NiCd accu’s daarvoor geschikt.
Tijdens de initiële ontwerpfase is gebruik gemaakt van eenvoudige dynamische modellen
voor het onderbouwen van ontwerpkeuzes. De vereenvoudiging lag met name in het
beschouwen van beweging in slechts één richting tegelijk, terwijl in werkelijkheid de
bewegingen in verschillende richtingen sterk gekoppeld zijn. Toch blijken de
ontwerpkeuzes die op deze simpele modellen zijn gebaseerd, te voldoen. Modelstudies met
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meer geavanceerde modellen die in een latere fase werden gemaakt, waren weliswaar
gedetailleerder doch leverden geen wezenlijk andere resultaten op.
Ten slotte zijn de ontwerpen uitgebreid getest en daaruit blijkt dat de gekozen oplossingen
betrouwbaar en robuust zijn. Dat rechtvaardigt de conclusie dat sprake is van een ‘first time
right’ ontwerp. De basis daarvoor is gelegd in de initiële ontwerpfase, waarin alle
disciplines hun bijdrage hebben geleverd aan het overall ontwerp. De beschikbaarheid van
bewezen constructieprincipes is daarbij van essentieel belang gebleken.
Het MART-project, waarvan het hier beschreven onderzoek deel uitmaakte, heeft een
werkend prototype voor een mobiele autonome robot en een voorraadstation opgeleverd. De
innovatie is hier niet in de afzonderlijke bijdragen gelegen, maar in de integratie van deze
bijdragen tot een uniek robotsysteem. Daarbij spreekt het vanzelf dat nog meer
ontwikkelingswerk vereist is om te komen tot bedrijfsmatige inzet van een dergelijke robot
in een geautomatiseerde assemblagefabriek.
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