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1 Introduction  
Robots1 will truly be the machines of the future. In addition to traditional industrial 
robotics, the service robotics2 sector is currently going through many changes and it 
is certain that the speed of development will not slow down. A large amount of 
research and development work has already been carried out during the last twenty 
years. A significant change in our everyday lives is expected when service robots 
start helping us in various tasks outside factories and research institutes. There 
exist a couple of European Union funded organisations that are focused on 
promoting service robotics. The CLAWAR network3 was active in 1998-2005, 
EURON (EUropean RObotics research Network, http://www.euron.org/) has been 
running since 2000 and will continue until 2007. The most recent organisation is 
EUROP (European Robotics Platform). It has defined its main mission as “The 
ambition of EUROP is to permit Europe to maintain its leading position in robotics 
and develop new companies and supply networks to meet the new technological 
needs.” (http://www.robotics-platform.eu.com). Figure 1 presents the forecast for 
future worldwide markets of robotics. It shows that the markets are really going to 
explode. 

 

Figure 1 Japanese Robotics Association has forecasted that the market size of the 
personal and service robotics will be in the tens of billions US dollars in the year 2025. 
(EUROP 2006) 

1 Encyclopaedia Britannica defines a robot as any automatically operated machine that replaces 
human effort, though it may not resemble human beings in appearance or perform functions in a 
humanlike manner. The term is derived from the Czech word robota, meaning “forced labour”. 
(Encyclopaedia Britannica Online 2005) 

2 The International Service Robot Association (ISRA) has defined service robots as “Machines that 
sense, think, and act to benefit or extend human capabilities and to increase human productivity” . 
(Pransky 1996) 

3 The CLAWAR Network has been funded by the European Union as one of the first industry-led 
“thematic networks” investigating state-of-the-art technologies in Europe. The purpose of 
CLAWAR is to investigate and report upon all aspects of technology and systems relating to mobile 
robotics. (http://www.clawar.com) 
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Machines have been helping humans in everyday life for a long time. Performed 
work tasks have included, for example, simple household tasks such as dishwashing 
and laundry. Machines will also start to operate in new sectors when the service 
robotics revolution gets up to full speed. For example, cleaning, garden work and 
assisting in taking care of elderly and disabled people will be among these new 
work tasks. Already there are automatic lawn mowers and vacuum cleaners on the 
market. Perhaps in the near future only our imagination will set the limits of 
possible work tasks for the emerging generation of service robots. 

The technical aspiration level for versatile service robots is very high. At the 
moment, extensive technical requirements lead to expensive tailor-made 
realisations, which in turn prevents generic solutions, and thus the advantages of 
mass production cannot be utilised. The concept of modularity, both in software 
and in hardware, is needed if we want to get good results at reasonable costs. Also, 
we need to be able to standardise the interfaces between different modules. The 
final goal is that different plug-and-play subsystems and modules, such as 
navigation or machine vision modules, will become commercially available for 
everybody. In that case, resources could be focused on developing real applications 
and the actual product development would become cheaper, easier and faster. The 
concept of modularity might just be the decisive step for a breakthrough in mobile 
robotics; currently, there simply are not enough resources available for every 
research group to develop everything by themselves. 

1.1 Definition of module 

A module is an elementary functional unit that can easily be exploited in a different 
kind of application. A module for mobile robots is defined in Virk 2003/1 as 
follows: “A module for mobile robots is described as any functionally complete 
device, or sub-assembly, that can be independently operated and can be readily 
fitted and connected to, or in combination with, additional modules to comprise a 
complete and functionally reliable system.” For example, a plain sensor component 
is not a module because the use of it requires signal processing and programming. 
If a digital databus is implemented to the sensor, this brings it closer to the 
definition. When the sensor is a fully plug-and-play component (e.g. USB-bus 
adaptive), it fulfils the module definition perfectly. A module is typically an 
independent versatile unit that can be connected to different kinds of devices. Also, 
for example, an analog sensor with remote software fulfils the definition of a 
module. The remote software should include not only the drivers but also some 
upper-level components that can, for example, process and analyse the data. 

The Oxford English Dictionary (http://dictionary.oed.com/) defines the term 
module as “a component of a larger or more complex system. Any of a series of 
independent units or parts of a more complex structure, produced to a standard 
design in order to facilitate assembly and allow mass production. More generally: 
any more-or-less self-contained unit, which goes to make up a complete set, a 
finished article, etc.” 

This thesis will focus on modules that will most probably be commercially available 
in the near future. This sets some hard requirements, for instance, for the 
interfaces. Inter-operability can be realised best if the modules are simple and not 
too many functions are integrated into a single unit. 
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Modules consist of mechanics, electronics and software or some combination of 
these. Generally, modules that include mechanics also have at least electronics and, 
very often, software as well. For example, robot joints could be considered to be 
this kind of module. Sensor modules typically include electronics and software. 
User interface software, path-planning software and speech recognition software 
are examples of software modules. These modules are typically operated in close 
coordination with modules that include electronics and mechanics, but the modules 
might also act as clearly separated modules interacting only with other software 
modules. Each module has its own tasks, but several modules might have the same 
task. Most modules should have such roles that damage to one module would not 
paralyse the whole machine, but merely limits its capabilities to some degree. 

Modules are connected to each other and to the rest of the system using interfaces. 
Figure 2 shows a set of interfaces that must be taken into account when attaching 
new modules to the system. The model has been developed in the CLAWAR 
network. These interfaces include power (electrical, pneumatic, hydraulic), databus 
(communication databus, e.g. CAN, RS232, IEEE 488), mechanics (mechanical 
connectors, physical connections, joints types, range of movements), analogue 
(analogue signals), digital (digital signals, 0 or 1) and environment (surrounding 
environment and medium; air, water, dust, pollution, radioactive).  

Figure 2 gives an example of how different modules can be connected to the 
various interfaces. The research work carried out to promote the modularity aims 
to standardise these interfaces. If this were to be achieved, the module developers 
would know exactly what kind of interfaces the modules should have. Standard 
interfaces would thus make the development of new modules much easier. 

Power

Mechanics

Analogue

Databus

Digital

ACT2

SOFTWARE

ACT1 SEN1 MECH1

CHW1

SOFTWARE

SEN2

SOFTWARE

POW1

SOFTWARE

Intelligent 
actuator

Actuator

Communications 
system

Analogue 
sensor

Intelligent 
sensor

Intelligent 
power supply

Mechanics

HCI1

SOFTWARE

Human-Computer 
Interface 

 

Environment

Figure 2 Interfaces of modules (Virk 2003/2). The model has been developed in the 
CLAWAR network of the European Union.  
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Modules in the case study, presented in more detail in Chapter 4, are classified on 
the basis of the modified CLAWAR representation. There exist also decentralised 
modules, such as analog sensors, whose sensor and software are located separately. 
Super modules include several basic modules (Figure 3). Super modules 
correspond to superstates in UML (Unified Modelling Language). See, for 
example, Larman 2002. 

Processing 
Modules

(Sensor fusion, 
Diagnosis)

Infrastructure 
Modules

(Power, Materials)

Input 
Modules
(Sensors, 

Users)

Super Modules
(Supersets of modules)

Application 
Demonstrators

Easy and Robust Integration

Output 
Modules
(Actuators, 
displays)

Modular Design Tools, 
Standards, etc.

MODULAR DESIGN

 
Figure 3 CLAWAR design of modular mechatronic systems. 

 

1.1.1 How modules are being used 

Modules communicate with each other. They can also perform independent 
continuous functions (e.g. environment perception), in which case they can produce 
information continuously for the other modules and the system. Some modules 
produce services on request; these include actuator modules, for example. 

Figure 3 presents system architecture typical of a modular service robot. Its idea is 
to demonstrate modules that are normally included in a service robot. Power 
(Pwr), Databus (Data), Mechanics (Mec), Analogue (Ana), Digital (Digi), 
Environment (Env) represent connections that might be needed for the modules. A 
CPU-unit is the central computer of the robot and all the modules inside it are 
software modules. The CPU-unit is not a module, because it is a common platform 
that can offer services for several software or hardware modules. The presented 
modularity structure is based on the WorkPartner, the service robot used as a case 
study in this thesis, but similar structures can be found from most of the current 
service robots. Minor differences can be found in how the modules are implemented 
the practice and in the nature of their interfaces.  
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Figure 4 System architecture of a modular generic service robot. 

There is a huge variety of different kinds of camera modules, data buses and 
mechanical connections available for the robot designer. From the standardisation 
work point of view, it is not so relevant that there are so many type of modules. It 
is far more important to focus on the standardisation of the connections, so that 
these modules can easily be connected to the robots. 

1.2 Motivation and the research problems 

A significant amount of money has recently been invested in the research and 
development of service robotics around the world. Individual research groups, due 
to the lack of commercial off-the-shelf modules, have developed most of the applied 
subsystems separately. In an optimal situation, various plug-and-play modules 
would be commercially available. Utilisation of these kinds of modules would boost 
the service robot development and big savings could be gained. This would push the 
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commercial supply and make cheaper prices possible, and again increase the 
demand. Thus, the coupling between demand and supply would operate in a healthy 
way and the service robotics industry could meet with real success. As in most 
branches of the engineering industry nowadays, in order to have a real success, the 
manufacturer has to pay a lot of attention not only to the design and manufacturing 
phases, but also to the commercialisation of optional accessories and maintenance 
services during the lifetime of the robots. The concept of modularity supports these 
operations perfectly. Additional features can be purchased and implemented easily 
due to the modular design, and the maintenance procedures are more 
straightforward when modularity has been applied to the product. 

The main research problems of this thesis can be represented in the form of three 
questions: 

• What is the most suitable modular structure for a generic service robot? In 
other words: Which modular structure would best promote the expansion of 
the service robotics related industry? 

• How much better would the development of WorkPartner robot (Case 
study) have been if suitable modules had been available commercially off-
the-shelf and how widely can these results be applied to service robotics in 
general? 

• What are the latest realisations and proposed guidelines for using 
modularity in service robotics and what kind of impacts will they have on 
future machines? 

1.3 Research methods 

The most important research method in this thesis is extensive case study. A 
modular interactive service robot WorkPartner was developed in the Automation 
Technology Laboratory at Helsinki University of Technology and used as a case 
example. The evaluation of the project outlines how the concept of modularity was 
formulated and implemented in a very challenging project to develop a service 
robot. Based on the generic nature of these results, a roadmap for the future 
development of modularity in service robotics is made.   

1.4 Aim and contribution of the research  

This thesis is focused on researching modularity and its impact on the development 
of service robotics. The study is limited to general-purpose modules that can be 
used in various types of service robots. The main goal of the research is to show 
that modularity is not only important and useful but also vital for developing a 
successful service robotics based industry. 

The main contribution of the research is, besides a pioneering analysis of a new 
area, an in-depth case study of realising and analysing the concept of modularity in 
a complex real robotic environment. Motivation for modularity and future visions 
on the development of the service robotic industry also form a major part of the 
contribution. 

 16



1.5 Outline of the thesis 

The chapters of this thesis are organised as follows: 

Chapter 1: Introduction. Motivation of the study, research problems and methods 
and scientific contribution of the thesis are presented. 

Chapter 2: State of the art in modularity of service robots. History of modularity 
and its present technical level are reviewed. 

Chapter 3: Motivation for modularity. Requirements and impacts of the modularity 
are presented. 

Chapter 4: Case: Modularity in WorkPartner-robot. Case study and its results are 
presented. 

Chapter 5: Future visions of modularity and possible solutions. Roadmap to 
modularity and further actions for improving modularity are discussed. 

Chapter 6: Summary and conclusions. The summary and considerations concerning 
the future are presented. 
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2 State of the art in modularity of service robots 

2.1 The history of modularity 

Modularity has a long history. During World War II, Otto Merker investigated how 
modularity could be implemented in the construction of German U-Boats. It was 
the first prominent case where modularity was implemented in technology. 
(Arnheiter & Larren 2006) 

Modular production – this term was used for the first time in 1965 by Martin Starr 
in the seminar article “Modular production – a new concept”. He compared 
traditional mass production to modular production.  (Arnheiter & Larren 2006) 

In 1980, IBM launched modular architecture for personal computers. Nowadays, 
modularity is very strongly present in many sectors of industry. Modularity has 
been present in service robot development in some form from the very beginning, 
but no standardised service robot interfaces have been developed yet. 

2.2 The evolution of robotics 

During the 1980s and early 1990s, the only place where one could see a robot in 
action was on a factory floor. Robotic arms and Automatically Guided Vehicles 
(AGVs) were moving products from one location to another or performing some 
operations on them. The reasons for the existence of these robots were mostly 
economic. A properly programmed robot could work 24/7/365 and produce very 
high quality output. Additionally, workers could be freed from monotonous jobs 
into more challenging and rewarding jobs. When the new factory control paradigms 
were implemented they required quicker responses to the constantly changing needs 
of the market, so the AGVs had to be set free from fixed tracks by giving them 
some sort of localisation and navigation capabilities. This was one of the main 
reasons for research activity in the field of autonomous mobile robotics exploding 
in the late 1990s. Suddenly, critical research mass was achieved and the results 
were outstanding compared to those of previous years.  

After the initial phase, everybody wanted to get a piece of the action and started to 
study mobile robots. The last five years have witnessed a huge increase in robotics 
research and during these years most of the main components (both hardware and 
software) of mobile robots have matured and reached a level where they can be 
basically considered to be part of the off-the-shelf technology. The applications 
have varied from planetary rovers to entertainment robots, and the number of non-
industrial robots has already exceeded that of traditional industrial robots.  

We humans are starting to accept robots as part of our everyday lives – thus we 
have all seen the birth of a new industry. The value of a human life is constantly 
increasing in industrial countries. It is becoming more and more difficult to get 
people to risk their lives or their health (or to get common approval from the 
community) in some dangerous operations, whether in the military or in some civil 
duties. Another reason for the increase in robotics research is the fact that the cost 
of practically all types of service work is getting higher and higher and the needs of 
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the aging western societies are increasing ever more quickly. If we cannot get our 
citizens to perform these not-so-glamorous jobs, we can either produce some people 
who are willing to do that or we will have to create a robotic system that will do 
the work. To summarise the above short background presentation, we can clearly 
state that we have already reached the point where robots are part of our society 
and will be an even larger part in the near future. The brief questioning in 
Appendix 1 outlines the kind of opinions respondents have concerning the 
WorkPartner case robot and what skills home robots should have. 

2.3 Modularity in technology  

2.3.1 Modularity as promoter in production and commercialisation 

Quite often, it is thought that assembly line production means modularity. However, 
this is often not the case. Assembly line production means mainly component 
assembly, which is different from modularity in many cases. The first assembly line, 
used in Henry Ford’s Company, can be mentioned as an example. The Model-T 
Ford was assembled on an assembly line which was a strictly designed concept, the 
structure of which was not modular. From the competitors soon came other car 
models, the structure of which were more modular and so it was possible to make 
changes to the product features without designing the whole concept from the very 
beginning again. When the demand and the needs changed, properties of these 
modules could easily be fixed to respond the new situation. This caused Ford to fall 
behind others in the competition. Due to the lack of modularity, Ford was not able 
to react to changing needs as well as its competitors. (Langlois 2000) 

2.3.2 Modularity before and after completing of the product 

Modular thinking brings benefits in different phases of the product development 
cycle. In the manufacturing phase, the modularity advantages can be seen in 
reduced cost structure of parts and simplification of assembly. These advantages 
are emphasized because modular subsystems can normally be utilised in several 
different applications, so that production amounts are larger. Modules have 
normally been designed so that they can be made in subcontracting. The structure 
of products should be designed so that their assembly is as simple as possible, 
because this brings further savings. 

Personal computers are a clear example case where the end user gets an advantage 
from modularity. There, clear interfaces between different kinds of modules allow 
the user to add or change them during the lifetime of his or her computer. 

Modularity could also help in product recycling. Traditionally, only raw materials 
have been recycled, but well realised modularity makes part recycling also possible. 
For example, Fuji Xerox has a recycling system where screens and frames are 
collected from old copying machines and used in new ones 
(http://www.fujixerox.co.jp/). This allows remarkable savings in comparison with 
raw material recycling, because much less work and energy is needed. 
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2.4 Examples of modularity in the other sectors 

2.4.1 Modularity in the car industry 

The goal of production in the car industry is to prepare cars as quickly and cheaply 
as possible, so modularity in the car industry aims primarily at saving costs. 
Standards of modularity consist mainly of de facto standards. The most important 
factors are costs, simplicity, simple assembly and the possibility of subcontracting. 
Modularity thinking appears mostly in the design and assembly phases. Of course, 
modularity has an important impact in car service and repair too.  

It is advantageous to use large modules in the assembly phase of car production in 
order to achieve assembly that is as quick and flexible as possible. A module 
typically includes a lot of parts and, typically, they come from subcontractors. 
Modules are normally fixed for each specific car model. However, subcontractors 
can quite easy modify them for different car models, because most of the parts 
inside the modules are similar, regardless of car model. Some examples of the 
modules are:  cross car module, wheel-end module, front-end module, seat module, 
door module (http://www.faurecia.com/, http://www.arvinmeritor.com/). 

Most of interfaces between parts and modules are based on the contracts between 
subcontractors and carmakers. The complexity of software has driven to 
standardisation in that sector. Various methods and standards have been created 
for the development of software for in-vehicle electronic systems in the last few 
years (Schäuffele & Zurawka 2005). 

Environment legislation regulations are usually decided before the technology that 
can enable the fulfilment of the regulations is ready. On the other hand, safety 
technology is usually in use before the legislation that relates to it. Reason for this 
is that safety features promote car sales, but environment properties do not 
promote them to the same extent. 

A car does not need to operate and communicate with the other things, as, for 
example, mobile phones or PC-computers have to. So it is much more important to 
have well-defined and standardised interfaces in PC-computers and mobile phones 
than in cars. 

[Private conversation:  Sami Ylönen, Panu Sainio (Laboratory Manager, 
Laboratory of Automation Engineering, Helsinki University of Technology), Tapio 
Koisaari (Assistant, Laboratory of Automation Engineering, Helsinki University of 
Technology), Espoo 21.3.2006.] 

2.4.2 Modularity in industrial robotics 

There are a few companies that operate in specific industrial robotics sectors to 
produce some particular sub-systems for industrial robots. For example, some 
companies are specialised in machine vision or gripper modules and do not make 
any other robotics components. The Finnish company Orfer is one example of 
companies that manufacture grippers for industrial robotics. 
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The mounting of tools in industrial robotics is moving towards modularity. There is 
at least one manufacturer, Applied Robotics, who makes tool changers, which are 
compatible with most commonly used tools. (http://news.thomasnet.com/) 

2.4.3 Modularity in personal computers 

Modularity of personal computers has been developed to a very high level. Most of 
the mechanical, electrical and software interfaces have been standardised. This 
makes it possible to offer subsystems by different suppliers and it also makes it 
possible for them to focus their production very sharply. Large numbers of units 
and the advantage of mass production have been achieved in this way. Unit prices 
have become very low.  

USB-bus is one very good example of successful standardisation in the PC-world. 
Nowadays, in all PC-computers you can find a huge number of different USB-
compatible devices whose prices are very reasonable. The advantage of 
standardisation and modularity is clear for both suppliers and consumers. 

2.4.4 Modularity in software 

The software sector has practiced modularity thinking for a long time. There exist 
a lot standardised interfaces in software (http://www.csee.wvu.edu/). UML is a 
good example of modular software tools (Larman 2002). Object oriented 
programming languages are inherently modular. “A module is a logical construct 
for grouping classes, associations and generalizations” (Rumbaugh et al. 1991). In 
software, it is easy to see classes and their functions as different modules. 

2.5 Service robots compared to cars and work machines 

The main features of service robots are those that include mechanics, electronics 
and software. In this thesis, a service robot is thought to be also mobile and 
autonomous. Modern cars and work machines include most of the above features. 
The main difference is that they are not autonomous; they do need help from the 
driver at all times. Service robots also have versatile perception systems and 
decision-making abilities, which are very limited in work machines and cars. These 
things are the most challenging matters in the development of autonomous service 
robots. 

2.6 Present technical level in service robotics   

This chapter focuses on clarifying via examples the present technical level in 
service robotics. On the market, there are some entertainment robots, but only a 
few robots that can do physical work tasks such as cleaning floors and cutting 
lawns (see Figure 5).  

In the research and development phase, there are much more advanced and 
versatile robots, but it is not clear when these robots could come onto the market. 
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2.6.1 Examples of consumer robots on the market 

Electrolux Trilobite vacuuming robot (Figure 5) was the world’s first fully 
automatic vacuum cleaner. It was introduced in 2001. There is not any technical 
modularity visible to the consumer in the Trilobite. It includes several ultrasonic 
sensors, by means of which it can make navigation decisions. It starts the cleaning 
by edging along the walls and it tries to map the size of the room. In the bottom of 
the Trilobite is a sensor, which stops it from falling down the stairs. 
(http://trilobite.electrolux.com/) 

                            

Figure 5 RoboMower automatic lawn mover on the left, Electrolux Trilobite vacuuming 
robot on the right. 

Roomba is the most sold consumer robot in the world, see Figure 6. More than two 
million Roombas have been sold (http://robotstocknews.blogspot.com/). It has been 
developed by iRobot in USA. Roomba is an automatic vacuuming robot. Its low 
consumer price has been the driving force in its development. The consumer price 
of the first model was 199 $ in 2002. All the other vacuum robots cost more than 
1000 dollars at that time. This was the main reason why Roomba got a lot of 
publicity immediately after it came onto the market.  

Modularity is not apparent to consumers using Trilobites or Roombas any more 
than to those who use traditional vacuum cleaners. In any case, it is difficult to say 
how much modularity has been improved inside the covers. IRobot has made 
several versions of Roomba and probably most of the subsystems are similar 
between the models. There are rechargeable batteries and electrical motors for 
moving, vacuuming and for the brushes. A sensor system in the basic model can 
detect mechanical collisions. It is also possible to install a virtual wall, which stops 
the robot if it faces it. The navigation of Roomba is based on the pre-programmed 
algorithm, which drives it through the working area using spiral form paths. See 
(http://www.irobot.com/) for details. 

 23



 

 

Figure 6 Roomba vacuuming robot. 

Sony Aibo (Figure 7) is an entertainment robot. Production of Aibo ended in 
March 2006. The modular way of thinking has been used in the development and 
manufacture of Aibo. For example, all Aibo’s legs are identical. This has helped to 
make savings in the design and manufacture costs. Production has been four times 
larger compared to the situation where all legs are individual. Probably all joints 
and actuators in the legs are identical too.  

 

Figure 7 Sony Aibo – entertainment robot (http://www.eu.aibo.com/). 

2.6.2 Examples of service robots in the research and development phase 

This chapter presents some service robots that are in the research and development 
phase, and might come onto the market sometime later. 
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ASIMO (Honda) 

Honda has the longest history of large companies in humanoid robot development. 
Models P1, P2 and P3 have been predecessors of ASIMO (Figure 8) in last 18 
years. 

ASIMO is in the prototype phase and can be rented for reception tasks. In any case, 
it cannot work fully independently. The operator controls the robot in all 
presentations. It can do reception work tasks in the order listed below (Sakagami 
et al. 2002): 

1) Observes the oncoming visitor. 

2) Finds the face of the visitor and follows this. 

3) Greets visitors with speech and gesture. 

4) Recognises the person. 

5) Checks the meeting time, place and the host.  

6) Informs that the visitor has been arrived. 

7) Guides the visitor to the meeting place. 

Navigation is based on pre-programmed paths, ASIMO’s map system and pre-
programmed work tasks. The robot observes obstacles during walking and stops if 
it faces any. 

 

Figure 8 ASIMO-humanoid robot, which is developed by Honda. 

Autonomous navigation and interaction functions have been integrated into 
ASIMO. It has been equipped with stereo cameras and a picture analysis system. 
With the vision system, it can observe gestures too. A hearing system is needed in 
interaction and receiving commands (Sakagami et al. 2002). 

Honda’s goal is to get ASIMO to the real service robotics, not entertainment, 
markets, for which the technical challenges are very much higher than for purely 
entertainment robots like Sony’s QRIO. Honda still has a long way to go before 
ASIMO is ready to be marketed. Honda has commented that they do not have any 
market goals with ASIMO for the next twenty years. Of course, this might be said 
only to ensure its reputation, because it would be a shame to have to mention any 
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delays. In any case, Honda already uses ASIMO’s high-tech image in many 
advertisement campaigns.  

Honda does mention ASIMO’s modularity, but it appears probably to be mainly in 
joints and in joint control systems so that they can use similar devices in several 
joints. Of course, they have to use modular solutions in other subsystems too. 
Otherwise, it would be impossible to manage so challenging a project. 

SDR-4X (Sony) 

Sony has developed a humanoid robot called SDR-4X (Figure 9). It is a small size 
(see Table 1) two-legged entertainment robot that can make many different 
movements. Control software enables creative movements both in stable walking 
and dancing to music. Motion control software has been divided into “Motion 
Editor” and “Foot Trajectory Editor”. Fast dance presentations are the most 
impressive features of this software (Kuroki et al. 2003). 

SDR-4X performs the motions using high-tech robot actuators and control system. 
A “SDR Motion Creating System” creates the movements. It runs on a PC-
computer. The ultimate goal is to develop a user-oriented environment that could 
also be used without any robotics expertise. The movement presentations can be 
created and watched on the computer before they are loaded to the robot. (Kuroki 
et al. 2003) 

 

Figure 9 SDR-4x is a humanoid robot that was revealed to the public in spring 2002. The 
figure is from the publication Ishida et al., 2003. 

Table 1 Composition of Sony SDR-4X. 

Height 580 mm 

Mass 6,5 kg 

Joints 38  

Head 4 degrees of freedom 

Body 2 degrees of freedom 

Arms 5 degrees of freedom x 2 

Legs 6 degrees of freedom x 2 
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Sony’s intention is to create a new industrial sector that consists of autonomous 
robots and artificial intelligence. One of the most important achievements of SDR-
4X is the integration of several high-tech sectors. These are, for example, real-time 
motion control, face recognition and speech recognition. Well-designed 
architecture plays the main role in this (Fujita et al. 2003). 

Sony’s chances of reaching large markets in quite a short time are much better 
than Honda’s, because the technical aspiration level for entertainment robot is 
much lower than for “real” service robots. The only work task for an entertainment 
robot is to be entertaining, whereas a service robot has to do many different work 
tasks, needs sensor information from the environment, a versatile user interface 
and the ability to make right decisions in different situations. So, service robots 
must have the same features as entertainment robots, but additionally they have to 
be able to do many other things. 

QRIO (Sony) 

QRIO is a humanoid robot, which is also developed by Sony (see Figure 10). It is 
not yet on the market. Sony describes it as “an entertainment robot that lives with 
you, makes life fun, makes you happy. QRIO can gather information and move 
around on its own accord. QRIO not only walks on two legs, it can also manage 
uneven surfaces, dance, recognize people's faces and voices, and carry on a 
conversation.” (http://www.sony.net/) 

The modularity of SDR-4X and QRIO is probably at quite a high level. Both arms 
look to be identical as well as both legs too. Most of the actuators and motor 
controllers are probably identical to each other. Some modules, like cameras, 
speech recognition or speech synthesiser, are probably similar to what is used in 
Sony’s other consumer electronics devices. 

 

Figure 10 Sony QRIO. 
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I-Cubes 

I-Cubes is an example of modular robotics research projects that are conducted at 
universities. It is a modular robotics system that is capable of reconfiguring itself 
in 3-D to adapt to its environment. It has active elements for actuation and passive 
elements acting as connectors. The active elements are 3-DOF manipulators that 
are capable of connecting to passive elements. Self-reconfiguration capability 
enables the system to perform various locomotion tasks over difficult terrain; the 
shape and size can be changed according to the task. The project is supported by 
DARPA. (Ünsal et al. 2001) 

2.7 Modules for service robots presently on the market 

There already exists a large selection of modules on the market that can be used in 
building service robots. Table 2 lists commercially available robot platforms and 
their connections and Table 3 lists commercially available robot modules according 
to the CLAWAR-model. Chapter 5.3 “Imaginary modular service robot” shows 
what kind of service robots could be built from these modules. “X” in the table 
means that the module includes the connection that is described at the top of the 
column. In most cases, more detailed information about the connection is also 
given. These tables give a rough overview of the availability of different kinds of 
modules. It can be seen that there are still very few different kinds of module types 
commercially available. 

However, there are some open robot control softwares. The Orocos (Open Robot 
Control Software) project is a home for C++ libraries for advanced machine and 
robot control (http://www.orocos.org/). Users can download the developed software 
components from the server for free. 
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Table 2 Commercially available robot platforms and their connections according to CLAWAR-model. 

Module / interaction 
variables

Type Power Databus Mechanics Analogue Digital Environment

PolyBot (*1) Robot X X X X X

EOD (*2) Robot X X X X X X

MPR (*3) Robot X X X X X X

Pioneer 3-Dxe (*4) Robot platform BATTERY CAP. 252 Watt-hr, 
RUN TIME 24-30 hours 

PCI bus, multiple PC104 
accessory cards, Outboard RS-

232 serial port for client 
computer

2-wheel drive with 2 
independent reversible DC 

drive motors, payload 23kg, 
speed 1.7m/s

X X (I/O etc.) 8 forward sonar. Optional: 
Rear sonars, Bumper, 

Compass, 2-dof gripper, sick 
laser etc.

Pioneer 3-AT (*5) All terrain robot platform BATTERY CAP. 252 Watt-hr PCI bus, multiple PC104 
accessory cards, Outboard RS-

232 serial port for client 
computer

4 Motor/Drive wheels - 
steering: differential, payload 

20kg, speed 1.7m/s

X X (I/O etc.) 8 rear and front sonars. 
Optional: sick laser, bumber, 
compass, 2-dof gripper etc.

RobuROC 4 (*6) Outdoor robot platform 3 Li-ion/lead battery pack X. Optional: Wireless 
communications

4 brushless motors with 
resolvers

X X Front and rear bumpers. 
Optional: Vision, Laser 

system, infrared, ultrasonis 
sensors, Pan and tilt unit, 

Manipulators

RobuCarTT (*7) Outdoor robot platform 8 sealed lead Batteries RS-323 and CAN interfaces. 
Optional: Wireless 

communication

4 high torque, permanent 
magnet DC motors - 900Wats -

48 VDC

X X Day/night Vision Systems, 
Thermal cam., Ultrasonic 
Sensors, Localization and 

guiding (laser, dgps, 
transponders...), Pan-til units, 

grippers.

RobuCar (*8) Off-Road and All-terrain 
mobile platform

8 sealed lead Batteries RS-323 and CAN interfaces. 
Optional: Wireless 

communication

4 high torque, DC servo 
motors, 4 wheel differential 

steering

X X  Vision Systems, Extra node 
with ultrasonic Sensors, 
Localization and guiding

 
References to web sites in Table 2:  
*1 http://www2.parc.com/spl/projects/modrobots/chain/polybot/index.html 
*2 http://www.esit.com/mobile-robots/index.html 
*3 http://www.esit.com/automation/mrr.html 
*4 http://www.robosoft.fr/pioneer3DXe.html 
*5 http://www.robosoft.fr/pioneer3AT.html 
*6 http://www.robosoft.fr/robuROC4.html 
*7 http://www.robosoft.fr/robucarTT.html 
*8 http://www.robosoft.fr/robucar.html 
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Table 3 Commercially available modules and their connections according to CLAWAR model. 

Module / interaction 
variables

Type Power Databus Mechanics Analogue Digital Environment

OPEN-R (*1) Software
Vicosys (*2) Machine vision multi 

camera system
16-36 VDC 1x RS-232 (max. 115 kbaud/s), Profibus-DP, 

Devicenet, Modbus-TCP, Ethernet (10/100 Mbit)
X Machine vision

Robotic rotary joint 
(*3) 

Robot rotary joints Different kind of and different size robot joints X

Pneumatic grippers 
(Fibro) (*4)

Pneumatic robot grippers Pneumatic DIN EN ISO 9409-1 X Gripper

NorthStar (*5) Localization system 3.3 VDC, 200mA Serial in and out, 19200-115200 baud, 5V tolerant 
interface

X IR

ERSP 3.1 (*6) Navigation, vision & 
interaction software

Navigation, vision, interaction

PowerArm (*7) Robot arm + camera +24 VDC, 20-80 amps CanBUS compatible          Firewire Camera for 
gripper tip view

6 dof arm and 1 dof gripper Firewire Camera 
for gripper tip 

view

REACH: forward 80 cm, floor 
51 cm,vert. from top plate: 77 

cm, floor: 121 cm
Pan-Tilt-Zoom Camera 

Systems (*8)
Pan-Tilt-Coom camera X RS232C +/- 100 degree pan, -30 / +90 degree tilt X Camera

ARIA (*9) Object oriented interface 
(software)

Dynamically controls velocity, 
heading, relative heading, etc.

Mobile eyes (*10) Robot control GUI X
Trans-O-Prox II (*11) Ultrasonic sensor X Serial line / on-board application Rail mounting according DIN EN 50022-35 WMS800RT : 

UltraSonic sensor
X

Various pan-tilt units  
(*12)

Pan-tilt units X X X X

EVI-D100 (*13) Camera unit DC 10.8 to 13.0 V RS-232C Serial Control by VISCATM               1/4 
type Super HAD CCD,  752 (H) x 582 (V)

Pan-tilt, Max. Pan spd: 300 deg/s (± 100 deg) Max. 
Tilt spd: 125 deg/s (± 25 deg)

X X

DragonFly (*14) Board level camera 1,5W through 
IEEE1394 

6-PIN IEEE 1394                                                 1/3 
CCD, Resolution: VGA 640x480 - 1024x768 

X X X

BUMBLEBEE (*15) Stereo vision camera 2,1W by IEEE-1994 Firewire                                                           Imaging 
Device 1/3" progressive scan CCDs, 640x480-

1024x768 VGA

Size 16 x 4 x 4cm, X X

LadyBug (*16) Omni-directional camera 1,5W throug IEEE1394 1 Gbit/s fiber optic between Head and Base, 1 x 
IEEE1394 400 Mbps between base and PC, 1/3" 

progressive scan CCD.

Size: 9cm x 9cm x 11cm. Cameras: 5 horizontal & 
1 vertical

X X

CARMEN (*17) Carnegie Mellon 
Navigation (CARMEN) 

SICK LMS 200 (*18) Laser measurement system 24 VDC  Serial RS-422 or RS-232 switchable X 180 degrees laser measurement 
system

Biclops (*19) Pan/Tilt/Vergence unit 24v motor power 750 
mA max. 5v logic 

power 300 mA max.

RS232 X

Amtec robotics  (*20) SICK scanner fixed to 
PowerCube-joint

24V DC, battery usage 
possible

Serial interface (RS232, CAN or Profibus DP) large operation range (tilt ± 360°, pan ± 120°) high 
speed (tilt up to 356°/ s, pan up to 248°/ s) 

X

Totalrobots (*21) Manipulator, can be fixed 
to mobile robots

Power: 12v 6A RS232 and I2C 6-axis arm & gripper with 3 dof X X

 30



References to the web sites of the modules in Table 3:  
*1 http://www.sony.net/SonyInfo/News/Press_Archive/200205/02-017E/ 
*2 http://www.vision-control.de/ 
*3 http://www.ati-ia.com/library/documents/ATI_RotaryJoint2005e.pdf 
*4 http://www.fibro.com/xdesk/content/ximages/425.pdf 
*5 http://www.evolution.com/products/northstar/ 
*6 http://www.evolution.com/products/ersp/ 
*7 http://www.activrobots.com/ACCESSORIES/powerarm.html 
*8 http://www.activrobots.com/ACCESSORIES/ptzvideo.html#robocam 
*9 http://www.activrobots.com/SOFTWARE/aria.html 
*10 http://www.mobilerobots.com/MobileEyes.html 
*11 http://www.robosoft.fr/tranOpostII.html 
*12 http://www.robosoft.fr/PTU.html 
*13 http://www.robosoft.fr/SHEET/06Vision/1001EVI-D101/EVI-D100.html 
*14 http://www.robosoft.fr/SHEET/06Vision/1005DRAGONFLY/DRAGONFLY.html 
*15 http://www.robosoft.fr/SHEET/06Vision/1006BUMBLEBEE/Bumblebee.html 
*16 http://www.robosoft.fr/SHEET/06Vision/1008LADYBUG/LADYBUG.html 
*17 http://web.mit.edu/nickroy/www/papers/iros03.pdf 
*18 http://www.robosoft.fr/SHEET/02Local/1004SickLMS200/SickLMS200.html 
*19 http://www.robosoft.fr/Biclops.html 
*20 http://www.amtec-robotics.com/applikationen_laserscanner_en.html 
*21 http://www.totalrobots.com/program_files/neuroarm.htm 

2.8 Interfaces of modules 

Today there do not seem to be standard interfaces developed for service robotics. 
Standard interfaces are one of the most important things for promoting modularity 
in service robotics. 

Big technology companies like Sony and iRobot have their own interfaces between 
robot modules, but detailed information about these modules is company 
confidential. 

In the research projects, it is reasonable to use standard interfaces, which exist in 
the other sectors. Several useful interfaces can be found in information technology. 
For example, USB, Ethernet, CAN-bus and RS-232 hardware data connections are 
used in many robots. Software interfaces for previous hardware interfaces are often 
manufacturer orientated and there are not any dominant standards.  

2.9 Current standards 

Several standards exist in industrial robotics currently. Most of them are safety 
standards for both stationary and mobile industrial robots. Driverless trucks are 
almost the only mobile industrial robots in use currently. Safety standard for 
driverless trucks is introduced in 5.4. For mobile service robots there are not any 
standards, while it is a very urgent need to establish at least safety requirements for 
them. Under ISO/TC184/SC2, an Advisory Group worked on standards for mobile 
service robots. The main goal of the group was to promote safety standards for 
mobile service robots. Standardisation work is presented more specifically in 5.4. 
Several current norms and standards concerning the robotics sector are listed in 
Appendix 2. 
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3 Motivation for modularity 

3.1 Needs in the area of motivation 

The generalisation of consumer applications in service robotics still needs a lot of 
work. The biggest challenges are the complexity of the technology and finding 
proper applications. The complexity of technology increases the challenges in 
development, for example, as well as the development costs and the price of the end 
product. If the product is very complex and production amounts are low, the price 
will be very high. Standardisation of robot modules and their interfaces would help 
significantly. With standardised modules, a situation where there were different 
developers for robot modules and for robot applications could be achieved. The 
module market would have a larger volume, because the same modules could be 
used in different applications. Robot developers could focus on developing real 
applications, as they would not be forced to use so many resources for developing 
low-level techniques. 

Developing and manufacturing non-modular service robots is technically very 
complex and challenging, so it costs a lot. Designing a modular service robot is 
much more straightforward.  

3.2 Impacts of modularity 

3.2.1 Development speed of service robotics 

High-level modularity would greatly boost the development speed of service 
robotics. Nowadays, service robot developers have to develop almost all subsystems 
and modules by themselves. If several modules with standardised interfaces were 
commercially available, it would help very much. Service robot developers could 
buy commercial modules from the market, implement modules to the system and 
devote their main effort to the development of real applications. Much time and 
money would be saved. 

3.2.2 Fault tolerance 

Modularity greatly increases the fault tolerance of systems. Figure 11 outlines the 
common dependencies between modules. The idea is that the system dependence of 
single modules should be minimised. So, if a single module were to be damaged, the 
system should notice it, while the other parts of the system still can do their own 
work tasks. In that case, the system could re-route the communications. The most 
critical modules should be doubled. 
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Figure 11 Dependencies between modules. In the modular structure, the system 
dependence of individual modules has to be minimised. Re-routing of the communications 
can be done if a single module is damaged. 

3.2.3 Commercialisation of service robots  

Modularity would make the commercialisation of service robots much easier and 
would help to develop much better robots than would be possible without it; it 
would also assist in making cheaper service robots because of savings in 
development and manufacturing costs. Manufacturing costs would be lower due to 
reasonable module prices. Modularity would also make manufacturing faster and 
cheaper because there would be many fewer different parts in the assembly phase. 

3.2.4 Commercialisation and markets of modules 

The same commercial modules could be used in several different applications and 
they would also boost the marketing of service robots, so appropriate modules 
would reach real mass markets. This would also assist in obtaining low prices for 
modules. 

3.3 Advantages and disadvantages of modularity 

Modular structures and modularity would in any case provide many advantages to 
service robotics, such as, for example, all impacts mentioned in the previous 
chapter. Smaller design costs and bigger volumes per module leading to cost 
reduction and the possibility of making more complex devices are also remarkable 
advantages. Reliability of modules and thereby also reliability of service robots 
could improve, because more time and effort could be used in the development 
work. Modularity and standard interfaces would also make modification of the 
robots easier. 

The only clear disadvantage of modularity is limitations in the design. This comes 
from a limited selection of modules. The robot has to be built using the modules 
that are available. It could have an effect on connections, control software, size, 
outlook and features of the robot. 
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4 Case: Modularity in WorkPartner-robot 

This case analysis presents an example of a modular service robot, WorkPartner 
(see Figure 12). The analysis illustrates several actual robot modules, while the 
cost-calculation chapter shows how much could be saved if different modules were 
available as commercial bulk products.  

WorkPartner is the next generation interactive service robot for outdoor tasks. The 
ultimate goal is a highly adaptive service robot. Some possible work tasks for the 
WorkPartner are garden work, guarding, picking up trash, transporting lightweight 
objects and environment mapping. Mobility is based on a hybrid system which 
combine the benefits of both legged and wheeled locomotion to provide at the same 
time good terrain negotiating capability and large velocity range. The working tool 
is a two-hand human-like manipulator, which can be used for manipulation or 
handling tools. The robot is called “WorkPartner” because the idea was to make a 
highly interactive and adaptive robot capable of working with humans doing similar 
physical tasks. The user can be present on the same site as the robot and 
communicate with it by a wireless control unit, or he can use telepresence from a 
distance location. In each case, communication takes place via an advanced user 
interface that is based on human/machine cognition and the use of multimedia 
tools. In addition to its connection with the user, the robot is also connected to the 
Internet, which provides information and off-board processing power. 

 

 

Figure 12 The WorkPartner robot. 
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WorkPartner includes practically all the modules that are needed in a service 
robot. Modularity has been the foundation of the whole project. Several of its 
modules and subsystems could also be used in the other service robots. The main 
motivation for starting the project was to research and develop methods and 
technology for subsystems of interactive and cognitive robots that can work with 
humans. 

The WorkPartner project was a natural continuation for the research of 
Automation Technology Laboratory of Helsinki University of Technology. The 
laboratory has had a long experience in the research of robotics and legged 
locomotion. The project was started in 1998 and continued to the end of 2005. The 
total cost was 2,6 million euros and length of time in man-years was about 50. 
Twenty-four scientific publications, four doctoral theses and several other thesis 
works were prepared during the project.  

WorkPartner was a large-scale mechatronics research and development project 
that also included a large software-development part. Figure 13 presents 
WorkPartner’s mechatronics structure. The leading idea in managing the R&D 
work was to make the design as modular as possible in mechanics, electronics and 
software. The project is public and can be followed on the Web site: 
www.automation.tkk.fi/IMSRI/workpartner. 
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Figure 13 WorkPartner’s mechatronics structure (Ylönen & Halme 2002/2). 
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4.1 Subsystems and their generic functions 

The robot is divided into functional subsystems that are relatively independent as to 
their software and hardware. The main subsystems are as follows: 

 Locomotion subsystem 

 Manipulator  

 Energy subsystem 

 Navigation and perception subsystem 

 Control system 

 Human-machine interface 

 

Presentation of modularity in the WorkPartner-robot is based on the CLAWAR 
model, which is presented in Chapter 1.1. Figure 14 presents the system 
architecture and communication between subsystems in WorkPartner. 
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Figure 14 System architecture of WorkPartner robot (edited from Halme et al. 2003/2). 
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4.1.1 Platform 

The WorkPartner robot is built on a mobile platform called Hybtor (Hybrid 
Tractor), which is shown in Figure 15. The platform has four legs equipped with 
wheels and an active body joint. Each leg has three actively controlled joints and an 
actively controlled wheel. The actuation system is fully electrical and the hybrid 
power system operates with batteries and a 3 kW combustion engine. The 
locomotion system allows motion with legs only, with wheels only or with legs and 
wheels powered at the same time, which is referred to as rolling, walking or rolking 
(see Figure 16). With wheels, the machine can achieve a speed of 7 km/hour on a 
hard ground. The purpose of the hybrid locomotion system is to provide a rough 
terrain capability and, at the same time, a wide speed range on variable ground. 
Compared to a biped human-like mobility system, a four-leg system is statically 
more stable and easier to control when working with the manipulator. Motion 
control of the platform is considered in more detail in (Ylönen et al. 2001; Halme 
et al. 2001/1; Halme et al. 2001/2; Ylönen & Halme 2002/1). 

 

Figure 15 WorkPartner’s mobile platform called Hybtor (Hybrid Tractor). 

 

Figure 16 WorkPartner rolking in soft sand. 
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The modules of the platform are presented in Figure 17. Mechanics modules form 
the front and back frame of the platform, middle joint and mechanical structures of 
the legs. They are connected to each other directly or through joints. 

Analogue sensors include potentiometers on the joints of the legs and a 
potentiometer in the middle joint. These are connected to the leg control units and 
middle joint control unit, where the remote software is running as well. Auxiliary 
software includes all functions that are needed for communication with the sensors 
and for asking services from those, i.e. they include not only the drivers but also the 
more intelligent functionalities.  

All actuators, except the wheels, are linear actuators, see Figure 19. The wheel 
module includes the electric motor, planetary gear and the actual wheel. Actuators 
are connected to the leg control units and to the middle joint control unit. Auxiliary 
software coordinates the brakes and the movements. Leg control units and the 
middle joint control unit are connected to the data bus, which is, in this case, a 
CAN-bus. They communicate with the upper level through that. The message 
structure of the CAN-bus includes message type and data and error checking. 
Controllers are explained in more detail in 4.1.5 “Control system”.  
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Figure 17 Modules of WorkPartner’s platform according to modified CLAWAR model. 
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4.1.1.1 The wheeled leg 

The wheeled leg, which is shown in Figure 18, consists of 3DOF mammal type leg 
and an active rubber wheel. Including the wheel, one leg weighs about 21 kg. It is 
capable of producing about 70 kg continuous and 100 kg peak force upwards in the 
nominal driving position. The maximum stride length when walking is about 0,7 m. 
The leg-wheel mechanism has been optimised for use as a hybrid propulsion device. 
The main parameters of the leg can be found in Table 4. The leg is a supermodule 
based on the definition in Chapter 1.1. 

 

Figure 18 Leg-wheel mechanism of the WorkPartner robot. 

The leg is controlled in different modes depending on the state of the robot and the 
needs of controlling the body motion. The modes allow force, velocity and 
positional control of the joints. In addition, brakes in the motors are used actively 
to lock the joints when feasible. All these functions are taken care of by the leg 
controller that is commanded from the upper level of the overall control system. 
The design allows automatic changes of control modes so that the robot can change 
from, for example, velocity control to force control when stopping moving and 
starting working. The leg-control system is considered in more detail in (Ylönen 
2000). 

Table 4 Parameters of the leg. 
Joint Angle α 

[°] 
Max. angular 
velocity 
 ω [°/s] 

Max. 
torque M  
[Nm] 

Max. moment 
of inertia 
 J [kgm2] 

Links l [mm] 

 
Hip (incli-
nation) 

 
±20 

 
28,4 

 
358 

 
3,44 

 
138 

 
Thigh 
(rotation) 

 
0 - 70 

 
48,9 

 
220 

 
5,76 

 
500 

 
Knee 

 
0 – 140 

 
90,4 

 
112 

 
1,52 

 
400 

 
Wheel 

 
• 

 
462 

 
27,7 

 
0,162 

 
230 (radius) 
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4.1.1.2 The wheel of the leg 

With gear reduction 84,2, the wheel reaches an angular velocity of up to 462 deg/s. 
This means that the vehicle’s maximum speed is approximately 7 km/h. Later, to 
improve the speed of the machine, an EC250W motor can be replaced by the 
stronger 500W motor or the one-stage gearbox can be rebuilt into a two-stage 
gearbox. 

4.1.1.3 The main actuator 

The “muscles” of the machine are identical linear actuators, shown in Figure 19. 
Each of them consists of a Maxon EC250W 48V electric motor, a gear tailor-
made by Rover LTD and a ball screw from SKF (CCBR32x100). Inside the rod of 
the ball screw, a bolt’s axial tension measuring foil strain gage has been mounted. 
Table 5 presents parameters of the linear actuator. 

 

Figure 19 Electric motor and linear actuator, used for joint control. 

Table 5 Parameters of the linear actuator. 

Weight 2,4 kg 
Length of stroke 100 mm 
Gear ratio 6,084 
Modulus of ball screw 4 mm/revolution 
Max velocity (no load 
speed) 

70,90 mm/s 

Max force (continuous) 2500N (I=4,6A) 
Self-locking force with 
brake 

3042N (0,4 Nm 
brake) 

 

tForce tests of the actua or. The developed linear actuator with a force sensor has 
been tested using an exterior force sensor (Kistler 9067 force sensor with a charge 
amplifier 5041b). The sensors were connected to the computer by a DaqBook 
measurement card.  

The theoretical force of the linear actuator is calculated as 

F = current * torque constant of motor * gear ratio * constant of ball screw      (1) 
F = I * 71mNm/A * 6.084 * 1250(1/m) = 540 N/A * I                                    (2) 
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According to Figure 20, where the corresponding measurements are shown, the 
force produced by the actuator is quite linearly related to the current of the motor. 
Because of static friction, the force calculated from the current is growing faster 
than the actual one. The same effect can be observed in reducing force. The actual 
force stays longer at the higher level. The step-shaped force graph is derived from 
static friction. Comparing the mounted strain gage force sensor with the exterior 
one, forces observed are quite similar. Only the set point of the strain gage is 
slightly erroneous. 

10

  

Figure 20 Fo
10/100) was a

 

4.1.2 Mani

The platform
simulator sk
studies are c

 

Figure 21 Wo

 

  [kN]
0 5 10 15
-10

-8

-6

-4

-2

0

2

4

6

8

Kistler force sensor
Strain gage force sensor
Force calculated from current

 

rce of the linear actuator under changing load. Input of the ser
 sinusoidal signal with frequency 0,1 Hz (Ylönen & Halme 2002/2

pulator 

 is equipped with a two-hand manipulator system. The
eleton of the manipulator are illustrated in Figure 
onsidered in more detail in (Aarnio et al. 2001).  

 

rkPartner's manipulator. 

42
[s]

 

vo amplifier (Pic 
). 

 photo and the 
21. Simulator 



The manipulator is made of aluminium and weighs only about 30 kg. The 
manipulator can handle loads of up to 10 kg. A two-hand human-like and human-
size manipulator was chosen because similarity to human tasks and close co-
operation with people are demanded. 

The manipulator consists of a 2-DOF (degrees-of-freedom) body, two 3-DOF arms 
and a 2-DOF camera and a distance measuring laser pointer head. The 
manipulator’s body is joined to the platform with two joints that allow orientation 
to horizontal and vertical directions. With the manipulator installed into the front 
of the body, WorkPartner looks like a centaur. Figure 22 presents WorkPartner 
using its manipulator for carrying an object. 

 

Figure 22 WorkPartner transporting a box. 

Figure 23 describes modules of the manipulator and their connections. Mechanics 
modules are connected with joints to each other, except the head, which is 
connected to the PTU. As an exception of mechanics modules, wrist modules have 
an additional connection to the environment, because they can be used in handling 
objects. The power of the pan-tilt unit is provided by a 24 V DC and its databus is 
based on serial communication. The communication protocol is based on the 
manufacturer’s own format. In the manipulator there are 10 supermodules, which 
are equipped with DC-motors, harmonic type gearings, mechanical breaks (wrists 
and gripper excluded), potentiometers and motor drives. Each motor drive controls 
one or more joints. The supply voltages for the joint motors are 48 V, 12 V for the 
brakes and ±12 V for the gripper. Motor drives are based on Texas Instrument 
DSP processors. Drives are equipped with a CAN interface, analogy inputs and 
digital inputs and outputs. Message structure on the CAN-bus includes message 
type and the data itself. 
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Figure 23 Modules of WorkPartner’s manipulator according to modified CLAWAR 
model. 

4.1.3 Energy system 

The operation time of the WorkPartner robot must be long enough − preferably 
several hours − to make its services acceptable in outdoor missions. Using a hybrid 
energy system solves the well-known problems related to carrying batteries on-
board. The energy is carried in the form of fuel and transformed to the form of 
electrical power for robot actuation. The energy system modules have been 
described in Figure 25. The system includes a combination of a small lightweight 
combustion engine with a generator (see Figure 24), four 12 V batteries connected 
in series and an engine control unit. The control unit is based on a Siemens C167 
microcontroller and it communicates with the upper level via CAN-bus. The 
batteries are capable of providing the maximum peak power needed and the 
generator provides the long-term energy conversion from fuel. The system is 
controlled with a microcontroller to obtain maximum efficiency. The computer 
control optimises the energy efficiency by starting the generator when the 
recharging of the batteries is effective (from fuel to coulomb form) and stops it 
when it is not. 
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Figure 24 WorkPartner’s combustion engine and generator. 
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Figure 25 Modules of WorkPartner’s energy system according to modified CLAWAR 
model. 

4.1.4 Navigation and perception system 

The navigation and perception of the environment is necessary in order to perform 
work tasks commanded by the operator. The perception of WorkPartner is based 
on the data from the camera, laser pointer distance meter, laser scanner, four 
ultrasonic distance meters and two microphones. Figure 26 presents modules of the 
navigation and perception system.  
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Figure 26 Modules of WorkPartner’s navigation and perception system according to 
modified CLAWAR model. 

4.1.4.1 Navigation system 

The navigation system computes the pose (position and attitude) of the robot 
relative to the objects found in the close working environment. The navigation 
methods used are based on simultaneous mapping and localisation algorithms, 
which utilise fused information from an inertial sensor (gyroscope), wheel 
odometry, a laser scanning range finder and GPS. 

The SICK laser scanner is mounted on the manipulator, see Figure 13, which can 
be tilted and rotated. It is connected to the RS-232 serial bus and its supply 
voltage is 24 V. It is able to detect objects at a distance of up to 80 meters with 
directional accuracy equal to 0,25 degrees. The whole horizontal scanning range is 
up to 180 degrees. The vertical scan is realised by installing the device in the tilting 
body of the manipulator system. 

The basic navigation task is performed by detecting features in the environment 
and using them as beacons. The robot estimates changes of its pose by using dead 
reckoning navigation based on the odometer and gyro. A GPS-receiver is used when 
the signal is available in an outdoor environment. All available data is fused to get 
the best possible estimate for the current pose. The underlying idea in designing the 
navigation system is that the robot adapts very soon and automatically, without the 
help of the operator, to a new environment where it enters to work. The navigation 
system is considered in more detail in (Selkäinaho et al. 2001).   
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4.1.4.2 Perception system 

A sensor fusion of a passive vision and active laser range finder sensors is used to 
observe the local environment. The sensors are assembled to the manipulator 
system of the robot, the camera and laser range finder in the head (see Figure 27) 
and the laser scanning range finder in the chest of the torso of the robot. The laser 
range finder measures distances up to 16 m and is connected to an RS-232 serial 
bus.  

The camera is a CCD colour camera whose image is digitised, compressed, and 
distributed with an image server that is connected to WorkPartner's internal 
network. The image is transmitted directly with WLAN or Ethernet to the 
perception software that runs on the laptop computer.  

The ultrasonic distance meters are mounted on the back of the robot. They are used 
to measure objects in the vicinity of the rear of the robot. The microphones are 
used to determine the direction of sounds, mainly the direction of the operator 
giving commands to the robot. 

The laser pointer, the pan-tilt-unit and the ultrasonic sensors are controlled with 
the main computer of WorkPartner. The navigation computer that transfers the 
data to the main computer controls the laser scanner. When needed, all the data 
from the main computer can be transferred to the perception software on the 
laptop computer. The stereo-hearing software running on the Mini-ITX computer 
reads the microphones individually. The microphone sound is not utilised in the 
other perception software.  

The motion control system of the robot measures the actuator motor currents in the 
legs and arms. These signals are used to control forces whenever possible. This 
reduces the need of direct force sensors. The robot needs to know its body 
inclination angles in order to maintain its stability on rough terrain. The body roll, 
pitch and heading angles are also used to estimate the shape of the ground under 
the legs. Measurements are made by inclinometers. 

 

Figure 27 PTU-unit includes CCD-camera, distance measuring laser pointer, helmet with 
four different colour leds and a led panel, which can show different expressions of the 
robot. 
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The higher-level perception software is integrated as a part of the skilled task 
software (see 4.1.6.1). Modular work task and the high-level services of the 
perception software determine the location of an object on the ground, locate 
persons, and determine the existence of a coloured object in the camera image. The 
perception actions are broken into subparts and the perception server software 
running on the laptop handles the subtasks.  

The perception control software module is distributed between the main computer 
on board (see 4.1.5) and the external computer behind WLAN. The external 
computer is the same laptop as that in which the user interface is also located. 
Lower level functions, like the reading of sensors, are located in the main 
computer, while upper level functions, such as image handling, are located in the 
laptop. These distributions have been made because of a lack of computing power 
in the main computer.  

4.1.5 Control system 

The control system of the platform is distributed around the CAN-bus. Each leg has 
one controller based on a Siemens 80C167 Micro-controller and a PHYTEC mini-
MODULE 167. The two-hand manipulator has a separate distributed control 
system around another CAN-bus. The electronics include both commercial and 
tailor-made digital servo controllers for the actuator motors and amplifier cards 
for force sensors in the leg and shoulder actuators. Software modules of the control 
system are presented in Figure 28. 

Other nodes, demanding more computing resources – such as those taking care of 
motion, locomotion and navigation control - are based mainly on PC-104 card 
technology. Additional computer power can be used via wireless local area network, 
WLAN. The main computer is a 586 PC-104 board that runs on a QNX operating 
system. The task planning software module is located on the user interface 
computer, and the pilot module on the main computer. 
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Figure 28 Modules of WorkPartner’s control software according to modified CLAWAR 
model. 
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Architectural and detail design of the software has been achieved using UML 
description. The program code is written with object-oriented methods, mainly 
using C++, and divided into logical parts and levels starting from the overall 
controlling part going down to basic controllers and limit switches. The principle of 
the present control software architecture is illustrated in Figure 29.  

 

Figure 29 Software architecture of WorkPartner (Halme et al. 2003/1). 
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The modularity of the software is based on the subsystem structure and on the 
intermediate command and communication language that is used to control the 
services provided by the subsystems. The operator uses a high-level language, 
WOPA-language, which is designed for human-machine communication and 
interpreted by the task/manager subsystem (Halme et al. 2003/2). The task 
planning software module plans and coordinates the execution of work tasks.  

The intermediate language (see Figure 30) is a high-level language designed 
specifically for mobile robots (Kauppi et al. 2001) and completed for WorkPartner 
during the project. The task manager/planner writes this language automatically so 
that the operator of the robot does not see it at all. The pilot software module 
interprets intermediate language commands to the control commands of the robot. 
The intermediate language helps to design new tasks for WorkPartner. Its design 
aims at simplicity and ease of use. No deep knowledge of robotics or good 
programming skills are required when using it (Kauppi 2003). 

 

Figure 30 The control levels in a service robot and the task description at different 
abstraction levels (Kauppi 2003). 

The motion control module controls the basic movements of the platform. It 
receives input commands from the pilot module and calculates new kinematics 
parameters for the legs and the middle joint. The automatic locomotion mode 
control module makes decisions about locomotion modes and communicates with 
the motion control module. Decisions are based on the shape and softness of the 
terrain. Manipulator control sends kinematics parameters for all joints of the 
manipulator. Parameters are calculated from the values sent by the pilot. 
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4.1.6 Human-machine interface (HMI) 

An efficient and user-friendly operation interface is one of the most important 
functions of the WorkPartner robot. The final goal is to develop an interactive 
cognitive level interface that utilises voice and gestures as well as symbolic 
representation as the main communication method. In addition, the user may use 
simple accessories such as a hand held controller with a laser pointer. Cognition 
means here that the user is able to utilise symbolic presentations and objects 
existing in the working environment when communicating with the robot.   

The HMI is designed for operators working in parallel to the robot and, in some 
cases, co-operating very closely with it. However, the remote control mode is also 
possible when the robot is accessible via the Internet. The HMI is designed to be 
multimedia based and highly interactive. Symbolic representation in 
communication is based on the underlying idea that both the operator and the robot 
perceive the same environment and interpret it through a commonly understood 
virtual model. The model is a simplified 3D description of the environment, which 
includes the objects relevant for performing tasks. The basic map is made with the 
aid of a laser range scanner.  After geometrical mapping, the relevant objects are 
added to the map by the operator.  

The second underlying idea of the HMI is learning. Similar tasks are performed 
with less human interaction after learning the sequence of the unit operations 
needed. The advanced features of the HMI are presently under development and 
will be mostly realised in the later parts of the program. 

The WorkPartner robot is wirelessly connected both to the user and Internet. 
Servers on the Internet could serve as knowledge storage shared by many users who 
are using the same kind of service robot. In the future, the user may find the basic 
sequence for a new task from the Internet rather than teaching it to the robot. The 
human-machine interface is considered in more detail in Suomela and Halme 2002.       
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Figure 31 Modules of WorkPartner’s human-machine interface, according to modified 
CLAWAR model. 
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Modules of the HMI are presented in Figure 31. Speech synthetisation software 
generates a signal for the speakers. Speech recognition software, currently 
Microsoft Speech, interprets microphone signal as words. Stereo microphones are 
located at the shoulders of the manipulator. They are used for detecting the 
direction of sound. The teleoperation interface is presented in Figure 32. It can be 
used for teleoperation, teaching of movements and for giving commands by 
gestures. It is connected to the user interface laptop through an RS-232 serial bus. 
Software calculates arm orientations and generates different kinds of control 
commands. 

  

Figure 32 Teleoperation interface. 

The high-level user interface module visualises the world view of the robot for the 
user. It also offers tools for work-task management from the initialisation phase to 
the task modifying during run time.  Modular work task structure is presented in 
the next chapter. 

4.1.6.1 Modular work task structure 

The aim of the modular work task generation tool is to help in designing complex 
work tasks easier and faster. It is visualised so that inexperienced people can also 
use it. 
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Figure 33 Modular flow chart of the work task generation and execution. In this 
example, the WorkPartner robot will find and collect litter. Each grey box represents an 
individual micro task. Areas that are inside broken lines represent functional phases of 
the work task. See text for more details.  

Figure 33 presents a modular flow chart of the work task generation and 
execution, which has been developed for work task generation needs. The 
application is in use on the WorkPartner robot. It shows the collection of litter 
work task. Figure 34 presents task phase changing from LOCATE LITTER to 
PICK UP. 
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Figure 34 WorkPartner picking up litter. 

Skilled tasks will be formed using separate micro tasks that have been programmed 
for the robot beforehand (Terho et al. 2006). Each micro task forms its own block. 
An individual micro task might be, for example, litter detecting or driving speed 
initialising. Micro tasks can be easily put into the right places and connected in the 
right order in the graphical user interface. During the work task, the current micro 
task block is highlighted, so work task progress is easy to follow. At the Helsinki 
University of Technology, a doctoral thesis study that is focused on modular 
graphical work task generation is underway. 

The micro task library is widening all the time. Also, wider tasks can be 
implemented to the library. This helps to expand the work task space of the robot. 
This work task description tool is currently in use only with WorkPartner, but it 
could be easily adapted for other robots. Modular graphical work task generation 
will hopefully be standardised in the future. A standard should define its properties 
and interfaces. It would make an open software environment possible when, for 
example, servers could be available on the Internet for different kinds of micro 
tasks and wider work tasks. This would mean that if a robot is required to perform 
some new work task, it can check from the Internet whether the needed work task 
is already available. If it is, then the robot could download it from the web and 
start working. If it is not, the user of the robot can teach it to the robot, and then 
the work task will be uploaded to the web and it will be available for the other 
robots. All these micro tasks will be based on open programming languages. This 
will be very helpful for getting fast development speed for the skills of the robot, 
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because it would not be necessary to do the same things again and again. So, the 
effort could be focused on generating new features.  

The software of WorkPartner on the whole has been designed to be as modular as 
possible. This is very important because of the huge size of the software. Modular 
structure also helps to implement new functional parts to the software. 

4.2 Calculation: actual development costs of WorkPartner in 
comparison with costs if mass production modules were available 

Next, some calculations are presented to show how big savings could have been 
made if advanced mass production modules had been available to develop the 
WorkPartner robot. In the calculations, it is assumed, for example, that perception 
system modules and human-machine interface modules could be bought on the 
market as ready modules. In the real WorkPartner, their development needed 
several man-years. The calculation is focused on those modules where advanced 
modular solutions could generate significant savings.  

Table 6 Realised man-years in WorkPartner project. 

 Man-years 

Summer workers and 
research assistants  

4 

Project workers and diploma 
thesis workers 

8 

Foreign visitors 4 

Post graduate students 16 

Doctors 7 

Subcontracting 8 

 

The total number of man-years in the WorkPartner project was 47 (see Table 6). 
Subcontracting includes mechanics, design, WorkPartner’s intermediate language 
and work, which have been bought from the Intelligent Machines and Special 
Robotics Institute (IMSRI). 

4.2.1 Total budget of WorkPartner-project 1998-2005 

The budget of the WorkPartner project 1998-2003 was 1 539 300 euros (Ylönen 
2003). During the period 2004-2005, it was 803 000 euros. The total budget 
1998-2005 was 2 342 300 euros. The estimate for those work costs which do not 
appear in the budget is 250 000 euros. Those relate to the work of professors, 
project workers and foreign visitors. The total budget that includes the work input 
that does not appear in the budget was 2 592 300 euros.  
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Table 7 Actual development costs of WorkPartner’s subsystems (only subsystems/modules 
with which it was possible to reach significant savings with commercial modules). 

Subsystem & modules Hardware costs Person-months Total costs if one 
person-month 
costs 3000 euros 

Energy system 

- Engine + generator 

- Control 
electronics+software 

Total 

 

1 500 

300 

 

1 800 

 

2 

4 

 

6 

 

7 500 

12 300 

 

19 800 

Control system 

- Task planning software 

Total 

 

0 

0 

 

12 

12 

 

36 000 

36 000 

Navigation and perception 
system 

- Localisation and 
mapping software 

- Perception software 

Total 

 

 

0 

 

0 

0 

 

 

30 

 

30 

60 

 

 

90 000 

 

90 000 

180 000 

Human-machine interface 

- High-level user 
interface software 

- Teleoperation interface 

Total 

 

0 

 

800 

800 

 

12 

 

9 

21 

 

36 000 

 

27 800 

63 800 

Total 2 600 99 299 600 

 

4.2.2 Estimated savings in WorkPartner-project if commercial mass production 
modules could have been used 

Table 8 outlines the estimated commercial prices and the costs of integration work 
if the modules of Table 7 could have been available as commercial mass-produced 
modules. The amount of integration work depends mainly on the complexity of the 
module interfaces and how application specific the modules are. Next, the detailed 
information for the estimated costs will be presented. Estimations of commercial 
prices are based on the assumption that annual sales are at least one thousand units 
per module. 
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Table 8 Estimated feasible costs of different modules if they  
were commercial mass-produced products. 

Subsystem & modules Estimated 
commercial 
price 

Person-months 
(integration) 

Total costs if one 
person-month 
costs 3000 euros 

Energy system 

- Engine + generator 

- Control electronics + 
software 

Total 

3 000 

 

 

 

3 000 

1 

 

 

 

1 

6 000 

 

 

 

6 000 

Control system 

- Task planning 
software 

Total 

 

10 000 

10 000 

 

6 

6 

 

28 000 

28 000 

Navigation and perception 
system 

- Localisation and 
mapping software 

- Perception software 

Total 

 

 

10 000 

 

12 000 

22 000 

 

 

3 

 

5 

8 

 

 

19 000 

 

27 000 

46 000 

Human-machine interface 

- High-level user 
interface software 

- Teleoperation 
interface 

Total 

 

14 000 

 

5 000 

19 000 

 

6 

 

2 

8 

 

32 000 

 

11 000 

43 000 

Total 54 000 23 123 000 

 

Energy system 

Underlying the estimation of the price of the energy system is the assumption that 
the current market price of the generator set is less than 1500 euros. So the 
commercial energy system module with control electronics and software could cost 
3000 euros. The interface of the energy system is quite simple, so the hardware and 
software integration could be achieved within one person-month. 

Control system 

Task planning is the only module where significant savings could be made in the 
control system. Other modules – pilot, automatic locomotion mode control, motion 
control and manipulator control – are so application specific that it is difficult to 
see them as commercial modules. Task planning involves quite large software 
packages, so an estimate for its commercial price is 10 000 euros. The 
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communication interface of the task planning module is quite versatile, so the 
integration work would be challenging. 

Navigation and perception system  

Most of the modules in the navigation and perception system are hardware modules 
that are already commercial modules. Only the software modules are tailor made. 
They also could be commercially available in the future.  

The estimate of the price of the localisation and mapping software module is 
10 000 euros; this reflects the inclusion of a lot advanced signal processing and 
sensor fusion algorithms. It is not application specific and its communication 
interface is much simpler than the interface of the task planning. So the estimate of 
its integration work is three person-months. 

Perception software is normally larger than localisation and mapping software 
modules because it has to handle so much information from many different kinds of 
sensors. Therefore, integration also needs more work. 

Human-machine interface 

The human-machine interface subsystem of WorkPartner includes several 
commercial modules: microphone, speech recognition software, stereo microphones 
and speakers. 

The high-level user interface software module and teleoperation interface module 
have been developed in the project. The high-level user interface is quite a large 
software package and includes many application-specific features, so its estimated 
commercial price is 14 000 euros and estimated needed integration work is six 
person-months.  

The teleoperation interface module includes hardware and software for measuring 
arm, hand and back orientations of the user. Its software uses the measured 
information for different purposes like recognising gestures. The device and 
software are not complex, so the estimated commercial price and number of 
person-months needed for integration are not very high. 
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Table 9 Comparison between actual development costs of WorkPartner and estimated 
feasible costs of different modules if they were commercial mass-produced products. 

Subsystem & modules Actual 
development 
costs in 
WorkPartner 

Estimated feasible 
costs of different 
modules if they would 
be commercial mass 
products 

Estimated 
saving in 
euros 

Estimated 
saving in 
percents 

Energy system 

- Engine + generator 

- Control electronics + 
software 

Total 

 

7 500 

12 300 

 

19 800 

6 000 

 

 

 

6 000 

 

 

 

 

13 800 

 

 

 

 

70 % 

Control system 

- Task planning software 

Total 

 

36 000 

36 000 

 

28 000 

28 000 

 

8 000 

8 000 

 

22 % 

22 % 

Navigation and 
perception system 

- Localisation and 
mapping software 

- Perception software 

Total 

 

 

90 000 

 

90 000 

180 000 

 

 

19 000 

 

27 000 

46 000 

 

 

71 000 

 

63 000 

134 000 

 

 

79 % 

 

70 % 

74 % 

Human-machine 
interface 

- High-level user 
interface software 

- Teleoperation interface 

Total 

 

 

36 000 

 

27 800 

63 800 

 

 

32 000 

 

11 000 

43 000 

 

 

4 000 

 

16 800 

20 800 

 

 

11 % 

 

60 % 

33 % 

Total 299 600 123 000 176 600  

 

The calculations indicate that a 176 600 euros estimated saving would be achieved 
in the development costs of WorkPartner if the commercial mass production 
modules were available (see Table 9). It is about 7 % of the whole project budget. 
Savings would be bigger if the availability of modules were more extensive and if 
the project plan were based on the use of commercial modules. In that case, 
compromises and simplifications to the plans should be made so that the 
commercial modules could be exploited to the greatest possible extent. The 
WorkPartner project was started in 1998, so prices of several parts are nowadays 
lower than at the beginning of the project. This would also bring the development 
costs down, but, on the other hand, salary costs are nowadays higher. 

There are big differences in percentage savings between modules. The biggest 
saving could be achieved with modules that have needed much programming work, 
but that are not application specific like localisation and mapping software 
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modules. Task planning software and high-level user interface modules are much 
more application specific, so they would need more integration work, thus savings 
would be smaller than in localisation and mapping software modules.  

All in all, the calculations prove that commercial advanced modules would promote 
service robotics development a lot. Commercial mass production modules would 
shorten development time also, so that the saved time and money could be used for 
the development of more advanced abilities. 

4.3 Deepening modular design of WorkPartner 

The starting point of the modularity thinking in WorkPartner has been to generate 
as modular a structure as possible. This was the goal in mechanics, electronics and 
software. Similar modules have been used in the mechanics and electronics as much 
as possible. The target of the modularity in the software has been generic structure 
and simple interfaces. 

Improving the modularity has been very natural, especially in locomotion 
mechanisms, because WorkPartner is a four-legged robot. For example, all electric 
motors in the legs and frame joint are similar. This has been big help in the motor 
control development. Big savings have also been reached in spare parts, because 
not so many different kinds of spare parts are required. There are four identical 
electric motors in each leg and two in the frame joint, all together 18 pieces. 

Crossing legs are identical and adjacent to these are mirror images for the each 
other. Anyway, there are a lot of identical parts – legs, such as gears and linear 
actuators, and naturally also wheels – in the mirror image. Front and back frames 
of the platform are identical too. Each leg has its own central unit, which is 
controlled by microcontroller. These units are identical to each other, except for 
some parameters in the programs.  

The arms of the manipulator are identical. Also, the shoulder and elbow inclination 
joints are similar. Modularity appears also in the motor controllers of the 
manipulator, which all are identical. 

One driving force in the development has been to keep the structure of the robot as 
simple as possible. This has made savings both in designing and manufacturing 
costs, and also in spare parts. All mechanical and electrical parts of the robot are 
easy to disconnect and change. Modules are connected with connectors and simple 
mechanical clamps to the robot. Commercial modules have been used as much as 
possible, otherwise modules have been ordered from subcontractors or have been 
made by us. 

Modular thinking can also be seen in the software. It is necessary to have modular 
software structure because of the very large size of it (more than 100 000 lines). 
Clear software interfaces are needed in a dynamic project in which staff is changing 
quite often. Clear definitions are important when adding new features and software 
modules. Several modules could be used in other kinds of machines similar to 
WorkPartner. 
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4.3.1 General conclusions 

The modular approach to the WorkPartner robot has given a lot of new 
information and experiences useful to developing versatile modular service robots. 
The most remarkable benefit of modular structure is that extensive systems can be 
divided into controllable parts. This way, later changes in the project plans can be 
limited to some parts. In any case, it is easier to work in the project because, 
thanks to modularity, not everyone needs to know everything about the whole 
system.  

Significant savings in costs and time can be achieved in design, manufacture and 
repair, if identical parts are used in several different places in the robot. Modular 
solutions also make possible the development of generic modules. This means that 
modules that are developed for some robot can be exploited for other robots also. 
The following problems should be solved before general use and productisation of 
WorkPartner’s modules: The general lack of standardisation of the interfaces of 
modules; the fact that modules have been adapted to WorkPartner but not designed 
for use in other machines; the large investments that would be demanded for the 
development of modules as mass-produced products. 

From the experiences reported above, the conclusion that modular solutions will 
give a decided improvement in the development of complex machines can be drawn.  
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5 Future visions of modularity and possible solutions 

5.1 Technology and product roadmap for modularity in service 
robotics 

Figure 35 presents a roadmap for modularity in service robotics. Currently, the 
service robotics development priority is in developing different kinds of 
demonstrations and prototypes. The main problem from the viewpoint of 
modularity is that it does not exist on a widespread basis. Reasons for this are that, 
in general, there is only small selection commercial modules available and not 
standardised interfaces. That is the reason for different subsystems being developed 
again and again in several projects. 

At the moment, the knowledge level relating to different subsystems is on quite a 
high level and several great high-technology subsystems/modules have been 
developed. The goal should be to standardise module interfaces and to get 
developed modules to commercial mass markets. This would promote developing 
different kinds of service robots with reasonable costs. Standardisation work 
currently underway will finish safety standards for mobile robots around 2010 and, 
around 2015, specified standardised interfaces for robot modules will exist too. 
After that, it will be easier to produce many different kinds of robot modules. 

The vision is one of having many different kinds of modular service robots available 
in 2020. Robots will be mass-produced products and prices will be so low that most 
people can buy those. Robots can help in, for example, many kinds of housekeeping 
work.  

 

Mobile robots, which 
can make versatile 
work task 

Some simple 
mobile robots 

Standardised 
interfaces for 
robot modules 

Safety 
standards for 
mobile robots 

Wide range 
standard modules 
available 

2005 2010 2015 2020 2025 
 

Figure 35 Technology and product roadmap for modularity in service robotics. 
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Figure 36 Technology adoption life cycle. Y-axe equals profit and X-axe equals time 
(Moore 2002). 

Figure 36 shows the technology adoption life cycle, which is a model for 
understanding the acceptance of new products. The figure is divided into five 
different periods: innovators, early adopters, early majority, late majority, laggards 
(Moore 2002). Narrow vertical caps represent the risk that is related to a shift 
from one period to the next. This kind of life cycle will probably also be seen in the 
case of service robotics in the future. Anyway, the biggest challenge to high-tech 
marketing is to get from early adopters to the early majority block. 

5.2 Technical level of different subsystems in two case-robots and 
needed technical level to work with two different tasks 

This chapter outlines the technical level of two case robots in comparison with the 
needed technical level for two different work tasks. This comparison is made in 
Table 10. It shows which subsystems of the case robots should be developed more 
for that needed technical level of work tasks could be achieved. 

Letter A is WorkPartner – robot (introduced in Chapter 4), B is Asimo humanoid 
robot (introduced in Chapter 2.6.2), C is an aspiration level for a cooking robot 
and D is an aspiration level for an entertainment robot. 

Selections in the table present my own evaluation, which is based on my long 
experience in the field. The table shows that the technical level of the case robots is 
still much lower than that needed for cooking. For example, the manipulation 
system should be very advanced, but today’s technology is still far from that level of 
development. On the other hand, technical needs for the entertainment robot can be 
filled already by current technology. 

Definition of the cooking robot. The robot has to be able to move in a well-defined 
kitchen. It should also find and be able to manipulate needed objects. 
Communication with the user is important, especially in the giving of new work 
tasks.  

Definition of the entertainment robot. The robot should be entertaining. Some 
interaction between robot and user is also needed. Sony’s AIBO-dog (see Chapter 
2.6.1) is a good example of a typical entertainment robot. 
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Table 10 Technical level of different subsystems in two case-robots and technical  
level needed to work with two different tasks. 

WorkPartner (A), Asimo (B), Aspiration level for cooking robot (C), Aspiration level for 
entertainment robot (D) 

Function / Technical 
present state 

Low Moderate Quite good Good 

Energy system B D A  C  

Navigation  A  B  D C  

Sensing system  A  B  D  C 

Machine vision  A  B D C 

Locomotion system  D A  B  C    

Manipulation B  D A  C 

Speech recognition A  B    C D  

Artificial intelligence  A  B  D C  

Human-Machine 
interface 

  A  B  C  D  

Appearance   A B  C  D 

The comparison visualises the gap between the present technical level and the 
goals. The table shows that there is still a lot of work to be done before mobile 
robots can do versatile work tasks. Results of the comparison can also be used in 
focusing on the development efforts with respect to different subsystems. 

5.3 Imaginary modular service robot  

This chapter analyses the kind of service robot that could be realised if only 
commercial modules could be used. The additional work needed is defined too. 

Designing modular service robots can be divided into individual phases. Figure 37 
describes the starting point in service robot design. Robot, task and environment 
have tight interactions between each other. For example, if the task and 
environment are known, the robot should fill their requirements. The later phases 
from the modularity view are: 

1. Listing of needed functions 
2. Technology segmentation into subsystems 
3. Segmentation into modules 
4. Identification and searching of modules. 

 
The list of needed functions includes all tasks that the robot should be able to do. 
The functions define the subsystems that are required for the realisation of tasks. 
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Next, the subsystems can be divided into different modules. After this, a search 
should be made to ascertain whether commercial modules are available or whether 
tailor-made modules should be used.  
 

EnvironmentRobot(s)

Task(s)

EnvironmentRobot(s)

Task(s)

 

Figure 37 The design process of a modular service robot should always start by defining 
the task(s), the environment and their requirements for the actual implementation of the 
robot. Only after that can the focus be shifted to the detailed functional specifications. 

 

Figure 38 Some of the commercial modules suitable for modular service robot. 
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Figures 38 and 39 present a wide range of different kinds of commercial modules 
that could be used the service robots. Figure 38 shows that the starting point is 
quite complex and that there are several different kinds of modules available. With 
these commercial modules, it could be possible to realise a service robot that could 
do simple locomotion and manipulation tasks. First, the wheeled mobile platform 
can be found from the modules. Stereovision, laser scanner, compass, gyro, arm 
and gripper modules can be mounted onto it. Hardware needs also a power module 
that offers the needed voltages for the listed modules.  

Environment 
perception

Laser Optronix Laser radar
Customizable

SICK laser scanner
24V DC RS232

Laser canner mounted on a 
Power Cube -joint

24V DC RS232, CAN- Bus or 

Profibus DP

Machine vision
Dragonfly board level camera

Power 1,5W through FireWire

Web camera (many available)
USB

Stereo vision multicamera 
systems (Bumblebee, Vicosys)

Rs-232, Profibus-dp, Devicenet, 
Modbus-TCP, IEEE 1994

Omnidirectional camera 
(Ladybug)

1,5W IEEE1394

Industrial cameras
FireWire

PTZ camera system for Pioneer
Integrated on request

Central computer and robot 
platform (Pioneer 3-DX)

Embedded PC104 ports: Ethernet, 
USB, IDE, RS232, LPT, digital and 

analog I/O, audio and peripheral
Position and orientation 

sensing

Pnicorp Compass and 
magnetometer modules

Digital I/O, SPI protocol at 3 V

O-Navi Gyro modules
5V, 7.5 mA Serial IO

Orientation sensor (compass) 
made for Pioneer platform

Integrated on request

Manipulator

Totalrobots 6-dof manipulator
12v 6A RS232 and I2C

Pioneer gripper and pioneer arm 
for Pioneer platform

+5 and +12 VDC, plugs into platform's 
special inputs

Power Arm (for PowerBot 
platform)

Software

ERSP 3.1 -software 
module
- Vision -

- Navigation -
- Interaction -

 

Plain text: available modules 

Cursive: interfaces specified for the module

 

Figure 39 Structure and interfaces of the imaginary modular service robot. The figure 
presents a group of potential modules and their interfaces. The modules have been 
selected from the larger selection in Figure 38. 

Software is a much more challenging task to be solved using commercial modules. 
Mobile Vision Technologies GmbH sells the ERSP3.1 software module (Figure 
40), which has been developed for the control of vision, navigation and user 
interface modules. The price for educational institutions was 6500 euros (+VAT) 
in 2006. However, central software, which controls the operation of the whole 
robot, has to be programmed. Central software controls all the other modules and 
is responsible for decision-making inside the robot. 
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Figure 40 ERSP3.1 software module. 

As a conclusion, it can be noted that already several different modules are 
commercially available, but it is not possible to build a working robot out of these. 
There are big differences between the mechanical interfaces of modules too. So 
even mechanical assembling needs good workshop and a professional mechanic. 
Central software programming and work-task generation needs a large amount of 
work, even from the field’s expert. The designer of the robot should program an 
advanced user interface too. Modular work-task generation, which is introduced in 
Chapter 4.1.6.1, would help a lot if it could be made available as a standardised 
product. 

5.4 Actions for improving modularity 

For some time, there has been a strong demand for common mobile robot 
standardisation. Current robotics standards have been focused on the stationary 
industrial robots. Safety issues in the industrial robotics have been based on the 
fact that people cannot go to the working area of robots. Therefore, these 
standards cannot be utilised for mobile robots, whose essential idea is to act and 
work in the same environment as people.  

Some safety standards developed for automatic forklifts could be adapted to 
service robotics also. These standards define, for example, that maximum 
locomotive speed is 1 m/s. For stopping the vehicle, it has been stipulated that a 
person must not in any case be run over. Standards stipulate also that, even if a 
person lies on the driving way, the automatic truck has to observe him/her and stop 
early enough (SFS-EN 1525). 

ISO established the Advisory Group on Standards for mobile service robots. The 
group worked under ISO/TC184/SC2. The work is introduced in (Virk 2006). The 
size of the group was about 30 experts from around world and there were also 
delegates from IFR (International Federation of Robotics), IEEE Robotics and 
Automation Society (IEEE is Institute of Electrical and Electronics Engineers) 
and IEC/TC 44 (International Electrotechnical Commission / Technical Committee 
44). The goal is to start the project that defines safety standards so that these 
standards can be taken into use. The first goals of service robotics standardisation 
are to define terms relating to how service robots should act. A big problem at the 
moment is that there is not this kind of standards, so it is not possible to 
commercialise service robots that fill such standards. From this it follows that a 

 68



commercial mobile service robot would not be legal. After safety standards for 
mobile service robots are ready, robot manufacturers can put service robots that 
meet these standards, and are thus legal, onto the market.  

Standardisation work has to be continued with respect to module interfaces too. 
Standards, which have been developed in the other sectors, should be used as much 
as possible in software interfaces. For example, software standards in Internet-
related applications, the car industry and work machines. Complementary 
standards can be developed in addition. 

Modularity should also be improved in co-operation networks, which could be 
sponsored by EU or which could work under a currently existing robotics 
association. Information about modularisation benefits should be shared so that as 
many as possible become highly motivated towards modularity development. This 
topic should be taken note of in education too. Different kind of competitions is 
good way to teach new things. Public example cases could show in reality the 
benefits that can be derived from modularity. 
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6 Summary and conclusions  
In this research, the concept of modularity and especially its techno-economic 
impact on the development of service robotics has been analysed. Service robotics 
has been an active research and development area for more than ten years. 
However, most of the subsystems needed to create a fully operational service robot 
have been developed separately by individual research groups. This thesis claims 
that modularity could be the key factor to success by reducing the development 
time and by increasing the technical advancement level. Thus, it could directly help 
to gain significant savings on the total development costs. The reliability of the 
subsystems would also be improved, because more time and money could be used 
for that. Modularity, and especially the work with standard interfaces, would also 
make the modification of these robots much easier. 

The case study in which the concept of modularity has been studied in this thesis is 
that of the WorkPartner robot. This is an advanced service robot, in which most of 
the important modules in service robotics have been integrated together 
successfully. The utilisation of modularity in this project was essential due to the 
high hardware and software complexity of the robot required to complete the given 
working tasks. This case example also demonstrates very clearly that significant 
savings in the development time and costs could be gained if commercial modules 
for service robots were available. 

Standardisation work is needed for boosting modularity. If the interfaces of the 
modules could be standardised, this would create a far better operational 
environment for the current and future module producers. Safety standards are 
required before more generic service robots can be released to the wider market. 
Currently, there are safety standards for industrial robots and automatic forklift 
trucks, but these standards would require at least a considerable amount of 
modification before they could be more widely applied to the field of service 
robotics. 

This thesis demonstrates that modularity is clearly essential for the successful 
development of reasonably priced service robots. Right prices will boost the 
demand for service robotics and that, in turn, will direct more effort to service 
robotics development in general, and thus a positive cycle would evolve. One could 
safely state that modularity will be one of the key factors that is required to 
guarantee that the service robotics industry will reach global success in the near 
future. 
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Appendices 

Appendix 1: Questioning 

The WorkPartner robot was demonstrated to visitors in the Finnish Science Centre 
Heureka in June 2005. At the same time, they were asked to fill in a questionnaire. 
Twelve answers were given;  
12 responses; 6 females, 6 males 
Ages: 
below 20: III 
20…29: III 
30…39: III 
40… 49: I 
50…60: 
60…: I 
 
On the basis of questionnaire, it can be seen that the robot gave rise to many 
different opinions. WorkPartner was seen as resembling an ant, beach buggy, toy, 
tractor or industrial robot, depending on the respondent. 
 
Most positive things were seen to be at a high technology level and robotics 
research was regarded as an important part of basic research. Also, WorkPartner’s 
function as a real working partner was appreciated highly. The robot was also seen 
to be human, friendly and equipped with a sense of humour. Some children 
appreciated most the fact that the robot gave them candies. The large size of the 
robot was seen most often as a negative feature. Movement smoothness was not 
good enough in the opinion of many. Movements were seen clumsier and more 
inexact than those of humans. 
 
When asked whether the respondent thought this kind of robot was for himself in 
the future, more than 50 % said no, mainly because of its large size, and the 
respondents’ lack of own garden and lack of suitable use. However, some did 
answer that they could own this kind of robot in the future, but only if they could 
find a clever use for it and if its price and size were right. 
 
The last question queried the skills home robots should have. The most common 
answers were vacuum cleaning, cleaning and other housework. Also heavy work, 
washing and putting things into the right places were mentioned in several 
responses. Respondents also replied that they would like to see robots as playmates, 
and occupied doing garden work and dangerous work. 
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Appendix 2: Current norms and standards concerning the robotics 
sector 

ANSI/RIA R15.02-1-1990 Human Engineering Design Criteria for Hand-Held 
Robot Control Pendants 

ANSI/RIA R15.05-1-1990 (R1999) Evaluation of Point-to-Point and Static 
Performance Characteristics of Industrial Robots and Robot Systems 

ANSI/RIA R15.05-2-1992 (R1999) Industrial Robots and Robot Systems - Path-
Related and Dynamic Performance Characteristics - Evaluation    

ANSI/RIA R15.05-3-1992 (R1999) Industrial Robots and Robot Systems - 
Reliability Acceptance Testing - Guidelines    

ANSI/RIA R15.06-1999 Industrial Robots and Robot Systems - Safety 
Requirements   

ANSI/SPI B151.27-2003 Safety Requirements for the Integration, Care and Use 
of Robots Used with Horizontal & Vertical Injection Molding Machines 

AS 2939-1987 Industrial robot systems - Safe design and usage (FOREIGN 
STANDARD)  

AS 3877-1991 Manipulating industrial robots - Vocabulary (FOREIGN 
STANDARD)   

AS 3984-1991 Manipulating industrial robots - Performance criteria and related 
test methods (FOREIGN STANDARD)    

AS 3985.1-1991 Manipulating industrial robots - Mechanical interfaces - Circular 
(form A) (FOREIGN STANDARD)  

AS 3986-1991 Manipulating industrial robots - Coordinate systems and motions 
(FOREIGN STANDARD)  

EN-1525:1997 Safety of industrial trucks. Driverless trucks and their systems 

EN-1526: 1997 Safety of industrial trucks. Additional requirements for automated 
functions on trucks 

(Norm-Entwurf) 03/103066 DC, Ausgabe:2003-01-21 IEC 60950-23: Safety of 
information technology equipment - Large equipment with integral robotics  

(Norm-Entwurf) 04/30114347 DC, Ausgabe:2004-06-02 CENELEC TS 50410 - 
Household and similar electrical appliances - Safety - Particular requirements for 
decorative child-appealing robots 

(Norm-Entwurf) OENORM EN ISO 10218, Ausgabe:2004-11-01   Robots for 
industrial environments - Safety requirements (ISO/DIS 10218:2004) 

The above collection has been formed by the Advisory Group on Standards for 
mobile service robots, which worked under ISO/TC184/SC2. 
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