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Abstract

The design of products is an increasingly complex task, where companies do not have 
and do not want the in-house competence to manage the development of entire 
products. Consequently, companies outsource parts of product development projects to 
other companies or join in partnerships. There is also an industrial shift of focus towards 
offering a total offer, i.e. selling functions instead of products. The function provider will 
have the responsibility of the physical artefact throughout the lifecycle and also have the 
capacity to continually improve the customer value through innovations. Hence, the 
provider will be able to reengineer, reuse and recycle the physical artefact.  

This puts new demands on the product development process, in which the total offer 
is not being offered by a single company because there is simply too much risk in such a 
commitment. To supply a total offer companies must collaborate closer than before, by 
exchanging among other things, intellectual properties in new temporary organizations 
(i.e. extended enterprise), permitting each partner to thus focus on their core 
competence.  

The total offer commitment promotes intense collaboration. Partners in the extended 
enterprise will most likely be geographically dispersed; therefore, tools and methods for 
distributed collaborative work are becoming increasingly important. 

Physical artefacts still play a predominant role in the product development process, 
even though virtual prototyping is used in everyday operations. The tangibility of 
physical artefacts makes them easy to use in design discourse (e.g. in design reviews, 
prototype evaluation). When performing design in distributed teams, a need to share 
physical objects will inevitably occur.  

This thesis presents the development of a new solution for distributed collaborative 
work that focuses on physical objects instead of person to person video conferencing. 
The author studied a design team at a leading industrial company in Sweden that used 
mock-ups as an integral part of their design process. Insights of their interaction with 
physical artefacts provided the requirements for a new type of collaborative tool for 
distributed work. The presented system allows remote collaborators a first-person view 
of physical artefacts or environments, e.g. mock-ups. 

This licentiate thesis also presents how the design process changed with the 
introduction of the new tool, the engineers can share their view of the virtual prototype 
(CAE model) simultaneously with the technician, who shares his view of the physical 
prototype with the engineer. The new tools also provided support for co-located 
meetings, enabling users to look behind panels and view items that were normally 
hidden from their sight. 

Keywords 
Distributed Collaborative Engineering, CSCW, Tangibles, Objects in Design, Functional 
Product Development, First Person Video Conferencing 
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Nergård, Åsa Ericson, Mattias Bergström, Stefan Sandberg, Peter Törlind and Tobias 
Larsson, 2006. 

The following paper is related to this thesis, but not included: 

Design for Versatility: The Changing Face of Workspaces for Collaborative Design, Andreas 
Larsson, Peter Törlind, Mattias Bergström, Magnus Löfstrand and Lennart Karlsson, 
2005, In Proceedings of 15th International Conference on Engineering Design, 
ICED 05, August 15-18 2005, Melbourne, Australia. 
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1 Introduction  
The first chapter of the licentiate thesis presents the background, motivation, and vision for this 
work. I have also decided to share my personal experience of global collaboration - trying to remain 
as one group, not two teams an ocean apart. 

1.1 Background 

Products are increasingly complex, with more components and electronics being 
incorporated into the product. This increasing complexity requires more people to be 
involved in the design process. Therefore, there is a need to generically describe the 
process, so that it can be understood and used by every employee in a company.  

Engineering design strives to prescribe models of how to improve design 
performance, with the common goal to systemize the product development process. 
Individuals or groups often perform the sequential activities of the process, i.e. the 
activities being sequential do not mean that they cannot be made concurrent.  

Pahl and Beitz [1], considered by many to be one of the forefathers to systemised 
engineering design, describe a process consisting of seven activities. Ulrich and Eppinger 
[2] describe a generic development process similar to that of Pahl and Beitz, but divided 
into a sequence of five steps or activities, i.e. (1) concept development, (2) system-level 
design, (3) detail design, (4) testing and refinement and (5) production ramp-up. Some 
organisations might define and follow an exact and detailed development process, 
whereas others might not even be able to describe their process. Ullman [3] and Pugh 
[4] also prescribe similar processes. Pugh’s main contribution to the field is seen as an 
approach to make concept selections with the aid of a matrix, whose aim is to 
circumvent the bias people have towards their own concept and as a result make a 
concept selection based on facts rather than simply stating that this is my idea and it is 
the best. Another advantage is that your design rational is documented when 
performing this matrix. Kelley [5] gives an interesting view on the design process of the 
design firm IDEO, prescribing that design is a social activity and should be fun. For 
instance, he gives a detailed description of brainstorming and how one should perform 
it to be successful. 

1.1.1 Integrated Product Development 

Concurrent Engineering (CE) [6] and Integrated Product Development (IPD) are two 
terms that refer to the design process as involving more than just the design of the 
product, they involve the process from the idea or concept of the product through 
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manufacturing to when the product is available to the consumer. Prasad [6] prescribes 
an integrated process where each department working on the product collaborates, with 
the process no longer being sequential in an “over the fence engineering” [7, p. 20] fashion.  

Nevins et al. [8, p.15] states that, “…operation is no longer separate from design; product 
design is no longer separate from marketing or process design. Product and process design are no 
longer separate from finance. The key to this approach is integration.” IPD strives to integrate 
all product development processes so that they overlap and thereby reduce the time to 
market. Another advantage is that increased collaboration will allow all departments 
involved in the product development process to transfer knowledge and information.  

1.1.2 Functional Product Development  

A functional product (FP) or a total care product [9] is essentially the product offered in a 
total offer. FP consists of hardware, software and service integrated in a total offer [10]. 
What is being offered in a total offer is the function, i.e. what is bought and paid for, 
though from a customer/buyer perspective the ownership is not transferred.  

The development of functional products, Functional Product Development (FPD), 
involves a bigger commitment because the aftermarket of the product is incorporated in 
the sale and more information of all processes regarding the product must therefore be 
known prior to the sale. The total offer regards the whole product, not just parts of 
product. It is recognised that this notion will create close business-to-business 
relationships [9], where daily collaboration, despite the distance, is a necessity.  

With functional product development as one of the many facets of engineering 
design, there is a need for new tools and methods to support this closer collaboration 
[11]. To minimize travel to partners, one option is to use tools and methods for 
Distributed Collaborative Engineering (DCE).  

1.1.3 Distributed Collaborative Engineering  

Co-location is probably the best way of working on design, working in a remote setting 
is not preferable, though this is a reality in most companies that decide to collaborate 
with other companies. For most large companies, this is a reality if they want to 
collaborate within their own company. As Wang et al. [12] have defined, Distributed 
Collaborative Engineering (DCE) refers to the study of engineering design teams that 
collaborate with distributed partners and how tools and methods to support distributed 
collaboration affect design performance. Wang et al. [12, p.984] states, “To support 
collaborative design, computer technology must not only augment the capabilities of the individual 
specialist, but also enhance the ability of the collaborators to interact with each other and with 
computational resources.”

Tools and methods for distributed collaborative engineering are of great interest to 
industry because they can substantially shorten the time to market, improve quality and 
improve product performance [13].  
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To support DCE, and be collaborative and distributed, the use of technology that can 
bridge the geographical gap is needed, i.e. computers. The discipline of Computer 
Supported Cooperative Work (CSCW) studies how people work together with the 
support of computers. Greenberg defines CSCW as [32, p.133]: "the scientific discipline 
that motivates and validates groupware design. It is the study and theory of how people work 
together, and how the computer and related technologies affect group behaviour”.

Section 3.2, Objects in Distributed Collaborative Engineering, will expand on 
groupware of interest to this thesis.  

1.2 Motivation 

Product development is a team effort that is not just based on a specification list, but is 
rather derived from collaboration in a design team. With the introduction of Functional 
Product Development, companies will have to work closer to ensure the success of the 
total offer. As collaboration is achieved through regular meetings and daily project work, 
the team has three choices; move the teams closer together, travel to co-located meetings or 
distributed collaboration. Moving teams between two companies is often not feasible, but 
may be done within a company. As travel is time consuming and costly, companies will 
normally use a combination of travel and distributed collaboration. 

One interesting key to design work is the use of physical objects in distributed 
collaboration. A design review using virtual prototypes and other digital media is easily 
facilitated through today’s tools and methods for distributed work. But when it comes 
to the sharing of physical objects, finding suitable tools or methods is difficult. Today, 
most companies travel between each other to visit workshops or have a design review 
using physical objects. This has been a key motivation for me in my work, to have the 
ability to actually use objects while working in a distributed setting.  

As an undergraduate student, I joined a project course entitled SIRIUS - Creative 
Product Development [14]. Volvo Car Cooperation, who wanted to explore the concept of 
a future pedal interface focusing on safety, sponsored the project I had joined named 
Distributed Team Innovation (DTI). This was a global project with a total of eight students, 
four at Luleå University of Technology (LTU) and four at Stanford University.  

My personal experience as a participator in a global team working on a design task for a 
total of nine months: As part of this team, I experienced all the difficulties you can imagine 
while working globally. Stanford students always had the advantage in discussions due to 
their ease of English compared to ours. There was also the cultural difference. For instance, in 
Sweden we are used to discussing towards a solution and reaching a consensus before a 
decision is made, whereas some of the Stanford students thought that if one shouts loud 
enough, the solution will be accepted. The time difference was a big problem, since we could 
only start to collaborate from 17:00 Swedish time until whenever we decided it was time to 
go home. In late phase of the project, I started to say Hi to the morning paper delivery boy 
as we usually worked until three in the morning. 
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We used the videoconferencing system SMILE! (which later become the commercially 
available Alkit Confero). We had trouble in the beginning using the video conferencing 
system and had to use telephone communication with the team members at Stanford. As I 
remember, we had major difficulties in trusting each other’s strengths. I got the feeling that the 
Stanford students did not trust our competence enough to collaborate with us, we rather just 
touched base and divided up the work during the first two months. Only after our visit to 
Stanford did they get to know us and started to collaborate with us. My belief is that if you 
do not know the other person, there is a tendency to just communicate, not collaborate.  

Our goal was to truly collaborate, and thus utilize the available human resources we had in 
the project; therefore, we saw ourselves as one team not divided in two parts. 

During the project, we also built a number of prototypes at both Luleå and Stanford. While 
working in a global team with limited financial resources, visiting each other anytime we 
wanted to share the prototypes of what we had built was not possible. The first prototype we 
had built was a rough pedal concept built into a box that could be placed on the floor. To test 
the performance of the pedal in a lifelike setting, we used the pedal to control a racing video 
game. However, sharing our ‘experience’ of that prototype with Stanford was almost 
impossible. We could not send them live video from our conference room, since we had no 
conferencing system up and running. We both ended up creating a video of our prototype as 
we used it and sent it to each other. 

During our trip to Stanford in early 2002, I found that my perception of their prototype 
from watching the video and the ‘feeling’ I got after testing it was totally different. However, 
this was our best practice to collaborate - receiving a video and watching the prototype was 
better that trying to understand the concept, while listening to them discuss it over the 
telephone. 

The first prototype taught us that to evaluate a prototype of a pedal concept, you could not 
sit on an office chair; rather, you have to sit in an actual car or at least have the same-seated 
position. Subsequently, we obtained a crashed Volvo S80 from the local scrap heap and cut it 
in half to have the front end of the car in our workshop. The following prototypes were built 
to replace the existing pedal interface in our half of a car so that persons testing the prototype 
would be in a driving position. By this time, we had the videoconferencing system up and 
running in our team space. But moving the car into the team space or moving the 
conferencing system to the workshop was impossible. Consequently, we still used recorded 
video to transfer knowledge of our prototypes. I had trouble understanding their prototypes 
while watching the videos, though they must have had the same difficulty in understanding 
our prototypes.  

We travelled to each other once. During these two visits, we made huge progress in our work, 
which I think was essential to the success of our project. I also believe that if we had the 
capability to synchronously convey our prototypes, we could have clarified some uncertainties 
that we had to postpone until the physical meetings. 
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The work that I am currently undertaking is fuelled based on my experience and the 
interests that evolved during the global project when I was an undergraduate student. 
Törlind and Larsson, also acting as coaches, have utilized the global product 
development project I participated in as a research case study that are further described 
in [15, 16, 17, 18]. 

In Making Sense of Collaboration [17, p.159], Larsson describes the difficulties we 
had in creating shared objects to think with. Further, he concludes, “While shared 
electronic media is useful and many times sufficient for distributed design, the addition of shared 
‘objects to think with’ is an interesting approach to the further advancement of global design 
collaboration.”

Larsson et al. [18, p.8] describe the problems in conveying tangibility of physical 
artefacts: “Another important aspect is that of hardware; we can easily share the geometry of a 
pedal concept, but how do we share the “feeling” and “experience” of driving with these pedals 
without having physical prototypes at each site?” These two statements closely correlate to 
my perception concerning the sharing of the prototypes during the global project. 

In the European funded roadmap project for Future Workspaces one of seven future 
scenarios for distributed collaborative work addresses remote interaction with physical 
objects: “Technicians equipped of nomad and augmented reality devices can operate in 
collaboration with one or more remote experts (multi-corporations intervention). Those experts can 
collaborate via the video directly displayed on the technician’s glasses, loading contextual help 
programs on the tablet” [19, p.37] 

1.2.1 Claim

Physical artefacts still play a predominant role in the product development process, 
though virtual prototyping is used in everyday operations. The tangibility of physical 
artefacts makes them easy to use in design discourse. A physical artefact is physical, a 
thing or an object that can be tested and evaluated based on its physical 
attributes/features, i.e. its tangibility. Based on my experience, designers in a co-located 
setting use physical artefacts to point to, touch, see, feel and hear. Designers use these 
senses to understand the final solution. Hence:  

The tangibility of a physical artefact will remain important to the design of 
physical products, no matter if you are working in a co-located or in a 
distributed team. 
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1.3 Vision

This thesis aspires to find tools and methods to work with prototypes in distributed 
collaborative engineering. Ideally, distance would not matter, and the distributed 
meetings would emulate a co-located design session or meeting. The author shares the 
vision for a collaborative environment presented by Bergman and Baker: “In this 
environment, the design tool will be a virtual-reality 3D tool such that the designer can ‘see and 
feel’ the object as they are designing it…” [20, p. 662-663]. Videoconferencing is a step 
closer to this goal, though it will not alone get you there unless better tools and 
methods are used. Even more ideally, designers would find the tools and methods 
created by the author in the research to supersede their co-located meetings (i.e. their 
qualities would make them better than a co-located meeting), as Holland and Stornetta 
describe in Better than Being there [21].  

A communication tool should enable a meeting to take place not just in a conference 
room, but anywhere else (e.g. in the engineering workshop or on an airfield). Designers 
should be able to use all senses, the tangibility, when interacting with an object (e.g. 
weight, form, tactile properties).  

The vision is to share the tangibility of an object with design partners 
wherever they are in the world.  
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2 Research approach  
This section will guide you through the scope and aim of the work and expand on my research 
question. My research approach, the rationale and outcome are also described in this chapter. 

2.1 Scope and Aim of Research 

The scope of the research is to explore how engineering design teams work with their 
collaborative partners and, in particular, to find better tools and methods for working 
with physical objects in distributed meetings.  

The overall aim is to gain an increased understanding of distributed environments for 
industrial benefits and academia. The aim of the research is; 

to better understand how artefacts are used in design,  
to realize tools and methods to convey physical objects (e.g. mock-ups) in 
distributed collaboration, 
to increase knowledge of how tools and methods for distributed collaboration 
affect design performance. 

The research also contributes to functional product development through collaboration 
with the research group in the ProViking project - Development of Functional Products in a 
Distributed Virtual Environment. The scope of the ProViking project is to explore the 
product development of functional products. 
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2.2 Research question  

A shared understanding [22, 23, 24] of which topic/issue is currently being discussed in 
a meeting is important; without which, the meeting will take more time, be confusing 
and may tend to be frustrating rather than being productive. Physical artefacts can be of 
essential value in this shared understanding.  

To convey a physical artefact is not only to represent its visual properties, but also all 
its other senses, such as tactile properties. This is easy to achieve in a co-located meeting; 
unfortunately, physical objects live in one place [25, p.553] and sharing them in distributed 
groups is a great challenge. Consequently, the need for tools and methods that convey 
physical artefacts to the remote participators is essential for successful distributed 
meetings.  

The research question is formulated as: 

Which types of technologies are needed to convey physical artefacts in 
synchronous global collaborative design? 

2.3 My Research Strategy 

In this section I will describe my design research approach, Figure 1, and explain my 
rationale. The approach is influenced by design research methodology [26, 27], iterative 
design research process [28] and ethnography [29, 30]  

The research has been performed with inductive and deductive phases [31]. In the 
inductive phase a phenomenon is studied, for which the researcher typically creates a 
case study and observes the phenomenon in a real life setting. In this research, the 
inductive phase correlates to case study I. In the deductive phase the researcher tests his 
hypothesis in the real life setting. In this research, the creation of the hypothesis 
correlates to the Design requirements phase and the deductive phase correlates to Case 
study II. 
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Figure 1: My Design Research Approach  

2.3.1 The Introduction  

The first step in this research was conducting a literature review to gain an introduction 
to the problem area and to start formulating a research task. This stage is not performed 
at a specific point in time, but is a rather continuous process that is most intense at the 
beginning of the work. The formulated research task was;  

to explore the use of physical artefacts in distributed collaborative engineering. 

2.3.2 Case Study I – Current Work Practice at Land Systems Hägglunds  

Although an academic state of the art can be found in the literature, it is also important 
for the researcher to understand the current work practices in industry [26]. To gain this 
knowledge a descriptive study was performed at Land System Hägglunds AB, 
Örnsköldsvik, Sweden. 

As Greenberg states in [32, p135], “Knowing how people work together without groupware 
is an essential first step for designing appropriate software.” Hence, the first study was a 
descriptive study exploring the current work practice at the company. The aim was to 
describe how a co-located design meeting at the prototype was realized. The study 
focused on the use of physical artefacts and how collaboration between the technicians 
in the workshop and the engineers was conducted. The study performed was inspired 
by ethnographic methods [30], such as observations, field notes and videotaping. 
Comments and the course of events from the videos were transcribed and analysed.  
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2.3.3 Identification of Design Requirements  

To focus my research I have used design requirements, which was derived from the first 
study at LSH. Blessing et al. [26] suggest that a design researcher should start by defining 
measurable criteria of success before embarking on a design study. I have found it more 
appropriate to identify design requirements after conducting a study on the current 
working practice that exists in the area. Therefore the identification of the design 
requirements was done after the first study at LSH. 

Since design is often regarded as ill-defined, ill-structured or wicked [33], it is 
difficult to measure the success of such a process. Every design session is different with 
different people doing design each time, and if you compare the same group, they are all 
affected by the previous design session.  

2.3.4 Development of Collaborative Support 

To enable distributed product review, existing collaborative technologies at LSH were 
deemed to be insufficient; consequently, a new collaborative tool was developed. The 
development process followed a prototype-based development process [5] based on the 
design requirements. The overall goal was defined as:  

a mobile collaborative tool for distributed design review. 

The attempt was to recreate the experience of a co-located design review in a 
distributed setting using the appropriate software and hardware. The mobile 
collaborative tool was developed using an iterative design research process, similar to 
Minneman [28], in four cycles of user testing, evaluation and redesign. The observed 
user testing at Land Systems Hägglunds was inspired by ethnographic methods [30], 
such as observations, field notes and videotaping. Testing was recorded via the handheld 
video camera from the collaborative tool. Another video camera was set up at the 
remote site, either in a conference room or on the desk of an engineer. Comments and 
the course of events from the videos were transcribed and analysed. 

Case study I and the development of the collaborative tool are further described in 
the appended Paper A: Sharing the Unshareable – Distributed Product Review using Tangibles. 

2.3.5 Case Study II – Impact of Collaborative Technology at LSH 

The second part of the case study was descriptive, with the objective to describe the 
impact on the design process after the introduction of the mobile collaborative tool at 
LSH. The same methods as in Case Study I was also used in this study and comments 
and the course of events from the videos were transcribed and analysed.  

Case study II is further described in the appended Paper B: Getting Physical – 
Interacting with Physical Objects in Distributed Collaboration 
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3 Theoretical Framework  
The theoretical framework for this thesis is based on several knowledge areas, such as Engineering 
Design, Computer Supportive Cooperative Work and Computer Science.  

The following section will describe why physical and virtual prototypes are an integral 
part of the design process, why physical prototypes sometimes is better then their virtual 
counterparts. The enabling technologies for communicating physical and virtual 
prototypes in a distributed setting are also described. To support a distributed team 
virtual prototypes have a clear advantage, though several techniques to convey physical 
artefacts exist.  

3.1 Objects in Design 

Objects in design can be any generic object found at the location where designers are 
working, either an object that is brought in or built for a specific purpose, i.e. a mock-
up or a virtual prototype. It is critical that the object suits the designers need to 
communicate a thought or idea. Bucciarelli states that: “Objects are continually at hand as a 
focus of thoughts or a topic of discourse” [34, p25]. Without a shared understanding of the 
task, the design team has little or no chance of success. This shared understanding can be 
reached through many things, though objects supporting the ideas a team member is 
trying to communicate can be very important. Objects in design can be either virtual 
(computer generated) or physical objects. Ulrich and Eppinger [35] define prototypes 
(objects) in two dimensions, (1) a prototype can be either analytical (virtual) or physical,
and (2) the degree to which a prototype is comprehensive as opposed to focused. A 
comprehensive model incorporates a higher degree of the entire product, whereas the 
focused prototype only focuses on a subsystem or part of the product.  

3.1.1 Virtual Prototypes 

Today, Computer Aided Engineering (CAE) software plays a prominent role in 
engineering and design projects. A trend is to remove the physical prototype and, to the 
advantage of virtual prototypes, simulate to verify the product. Ullman [36, p. 98] states 
that there is a strong move towards increasing computer simulations as they become 
better and more exact.  

A product model is used to digitally store all information (e.g. geometry, simulations and 
analysis and production data) of a product. Fuxin’s [37] work builds on the foundation 
of the digital prototype replacing the physical mock-up, and presents a framework of 
geometry management that contributes towards increased product development 
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efficiency. Fuxin successfully shows how virtual prototypes can be used to validate the 
design configuration of a product with high variant complexity (i.e. the specified trucks 
of customers from a highly varied product catalogue).  

Johansson [38] states that humans often relate size with their own body; therefore, 
using a physical model instead of a virtual model when assessing size of the prototype is 
preferable. Avatars (virtual representation of a person) may be used for this purpose but 
is not preferable if the object of interest is small (the avatar will be much larger than the 
object itself, e.g. when examining a mobile phone) [13]. Avatars or manikins are also 
used in ergonomics simulation where the anthropometrics (e.g. length of person) of the 
manikin can be easily adjusted [39].  

In the DTI project [18], a distributed team designed new pedal concepts for vehicles. 
Team members could easily share the geometry of a concept (using a shared applications 
and CAD models), and discuss the physical object in a video conference. However, they 
could not share the ‘feeling’ and ‘experience’ of driving with these pedals without 
having physical prototypes at each site. Haptic systems can be used to bridge the gap 
between virtual and physical prototypes. Haptic cues are the forms of information 
perceived by the human sensory system, while touching or handling an object.  

The Phantom [40] is a commercially available haptic interface. The device can track 6 
DOF (x, y, z, pich, yaw and roll), but only gives feedback (force) on 3 DOF (x, y and z). 
The haptic workstation [41] is an immersive haptic device with two exoskeleton arms 
and an immersive heads-up display. The system allows users to be totally immersed in a 
virtual environment, where they can interact, manipulate and ‘feel’ virtual prototypes in 
the virtual world. Haptic may be used to give the virtual prototype physical properties, 
though this technology is still not ready to be used commercially due to limitations in 
sensory modalities, range of motion, force capability, etc. A vision for a future haptic 
interface is offered by Future workspaces [42], stating that the generic haptic interface 
should at least be able to emulate touch, vibration, hot/cold, sensation of mass, shape, 
force restraint and body motion. Distributed systems using haptics are difficult to design 
due to among other things latency issues [42]. Haptics are used successfully in medicine 
[43, 44] to support the education of surgeons in a virtual environment, as well as in 
other situations, such as the automotive sector to virtually prototype the driver 
perspective [45] in a motorised vehicle, with force feedback from the virtual steering 
wheel.  

Wang et al. [46] state, “computers have been used extensively in areas such as simulations, 
analysis and optimization, but there are relatively few applications at the conceptual design phase.”
However, in the detailed design phase of product development, companies persist on 
creating physical prototypes of the products, though they can easily generate virtual 
prototypes with already existing CAD models.  

In The myth of the paperless office, Sellen and Harper [47] describe paper versus its 
digital media counterpart. It was believed that with the introduction of the computer to 
the office, paper would become obsolete, since all documents could then be accessed 
through the computer. However, with the introduction of the computer, it seems paper 
has been used to an even greater extent. Sellen and Harper state that the advantage of 
paper over a digital document is its easy manipulation and tangibility. Reading paper is 
often preferred to reading a computer screen. The same argumentation can be used 
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regarding computer models of a product, i.e. now that we have all the data of a product 
there is no need to create prototypes [48]. Still, it seems that the physical object still 
plays a role in the product development process.  

3.1.2 Physical Prototypes  

Otto et al. [49 p. 834] define a prototype as “a physical instantiation of a product, meant to be 
used to help resolve one or more issues during the product development”. Prototyping cycles 
offer an opportunity to join various functions, determine the progress made to date and 
consider how alternative solutions might play together. 

Ulrich and Eppinger [2, p. 220-222] state that prototypes are used for four purposes; 

Learning – Prototypes are often used to answer questions, such as “Will it work?” 
and “Does it satisfy the needs of the customer?”  
Communication – Prototypes enrich the communication of a project, especially 
those on the outskirts of the project. The visual and tactile, three-dimensional 
representation of the prototype makes the concept much easier to understand.  
Integration – Prototypes are also used to ensure that components and subsystems fit 
together and work as intended.  
Milestones – Particularly in the later stages of product development, prototypes are 
used to prove that a desired level of functionality is achieved. 

Pahl and Beitz [1, p. 69] argue that the information provided by models and prototypes 
is needed at any point in their proposed engineering design model. Perry and 
Sandersson [50] claim that artefacts help to mediate and organize communication. 
Wagner [51] presents a list expanding on Ulrich and Eppingers point on Communication,
Wagner stating how visual and graphical materials help; 

Create a common understanding of a design idea or task  
Talk about a design in a rich, metaphorical way, supported by images to be pointed 
at and referred to 
Imagine qualities of space and appearance that could not easily be communicated 
in words 
Act as reminders of design principles, approach, method, open questions, etc. 
Preserve the memory of a design solution and the argument behind it. 

Physical objects can also be used to explain a concept or idea. The object itself does not 
need to be the finished product, but must still inspire the design team to imagine the 
finished product. Brereton and MacGarry [52, p.217] explore how engineers use 
physical objects to prototype design by concluding, “Design thinking is heavily dependent 
upon references to physical objects and gesturing with physical objects. Designers are active and 
opportunistic in seeking out physical props to help them think through design problems and 
communicate design ideas.” Larsson [17] states that the built-in versatility in physical 
objects can be used as “shared objects to think with”.

Kelley presents his Ten faces of innovation [53], one of which being the experimenter
who essentially builds prototypes to learn something new about a concept. Kelley also 
argues of the tangibility of a prototype as being one of the best ways to get an idea 
across to a client or a co-worker. 
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Harrison and Minneman [54] conducted a study on how objects or early mock-ups 
are used in conceptual design, finding objects that give designers information not gained 
or difficult to gain in other ways than to build and test certain concepts. Physical mock-
ups are important in the product development process. Objects provide a rich source of 
information and can be more useful than other more abstract forms of product 
information, as well as enabling the design team to discuss the product and share the 
same perspective to create a common ground. Wagner [51], Ulrich and Eppinger [2] and 
Perry and Sanderson [50] all concludes that physical objects enrich and simplify 
communication by helping to create a common understanding (common ground).  

The process of creating a common ground has its basis in grounding, with grounding 
referring to the mutual understanding between conversional participants, ensuring that 
what is communicated is also correctly understood [22]. Physical objects can provide 
assistance with the crucial concern of successfully negotiating a shared understanding of 
the design and task. According to Bucciarelli, design is 

 “…as much a matter of getting different people to share a common perspective, to agree on the 
most significant issues, and to shape consensus on what must be done next, as it is a matter of 
concept formation, evaluation of alternatives, costing and sizing.” [55, p.187] 

Arias et al. also stress the importance of a shared understanding. 

 “Bringing different and often controversial points of view together to create a shared 
understanding among stakeholders can lead to new insights, new ideas and new artefacts” [24, 
p.84].  

Rapid prototyping systems [56] can be used to build physical prototypes based on 
virtual prototypes, giving designers the tangibility of the shape of the object, though the 
weight and other properties might be hard to perceive since the object might not be 
made from the correct material.  
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3.2 Objects in Distributed Collaborative Engineering 

Research within the DTI-project [17, 18] showed how global design teams do not have 
any shared space for physical artefacts. The team studied work in a global product 
development project concerning the novel design of a new pedal system. The 
distributed team (Luleå, Sweden and Stanford, USA) used video conferencing for 
brainstorming, formal meetings, etc. During the project the team built many hardware 
prototypes and could easily share the geometry of a pedal concept (using a shared 3D-
modelling tool), but could not share the ‘feeling’ and ‘experience’ of driving with these 
pedals without having physical prototypes at each site. If the physical object was small, it 
was moved to the conferencing room, but if this was not possible (i.e. pedal concept 
mounted in a car), videotaping the prototype and sharing the video clip via a video 
server was the solution. This type of communication shares information about the 
artefact and its use, but supports no interaction.  

Ishii et al. [57] presented the ClearBoard-2 system, where users could collaborate at a 
distance with the system, while sketching on a touch screen. Users of the system see the 
other user reflected in the screen, while drawing on a concept. This system allows the 
user to use a combination of their body language and a pen and paper sketching 
interface as they collaborate at a distance. 

Everitt et al. [58] presented the Distributed Designers’ Outpost, a system where tangible 
objects could be shared by a global design team. The system enables synchronous remote 
collaboration via two back screen projections - one at each location. The designers use 
the screen to share tangible Post-it notes. The physical artefact at one location appears as 
a virtual object on the remote site. The system also enables a sense of presence as the 
shadows of the remote collaborators are displayed on the screen. 

3.2.1 Video conferencing 

Video conferencing is a tool used for synchronous collaboration and can be used for 
sharing physical objects. It is normally preformed by using one camera to send the 
video signal to the remote participant where the video is rendered on a two-
dimensional display. The viewpoint of the camera from this approach is fixed, but by 
controlling the pan/tilt/zoom of the camera, some conferencing systems facilitate 
changing the viewpoint by the remote participant. Other systems have used several 
viewpoints from the same physical space (i.e. multiple video streams). Yamaashi et al. [59] 
presented a system with multiple view ports, one wide angle (scene camera) and one 
controllable detailed view. Navigation was simplified via sensors and a point to zoom
interface. 

Stereoscopic video conferencing can further enhance the viewing of tangibles. 
Johanson [60] proposed a system using a static viewpoint with only two cameras at each 
end. In the Office of the future vision, Chen et al. [61] describe their vision of an office 
of the future to give “a true sense of presence with our remote collaborator and their real 
surroundings.” They describe a future vision when office users can collaborate with 
remote colleagues as if they were across the table from you. Chen et al. realize a 
demonstrator of a static office environment through a high end system comprising an 
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array of cameras and projectors. Utilizing stereoscopic vision, the system is able to give 
users a stereoscopic view of the other site. The Office of the future is a mixed reality 
[62] concept where real world and virtual world objects are presented together on a 
single display. Gross et al. further developed this idea with blue-c [63], where the system 
combines the simultaneous acquisition of multiple live video streams with advanced 
3D-projection in a CAVE like environment, thus creating the impression of total 
immersion. One major limitation to this system is that it only supports a single user per 
CAVE.  

Mixed reality systems combine the digital world and the physical world, where head 
mounted displays are often used to overlay digital objects in the real world. Liverani et 
al. [64] present an example where the system helps users assemble a product by 
augmenting colours and patterns on parts, thus allowing the user to get help in knowing 
the assembly order. The commercially available Zaxel [65] system can be used for 
remote collaboration through an array of cameras that create a virtual viewpoint where 
the user can chose their own (monoscopic) viewpoint. Billinghurst et al. [66] suggested 
a system based on the Zaxel imaging acquisition system, augmenting the real world with 
video from a remote site. Billinghurst also presents a system [67] where virtual objects 
are enhanced in the real world, by working as a digital scrapbook that allows the user to 
build virtual objects and manipulate their positioning. The system uses a stereoscopic 
head mounted display to augment the virtual objects in the real world. Another example 
of augmented reality is ARquake [68], where users are fitted with a wearable computer 
and can go into an area (real environment such as a street or a building) to play a first-
person shooter game * (e.g. Quake, CS, COD and alike). The system augments non-
player avatars for the gamer to shoot.  

*  A video game in which you have the perspective of a person in a virtual environment, typically you play by shooting 
other players or computer generated avatars (monsters). 
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3.2.2 Mobility and Wearable Computers 

Synchronous communication between distant team members is traditionally carried out 
from fixed locations, e.g. video conferencing is done from a conferencing room or from 
the team member’s desktop machine. Few communication tools allow for user mobility. 
Luff and Heath [69] classify mobility in three different categories: micro mobility, local 
mobility and remote mobility. Micro mobility is when an artefact can be mobilized and 
manipulated in a circumscribed domain, such as by moving a document or a handheld 
device for the other person to see the context. Local mobility refers to moving within the 
company, e.g. visiting another office or going to the coffee machine. Systems supporting 
local mobility are usually interconnected using wireless LAN technology, or by direct 
interaction between wearable or otherwise mobile devices. Remote mobility is when 
geographically distributed users interact with each other over a distance using 
communication technology. Examples of remote mobility systems are third-generation 
mobile phones that support video calls, and in some cases, wearable computers if the 
network connection is sufficient.  

Due to the limited size of its display, the mobile phone is best suited for synchronous 
voice communication and simpler asynchronous applications, such as reading e-mail and 
SMS text messages. The limited bandwidth of video communication, even with third-
generation mobile phones, limits the usage of video for the communication of artefacts. 

Wearable computing comprises a small body-worn computer that is always on, ready 
and accessible. In this regard, the new computational framework [70] differs from that of 
handheld devices, laptop computers and personal digital assistants. Wearable computers 
can be combined with a head mounted camera (HMC), either to augment the real 
world or to document or broadcast one’s own personal experiences. Steve Mann 
developed EyeTap [71] and described in Cyborg [72] how it can be used as a way of 
communicating; “While I am grocery shopping, my wife – who may be at home or in her office 
– can see exactly what I see and help me pick out vegetables.” Further, “It allows the individual 
to fully enter – to communicate and be a substantive part of – the video graphic world of images 
that dominates everyday existence”.

Several research projects have focused on assisting a user from a remote site [73, 74, 
75] through the use of different types of HMC. Fussell et al. [76] clearly demonstrate the 
value of a shared view for remote collaboration of physical tasks, by comparing the 
communication between two subjects with a given task (assembly of a robot) in five 
media conditions, viz. side-by-side, audio-only, head mounted camera, scene camera and 
scene plus head cameras. The efficiency and communication was highest when side-by-
side, and significantly higher with a scene camera and head mounted camera than with 
audio only. Fussell et al. [76] also showed that a remote controlled cursor pointer, visible 
in the head mounted display (HMD) further enhanced the collaborative process.  

Kurata et al. [77] compared remote assistance using a traditional HMD/HMC 
combination with a shoulder worn Wearable Active Camera/Laser (WACL), concluding 
that the WACL is more comfortable to wear, more eye-friendly and causes less fatigue 
to the wearer, though there is no significant difference in completion time of the 
studied task. 
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4 Getting Physical  
So how do you share a physical object at a distance? Few tools and methods exist for conveying 
physical artefacts in distributed collaborative engineering, and the development and support of such 
tools is therefore needed. This chapter presents the results of my study at Land Systems Hägglunds 
and the evolution of a new tool for distributed design reviews.  

The first study examines the current work of the design process at Land Systems 
Hägglunds and a new collaborative tool is then created to supplement physical visits to 
the workshop. In the last study, the affects on the design process after the introduction of 
the collaborative tool are studied. 

4.1 Case Study I – Current Work Practice at Land Systems 
Hägglunds

The author studied a design team and their design work on the AMOS mortar system – 
a twin barrelled 120 mm mortar turret built as a module to be fitted on a variety of 
vehicles. The main parts of these studies were preformed at Land Systems Hägglunds AB 
(LSH) in Örnsköldsvik, Sweden. LSH designs and manufactures military land systems, 
such as tanks, tracked vehicles and turrets.  

The main design team designing a mortar system comprised of seven engineers. Due 
to space constraints at their main office, some team members were forced to move to 
another facility. Parallel to the virtual product development, a mock-up of the mortar 
system was built in a workshop at the main plant, 7 km from where the engineers were 
situated.

4.1.1 Collaboration within the design team 

In the working practice at LSH, physical prototypes or mock-ups are built. One purpose 
of the mock-up is to ensure that every part fits together and works. Parts or subsystems 
do not always work as intended, meaning that the engineers and technicians building 
the mock-up have to work in close collaboration with each other to solve any 
occurring problems. The mock-up serves three main purposes; 

Integration; The mock-up ensures that parts and subsystems work as intended as 
well as an easy assembly, Ulrich & Eppinger [2] and Brereton & MacGarry [52]. 
The term integration is used in this thesis to emphasise that the physical properties 
of an object fit together with another object. 
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Communication Physical objects are used in communication to give visual cues that 
help the discussion. The conversational parties do not have to start by explaining 
the object but can simply point to it and begin the conversation from there; in 
communication, it is not a certainty that what has been said is correctly 
understood, Ulrich & Eppinger [2], Wagner [51], Brereton & MacGarry [52] and 
Perry & Sanderson [50]. In this thesis, the term communication is used whenever a 
physical object is of help in a conversation. 
Common Ground in communication is called grounding, common ground or 
shared understanding when conversational partners understand each other. 
Common ground is a subset to communication, but with the aim of all parties 
understanding each other in the conversation, Clark and Brennan [22], Bucciarelli 
[55] and Arias et al. [24]. In this thesis, the term common ground is used when two or 
more collaborators use an object to understand each other.

LSH use virtual prototyping, such as Catia models, but the mock-up gives the design 
team a physical artefact to be used as an aid in discussing further improvements as the 
design progresses, communication. The entire design team (including the technician 
responsible for the assembly of the mock-up) gathers around the mock-up for a weekly 
design review, see Figure 2.  

Figure 2: An Illustrated figure of a typical design review at the mock-up.  
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The mock-up supports the discussion by giving visual and tangible cues. A typical 
design review agenda consists of current design issues. One designer was usually 
responsible for each point on the agenda and the other members discussed possible 
solutions to resolve the issue. The technician also enumerated problem with the current 
design that the team had to solve, typically assembly-oriented problems, integration (e.g. a 
subsystem is hard to fit for the technician who assembles it, possibly due to the poor 
placement of screws or worse - the part cannot be oriented right inside the vehicle). 
Aspects regarding the interface between different subsystems often involved the entire 
design team, i.e. communication.

The mock-up is also used to test the passenger envelope, i.e. if passengers can reach 
all operating systems, such as aiming and reloading. 

If a problem resides within the vehicle, a difficulty arises – due to space constraints, 
only one or two design team members can be inside the vehicle simultaneously. The 
other team members must remain outside and peer through openings and manholes. 
Since they have difficulty seeing the object of interest, they are not always able to follow 
the discussion and are therefore unable to contribute to the design discussion.  

4.1.2 Collaboration between the workshop technicians and the design 
engineers 

Between the design reviews, the workshop technicians sometimes encounter problems 
requiring attention. In this case, the technician calls the engineers to discuss the 
problems over the phone, often considered inadequate. To clarify the mechanical design 
and describe the problem, the engineers sometimes faxed images from the 3D CAD 
system, which were often hard to interpret. Explaining the problem over the phone 
usually took too long or was too frustrating, and it was difficult to understand each 
other, i.e. common ground and communication, and solve the problem. Therefore, the issue 
was often postponed until the next physical visit to the mock-up. 

4.1.3 Remote Interaction with the Mock-up 

As the LSH design team was accustomed to working in close proximity to the 
prototype, going to the prototype was not a big issue. However, when some of the 
engineers were located roughly 7 km from the prototype, visiting the mock-up usually 
took about 2 hours. The problem could often be solved in a couple of minutes; hence, 5 
to 10 minutes spent in the actual meeting at the mock-up, and the rest of the time as 
unproductive time (e.g. travelling, finding a parking space).  
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4.2 Identification of Design Requirements  

After the first study, a new tool enabling the designers to interact with the mock-up at a 
distance would apparently simplify the design process. Being able to view the object 
from a remote location was decided as satisfactory. From the initial study and discussions 
with the design team, the design requirements for a mobile collaborative tool for distributed 
design review were formulated; 

Local users must be able to share their view of the physical artefact with remote users. The 
technician must be able to share his view of the mock-up with the remote 
engineers. 
Enabling virtual visits for remote users at the mock-up, at any time from anywhere. For the 
tool to be a generic collaborative engineering tool, it should support 
communication to and from anywhere in the world at any time. 
Enabling the sharing of digital information (e.g. drawings, CAD-models, documents) between 
users. To support communication of the virtual prototype from the design 
department to the workshop. 
Ease of use, a complicated tool will never be used. 

4.3 Development of Collaborative Support  

The tool was developed in four design cycles, each cycle with a new prototype tested 
and evaluated by the users at LSH. Systems with virtual viewpoints (Office of the 
Future [61] and Zaxel [65]) are technically interesting, but need several high-end 
computers to function and an array of stationary cameras at the remote site. Tools for 
stereoscopic video conferencing were deemed too costly and difficult to implement in a 
workshop. As well, the downside of a static system is that it is static. Most of the work 
done on the mock-up is not collaborative with the design team, but spent assembling 
the mock-up, and a static system for collaboration would just be in the way of the 
normal activity around the mock-up. Placing the system outside the mock-up would be 
pointless, since most of what interests the design team is inside the mock-up. 

Each new prototype was improved to suit the needs of the technicians and the design 
team at LSH. The first prototype was based on a standard desktop computer. The 
analogy being to use a standard video conferencing system in the workshop, thus 
creating a computationally powerful and more stable solution and avoiding such things 
as battery times. The technician was fitted with a non-immersive head mounted mono 
display, a head set and camera. A cable from the desktop to the gear was fitted onto the 
technician. This prototype was deemed inadequate due to the limited range and the fact 
that being tethered to a computer in the workshop was not practical.  

To improve user mobility, the concept of a wearable computer was instead used. The 
following three prototypes were based on the added criteria that the tool should be 
wireless. In each iteration, a new prototype was built, the main change between the 
prototypes was hardware more suited to the task. The evolution of the prototypes is 
detailed in Paper A: Sharing the Unshareable. The summary of the evaluation can be seen 
in Table 1 and more detailed description in Table 2. 
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Prototype 

Criteria The
Barebone 

Lightweight 
laptop

Performance 
laptop

mNode
concept

Mobility

Computational power  

Robustness 

Operation time 

Network 

Table 1: The prototypes developed. The number of points correlates to better results. 
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Prototype Hardware Plus/Minus Design Rational 

The Barebone 3,4 GHz Pentium 4 
desktop computer  

HMD

Analogue camera  

DV camera 

Matrox Meteor II  

Headset

+ Computational 
capabilities 

- Mobility

This concept was built on the basis 
that a video conferencing unit needs 
to be run a on a computer with good 
processing power; hence, a desktop 
computer was the basis for this 
concept.

However, to be tethered to a 
stationary computer was not a good 
idea because the cable kept tangling 
in various objects in the workshop. 
Therefore, more mobility was 
needed. The tool must allow users to 
move without any restrictions. 

Lightweight
laptop

1,2 GHz Pentium 
M laptop computer 

HMD

DV camera 

Headset

+ Mobility 

- Computational 
capabilities 

- Overheating 

This concept was a wearable 
computer and had the required 
mobility; all equipment was packaged 
in a backpack and the users were free 
to move around in the workshop.  

However, computing power lacked 
to sustain the video conference and 
overheating was a problem, since 
there was no way to divert the excess 
heat.

Performance
laptop

1,7 GHz Pentium 
M laptop computer  

HMD

DV camera 

Headset

+ Mobility

+ Computational 
capabilities 

- Vulnerability 

In this concept, the overheating and 
computational power issues were 
addressed. A more powerful laptop 
was chosen and the computer was 
mounted on an open harness.  

However, the computer was too 
vulnerable the cables were sticking 
out and could easily get stuck on 
something. Also, the computer is not 
rugged enough to be used in 
industry.

mNode
concept

2,1 GHz Pentium 
M special computer 

HMD

Analogue camera  

DV camera 

Grabbee X

Headset

+ Mobility

+ Computational 
capabilities 

+ Component 
integration

In this concept the computer was 
built from scratch, with all 
components purchased and fitted 
inside a hard shell backpack. The 
concept is rugged and robust enough 
to be used in the work shop. The 
computer has enough computational 
power to run the video conference 
program alongside application 
sharing.

Table 2: Description of the design rational for the prototypes and the coresponding prototypes.  
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The final prototype was a computer built into a hard shell backpack. The prototype 
was completely mobile, powered by batteries and using a wireless LAN. It was fitted 
with a headset, a head mounted display, two separate cameras and a single input unit to 
toggle the different modes of operations. The mobile collaborative tool can be seen in 
Figure 3. 

Figure 3: An illustrated picture of the mobile collaborative tool. 
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4.3.1 Enabling Virtual Visits 

Communication between the workshop and one or several remote users should be easy. 
A commercially available video conferencing system was therefore used, Alkit Confero, 
an IP-based conferencing software that supports point-to-point conferencing as well as 
multipoint conferencing with audio and video. By using multicast, any number of users 
can connect to the mobile conferencing node from any computer with the proper 
software installed.  

Different types of cameras were tested and the final design of the wearable computer 
had two cameras; 

The first camera was mounted on the headset, giving remote users the same view 
(first-person view) as the user at the mock-up, the advantage being that the person 
wearing the equipment had both hands free. 
The second camera was an ordinary, off-the-shelf DV camera. This option offered 
an unexpected advantage, namely allowing the camera to be placed behind panels 
and other obstacles, and thereby enabling the team members to discuss parts of the 
mock-up that were invisible due to obstructions. The advantage of being able to 
view behind panels with a handheld camera was sometimes found to be more 
important than having both hands free. 

The cameras were supplemented with a laser pointer to point and focus the attention of 
remote collaborators; without it, the user needed to reach over and point to the object, 
thereby obstructing the view of the remote viewers. Another project using a laser 
pointer is the WACL project [77], where the camera and the laser pointer are coupled to 
eliminate the use of HMD. In the WACL project, remote users can also pan/tilt/zoom 
the camera.  

The user could choose to transmit the signal from the handheld DV camera or the 
camera mounted on the headset. To display the remote video from the other users, a 
head-mounted display (HMD) was used and mounted on the headset, which also 
protected the user from unwanted noise coming from the workshop.  

4.3.2 Sharing of Information 

The system was designed to support three basic modes of operation: collaborative mode, 
tangible sharing mode and application sharing mode; see Figure 4. 

Sharing of the tangible object – local video from the camera is displayed in the HMD. 
The camera is pointed at the tangible object, i.e. the mock-up, letting the users 
share the view of the object and discuss it as if they were co-located. The main 
purpose of the wearable computer was to give the remote partner a view of the 
objects.
Collaboration - remote video is displayed in the HMD, enabling users to 
communicate via audio and video, and thereby allowing the remote partner to 
communicate visual cues. The drawback of the system is that the user of a wearable 
computer has difficulty in using the tool to make himself visible for the remote 
partner. 
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Sharing of virtual documents. The tool also supports the sharing of applications 
normally run on a remote desktop computer (e.g. CAD-data, drawings, etc.). Thus, 
the remote engineer could display the virtual prototype of the object of interest. 

Figure 4: The three modes of operation, from left to right: the transmitted video, the received video 
(remote user) and CAD data received via VNC *.

4.3.3 Ease of Use 

One important issue was the ease of use – the system had to be as simple as possible to 
operate. Wearable computers normally have a general input unit, a combination of a 
miniaturized keyboard and mouse, e.g. the Twiddler [78]. With such devices, the 
wearable computer is more versatile, but the learning curve for these devices was 
deemed too long [79].  

A simplified user interface of the conferencing system consisting of a single button 
that allowed the user to instantly switch between these modes was developed. All modes 
are displayed in full screen in the HMD. 

To simplify initiation of collaborative sessions, a multicast network enabling 
conferences with multiple users was simplified. The mobile collaborative tool was 
preconfigured to connect to the multicast address at start-up, and thus eliminate start-up 
configuration. Implementation at LSH was done on their existing infrastructure, a 
multicast enabled switched network. 

4.4 Case Study II – Impact of Collaborative Technology at LSH 

After implementing the mobile collaborative tool at LSH’ workshop, i.e. a period of test 
and evaluation, the setup was used to complement visits to the workshop. The effects on 
the design process were studied when the mobile collaborative tool was in use. 
Interviews and observations of use were the basis for this analysis.  

4.4.1 Observations of Use 

The remote users visit the mock-up in a first-person perspective through the mobile 
collaborative tool, where the wearer of the tool takes the remote user on a tour of the 
mock-up and can discuss objects of interest; see Figure 5. 

*  For reasons of confidentiality, actual pictures from the mock-up cannot be published; hence, all pictures are illustrated or 
taken off the premises of Land Systems Hägglunds AB. 
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Figure 5: Left, the mobile communication node in action. Right, the view from the remote site. 

Sometimes, the set-up varied over time or was adapted to suit specific situations. 

Observation 1: A technician and a remote engineer collaborate to solve problems.  

The technician has problems in fitting two subsystems. As he knows that one engineer has just 
finished the design of one system, he telephones him to discuss the problem. The engineer wants to 
see the problem for himself, and they start a video conferencing session. The two subsystems do not 
fit together in real life. They view the CAD model together to figure out what is wrong. The 
engineer shares his view of the CAD system with the technician. Through application sharing, the 
technician views the CAD model of the mock-up via HMD. The engineer asks the technician to 
measure parts of each subsystem to figure out which subsystem does not correspond to the CAD 
model. They conclude that something must have gone wrong with one of the subsystems in the 
production phase. Subsequently, the system must be produced again. 

Observation 2: The collaborative tool is used in a distributed design review, with one 
technician and the entire design team using the tool.  

A distributed design review is in progress on in a conference room. The technician is wearing the 
mobile collaborative tool, showing something to people in the conference room. The engineers in the 
conference room discover that to solve the problem, information from the electrical engineers is 
needed. The electrical engineering project manager is contacted over the telephone and can 
immediately start up the video conferencing application on his regular desktop computer. The 
manager joins the meeting and supplies the necessary information to resolve the issue.  

Observation 3: A technician and an engineer are using the tool in a distributed design 
review, but need additional expertise from another engineer.  

The technician sets up a video conference with an engineer to start discussing a problem. After some 
time, the engineer asks a colleague to join them from his desk, while one of the design team 
members visiting the mock-up also joins in on the conversation on-location.  
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Observation 4: The technician uses the collaborative tool to access information for an 
engineer in a co-located setting.  

One of the engineers discusses something with one of the technicians, since he is physically visiting 
the mock-up.  The technician gets a question regarding the assembly of a subsystem, but the 
technician cannot remember how the subsystem is mounted. Since the system is mounted behind 
one of the panels of the mock-up, it is difficult to get visual feedback without disassembling the 
mock-up. Consequently, the technician starts up the mobile collaborative tool running locally. 
Because the camera is handheld, the technician can easily reach in behind the pane to observe how 
the system is mounted and the engineer can observe the system on location outside the mock-up. 

Figure 6 illustrates all set-ups over Land Systems Hägglunds multicast network. 

Figure 6: Schematic illustration of the system in use over a multicast network. 
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4.4.2 Analysis of Use 

There are a host of different meeting types in which the mobile collaborative tool was 
used, but the usage of the tool can be divided into three distinct set-ups, each with the 
technician wearing the mobile collaborative tool. 

1. Workshop – Office users: The engineer sits at his desk and wants to communicate with 
the workshop. A session is started and the technician and the engineer discuss 
matters of interest with visual support from the mock-up and visual support from 
the engineer’s CAD data. 

2. Workshop – Conference room: The design team assembles in a conference room and 
views the video. With a shared perspective, everyone can participate in the 
discussion.

3. Workshop – Workshop: A local conference is initiated. People at the workshop can 
view what is happening inside the vehicle at the mock-up. This is similar to the 
workshop-to-conference room, though it is less organized. 

All set-ups can be used simultaneously and create a big video conferencing session that 
focuses on the video and audio coming from the workshop. 

The analysis showed that the mobile collaborative tool supports virtual visits to the 
workshop, thus supporting communication and common ground. The virtual visits to the 
workshop allowed the engineers to use the mock-up at any time, not just during visits 
to the workshop. This allows more time for product development, while minimising 
time spent on travelling. The design reviews became more productive when the entire 
design team could be part of the discussion. 
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5 Discussion
This chapter will discuss the results of my research, guide you through the appended papers and 
expand on their contribution to the thesis.  

The movement from traditional product development to functional development is 
illustrated in Figure 7. Designers handle a variety of situations and development projects, 
and it is important to understand that the past in the figure is not obsolete. 

Figure 7: Towards Functional Product Development 

Traditional Product Developments describes the current work practice in the past. Most 
product development was handled in house in an ‘over-the-wall’ fashion. CAD tools and 
simulations were sparsely used and the goal was to produce excellent goods. Physical 
prototypes are used to verify the design at all stages of the product development.  
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Integrated Product Development is a multidisciplinary effort with teams members from 
all departments closely associated with the product development. Integrating product 
development results in a shorter time to market, since the previous sequential processes 
are now made concurrent. CAD tools are readily available and simulations in the 
detailed design phase are used to help designers perfect the design. Outsourcing is the 
main method that companies use to cooperate. Video conferencing tools were 
introduced in the 1980s, but were only available at most companies in specialized 
conference rooms. The audio and video capabilities of these systems were generally low, 
mainly due to limited bandwidth and the interoperability between systems. There is a 
drive to minimize the use of physical prototypes to the advantage of virtual prototypes, 
since physical prototypes are costly and time consuming, and simulations can be used to 
verify the design to a higher degree than before. However, physical prototypes are still 
used virtual prototypes in the detailed design phase at many companies.  

It is believed that in Functional product development companies collaborate in extended 
enterprises to supply a total offer. Design teams will be cross disciplinary, cross company 
and global in the extended enterprise. To support these teams a distributed design 
approach is necessary. The collaboration will be business-to-business with increased 
knowledge sharing and communication. The goal is to supply a functional product or a 
total offer, where companies collaborate in the extended enterprise to share risks and to 
focus on their core competence. In this more intense collaboration, better tools and 
methods are a necessity. Because companies are so geographically dispersed, tools for 
distributed communication are increasing in importance. 

Functional Product Development is a cross company and cross disciplinary effort that 
also contributes to the importance of sharing physical artefacts, since remote employees 
need to increase their understanding of the product. The presented tool for 
communication of physical artefacts can be used to create a shared understanding of the 
product.  

With the introduction of the mobile collaborative tool at LSH, the engineer can 
contact the technician, ask him to start a video conferencing session, have the meeting 
and solve the problems within a ten-minute timeframe. Without the tool, the same 
design issue including travel to the remote prototype could take up to two hours or 
more to resolve.  

The sharing of information is important for the success of a project. Application 
sharing enables technicians to view CAD data remotely with engineers and discuss the 
information either by telephone or the video conference system. Application sharing is 
also implemented in the wearable computer. Hence,  

the engineers can share their view of the virtual prototype (CAE model) 
simultaneously with the technician, who shares his view of the physical 
prototype with the engineer. 

This gives all members of the design team access to information regarding the project 
within minutes, without requiring them to relocate. The advantage for the technician is 
that he no longer has to explain to the designers what has gone wrong, but can simply 
show them. The engineer can decide if he needs to go to the workshop, with the 
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advantage of having all the information available to him at his desk or in the computer, 
e.g. post-it notes, Word documents, CAD models, catalogues. Still, he has the 
opportunity to relocate to the workshop if he deems it beneficial. Likewise, the 
technician does not need to rely on the next visit by the engineer to get the 
information he needs; he can simply contact the engineer at any time to invite him on a 
virtual visit to the workshop.  

Design reviews at the mock-up were usually overcrowded, with designers peering 
through manholes to get a glimpse of what was currently being discussed. The 
introduction of the wearable computer has changed these reviews, allowing everyone to 
get the same visual view of what is currently being discussed. The users can even look 
behind panels and view items normally hidden from their sight. Hence, a co-located 
design review can also benefit from the new tool. The distributed design reviews are in 
some ways better than being there [21]. The mobile collaborative tool enables users to 
do remote design reviews. Potentially, this might lead to the abandonment of the 
traditional co-located counterpart, since this method of remote collaboration is more 
time-efficient.  

5.1 Discussion of Appended Papers 

5.1.1 Paper A: Sharing the Unshareable – Distributed Product Review using 
Tangibles 

This paper is published in proceedings of the 2:nd International Forum on Applied 
Wearable Computing, IFAWC2005. 

5.1.1.1 Summary  

The paper presents a tool for first person conferencing, allowing users to share their 
view of the world around them with remote users around the world. The presented tool 
is based on a study of how physical prototypes are used at LSH.  

The paper describes the design requirements derived from the initial study and how 
the design requirements have been realized. A total of four prototypes were built 
ranging from a stationary computer with limited range to the final collaborative tool. 
The paper also reports on early observations of its use.  

5.1.1.2 Contribution to thesis   

This paper presents the initial findings from the first study at LSH, demonstrating the 
use of LSH mock-ups as an integral part of their product development process. The 
study of co-located design reviews gave valuable input to the design of a mobile 
collaborative tool. The development of four prototypes and the design rationale (see 
Table 2) are also presented.  
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5.1.1.3 Division of work between authors 

This paper was jointly authored by Mattias Bergström and Mathias Johansson, with 
editorial guidance from Peter Törlind. Mattias Bergström was responsible for the case 
study at LSH and the use and realization of the prototypes built with in the framework 
of that study. Mathias Johansson was responsible for the implementation of the video 
conferencing software used in the prototype.  

5.1.2 Paper B: Getting Physical – Interacting with Physical Objects in 
Distributed Collaboration 

This paper is published in the proceedings of the 15th International Conference on 
Engineering Design, ICED 05.  

5.1.2.1 Summary 

This paper presents the impact of a tool for distributed collaboration, allowing remote 
users to receive remote video and audio from a physical object. The new tools allow 
remote users to enter a first-person conferencing mode (the remote user does not see 
the remote collaborator, but shares his view of the world). The remote users can share 
their view of the virtual prototype.  

5.1.2.2 Contribution to thesis  

This paper presents the impact of the mobile conferencing tool on the design practice at 
LSH. Prior to the introduction of the tool, solving design issues without physically 
visiting the actual mock-up was difficult. This paper describes how the mobile 
collaborative tool enables virtual visits to a physical artefact. The mobile collaborative 
tool also provided support in a co-located setting, even enabling users to look behind 
panels and view items normally hidden from their sight.   

5.1.2.3 Division of work between authors 

This paper was authored by Mattias Bergström with editorial guidance from Peter 
Törlind. The study preformed at LSH was preformed by Mattias Bergström.  

5.1.3 Paper C: Functional Product Development – Discussing Knowledge 
Enabling Technologies  

This paper is submitted for publication.  

5.1.3.1 Summary  

This paper addresses the shift in industry towards functional product development. The 
selling of total offers places new demands on the product development process. The new 
Functional Product Development process considers new demands on the integration of 
processes between companies. The paper also presents demands on new tools to support 
functional product development. 
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5.1.3.2 Contribution to thesis 

This paper addresses the demands placed on enabling technologies to support 
Functional Product Development. Functional Product Development is a cross company 
and cross disciplinary effort that also contributes to the importance of sharing physical 
artefacts, since remote employees need to increase their understanding of the product. 
This paper also places my work in a more general industry context. 

5.1.3.3 Division of work between authors 

The basis of the discussions in Paper C comprises studies performed by Henrik 
Nergård, Åsa Ericson, Stefan Sandberg and Mattias Bergström. The ideas presented in 
the figures and discussions in the paper are based on a collaborative analysis of our 
material. Peter Törlind and Tobias Larsson have contributed to the discussions. 
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6 Conclusions
This chapter discusses the impact of my research. 

There has been a strong move towards increasing computer simulations as they become 
better and more exact. However, there has always been a belief that computer tools and 
digital media will supersede the tangible counterpart. Based on the studies at Land 
Systems Hägglunds I believe that neither simulation nor Virtual Reality will fully take 
over the role of physical prototypes, though some will continue to build rough physical 
prototypes and others will use virtual prototypes and simulation to optimize their 
product and build prototypes as a validation tool. 

Physical artefacts still play a predominant role in the product development 
process, even though virtual prototyping is used in everyday operations. The 
tangibility of physical artefacts makes them easy to use in design discourse 
(e.g. in design reviews, prototype evaluation). 

There are however few tools that can convey physical artefacts between distributed 
collaborators. This thesis presents a solution that can be used to convey the visual 
properties of a physical artefact to remote users.  

6.1 Contribution of research  

The possibility to do virtual visits to the workshop significantly simplified the design 
discourse when the design engineers at Land Systems Hägglunds discussed the 
prototype. 

The research question was stated as 

Which types of technologies are needed to convey physical artefacts in 
synchronous global collaborative design? 

The mobile collaborative tool can be used to convey visual properties of physical 
artefacts, but not the tangibility (i.e. weight properties) and other senses of value for 
some scenarios.  
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6.1.1 Academic Contribution 

This research realises a tool to convey the visual properties of a physical object (e.g. 
mock-ups) in global collaborative design. The research has also increased the knowledge 
of how tools and methods for global collaborative design affect the design performance, 
and shows why and how artefacts (e.g. mock-ups) can be used in design.  

In Design Research Methodology proposed by Blessing et al. [26], the criterions are 
used to validate the research. Design requirements (section 2.3.3) were chosen instead of 
criterions. The design requirements (shown in italic) and the validation of the design 
requirements follow;  

Local users must be able to share their view of the physical artefact with remote users. The
proposed tool supports first person video conferencing; specifically, users are able to 
share their view of any physical object. This requirement is, however, self-fulfilling 
since this was the main reason that the mobile collaborative tool was built.
The node must enable virtual visits to the mock-up, at any time from anywhere. This
requirement is fulfilled to the extent that a virtual visit only comprises visual view 
and audio. It is not fulfilled if the feeling of being there or tangibility, such as 
weight of objects, etc., is considered as a requirement. Since the tool utilize an IP 
based conference software the visual and audio visit can be done from anywhere in 
the world where sufficient network is available.
It must enable the sharing of digital information (i.e. drawings, CAD-models, documents) 
between users. The capability to run application sharing (VNC) along side the video 
conferencing software enables the sharing of any digital information from remote 
users. However, no particular effort was made to study the usability of the 
information, only that it is displayed in an HMD with limited resolution and is not 
regarded as an optimal display to show, for instance CAD data. 
It must be easy to use. The introduction of the system was a success, all users 
perceived it fairly easy to use and LSH decided to purchase the system. The user 
only needs to start the computer and a video conferencing session automatically 
begins by default. The user interface was reduced to a one button interface to 
operate the different modes of the system. 
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6.1.2 Industrial contribution 

After case study II was concluded, LSH found that the mobile conferencing tool was an 
efficient method of working, and the mobile collaborative tool was consequently 
commercialized by the author into mNode. A fifth design iteration was performed and 
the results from the case study II were used to further improve the prototype into a 
commercialized mNode system. The main improvement was a new headset optimized 
for harsh environments, a new video capture device and component integration. 

The generality of the tool could be discussed, with the tool enabling distributed 
design reviews at Land Systems Hägglunds and can be used in any industrial application 
where visual properties of physical objects need to be conveyed to remote users. As the 
tool can be used anywhere sufficient network is available, a number of different user 
scenarios might be interested in using the tool. There are requests from several different 
areas, such as expert support to hydropower maintenance personnel, support for medical 
staff and decision support for product development.  
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7 Future Work 
This chapter will discuss future work.  

The use of artefacts in design is a big area, and there are certainly areas the author has 
not yet fathomed and consequently, not yet begun to explore. With the proposed tool, 
the sharing of an artefact’s visual aspects can be achieved, but more senses are used than 
the visual when examining an object, e.g. tactile properties. Just seeing the physical 
objects is sometimes not enough, because the user might need additional information, 
such as weight of objects, friction between objects. Sharing tactile properties remotely is 
still difficult. Adding these types of modalities could potentially be beneficial in many 
settings. As future research, the author aspires: 

to explore how different modalities affect the design process when interacting 
with physical objects and how you can convey a physical artefact with the 
necessary properties in distributed collaborative design. 

The future studio, described in Larsson et al. [80], will form the basis for research done 
in the field of Distributed Collaborative Engineering at Luleå University of Technology. 
It is in the process of being built and will incorporate a versatile space for design studies; 
in particular, the study of geographically dispersed teams. The new studio will have two 
separate team spaces, so that the researchers can conduct experiments on teams 
simulating geographical dispersal. In this studio, the researchers can rapidly evaluate and 
test new tools and methods, where the researchers will be able to fully control the 
environment. This will be a good complement to the company case studies where we as 
researchers only observe scenarios as they unfold. 
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Abstract. Due to the ongoing globalization of businesses and the collaboration 
occurring between geographically dispersed organizations, distributed 
collaborative work using computer based support tools becomes increasingly 
important. When trying to perform design work while relying heavily on the 
use of physical artefacts such as early mock-ups, a need to share the 
unshareable, i.e. physical objects, will inevitably occur in a distributed setting. 
In an attempt to realize this, the authors studied a design team during their 
design reviews where a physical mock-up was used. A wearable conferencing 
unit (the Boblebee computer) was then developed to give remote collaborators a 
first person view of the mock-up using a head mounted video camera. With the 
Boblebee computer, remote collaboration with large tangible objects can 
successfully be realized. This paper relates experiences from the design of the 
system, and reports on early observations of its use. 

1 Background

Globalisation is frequently used as a term to describe the trend of doing business 
globally. Product development in a global context requiring intense collaboration is 
standard practice in most industries today, and includes all parts of the product 
development process, such as brainstorming, concept generation, detailed design, 
manufacturing and support. Throughout these processes different collaboration tools 
are used, including telephone conferences, video conferences, shared applications, e-
mail, ftp, shared databases and portal solutions for communicating and sharing 
information. 

In product development the common view/common ground of the design artefact is 
very important; traditionally a physical mock-up was used where designers could 
manifest the design and use it for design review. Today, Digital Mock-Up’s (virtual 
presentation of the product) are slowly becoming established as best practice. 
Computer based models are removing the need for many physical mock-ups, though 
they are still being used, i.e. people need to interact with the product by, for example, 
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seeing if they can reach an interface in a vehicle or feel the texture of the product. 
Many research projects have tried to enhance the virtual model by introducing 
haptics, stereoscopic rendering, etc., but these solutions are cumbersome and difficult 
to use in a collaborative setting, since the head mounted displays, stereo glasses and 
haptic interfaces prevent easy access to standard design tools, such as documents, 
telephones and other people in the room [1]. 

Physical mock-ups are still important in the product development process. Physical 
objects provide a rich source of information and can be more useful than other more 
abstract forms of product information [2] as well as enabling the design team to 
discuss the product and share the same perspective. Unfortunately, physical objects 
live in one place [3] and their sharing in distributed groups is a great challenge.  

2 Objectives  

The goal of the research presented in this paper is to enrich the design process and 
assist designers in their work to be more effective by introducing a computer tool as a 
means of communicating tangibles in their work, e.g. to interact with a large physical 
mock-up of a vehicle in a remote work shop. The design of the system is based on the 
actual needs of the designers at the company.  

The results are based on a study conducted of a design team at Land Systems 
Hägglunds AB that often use a full size mock-up of a combat vehicle in their design 
meetings. However, due to space constraints at their main office, some team members 
were forced to move to another site, prompting the introduction of several computer 
supported collaboration tools to support the collaboration between the design teams. 
With the introduced tools, conducting formal meetings and sharing documents and 
digital mock ups of the vehicle could be easily done. However, working with a 
prototype is an integrated part of the design process and enhancing the distributed 
collaboration with virtual “visits” in the remote physical prototype is desirable. 

By studying how co-located users worked at the physical prototype, a system was 
designed enabling this type of work from a remote setting, this system was designed 
and tested in four design iterations with inputs both from actual use of the system with 
design engineers at the company and technical testing.  

The goal of the case study was to investigate how a co-located design meeting at 
the prototype was done and attempt to recreate the same experience in a distributed 
setting. Drawing from the concept of ethnomethodology [4], it was important to try to 
understand things in the context in which they occur without making assumptions 
about what modes of communication could be useful for successful collaboration. The 
study was performed using ethnographic methods such as observations, field notes 
and videotaping. The testing of the concept systems was recorded via the hand held 
video camera, and comments from the video were transcribed and analysed.  



3 Related Work

To prepare for the research, the concepts of design, grounding, use of video for shared 
understanding and the use of a head mounted camera have to be expanded upon. 

3.1 Design and the Concept of Grounding 

Given that design is not just a systematic method, but also a social activity, creating a 
consensus, i.e. a shared understanding, is then important for the design team. A team 
that does not reach a consensus does not work as a team, but rather as a set of 
individuals working towards their separate goals without a common agenda. 
According to Bucciarelli design is: 

“…as much a matter of getting different people to share a common perspective, to 
agree on the most significant issues, and to shape consensus on what must be done 
next, as it is a matter of concept formation, evaluation of alternatives, costing and 
sizing.” [5] 

Arias et al. also stress the importance of a shared understanding 
 “Bringing different and often controversial points of view together to create a 

shared understanding among stakeholders can lead to new insights, new ideas and 
new artefacts” [6]. 

The term grounding refers to the mutual understanding between conversional 
participants, ensuring that what is communicated is also correctly understood. 
Physical objects can provide assistance with the crucial concern of successfully 
negotiating a shared understanding of the design and task [7].  

Due to the importance of physical objects in design, the sharing of physical objects 
within distributed teams is necessary. Larsson [8] found it appealing to provide global 
design teams with collaborative environments that allow the team to successfully 
negotiate a shared understanding of a physical prototype.  

3.2 Using Video for Sharing Tangible Objects 

Videoconferencing is a common tool used for collaboration and a natural starting 
point when working with tangibles. Conferencing is usually done from specialised 
conference rooms and used mostly for formal meetings. Systems built for an ordinary 
desktop computer has the advantage of being used at any time and does not require a 
system built specifically for videoconferencing. 

Research within the DTI-project [8,9] showed how global design teams do not 
have any shared space for physical artefacts. The team studied worked in a global 
product development project concerning the novel design of a new pedal system. The 
distributed team (Luleå, Sweden and Stanford, USA) used videoconferencing for 
brainstorms, formal meetings, etc. During the project the team built many hardware 
prototypes and could easily share the geometry of a pedal concept (using a shared 3D-
modelling tool), but could not share the “feeling” and “experience” of driving with 
these pedals without having physical prototypes at each site. If the physical object 
was small, it was moved to the conferencing room, but if this was not possible (i.e. 



pedal concept mounted in a car), videotaping the prototype and sharing the video clip 
via a video server was the solution. This type of communication shares information 
about the artefact and its use, but supports no interaction.  

Videoconferencing is normally done by using one camera and sending the video 
signal to the remote participant where the video is rendered on a two-dimensional 
display. The viewpoint of the camera from this approach is fixed. By controlling the 
pan/tilt/zoom of the camera, some conferencing systems facilitate changing the 
viewpoint by the remote participant. Other systems used several viewpoints from the 
same physical space (i.e. multiple video streams) [17, 18]. Yamaashi et al. [10] 
presented a system with multiple viewports, one wide angle (scene camera) and one 
controllable detailed view. The navigation was simplified by using sensors and a point 
to zoom interface. 

Stereoscopic videoconferencing can further enhance the view of tangibles. 
Johanson [11] proposed a system using a static viewpoint with only two cameras at 
each end. In the Office of the future vision, Chen et al. [12] presented a telepresence 
project with high-end 3D-conferencing utilising an array of cameras, depth 
acquisition and motion tracking to create a 3D-environment with a dynamic 
viewpoint. Office of the future is a mixed reality [13] concept where real world and 
virtual world objects are presented together on a single display,  

The commercially available Zaxel [14] system can be used for remote 
collaboration by using an array of cameras that create a virtual viewpoint where the 
user can chose their own (monoscopic) viewpoint. Billinghurst et al. [15] suggested a 
system based on the Zaxel imaging acquisition system, which augments the real world 
with video from a remote site.  

These systems with virtual viewpoints (office of the future and Zaxel) are 
technically interesting, but need several high-end computers to function and an array 
of stationary cameras at the remote site.  

Everitt et al. [3] presented “the Distributed Designers’ Outpost”, a system where 
tangible objects (i.e. Post-it notes) can be shared by a global design team. The system 
enables synchronous remote collaboration via two back screen projections, with one 
at each location. The designers use the screen to share tangible Post-it notes; a 
physical artefact at one side appears as a virtual object on the other screen. The 
system also enables a sense of presence as the shadows of the remote collaborators 
are displayed on the screen. 

3.3 Head Mounted Camera  

Another approach is to use computers (stationary or wearable) combined with a head 
mounted camera (HMC), either to augment the real world or to document or 
broadcast one’s own personal experiences. Steve Mann developed EyeTap [16] and 
described in Cyborg [17] how it can be used as a way of communicating. “While I am 
grocery shopping, my wife – who may be at home or in her office – can see exactly 
what I see and help me pick out vegetables” further “It allows the individual to fully 
enter – to communicate and be a substantive part of – the video graphic world of 
images that dominates everyday existence”.



Drugge [18] proposed the use of a wearable computer as a video conferencing 
node to share the experience of visiting a fair with remote colleagues. The user of the 
wearable computer allows remote participants to connect to the wearable device and 
communicate with the user and share the experience at the fair. They found that a 
single user at the fair could represent the research group situated at the home site, 
while the remote users experienced some sense of being at the fair. 

Several research projects have focused on assisting a user from a remote site 
[19,20,21] through the use of different types of HMC. Fussell et al. [22] clearly 
demonstrate the value of a shared view for remote collaboration of physical tasks, by 
comparing the communication between two subjects with a given task (assembly of a 
robot) in five media conditions, viz. side-by-side, audio-only, head mounted camera, 
scene camera and scene plus head cameras. The efficiency and communication was 
highest when side-by-side, and significantly higher with a scene camera and head 
mounted camera than with audio only. Fussell et al. [23] also showed that a remote 
controlled cursor pointer, visible in the head mounted display (HMD) further 
enhanced the collaborative process.  

Kurata et al. [24] compared remote assistance using a traditional HMD/HMC 
combination with a shoulder worn Wearable Active Camera/Laser (WACL), 
concluding that the WACL is more comfortable to wear, more eye- friendly and 
causes less fatigue to the wearer, though there is no significant difference in 
completion time. 

4 Interacting with the Physical Mock-up 

Situated in Örnsköldsvik, Sweden, the company Land Systems Hägglunds AB 
designs and manufactures military land systems such as tanks, tracked vehicles and 
turrets. The authors studied a design team and their work on the AMOS mortar system 
– a twin barrelled 120 mm mortar turret built as a module to be fitted on a variety of 
vehicles. The design team comprises of seven engineers and a mechanic working with 
the physical mock-up of the mortar system. Land Systems Hägglunds AB use a 
physical mock-up as a part of their design process; at the co-located setting, the 
design team gathered at the physical mock-up for design reviews. Such meetings were 
held at least once every week. 



Fig. 1. An Illustrated figure of a typical design review at the mock-up (for confidentiality 
reasons actual pictures from the mock-up can not be published) 

The entire design team meets for a design review at the mock-up every week, when 
the design and potential problems with the design are discussed. The mock-up 
supports the discussion by giving visual and tangible cues to the team members. 
Although the mock-up is a large object, it becomes crowded when the entire design 
team gathers around a specific object of interest, with some members usually getting 
their views blocked by either other members or by the panes of the mock-up itself. 
Hence, all team members cannot always participate in the discussion due to a lack of 
visual cues. Typically, the topics deal with how a specific detail should be built, if the 
passenger envelope is enough, if the space to fit a communication device or some 
other electronics is sufficient, issues of wire placement, etc. During the week the 
mock-up is used as a reference and to clarify any questions during the design. The 
design team needs a system to support this type of meeting from a remote location, 
since most of them are a 30-minute drive away from the mock-up itself. The time now 
spent on travel could instead be spent on design, thus speeding up the design process. 

5 Initial Demands on the Collaboration Tool

From the studies of the co-located design review the first demands of a tool to support 
remote collaboration with the mock-up was formulated. Initially, the goal was not to 
use a wearable computer, but to realize a collaboration tool that could communicate 
the visual cues given by a tangible to the remote collaborators. The system was 
intended to be a tool for a specific industry application, i.e. to be able to share and 
interact with a remote physical prototype in the design process. 

The system is also intended to support the product development process at Land 
Systems Hägglunds AB. Therefore, the focus has been on providing the design team 
with a tool to support the visual information from the mock-up and the visual cues 
between the team members as they examine and discuss the mock-up on site. The 
work is primarily concerned with a system to support the design team’s virtual visit to 



the workshop (where the mock-up is built and situated) and to support the 
collaborative work between the mechanic and the designers in the workshop.  

A visual communication system is needed to communicate visual information 
about the surrounding environment of a mobile user and to share the view of physical 
artefacts in that environment. The required functionality can be seen as a specialized 
form of videoconferencing; a live video signal is to be transmitted from the person 
using the wearable computer to one or more recipients, while one or more incoming 
video signals (optionally) are presented to the mobile user using some kind of head-
mounted display. Working with the prototype often involves being able to focus on 
specific details; therefore, a video conferencing system must support as high video 
resolution as possible (at least PAL quality video). The right lighting conditions are 
also necessary for the camera to capture the video accurately.  

Live audio (voice) should also be transmitted between the participants. Further 
requirements on the audiovisual communication system are:  

The network protocol IP (Internet Protocol) should be used to transport 
media signals over the Internet.  
The user interface must be easily customizable to fit the usage situation. 
Audio and video must be of sufficient quality for the intended usage 
situation. 
A reasonably lightweight software implementation must be possible on the 
wearable computer. 

6 The Conferencing Node 

As a part of the system development to fulfil the requirements, a total of four concepts 
were built and tested, each building on the experience and lessons learned from the 
preceding concept. The initial requirements were also altered and improved as testing 
of the concepts were conducted at Land Systems Hägglunds AB.  

6.1 Conferencing Software 

To realize the audiovisual communication needs, a commercially available 
videoconferencing system called Alkit Confero was used as a building block. Alkit 
Confero is a desktop videoconferencing system based on IP and RTP for media 
transport and SIP for session setup signalling. Since the source code of Confero was 
available to our developers, and since the user interface parts of Confero were written 
in the scripting language Tcl, customizing the GUI for the mobile application was a 
reasonable effort.  

Media Encodings 

Confero has a variety of media encodings to choose from. For the usage situation in 
this research, it was important to meet the audio and video quality requirements at a 



reasonable cost in terms of computational complexity and bandwidth requirements. 
Audio communication was rather simple here, and a wideband G.722.1 audio codec 
readily available in Confero was found to give satisfactory results. The video 
communication, however, required more careful consideration. Four different video 
codecs are available in Confero: JPEG, MPEG-2, H.264 and DV. A detailed 
description of these compression algorithms is beyond the scope of this paper, though 
some general observations can be pointed out. The H.264 codec can deliver high 
quality video at low bit rates, but at the cost of very high computational complexity. 
The JPEG codec, however, can deliver high quality video at low computational cost, 
though with significantly higher bandwidth requirements. The MPEG-2 video codec 
is somewhere in between the JPEG and the H.264 codec, both in terms of 
compression efficiency and complexity. The main advantage of the DV codec is that 
it allows transmission of high quality video streams at high bandwidths, directly from 
affordable digital cameras, without re-compression. JPEG and DV are less sensitive to 
packet loss compared to MPEG-2 and H.264, since they employ intra-coding only, 
and hence do not suffer from propagation errors. 

For our application, the selection of video compression algorithm was guided by 
the CPU performance of the wearable computer, the available network bandwidth and 
the requirements on visual quality that the application posed. Because the DV codec 
is very bandwidth demanding (25 Mbps) and the transcoding from DV to another 
compression introduces high computational complexity (and coding delay), the DV 
codec was ruled out. A performance analysis was conducted to find out the CPU and 
bandwidth requirements for the three remaining codecs: JPEG, MPEG-2 and H.264. 
The results are shown in Figure 2. 
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Fig. 2. Bandwidth requirement and CPU utilization for JPEG, MPEG-2 and H.264 respectively 

The performance analysis was performed by running Confero on a 2.8 GHz 
Pentium 4 computer and measuring the bandwidth and CPU consumption, while 
keeping the subjective video quality constant at an acceptable level for the intended 
application. The measurements were performed using three different video frame 
sizes: 192x144, 384x288 and 768x576. The bandwidth measurements correspond to a 
frame rate of 25 frames per second (fps), while the CPU utilization measurements 
were recorded at a frame rate of 5 fps. (This was done because the CPU could not 
sustain 25 fps for the H.264 codec at the highest resolution.) It is evident from Fig. 2 



that the JPEG codec is the most attractive in terms of computational complexity, with 
the H.264 codec clearly providing the best compression performance. Since the 
available bandwidth in the network to be used for our particular application is 
generally high, and the CPU on the wearable computer is limited to 2.1 GHz (Pentium 
M), it was concluded that the JPEG codec is in most cases the most useful video 
coding. In situations when the network bandwidth might become more restricted, the 
MPEG-2 codec is a viable alternative. The H.264 codec was seen to be too 
computationally expensive, especially since a high spatial resolution (i.e. 768x576) is 
needed for the video in most situations. 

6.2 User Interface Customization 

As previously mentioned, the GUI of Confero is written in Tcl/Tk [25]. Tcl/Tk is a 
“quick and dirty” scripting language, ideal for rapid prototyping of graphical user 
interfaces. Because a mouse and keyboard are inconvenient when using a wearable 
computer, the Twiddler (a combination keyboard and mouse that fits in the palm of 
your hand) was presented as an input device. Lyons et al. [26] stated that it takes an 
average user 25 hours of practice to use the Twiddler. However, the users did not find 
it to be a helpful tool for this application. The traditional WIMP (Windows, Icons, 
Menus and Pointing device) user interface model was abandoned, and a single toggle 
button was instead chosen as the main input device. Due to the limited size of the 
head-mounted display, full-screen renderings of the video signals and shared 
applications (such as CAD systems) were sequentially switched between using the 
toggle button. 

6.3 Session Setup 

To simplify the setup of a conference session, the media streams are always sent 
through a reflector, regardless if two or more participants are in the conference. The 
conferencing system on the wearable computer was preconfigured to connect to the 
reflector at the startup and set up the session using SIP (Session Initiation Protocol) 
signalling [27].  

6.4 Application Sharing 

Besides video communication, the system also supports the sharing of applications, 
through a shared view of a 3D geometry model in a CAD system, or some other 
visualization system. The application sharing tool integrated into Confero is based on 
the VNC software, originally designed for remote control of a computer. On the 
wearable computer, the mobile user can toggle between full screen renderings of the 
transmitted and received video signals, and a full screen rendering of a VNC window 
with a shared application.  



6.5 The Wearable System  

All concepts consisted of a computer, head mounted display, camera, headset and 
videoconferencing software. Commonalities between the concepts were the software 
used (Alkit Confero) and the HMD (MicroOptical SV-6).  

Two kinds of camera configurations were tested. The first camera was mounted on 
a pair of glasses; the advantage being that the person wearing the equipment had both 
hands free and could use them as if he had no additional equipment. The camera was 
supplemented with a laser pointer to indicate where the camera was pointed and to 
provide a pointer for the user as he shifted the attention of the remote users to discuss 
a certain object of interest. Without the laser pointer the user needed to reach over and 
point to the object, thereby obstructing the view of the remote collaborators. The 
second camera was an ordinary, off-the-shelf DV-camera. This option offered an 
unexpected advantage, namely making it possible to put the camera behind panes and 
other obstacles, enabling the team members to discuss parts of the vehicle that were 
usually not visible due to obstructing panes of the mock-up. The advantage of being 
able to view behind panes with a handheld camera was found to dominate the 
disadvantage of not having both hands free.  
The wearable computer did not have to be equipped with any specialized hardware 
due to Confero being a software-only system, except initially for a PCI-based video 
grabber board (Matrox Meteor II) to digitize an analogue video signal. This was 
subsequently replaced with a USB-based analogue to digital conversion device 
(GrabBee X). The IEEE 1394 interface was also tested, but because an analogue 
head-mounted camera was chosen, the USB device was still needed. The handheld 
DV camera was used to complement the head-mounted camera. Analogue input was 
preferred due to the ease of switching cameras during the session, when the user can 
choose to transmit the signal from the hand held DV camera or put it away and 
continue by transmitting the signal from the camera mounted on the bow of the 
spectacles.

Concept 1: The Barebone 

Since the videoconferencing software demands high CPU utilization, the first concept 
was built on a small form factor stationary computer (operating on a Pentium 4 
3.4GHz). The goal of this concept was proof of concept; is it feasible to use video 
conferencing in the workshop work for a distributed design review. The system 
consists of two main parts, i.e. the wearable unit and the computer. The wearable unit 
consists of the HMD and a camera mounted on the bows of a pair of spectacles and a 
headset, all of which were connected to the stationary unit (i.e. computer) via a cable. 
However, due to the cable, the system had a range of approximately ten meters and 
the system turned out to be cumbersome to work with as the cable was dragged 
around on the cluttered workshop floor, allowing for the possibility of it becoming 
entangled in something on the floor or inside the mock-up. Its limited range was also 
a disadvantage.  



Concept 2: The Light Weight Laptop  

Due to the difficult mobility with the barebone, a wearable computer using an 
IEEE802.11a wireless network was built. This concept consisted of a light weight 
computer (Pentium M 1.2GHz) mounted in a backpack, leading to serious overheating 
problems and insufficient cooling. However, the functionality of the wearable 
computer was much better than a stationary due to the ease of mobility in and around 
the mock-up. Still, there was a need for a faster computer to achieve full frame rate 
and quality of the video.  

Concept 3: The Performance Laptop 

The next concept was also laptop based (Pentium M 1.7GHz), but mounted on a 
rucksack frame for heat dissipation. The computing capabilities were enough for the 
application, though a laptop mounted in this manner is not feasible in an industry 
application due to its vulnerability if the user hits something inside the mock-up.  

Concept 4: The Boblbee Computer 

The final concept, Figure 3, combines the best qualities of the previous systems. To 
accommodate the need for a protected computer a hard shell backpack (Boblbee 
Peoples Delight) was used. To optimise the cooling a customised system was built on 
a micro-ITX motherboard with a Pentium M 765, chosen due to its low power 
consumption. The hard shell of the backpack became the case for the computer with 
fans mounted inside for heat dispersal. To accommodate glass-wearing users the 
camera and HMD are mounted on the headset instead of on a pair of spectacles. The 
headset used in previous concepts was replaced with a professional type headset to 
accommodate the HMD and head mounted camera/laser. The new headset also 
protected the user from unwanted noise coming from the workshop.  



Fig. 3. The Boblbee Computer, left picture: close up on the head worn equipment. Right 
picture: The wearable computer in use at a mock-up

7 Evaluation of the System

It was found that the system could be run under three modes of operation: 
collaborative mode, tangible sharing mode and application sharing mode. 
1. Collaboration - remote video to the HMD: 

The system could be used as a video conferencing tool, enabling users to 
communicate via audio and video for discussions and to communicate visual cues. 

2. Sharing of the tangible object - local video from camera to HMD:  
The camera is pointed at the tangible object, i.e. the mock-up, letting the users 
share the view of the object and discuss it as they would if they were co-located. 

3. Sharing of virtual documents:
The tool can also support the sharing of applications normally run on a remote 
desktop computer (e.g. CAD-data, drawings, etc.). The design team found it useful 
to share and discuss the CAD models of the mock-up with the mechanic. 

Due to the simplified UI of the wearable system the user could instantly switch 
between these modes using a toggle button, figure 4 gives an example of what is 
shown in the HMD.  



Fig. 4. The three modes of operation, from left to right; the transmitted video, the received 
video (remote collaborator) and CAD data received via VNC 

8 Conclusions

A design review at the mock-up was usually overcrowded, with designers peering 
through manholes to get a glimpse of what was currently being discussed. The 
introduction of the Boblebee computer has changed the reviews, allowing everyone to 
get the same visual view of what is currently being discussed. The distributed design 
reviews are actually better than being there, as Hollan and Stornetta discussed in their 
article of the same name [28]. It is here thought that a collaboration tool successfully 
supporting remote collaboration this way will lead to the traditional co-located 
counterpart being abandoned, since this method for remote collaboration is better and 
more efficient.  

The handheld camera, though having the disadvantage of occupying one hand, 
gave an unexpected advantage, i.e. the ability to see what otherwise cannot be seen 
behind the panes of the mock-up. The head mounted display’s primary use is showing 
the mechanic exactly what is transmitted to the designers. The introduction of a head 
mounted camera combined with a laser pointer has the advantage of allowing the 
mechanic to use the head mounted display to view other information than what is 
transmitted, e.g. CAD data. The laser pointer enables the mechanic to use the real 
world as a display, as is indicated to him by the red dot on what is transmitted to the 
designers.

The conference node is not intended as an assistance tool for augmented reality 
(AR) [29], thereby adding to the mechanics experience by enriching the real world by 
overlaying virtual objects. However, the authors acknowledge that AR can be 
introduced in this system. The system supports virtual data through VNC embedded 
in the conferencing software, Alkit Confero. This enables the designer to share his 
virtual data with the mechanic as the mechanic shares his real world visual cues of the 
mock-up. The sharing of CAD data with the mechanic also speeds up the design 
process, since the mechanic previously had to examine drawings sent to him to 
understand what to do next. 

Confero can easily handle several video streams permitting a remote controlled 
‘scene camera to be easily implemented. This was not implemented during testing and 
might not be as useful as reported by Fussell et al. [22], due to most of the 



communication being performed inside the mock-up where the view from the camera 
will be blocked by the mock-up itself. The camera would have the same poor view as 
most designers had before the system was introduced. Land Systems Hägglunds AB 
found that the system enriches their collaboration so much that they will use the 
system on a daily basis, as well as desiring their collaborating partner companies to 
invest in a compatible system so that the collaboration may flow as easily as the 
internal collaboration. 
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GETTING PHYSICAL – INTERACTING WITH PHYSICAL 
OBJECTS IN DISTRIBUTED COLLABORATION 

Mattias Bergström, Peter Törlind 

Abstract
Due to the ongoing globalization of businesses and the collaboration occurring between 
geographically dispersed organizations, distributed collaborative work using computer-based 
support tools is becoming increasingly important. When trying to perform design work while 
relying heavily on the use of physical artefacts such as early mock-ups, a need to share 
physical objects will inevitably occur in a distributed setting. In an attempt to realize this, the 
authors studied a design team during design reviews in which a physical mock-up was used. 
The study of co-located design reviews gave valuable input to the design of a wearable 
conferencing unit. The system allows remote collaborators a first-person view of the mock-
up. The paper also discusses how the design process changed when distributed reviews were 
used. With the new tools, the remote engineers can share their “virtual” CAD data 
simultaneously with the mechanic situated at the prototype, who shares his “physical” data 
with the engineers. The new tools also provided support in a co-located setting, even enabling 
users to look behind panels and view items that are normally hidden from the user’s sight. 

Keywords: Distributed collaboration, collaborative design tools, globalisation, physical 
artefacts and video conferencing. 

1 Introduction 

The design of complex products is an increasingly collaborative task among engineers 
working in teams. There is a growing demand in industry for the ability to work in teams and 
in close collaboration with experts and colleagues dispersed around the globe. Traditionally 
distributed collaborative work is performed via teleconferences, videoconferencing, e-mail, 
etc. and travel to the remote partners. When collaborating at a distance, all aspects of the work 
must be preformed to some extent. Due to the limitations of distributed collaboration tools, a 
distributed team cannot work as co-located teams. Unfortunately, physical objects live in one 
place [1] and sharing them in distributed groups is a great challenge. 

In a co-located project, the team is rarely confined only to their office or a specific team 
space. The team can change location or visit the machine shop or prototyping area. Artefacts 
(e.g., objects, prototypes, or mock-ups) are often used to convey thoughts and ideas. Small 
artefacts are usually brought to the team space while larger and heavier artefacts, considered 
unpractical to move, force the design team to relocate the meeting to the object. 

When a design team works in a global setting, problems of conveying the artefact exist. 
Synchronous meetings in distributed teams can be held using telephone conferencing or video 
conferencing, these meetings are normally held in specifically designed conference rooms. In 
a videoconferencing session, smaller artefacts can be conveyed to the remote team members 
by displaying them in front of the camera. Visiting a workshop to view a large item such as a 
mock-up has yet to be explored. Mobile solutions for videoconferencing exist; i.e., PDA with 
conferencing software [2] and third-generation mobile phones. However, these solutions have 
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poor frame rate and quality and are inadequate for conveying artefacts. Other technical 
solutions are used to recreate a physical object in another place; e.g. augmented virtual reality, 
3D scanning or multiple cameras and advanced image reconstruction. These solutions are 
presently stationary and very complicated to manage and are therefore not considered useful 
in industry today. 

This paper presents tools and methods for interacting with large prototypes in distributed 
collaborative work.

2 Related work 

Even though the modern computer tools can be used to visualise the complete product [3], the 
tangibility of a mock-up is still preferred at some stage of the product development process. 

2.1 Artefacts in Design 

In The myth of the paperless office, Sellen and Harper [4] describe paper versus its digital 
media counterpart. It was believed that with the introduction of the computer to the office, 
paper would become obsolete, since all documents could be accessed through the computer. 
But it seems that, with the introduction of the computer, paper has been used to an even 
greater extent. The advantage of paper over a digital document is that it is easily manipulated 
and tangible. Reading a paper is often preferred to reading a computer screen. The same 
argumentation can be used when it comes to computer models of a product. 

Otto et al. [5 p. 834] define a prototype as “a physical instantiation of a product, meant to be 
used to help resolve one or more issues during the product development”.  Prototyping cycles 
offer an opportunity to bring together the various functions, determine the progress made to 
date and consider how alternative solutions might play together. [6]. As Ulrich and Eppinger 
[7] state, prototypes are used for four purposes; 

Learning – Prototypes are often used to answer questions such as “will it work?” and 
“does it satisfy the needs of the customer?”  
Communication – Prototypes enrich the communication of a project, especially for 
people on the outskirts of the project. The visual and tactile, three-dimensional 
representation of the prototype makes the concept much easier to understand.  
Integration – Prototypes are also used to ensure that components and subsystems fit 
together and work as intended.
Milestones – Particularly in the later stages of product development, prototypes are 
used to prove that a desired level of functionality is achieved.

Larsson further stresses the importance of objects; the built-in versatility in physical objects 
can be used as “shared objects to think with” [8]. Various objects can be used to explain a 
concept or idea. The object itself does not need to be the finished product, but it still inspires 
the design team to imagine the finished product. Due to the importance of physical objects in 
design, the sharing of physical objects within distributed teams is necessary. Research within 
the DTI-project [8, 9] showed how global design teams do not have a shared space for 
physical artefacts. The team studied worked in a global product-development project 
concerning the novel design of a new pedal system. During the project, the team built many 
hardware prototypes. If the physical object was small, it was moved to the conferencing room, 
but if this was not possible (i.e., pedal concept mounted in a car), videotaping the prototype 
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and sharing the video clip via a video server was the solution. This type of communication 
enables sharing of information about the artefact and its use, but supports no interaction. 

When following the design of components for trucks, Axelsson [10] pointed out the 
importance of physical objects. In co-located meetings, the team often went out to the 
workshop to inspect a stamping tool or analyze problem areas in the production process. To 
some degree, these issues could be solved in a distributed meeting by using a camera to 
document a specific issue before the meeting and send the photo to all participants before the 
meeting. However, the comprehension of the problem was much better when the team visited 
the workshop.

Harrison and Minneman [11] conducted a study on how objects or early mock-ups are used in 
conceptual design. They found that objects give the designers information that cannot be 
gained or is difficult to gain in other ways than to build and test certain concepts. Physical 
mock-ups are important in the product development process. Objects provide a rich source of 
information and can be more useful than other more abstract forms of product information, as 
well as enabling the design team to discuss the product and share the same perspective, to 
create a common ground. 

2.2 Common ground 

The term grounding refers to the mutual understanding between conversional participants, 
ensuring that what is communicated is also correctly understood. Physical objects can provide 
assistance with the crucial concern of successfully negotiating a shared understanding of the 
design and task [12]. According to Bucciarelli, design is 

 “…as much a matter of getting different people to share a common perspective, to agree on 
the most significant issues, and to shape consensus on what must be done next, as it is a 
matter of concept formation, evaluation of alternatives, costing and sizing.” [13] 

Arias et al. also stress the importance of a shared understanding. 

 “Bringing different and often controversial points of view together to create a shared 
understanding among stakeholders can lead to new insights, new ideas and new artefacts”
[14].

Perry and Sanderson [15] found that sketches and other physical artefacts are often used to 
create a common understanding. Without a shared understanding of the task, the design team 
has little or no chance of success. The shared understanding can be reached through many 
things, but objects that support the ideas a team member is trying to communicate can be very 
important tools. CAE and CAD software also play a prominent role in engineering and design 
projects. They can act as a physical object does and, as a way of communicating thoughts and 
ideas, CAD models are more exact than the random physical object described by Larsson [8]. 
Though CAD models do give the design team something to discuss and form consensus 
about, the tangibility of a physical object is more easily communicated.   

2.3 Mobility

Synchronous communication between distant team members is traditionally carried out from 
fixed locations; video conferencing is done from a conferencing room or from the team 
member’s desktop machine. Few communication tools allow for user mobility. Luff and 
Heath [16] classify mobility in three different categories: micro mobility, local mobility and 
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remote mobility.  Micro mobility is when an artefact can be mobilized and manipulated in a 
circumscribed domain, such as by moving a document or a handheld device so that another 
person can see the context. Local mobility refers to moving within the company, e.g., visiting 
another office or going to the coffee machine. Systems that support local mobility are usually 
interconnected using wireless LAN technology, or by direct interaction between wearable or 
otherwise mobile devices. Remote mobility is when geographically distributed users interact 
with each other over a distance using communication technology. Examples of remote 
mobility systems are third-generation mobile phones that support video calls, and in some 
cases, wearable computers if the network connection is sufficient.

Due to the limited size of its display, the mobile phone is best suited for synchronous voice 
communication and simpler asynchronous applications such as reading e-mail and SMS text 
messages. The limited bandwidth on video communication, even with the third-generation 
mobile phones, limits the usage of video for communication of artefacts. 

Johanson and Törlind [17] presented a framework for informal, spontaneous communication 
between mobile team members. These tools include meeting-scheduling tools, awareness 
tools that can be used to check if remote users are available for ad hoc synchronous 
communication sessions, and transition tools to initialise synchronous communication (i.e., 
conferencing).  

Wearable computing comprises a small body-worn computer that is always on and always 
ready and accessible. In this regard, the new computational framework differs from that of 
handheld devices, laptop computers and personal digital assistants (PDAs).[18] 

Some use the wearable computer as a communication tool. Steve Mann developed EyeTap 
[19] and described in Cyborg [20] how it can be used to aid communication. “While I am 
grocery shopping, my wife – who may be at home or in her office – can see exactly what I see 
and help me pick out vegetables.” Further, “It allows the individual to fully enter – to 
communicate and be a substantive part of – the video graphic world of images that dominates 
everyday existence”.

Drugge [21] uses a wearable computer at a public fair. Remote users can to some extent 
follow the person at the fair in a first-person perspective and interact with people at the fair 
via the wearer of the computer who is a mediator of the conversation. The wearer can even act 
as an expert in fields he knows nothing about through the help of remote experts that tell him 
the answers to any questions he may have or solve any problems he may face. 

Several research projects have focused on how a user can be assisted from a remote site [22, 
23, 24] using different types of head-mounted cameras. Fussell et al. [25] clearly demonstrate 
the value of a shared view for remote collaboration of physical tasks. Fussell et al. [26] also 
showed that a remote-controlled cursor pointer, visible in the head-mounted display (HMD) 
further enhanced the collaborative process. 

3 Method

The method used in the research presented in this paper is based on descriptive/prescriptive 
studies similar to the Design Research Methodology of Blessing et al. [27]. This includes 
stages of description, followed by prescription with a second descriptive study used to 
validate the results of the prescription and description. The goal of the first descriptive study 
(section 4) was to investigate how a co-located design meeting at the prototype was realized 



5

and attempt to recreate the same experience in a distributed setting. In the prescriptive phase 
(section 5), a new tool for enabling distributed product review was built. The following 
descriptive study (section 6) considered the effects on the implementation of the new method 
and tools. 

Drawing from the concept of ethnomethodology [28], it was important to try to understand 
things in the context in which they occur without making assumptions about what modes of 
communication could be useful for successful collaboration. The study was performed using 
ethnographic methods such as observations, field notes and videotaping. The testing of the 
concept system was recorded via the handheld video camera at the mock-up and another 
video camera was set up at the collaborating site, either in a conference room or at the desk of 
an engineer. Comments and the course of events from the videos were transcribed and 
analysed.

The case study is based on a 6-month case study at Land System Hägglunds AB, situated in 
Örnsköldsvik, Sweden. The company designs and manufactures military land systems such as 
tanks, tracked vehicles and turrets.  The authors studied a design team and their work on the 
AMOS mortar system – a twin-barrelled 120 mm mortar turret built as a module to be fitted 
on a variety of vehicles. 

4 Co-located design review at Land System Hägglunds 

The design team of the studied project comprised seven engineers and a team of mechanics 
working with the physical mock-up of the mortar system. Due to space constraints at their 
main office, some team members were forced to move to another facility. The mock-up was 
built in a workshop at the main plant, 7 km from the city centre where the engineers were 
situated.

In the design practice at LSH, prototypes are built to verify the design. The main purpose is to 
make sure that every part fits together and works. Parts or subsystems do not always work as 
intended, which means that the engineers and the mechanics building the mock-up have to 
work in close collaboration with each other to solve any problems that occur. 

The prototype also gives the design team a physical mock-up that is an aid to discussing 
further improvements as the design progresses. The prototype also ensures the fit of 
subsystems. At least once each week, the entire design team (including the mechanic 
responsible for the assembly of the mock-up) gathers around the mock-up for a design review. 
A typical design review has an agenda consisting of current design issues. Usually, one 
designer is responsible for each point of the agenda and the other members advise him on how 
to resolve the issue in question. The mechanic also points out problem areas for the design 
team to discuss. Often, aspects regarding the interface between different subsystems may 
involve the entire design team. 

A difficulty occurs when the problem resides within the vehicle; due to space constraints, 
only one or two of the design team members can be inside the vehicle at the same time. The 
other team members are left outside and have to peer through openings and manholes. Since 
they have difficulty seeing the object of interest, they are not always able to follow the 
discussion and are therefore unable to contribute to solving design problems.  

Between these design reviews, the mechanics at the workshop may encounter problems that 
need attention. The mechanic will call the engineers to discuss the problems over the phone, 
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which is often an inadequate means of communication for describing the problem. To clarify 
the mechanical design and describe the problem, the mechanics sometimes fax visual 
information in the form of CAD images. In attempting to reach a common ground and solve 
the problem, these drawings and pictures are often hard to interpret. Explaining the problem 
usually takes too long or is too frustrating, so the issue is postponed until the next physical 
visit to the mock-up. 

As the LSH design team was used to working in close proximity to the prototype, going to the 
prototype was not a big issue. But when some of the engineers were located roughly 7 km 
from the prototype, visiting it took a lot of time. Visits to the mock-up usually took about two 
hours. Of that time, five to ten minutes where spent negotiating at the mock-up with the 
mechanic and other engineers, the rest of the time was spent travelling. Due to the fact that 
they had to travel to the mock-up site, the engineers had a tendency to accumulate problems, 
so that all problems could be addressed at the same time when visiting the workshop. Though 
postponed design issues were not documented, they could sometimes be forgotten. 

5 Design of the Mobile Conferencing Node 

The team needed some type of tool that could support the distributed design review (without 
relocating to the physical prototype). The overall goal was defined as: “a mobile 
collaboration tool for distributed design review”. From the first study, design requirements 
were derived. These requirements also correspond to the measurable criteria in the Design 
Research Methodology [27]:  

Local users must be able to share their view of the physical artefact with remote users.  
The node must enable virtual visits at the mock-up, at any time from anywhere. 
It must enable sharing of digital information (i.e., drawings, CAD-models, documents) 
between users. 
It must be easy to use.  

The detail design of the mobile conferencing node is further described in Bergström et al. 
[29], the following sections briefly describe the design rationale used. 

5.1 Sharing the view of the physical artefact 

To conduct a distributed design review the tool had to be mobile, so the user could move 
around freely in the workshop. Arrangements with fixed cameras or cameras with cables were 
therefore inadequate. A mobile solution involved some type of computer, display and camera. 
The solution had to be accessible without interfering with normal work (in essence, a 
wearable computer). By utilizing a wireless network, the user was able move around freely 
within the reach of the wireless network. The solution had to be robust, so the user could 
interact inside the prototype without damaging the communication equipment; therefore, the 
computer was mounted in a hard-shell backpack. 

Different types of cameras were tested and the final design of the wearable computer had two 
cameras: 

The first camera was mounted on the headset, giving the remote users the same view 
(first-person view) as the user at the mock-up, the advantage being that the person 
wearing the equipment had both hands free. The camera was supplemented with a 
laser pointer to indicate in which direction the camera was pointed. The laser also 
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provided a pointer; without the laser pointer the user needed to reach over and point to 
the object, thereby obstructing the view for the remote collaborators. 
The second camera was an ordinary, off-the-shelf DV camera. This option offered an 
unexpected advantage; namely, making it possible to put the camera behind panes and 
other obstacles, enabling the team members to discuss parts of the mock-up that were 
invisible due to obstructing panes. The advantage of being able to view behind panes 
with a handheld camera was sometimes found to be more important than having both 
hands free. 

The user could choose to transmit the signal from the handheld DV camera or transmit the 
signal from the camera mounted on the headset. For display of the remote video from the 
other users, a head-mounted display (HMD) was used and mounted on the headset, which also 
protected the user from unwanted noise coming from the workshop. The mobile conferencing 
node can be seen in Figure 1. 

Figure 1: The wearable computer in use 
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5.2 Enable virtual visits 

Communication between the workshop and one or several remote users should be easy; 
therefore, a commercially available video conferencing system, Alkit Confero, was used. This 
is IP-based conferencing software that supports point-to-point conferencing as well as 
multipoint conferencing with audio and video. By using multicast, any number of users can 
connect to the mobile conferencing node from any computer with proper software installed. 

5.3 Sharing of “virtual” information 

In the design reviews, it is important that everyone in the team can participate in the 
discussion and share important information with all other members of the design team. The 
mechanics can view CAD models remotely by sharing an application, i.e., a CAD program. 
Together, they can discuss different design issues and clarify the design.

5.4 Ease of use 

One important issue was the ease of use; the system had to be as simple as possible to use. 
Wearable computers normally have a general input unit, a combination of a miniaturized 
keyboard and mouse e.g., Twiddler. With such devices, the wearable computer is more 
flexible. However, it takes time to learn to use these devices [30]. 

The system had to support three basic modes of operation: collaborative mode, tangible 
sharing mode and application sharing mode.

Sharing of the tangible object - local video from camera to HMD. The camera is pointed at 
the tangible object, i.e., the mock-up, letting the users share the view of the object and discuss 
it as they would if they were co-located. The main purpose of the wearable computer was to 
give the remote partner a view of objects. 

Collaboration - remote video to the HMD.  The system could be used as a videoconferencing 
tool, enabling users to communicate via audio and video for discussions and enabling the 
remote partner to communicate visual cues, Figure 2. The drawback of the system is that it is 
hard for the user of a wearable computer to use the tool to make himself visible to the remote 
partner.

Sharing of virtual documents. The tool also supports the sharing of applications normally run 
on a remote desktop computer (e.g., CAD-data, drawings, etc.), see Figure 2. 

Figure 2: The three modes of operation, from left to right: the transmitted video, the received video (remote user) 
and CAD data received via VNC. For reasons of confidentiality, actual pictures from the mock-up cannot be 

published; hence, all pictures are illustrated or taken outside Land Systems Hägglunds AB. 
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A simplified user interface of the conferencing system was developed to switch between these 
modes. The user interface consisted of a single button that allowed the user to instantly switch 
between the modes. All modes are displayed in full screen in the HMD. 

6 Communication of Physical Objects in Distributed Design 

After implementing the mobile conferencing node at the workshop at LSH, the effects of the 
new tools and methods were studied. After a period of test and evaluation, the setup was used 
instead of visits to the workshop.   

The remote users visit the mock-up in a first-person perspective through the wearable 
computer; the wearer of the equipment takes the remote user on a tour of the mock-up and can 
discuss objects of interest, see Figure 3. 

Figure 3: Left, the wearable communication node in action. Right, the view from the remote site i.

A schematic figure of the setup can be found in Figure 4. The usage of the communication 
system can be divided into three distinct set-ups. In all set-ups, the mechanic is wearing the 
mobile conferencing node; 

1. Workshop – Office: The engineer sits at his desk and wants to communicate with the 
workshop. A session is started and the mechanic and the engineer can discuss matters 
of interest with the visual support from the mock-up and visual support from the 
engineer’s CAD data. 

2. Workshop – Conference room: The design team can assemble in a conference room 
and view the video. With a shared perspective, everyone can participate in the 
discussion.

3. Workshop – Workshop: A local conference is initiated. Persons at the workshop can 
view what is happening inside the vehicle while at the mock-up. This is somewhat like 
workshop-to-conference room; the difference is that it is less organized. 

i A video clip demonstrating a distributed design review, http://www.cad.ltu.se/media/GettingPhysical.wmv

http://www.cad.ltu.se/media/GettingPhysical.wmv
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Figure 4: Schematic illustration of the system in use over a multicast network. 

Sometimes, the set-up varied over time or was adapted to suit specific situations: 

Example 1: The mechanic has problems in fitting two subsystems. As he knows that one of the 
engineers just has finished the design of one of the systems, he gives him a call to discuss the 
problem. The engineer wants to see the problem for himself, so they start a videoconferencing 
session. The two subsystems do not fit together in real life. Together they view the CAD model 
to figure out what is wrong. The engineer shares his view of the CAD system with the 
mechanic. Via application sharing, the mechanic views the CAD model at the mock-up 
through the HMD. The engineer asks the mechanic to measure parts of each subsystem to 
figure out which subsystem does not correspond to the CAD model. They conclude that 
something must have gone wrong with one of the subsystems in the production phase. 
Subsequently, the system must be produced again. 

Example 2: The mechanic sets up a videoconference with an engineer to start discussing a 
problem. After the discussion has been in progress for some time, the engineer asks a 
colleague to join them from his desk. At the same time, one of the design team members 
visiting the mock-up joins in on the conversation on-location.

Example 3: A distributed design review is going on in a conference room; the mechanic is 
wearing the equipment and showing the people in the conference room something. The 
engineers in the conference room discover that, to solve the problem, information from the 
electrical engineers is needed. The electrical engineering project manager is contacted over 
the phone and can immediately start up the videoconferencing application on his regular 
desktop computer and join in the meeting to supply the necessary information to resolve the 
issue.
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7 Conclusions

This is an initial study on the impact of a tool for distributed collaboration allowing remote 
users to receive remote video and audio from a physical object. The new tools allow remote 
users to enter a first-person conferencing mode (the remote user does not see the remote 
collaborator, but shares his view of the world). The tool also fulfils all of the requirements 
stated in section 5. 

With the introduction of the wearable conference node, the engineer can contact the mechanic 
on the phone and ask him to start a videoconferencing session, have the meeting and solve the 
problems in a ten-minute timeframe. Without the tools, the same design issue included travel 
to the remote prototype and could take two hours to resolve. Sharing of information is 
important for the success of a project. Application sharing enables the mechanics to view 
CAD data remotely with the engineers and they can discuss the information either via 
telephone or via the videoconference system. Application sharing is also implemented in the 
wearable computer; hence, the engineers can share their “virtual” CAD data simultaneously 
with the mechanic, who shares his “physical” data with the engineer. This gives all members 
of the design team access to information regarding the project within minutes without 
requiring them to relocate. The advantage for the mechanic is that he will no longer have to 
explain to the designers what has gone wrong but can simply show them. The engineer can 
decide if he needs to go to the workshop; the advantage of not leaving his desk is that all the 
information is available to him (at his desk or in the computer, e.g., post-it notes, Word 
documents, CAD models, catalogues). Still, he has the opportunity to relocate to the 
workshop if he feels that it is beneficial. Likewise, the mechanic does not need to rely on the 
next visit by the engineer to get the information he needs; he can simply contact the engineer 
at any time to invite him on a virtual visit to the workshop.

Design reviews at the mock-up were usually overcrowded, with designers peering through 
manholes to get a glimpse of what was currently being discussed. The introduction of the 
wearable computer has changed the reviews, allowing everyone to get the same visual view of 
what is currently being discussed. The users can even look behind panels and view items that 
are normally hidden from the user’s sight. Hence, a co-located design review can also benefit 
from the new tool. The distributed design reviews are in some ways better than being there
[31]. The mobile collaboration tool enables users to do remote design reviews. Potentially, 
this might lead to the abandonment of the traditional co-located counterpart, since this method 
for remote collaboration is more time-efficient.  

By utilizing multicast, any number of users can connect to the mobile conferencing node from 
any computer with the proper software installed. Engineers can connect to the session and 
“eavesdrop” on meetings that might be of marginal interest, hearing what is discussed in the 
session while continuing to work at their desk. 

Sometimes, seeing the physical objects is not enough; the user might need more information, 
such as weight of objects, friction between objects, etc. In the DTI project [9], a distributed 
team designed new pedal concepts for vehicles. Team members could easily share the 
geometry of a concept (using a shared applications and CAD models), and discuss the 
physical object in a videoconference. They could, however, not share the “feeling” and 
“experience” of driving with these pedals without having physical prototypes at each site.

It is still difficult to share tactile properties remotely, such as the response of a mechanical 
prototype. Potentially, these types of communication could be beneficial in many settings.  
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Another important issue is the possibility to record a shared design review. Such recordings 
can be used to document the design rationale and to store decisions made in the design 
process.
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1. Introduction 
The purpose in this paper is to discuss new demands on computer tools to support decisions in 
functional product development. To do that, a tentative picture of changes in product development 
motivated by the concept of functional products has to be outlined to serve as a basis for the 
discussions. The concept of functional products affects the business as a whole. The hardware will be 
offered to customers as one part incorporated in a total offer. The offer as a whole compromise 
services related to and/or designed into that hardware. Accordingly, the product development level 
will be affected. But, to meet the high expectations the concept of functional products has to affect the 
design phase of the hardware in particular. Global collaboration in product development puts new 
demands on knowledge enabling technologies. Computer tools to support decisions in engineering 
design are commonly used by design teams. These tools are considered to be internal and support 
engineering specific knowledge. However, the concept of functional products in global design teams 
insists on collaboration between companies to achieve additional knowledge. Engineering design 
activities in functional product development insist on collaboration on a day-to-day basis despite 
distance.

1.1 The Concept of Functional Products 
A shift in view, captured in the concept of functional products, can be found within the manufacturing 
industry in Sweden. Traditionally, manufacturing industry focus on provide excellent goods, i.e. 
hardware, compromising services as add-ons. Services occur on an aftermarket and a major part of the 
profits is made on activities such as maintenance and spare parts. Over time the competition has 
increased in the aftermarket activities for manufacturing industries. One trigger for the concept of 
functional products can be found in the interest to control the aftermarket activities for the hardware. 
One characteristic for the concept of functional products is that the ownership of the hardware is not 
transferred to customers, even though the hardware as such is. The responsibility and availability of 
the functions provided by hardware remains with the service provider as well as the responsibility for 
maintenance and spare parts. The aftermarket is in that way owned by the provider and competition is 
decreased. The efforts of companies to cope with the demanding climate include a necessity to 
collaborate business-to-business to gain economies of scale partnerships in the extended enterprise and 
to be able to develop competitive products. Hence, the shift in view is a move towards providing 
services taking a lifecycle commitment for the hardware as well as optimising the availability of its 
function in the customers’ system.  
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The hardware providers will offer a guaranteed level of availability to the functions provided by the 
hardware. The reliability and maintainability of the hardware in relation to the customers use of it has 
to be taken into account in the design process. Thus, a thorough understanding of the customers’ 
processes, the performance and the use of the hardware in that processes as well as the customers’ 
needs has to be understood in early phases of product development.  

Besides, not transferring ownership to customers, some other main characteristic for functional 
products from manufacturing industry are; a) the integration of service and hardware knowledge into 
the development process, b) design of hardware with respect to technological advances, c) 
remanufacture of hardware of high total capital expenditure.  

The expectations from industry on the concept of functional products are high. The concept of 
functional products is expected to contribute to [Alonso-Rasgado et al, 2004]: 

the ecological sustainable environment through remanufacture of hardware, 
to sharing of for example business risks and  responsibilities through a flexible organisation 
structure
to customers in form of added value through providing continuously competitive hardware at 
the forefront of technology  
increased knowledge through the collaborative efforts to develop functional products.

2. Methodology 
The background for this paper has emerged from the interaction with industry people engaged in a 
functional product research project. The overall project is called Functional product development in a 
distributed virtual environment. Four sub-projects focus on communication, computer tools and 
knowledge needed for the development of functional products. In this paper material generated in all 
subprojects were brought together to provide a more encompassing view on the concept of functional 
products and particular on the new demands on computer tools used in collaborative settings. 
Computer tools are here broadly defined and range from information and communication tools (ICT) 
to engineering design specific tools. Material has been generated in meetings, workshops and in 
interviews.

3. Knowledge Integration in Functional Product Development 
The integration of service and hardware knowledge into functional product development is 
challenging. Skills, interactivity and connectivity in relationships are in focus within the knowledge 
area of services [Vargo and Lusch, 2004]. Knowledge related to services is expressed in terms of 
advices and know-how, i.e. tacit knowledge [Shostack, 1982]. Due to the tangibility of hardware the 
knowledge area focus on for example geometric and material characteristics and conversion of energy. 
Such knowledge is complex, but can be measured and transformed into rules and procedures, i.e. 
explicit knowledge. From a technical view reliable, relevant, in time, controllable and verified 
information can be provided in some cases. One dilemma in the design of computer tools is that they 
support different sets of problem areas. These areas are treated as separate issues and the computer 
tools are seen as internal specific tools.

Accordingly, one challenge for computer tools to support functional product development is to 
integrate different knowledge areas. The functional product development design teams have to act on 
good-enough information. Hence, another challenge for computer tools to support functional product 
development is to minimize the tacit elements and to provide support for taking in a readiness level in 
good-enough information [Nytomt et. al, 2005].  

Decisions for the total offer insist on knowledge about the customer, the customers’ processes and 
customers’ use of the hardware, for example will the hardware be exposed to conditions in the 
environment which affects the functions? Will the hardware be exposed to conditions for how it is 
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operated or manoeuvred? Decisions for the total offer insist on knowledge about issues that will affect 
the long term commitment, for example ecological constraints in form of government regulations. 
Furthermore, decisions for the total offer insist on knowledge about hardware as well as service related 
issues, for example predicting future technological advances and their relation to customer perceived 
value and internal cost for development. 

In figure 1, the tip of the pyramid symbolises the total offer (TO). The basis, on which the total offer 
depends on, composes of service and hardware knowledge. The integration of hardware and service 
specific knowledge into the functional product development (FPD) can be done by knowledge 
enabling technology. The total offer is a long term commitment to provide the customer with specific 
functions needed. The provider has to take decisions on maintenance, upgrade of hardware and 
technological advances. To develop or remanufacture the hardware or not is decisions that depends on 
questions for example about costs, profits and the commitment as such. To increase the quality and 
reliability in the decisions as well as in the commitment the provider has to be able to simulate those 
scenarios in the design process. To provide total offers and to develop functional products the 
computer tools has to convey down stream knowledge to be enabled in early design phases to facilitate 
life-cycle commitment. Knowledge is described as contemporary organisations most important 
resource and enabling technologies, e.g. virtual manufacturing and ICT are critical for the performance 
of flexibility in development processes.  

The offering of functional products includes an extended risk and responsibility taking for the 
company. The ability to simulate the hardware and service knowledge integration early in the design 
process is needed to support decisions. Simulations have to take standard component simulations 
(mechanical properties, manufacturing etc.) as well as total lifecycle simulations into account. 
Knowledge Based Engineering tools (KBE) is used in industry to decrease lead time by automating 
routine work, thus the time saved can be spent for several iterations in the synthesis-analysis phase 
[Pinfold and Chapman, 2001; Bylund et al, 2004]. The use of several iterations in conceptual design 
increases the quality of design by gaining a wider solution space.  

A key to achieve and realise functional product development is collaboration between companies. 
These efforts insist on enabling technologies to support collaboration, this is today technically 
feasible. A place and/or space for collaboration can be expressed in terms of a virtual enterprise or an 
extended enterprise. The extended enterprise is in this discussion used to exemplify a network 
facilitating global connectivity; our focus is on technologies facilitating that connectedness.

4. Towards Functional Product Development 
Design engineers manage a broad range of knowledge and information. The engineering design 
process is knowledge intensive and incorporate relational complexity as well as complexity related to 
the hardware as such. The tentative picture, figure 2, of foreseen changes for functional product 
development is based on a discussion that simplifies engineering design activities as if the past is 
excluded. The total offer business model is one among several that the companies have to manage. It is 

Figure 1. Knowledge base for Total Offer 
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important to understand that the new situation that is outlined here is building up a tentative picture of 
a new future, thus the past is not obsolete. 

Figure 2. Towards Functional Product Development 

4.1 Traditional product development 
In figure 2, at the left side, a traditional view on product development is present. The goal is to 
develop excellent goods having a focus on high quality. To achieve this goal strategies used can be 
exemplified with sequential design approach and homogeneous design teams. Information flows in 
this scenario can be compared with the ‘over-the-wall’ process. The activities were disconnected and a 
body of information was built up to encompass complete information about the hardware at each 
stage. Objectives in a sequential design approach are to break down tasks, activities and goals into 
sub-tasks, sub-activities and sub-goals. The formulation of a clear task, structured procedures, 
constraints and boundaries has to be done. The use of enabling technologies were sparse, computer 
tools were expensive and not fully adapted to every day use. However, 2D Computer Aided Design 
(CAD) tools were used. At this point the development of CAD and simulation tools was focused on 
matching the computer performance which was very slow. Computer simulations were often used to 
verify the design in a late stage in product development, not to support the design.   

4.2 Integrated Product development 
In the middle section an integrated product development approach sets the scene. Multidisciplinary 
design teams works across functional borders within the company and suppliers are contracted to 
provide additional solutions in a cooperative business-to-business context. The goal is to provide the 
market with successful goods, faster than the competitors. Excellent goods are still important, but over 
time customers take this for granted and start to search for factors which differentiate the hardware 
from those of competitors. Thus, customer orientation to understand customer needs is introduced and 
customisation of products needs to be addressed. The product development process is described in a 
parallel way, where the activities starts concurrently and encompasses several iterations between the 
activities. Thereby, the information flows can be described as horizontal. That is knowledge and 
information is gradually built up into a complete method to manufacture the hardware. The goal is to 
establish the specification as soon as possible, by fighting changes and influences that might challenge 
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it. In each phase alternative solutions can be thought up; the design team is therefore urged to diverge 
and converge in each phase. The move from vertical information flows to horizontal and continuous 
flows of information in integrated product development means that the body of information is 
incomplete and requires good computational support. 

The availability of computers and its processing possibilities are increasing rapidly. Designers are 
introduced to CAD programs utilising 3D-technology used to design components and assemblies 
constituting advanced product models where users can share the virtual prototype using PDM systems. 
The same digital representation is used as a basis for simulation of performance, manufacturing, etc. 
2D CAD is still commonly used in some areas. Simulations software and mathematical algorithms are 
improved and better supported with simulation programs, both integrated with CAD software as well 
as standalone software. Now simulations of both product characteristics and manufacturing simulation 
are commonly used in the development process. Simulations of complete product models are rare but 
becoming more common due to the increase in computer power and digitalisation of more aspects of 
the product. User interfaces are simplified and made more intuitive, still a large part of the design 
processes are repeated for each new product. 

The outsourcing of activities and the initial impacts of globalisation calls for cooperative work despite 
distance. As an additional support introduced in the 80s was video conferencing services. This adds a 
new dimension to distributed design teams which can share sketches and talk “person to person” 
without loosing body language. Industrial practice on video conference was generally limited to 
videoconferencing between two or three dedicated conferencing rooms, combined with application 
sharing and shared document repositories. The audio and video quality was generally low due to 
bandwidth restrictions and poor interoperability between conferencing systems. 

4.3 Functional Product Development
For functional product development the term product changes due to the integration of service and 
hardware to be understood as more encompassing than merely a physical artefact. Traditionally, in the 
left part of figure 2, the product term is comprehended as strictly a physical artefact. In the middle 
section the focus is not on an integrated product, rather on the process. However, the product term is 
mainly understood as a physical artefact in integrated product development. In Functional Product 
Development a physical artefact is designed and manufactured, but the customer will not own that 
artefact. The customer buys the functions provided of the artefact and accordingly comprehends the 
product than more than a physical artefact. 

At the right in figure 2, the integrated development process is expanded cross companies to compose 
functional product development, and an extended enterprise can be discernable in the 
interconnectivity. The extended enterprise can be interpreted and understood by the actors within it as 
a shared context for knowledge creation, knowledge sharing and knowledge integration [Huang and 
Newell, 2003]. The concept of functional products calls for collaboration with companies holding 
additional knowledge. This motivates the relationships to move from cooperation, i.e. the strive to 
coordinate the working tasks within a design project having different objectives for the efforts, to 
collaboration, i.e. the united efforts to achieve a mutual goal. In a cooperative approach all 
competences hold by the actors in the extended enterprise is not used for the benefit of the customer. 
However, the collaborative approach use all competences for the benefit of the customer, thereby the 
knowledge related to customers is also achieved by all actors.  

The new demands on enabling technology for FPD are, according to right bottom box in Figure 2: 
Integration of hardware and service 
Computer collaborative tools 
Simulation of total offer 
Knowledge market place 

The above demands are discussed in the following sections. 



6

Integration of hardware and service knowledge into the product development process is challenging 
due to the nature of knowledge focused. Some service related knowledge can be considered as tacit 
knowledge expressed in advices and know-how as well as it is related to aspects about who to trust. 
Some hardware related knowledge can be considered as explicit knowledge expressed in rules and 
procedures. Despite being difficult to identify, service knowledge insists on being formalised to be 
captured into computer support tools. Furthermore, it is not straightforward what service knowledge 
that is useful to integrate into product development. The integration and collaborative approach calls 
for adapted, communicating and/or coupled computer technologies. The potential for simulations to 
support decisions regarding integration seems high since several scenarios varying from worst case to 
best case can be performed.  

Computer collaborative tools include distributed engineering tools to support co-located design teams 
as well as engineering design specific tools such as KBE tools. KBE tools provide decision support 
internally in companies today. The move toward functional product development creates higher 
demands on collaboration between companies. KBE tools coupled into a system between companies 
increase the possibilities to provide solutions in the design process. For example, information about 
the machine park can be shared with other companies via coupled KBE tools. Companies can use KBE 
tools to automate pre-processing like meshing, run simplified Finite Element simulations or by adding 
machine cost into the KBE tool so the designer will know how much the manufacturing will cost in 
machining hours. Thus, cost in machining hours can be compared with the parties in the extended 
enterprise and decisions to collaborate or not concerning the specific task can be made [Sandberg et al, 
2005]. An alternative is to decide to manufacture in-house or to outsource the manufacturing to 
another company.  

Functional reasoning simulations in engineering design are suggested to support new structures and/or 
rules of combinations being incorporated into a knowledge base [Chakrabarti and Bligh, 2001]. By 
expanding the commitment related to the hardware, the company offering functional products must 
monitor and support the hardware during its entire life-cycle. Feedback from actual use must influence 
the service and the design of next hardware generation. 

It is important to understand that a total offer can trigger technology development processes at 
collaborating partners. The results from these processes, e.g. a new service, software, tool, material, 
can be offered as a total offer itself. If software is to be offered and used in the extended enterprise the 
functionality has to be general enough. Computer tools focusing the design processes are valuable in 
the extended enterprise.

Distributed engineering tools are used to support meetings as well as the actual design work. Members 
of a co-located design team are separated by many barriers including distance, time, organization, 
culture, language and different technical disciplines. Not only formal information such as documents, 
geometry models and other product data must be exchanged – it is also important to support the 
informal information sharing and creation of social capital (knowing who knows and knowing who to 
trust) [Larsson, 2005] considered natural in a co-located team. Distributed engineering work can be 
divided into two levels (1) integration (e.g. data management and infrastructure) and (2) interaction, 
i.e. ICT tools that create a shared workplace across locations and supports interaction between people. 

The integration level is focused on the integration of the low-level communication structure, involving 
the exchange and synchronization of data and information between different systems and partners 
within the extended enterprise. Here, one aim is to support the persistent storage of data, version 
control of design documents, and to show the current state of the design process. Information is 
closely connected to intellectual property within a company. So, information must be exchanged with 
partners within the extended enterprise, but not outside this partnership. 
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On the interaction level, computer collaborative support is viewed from a people perspective.The 
diversity in cultures and competencies of the global team can be seen as a valuable asset that adds to 
the creative power of the distributed design team. One challenge for global product development is to 
support collaboration within global design teams, where diversity and competencies of the whole team 
can be utilized and where team members can think together and share information and opinions 
instead of merely dividing work [Törlind et al, 2005]. Accordingly, all competences hold by the actors 
in the extended enterprise is used to achieve the mutual goal to provide customers with the contractual 
functions.

The trend on internet based tools has also changed collaboration. Instead of utilizing dedicated 
conferencing rooms the engineer can today collaborate from their workplace using software based 
communication tools such as IP- telephony,  video conferencing systems and application sharing. The 
use of tools supporting informal communication such as instant messaging and blogs has increased in 
industry.   

Simulation of total offers has to take all vital aspects of the offer into account in the conceptual design 
of the hardware. Simulations in the concept phase are useful to raise risk awareness and increase 
knowledge about the total offer potential. Due to the implementation of a broader use of simulations, 
simplicity in use without renouncing the security and trust in the computational support is important. 
The integration of services into product development insist on fast and flexible simulations, since 
services are partly co-produced with customers just as needed and at a time and place of the 
customer’s choosing. Simulation of total offers insists on an understanding of how decisions affect the 
offer, the hardware and the service and to see the effects in real time. The result from the simulations 
has to provide useful information for people holding different expertise ranging from engineers to 
market and purchase people. To take into concern the design of all these aspects simultaneously 
governs for close collaboration between divergent knowledge areas. 

Knowledge market place represents a virtual place for achieving additional knowledge. Core 
competences from the parties in the extended enterprise can be shared within this interconnectivity. 
Core competences or knowledge and the conventional hardware are different things. Core knowledge 
is related to the design process as such, e.g. the capability to run simulations applicable to a range of 
features, the capability to model and simulate components and relationships. The total offer and/or 
product development may include some areas that are not supported in-house or areas that are 
recognised as missing, but can not be exactly described. Additional knowledge is needed from external 
sources and the knowledge market place offers such resources. It is crucial to know who to collaborate 
with. If every total offer incorporates customised hardware, the answer to that question has to be found 
in each business case. However, one dilemma is if the additional knowledge is not explicitly 
expressed; how can it be found? Techniques for data integration and exchange can be used to create 
the information exchange within the knowledge market place, it is however impossible to store all 
information in one place, so technologies must combine and integrate relevant data from many sources 
and present it in a form that is comprehensible for the users.  

It is technically feasible to create a knowledge market place which can provide additional knowledge 
to companies. Yet, core knowledge is used to design and develop the offer, hardware and services, 
core knowledge are intellectual assets crucial to the company to be viable and competitive. As part and 
parcel of the business, questions about gains and losses need to be addressed. What knowledge sharing 
gives the best pay-back. This issue has to be considered in monetary terms, but also in knowledge 
boosting terms. The collaboration and sharing of knowledge should increase the in-house 
competences, not drain it. Core knowledge must also be protected in such a way that partners can 
utilize the specific simulation knowledge without revealing the core knowledge of the simulation 
process.
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5. Conclusions and Further research 
Companies that wants to be involved in the extended enterprise must look at their internal organisation 
and determine what their core knowledge is. Perhaps it is just a small part of the company that enables 
the company to do business the rest is just routine work. When the core knowledge has been found it 
is this knowledge that should be captured, formalized and integrated into a support tool offered to 
other partners in the extended enterprise. This tool itself may help other partners to overcome barriers 
in their product development process which may trigger new technology needs and a technology pull 
within the extended enterprise. Also, if each company could make small parts of their knowledge 
available for others to use each individual company could choose which company that are suitable 
collaboration partners in the extended enterprise. Computer tools need to capture and transfer the 
needs of the customer to the provider of the service, e.g. in the form of statistical information about 
new materials etc.  

In this paper the purpose was to discuss new demands on computer tools to support decisions in 
functional product development. It has been found that knowledge enabling technologies can support 
decisions in the early concept design phase as well as through the functional product life-cycle. 
Further research in this area would typically consider development of tools and technologies for 
Functional Product Development. 
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